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Introduction

The search for ways to free humankind from manual work dates back to the 4" millennium
B.C., when mankind was using animals for traction and transport [1]. The first water wheels
were developed around two thousand years ago, and the first windmills around one thousand
years ago. Yet, it was not until the industrial revolution in the 18" and 19*" century that
mankind completely switched from relying on human workforce to mechanical work produced
by heat engines powered by the combustion of wood and fossil fuels. By exploiting macro-
scopic objects with moving parts, such as turbines, we can now extract useful work from
temperature differences. This revolution led to the birth of thermodynamics, which mainly
deals with large macroscopic objects which are close to thermal equilibrium.

The massive increase of COy emissions caused by the combustion of fossil fuels is de-
stroying our ecosystems and posing a threat to our survival [2]. It is therefore ever more
important to find alternative and efficient sources of energy. Among the many possibilities
that are currently being explored, the interest of the scientific community in thermoelectricity
has witnessed a large growth thanks to pioneering works that pointed to the possibility of
developing small scale thermoelectric heat engines which are highly efficient and free from
moving parts [3—5]. Thermoelectric devices could potentially be used to recover waste heat
from all those activities which produce heat as a byproduct, ranging from most conventional
engines (such as car engines), to industrial processes and to most kinds of power-plants. Ther-
moelectricity in low dimensional systems may also find applications in heat management at
the nanoscale [6], which is becoming a problematic issue because of the ongoing miniaturiza-
tion of electronic components (such as computing processors), and to perform on-chip active
cooling [7].

The thermoelectric effect, which consists of the generation of a charge current or of a
voltage bias across some material as a consequence of a temperature difference, was first
observed by A. Volta [8], and the first actual experiment was conducted by T. J. Seebeck
in 1822 [9]. Studies of the thermoelectric effect advanced in the 1950s thanks to Ioffe [10]:
the role of doped semiconductors as good thermoelectric materials was understood and the
BisTes compound was developed for commercialization. Nowadays, thermoelectric devices
are commercially available, yet their efficiency is low compared to traditional heat engines
relying on moving parts [11]. In the 90s, thanks to the pioneering works of Dresselhaus [3, 4]
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2 INTRODUCTION

and of Mahan and Sofo [5], it was realized that strongly confined low dimensional systems
may yield highly efficient heat-to-work conversion. These systems, such as quantum dots,
require a quantum description and are typically described by few degrees of freedom. These
systems are profoundly different compared to the macroscopic objects that were considered
when the field of thermodynamics was born. Indeed, thermodynamics was developed to
deal with systems (such as gases and liquids) that are typically composed of an Avogadro
number of particles (order 10?3); therefore, these systems are always near thermal equilibrium
with negligible fluctuations, allowing us to describe such complicated many-body systems in
terms of few macroscopic state variables, such as volume, pressure and temperature. This
is a striking simplification compared to attempting to solve the classical dynamics of 10?3
interacting particles.

Conversely, recent tremendous advances in nanofabrication techniques have enabled un-
precedented control of quantum systems down to the single particle level. Now, experiments
involving few quantum particles or degrees of freedom can be carried out in a variety of plat-
forms, ranging from trapped ions [12, 13], to electron spins associated with nitrogen-vacancy
centers [14], to circuit quantum electrodynamics [15], to single-electron transistors [16]. We
are now at the point that it is possible to fabricate devices which behave as qubits, i.e. the
smallest possible quantum system characterized only by two states, and couple them to ther-
mal baths [17-19]. However, as opposed to macroscopic classical systems, these systems can
be completely driven out-of-equilibrium, they can be strongly coupled to environments, and
they are made up of few constituents.

These profound differences called for the extension of thermodynamics to account for
finite-size effects, large fluctuations and strong system-bath coupling in a quantum setting.
This gave birth to a currently active research field which is known as “quantum thermody-
namics” [17, 20, 21]. Quantum thermodynamics deals with a variety of problems that arise
when trying to apply thermodynamic concepts to small out-of-equilibrium quantum systems.
Here are some of the questions that are being addressed: how can one define concepts such
as heat, work and entropy in a meaningful way? How do non-equilibrium fluctuations ex-
tend to the quantum regime? Do quantum effects such as entanglement, coherence and
non-commutativity, which lead to the so-called “quantum supremacy” idea in the field of
computation, boost or decay the performance of nanoscopic thermal machines? What are
the difficulties or opportunities entailed by a quantum evolution with respect to finite-time
thermodynamics? How does equilibration emerge from a microscopic quantum description
of many-body systems? What is the link between information and thermodynamics in the
quantum regime?

The work presented in this thesis develops themes within the field of quantum thermody-
namics. In particular, we focus on understanding how to use quantum mesoscopic devices,
especially single-electron systems, which are experimentally accessible nowadays, to construct
thermal machines such as heat engines and refrigerators. We study these systems both as
steady-state thermoelectric thermal machines, and as driven quantum systems which per-
form cycles analogue to the classical Carnot and Otto cycles. On the one hand, we give an
overview of the formalism necessary to describe these systems. On the other, we study how
to optimize the performance of these devices, such as the extracted power of heat engines,
the cooling power of refrigerators, the thermovoltage induced by a temperature difference,
and the corresponding efficiencies. This allows us to simultaneously understand how to op-
erate these devices, and to tackle fundamental questions such as finding ultimate limits to
the extracted power and to the efficiency at maximum power, and understanding the impact
of strong coupling to the environment. While this thesis is theoretical, we also present some



experimental measurements that we were able to describe.

The outline of the thesis is the following: in Chap. 2 we lay the theoretical foundations
necessary to describe quantum systems coupled to thermal baths in the weak coupling regime
and beyond. This formalism, based on a perturbative extension of the Markovian master
equation, will be used throughout the entire thesis. In Chap. 3 we describe and characterize
quantum thermal machines distinguishing between thermoelectric machines, and driven ther-
mal machines. In particular, in Sec. 3.1 we describe the thermoelectric effect and we discuss
the laws of thermodynamics in this context. We show how to exploit this effect to implement
thermoelectric heat engines and refrigerators, and we characterize their performance. We
then pedagogically apply the formalism presented in Chap. 2 to a simple yet paradigmatic
system: a single-level quantum dot (QD) coupled to thermal baths. In Sec. 3.2 we show how
to use the formalism presented in Chap. 2 to describe driven thermal machines, and we state
the laws of thermodynamics in this context. We then show how to implement a driven heat
engine and a refrigerator, and we pedagogically study the performance of a slowly-driven
Otto cycle applied to the minimal quantum system, i.e. a qubit (a two level system).

The next chapters are devoted to presenting original studies. In Chap. 4 we study the
thermoelectric properties of an interacting multi-level QD based heat engine. We investigate
the performance of this system both in the linear (small temperature differences) and non-
linear response regime, and we study the impact of multiple thermals baths, of the multi-
level structure of the QD and of the Coulomb interaction on the power and efficiency of the
system. In Chap. 5 we use the formalism developed in Chap. 4 to describe the thermoelectric
performance of an actual experiment performed at the NEST laboratory, Pisa, Italy. The
system is a multi-level interacting QD embedded in an InAs/InP nanowire. Thanks to our
theoretical model, we are able to estimate the electronic efficiency of such device, which
turns out to be close to its thermodynamic upper limit. In Chap. 6 we use the formalism
developed in Chap. 2 to describe the thermovoltage of a single-electron transistor device
which was measured in an experiment carried out at the Aalto University, Helsinki, Finland.
We find that both a non-linear description and coherent quantum effects beyond the weak
coupling regime are crucial to accurately describe the experimental data without any free
fitting parameters. In Chap. 7 we study an absorption refrigerator, i.e. a system, coupled
to three thermal baths, which is able to cool the coldest bath without requiring any external
work. The absorption refrigerator is based on two Coulomb-coupled single electron systems,
which are experimentally accessible devices [22]. The optimal working condition to maximize
the cooling power is derived, and an interpretation of this effect based on information theory
is given. In Chap. 8 we study thermal rectification across a qubit. We find strategies to
maximize such effect and we find clear signatures of coherent quantum effects, beyond a weak-
coupling description, in the thermal rectification. In Chap. 9 we study the maximum power
of a driven two-level system in the weak-coupling regime. Without making any assumption on
the particular cycle or driving strategy, and regardless of the microscopic details of the system
(i.e. of the coupling between the two-level system and the baths), we find that the power is
universally maximized by applying an Otto-cycle in the fast-driving regime, i.e. when the
driving is faster than the typical thermalization rate of the two-level system. We also find
that there is no general upper bound to the efficiency at maximum power other than Carnot’s
efficiency. In Chap. 10 we study an arbitrary quantum system, weakly coupled to multiple
thermal baths, driven in the fast driving regime. We find that the power is universally
maximized by “generalized Otto cycles”, and we show that the complexity of these cycles
depends on the size of the Hilbert space of the quantum system being driven. We then
find classes of systems where the standard Otto cycle is optimal. Under this hypothesis, we
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compare the efficiency of a collection of interacting and non-interacting qubits, finding that
the there is a many-body enhancement of the power when the temperature difference between
the baths is small. Finally, in Chap. 11 we draw the conclusions.



Open quantum systems

The aim of this thesis is to study the thermodynamic properties of quantum systems. In
particular, we will focus on how quantum systems can be used to construct thermodynamic
machines, such as heat engines and refrigerators. In this chapter, we lay the theoretical
foundations necessary to treat these systems. In the following chapters we then use the
formalism developed in this chapter to characterize and study various quantum thermal
machines.

One of the main concepts in thermodynamics is the separation between the “local system”,
or “working fluid”, upon which we can act and perform transformations, and the “heat baths”,
which are instead large macroscopic object with a well defined temperature. In order to study
thermodynamics of quantum systems, we must be able to study the dynamics of a local system
(typically a mesoscopic quantum system) coupled to heat baths, which play the role of the
environment. The most generic evolution a system coupled to an environment can undergo
is described by a completely positive trace preserving linear map (CPTL) [23]. However,
deriving the explicit form of these maps is in general a formidable task. Furthermore, finding
a meaningful definition of heat and work valid in a completely general quantum setting is
still an open question. On the other hand, when the coupling between the system and the
environment is weak, all thermodynamic quantities can be consistently defined, and it is
possible to derive perturbative schemes to practically compute all quantities of interest.

In this thesis, we focus on perturbative schemes performed in the system-bath coupling
strength. We first focus on a leading order expansion in the system-bath coupling, which
we denote as “weak-coupling regime”. Within this regime, the evolution of the local density
matrix obeys a Lindblad master equation, which we derive and discuss in Sec. 2.1. As we will
see, there are common regimes where this approach leads to rate equations for the probability
of finding the system in a given instantaneous eigenstate, and the rates are determined
by the Fermi golden rule. We then show in Sec. 2.2 how to perform calculations beyond
the weak-coupling regime by perturbatively accounting for higher order processes. These
calculations lead to effects such as “co-tunneling”, where two electrons or excitations are
coherently transported across the device.



6 OPEN QUANTUM SYSTEMS

2.1 Weak-coupling regime

In this section we lay the foundations for the description of the dynamics of a quantum system
coupled to an arbitrary environment. For notation consistency with the following chapters,
we denote with “heat bath” the environment, although the derivation in this section holds
also when the environment is comprised of several heat baths, or even when it is not in a
thermal state. The Hamiltonian of the total system, composed by the local system S and by
the bath B, can be written as

Hiot = Hs + Hp + Hs g, (2.1)

where Hg is the Hamiltonian of our local system, Hp is the Hamiltonian describing the bath,
and Hs p is the Hamiltonian describing the coupling between the system and the bath. The
density matrix piot(t) describing the state of the total system at time ¢ evolves according to
the von Neumann equation

%ptot (t) = _%
where 7 is Planck’s reduced constant and [X,Y] = XY — Y X denotes the commutator
between two arbitrary operators X and Y.

Since the baths are assumed to be “macroscopic”, they are comprised of many degrees
of freedom which make it difficult to solve Eq. (2.2) exactly. Furthermore, since we are
interested in thermodynamics, it is often unnecessary to have detailed information about the
exact state of the heat bath. The goal of this section is therefore to derive a closed equation
which governs the evolution of the reduced density matrix of the system

p(t) = Trpros (1)), (2.3)

which only embodies the degrees of freedom of our local system S. Notice that Trg[X| denotes
the partial trace of an arbitrary operator X over the degrees of freedom of the bath. To do
so, we follow the standard derivation of the Lindblad master equation [24, 25] first put
forward by Davies [26]. After a mathematical derivation, in Sec. 2.1.1 we discuss the physical
assumptions underlying this method. In the following pedagogical derivation, which goes
along the lines of Ref. [27], we will not delve too deep into formal aspects when the physical
picture is clear.
We start by rewriting Eq. (2.2) in the interaction picture
d i, -~

aﬁtot(t) = _%[HS,B(t)aﬁtot(t)L (24)

[Hiot, prot (1)) (2.2)

where the “tilde” denotes the interaction picture. For a time-independent Hamiltonian, in-
teraction picture operators O(t) are related to their Schrédinger representation O(t) through
the mapping

O(t) = U§(1)O(t)Uo(b), (2.5)

where

Up(t) = e~ Hs+Hz)t/h (2.6)

is the time-evolution operator for the “free” part of the total Hamiltonian, and we assume
t = 0 to be the initial time. The interaction picture state is instead defined as

Prot(t) = Ur(H)pror(0)U (1), (2.7)



2.1 WEAK-COUPLING REGIME 7

where '
Ur(t) = U] (t)e ot /1, (2.8)

We now integrate each side of Eq. (2.4) between 0 and t, yielding

) = pn0) — [ s s (5), (s 29)

Inserting Eq. (2.9) into the right-hand-side (r.h.s.) of Eq. (2.4), and taking the trace over the
bath on both sides yields

%ﬁ(t) = *% /Ot ds Trp[Hs p(t), [Hs B(5), ot (s)]], (2.10)

where we have assumed that

Tr[Hs (1), prot(0)] = 0. (2.11)

This last hypothesis, which will soon be written in a more explicit form, can always be
enforced up to a redefinition of Hg, and it is automatically verified in all models considered
in this thesis.

We are interested in obtaining a closed equation for 5(¢), but Eq. (2.10) still contains
Prot(t). Since we want to find the dynamics of p(t) in the weak coupling regime, we can
replace piot(t) in the r.h.s. of Eq. (2.10) (which already contains second order terms in the
coupling Hamiltonian) with an approximate expression valid for weak coupling. We therefore
write

Pror(t) ~ () @ . (212)

Equation (2.12), known as the Born approximation, holds by further assuming that the bath
is much larger than the system, so that its state will not change in time (pp is assumed to
be constant). Inserting Eq. (2.12) into Eq. (2.10) yields

t

500 =~ [ ds Truls (0. [Asps),7(s) ® ] (2.13)
which is a closed integro-differential equation for p(t). We now perform the Markov ap-
proximation, which consists of replacing p(s) — p(t). Physically, we are assuming that the
evolution of the state at a given time ¢ only depends on the state at that given time ¢ (Marko-
vianity). As we argue in Sec. 2.1.1, this approximation is justified if we are only interested
in solving the dynamics of the system on a coarse-grained time scale which is larger than 73,
where 73 is the typical decay timescale of the correlation function of the bath [see Eq. (2.24)
for a mathematical definition]. Intuitively, 75 ! represents “the speed of the bath”, which is
assumed to be the fastest rate in the system. This yields

ot =~ [ ds Tesl s (0), s s(s), 1) © o]l (2.14)

At last we change the integration variable according to s — ¢ — s, and let the integration go
to infinity. Again, this is a reasonable approximation if the timescale over which p(t) varies
is larger than 3. We therefore obtain

4 p1) = | ds Tenlfis n®). (st — 5),5(t) © ). (2.15)
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This approximation is know as the Born-Markov approximation.
To further simplify Eq. (2.15), we expand Hgp (in the Schrodinger picture) onto the
product basis as follows
Hgp =Y Sa® B, (2.16)
[e%

where S, and B, are Hermitian operators acting respectively on the space of the system
and of the bath. Next, we denote with E the (discrete) set of eigenvalues (energies) of Hg,
and with TI(E) the projector onto the eigenspace relative to the eigenvalue E. Using the
completeness relation 1 = Y 5 II(E), we can write

a_ZH E)SJUE) =Y > TI(E)SI(E) ZS AE), (2.17)

AE E'-E=AFE

where ) Ap denotes a sum over all energy differences, > p/_p_ap denotes a sum over all
energies E' and E’ such that the energy difference is AE, and

So(AE)= ) I(E)SJII(E). (2.18)
E'—-E=AFE

We can therefore decompose S, as a sum of S, (AFE) operators. Using Eq. (2.18), it can be
shown that the interaction picture of these operators simply becomes

So(AE) = e AP g (AE). (2.19)
The interaction picture of the coupling Hamiltonian can thus be written as

Hsp(t)= Y e FUNS (AE) @ Ba(t), (2.20)
a,AE

where B, (t) is the interaction picture representation of the B, operators.
We notice that the hypothesis in Eq. (2.11) is enforced if

Tr| Ba(t) ] = 0. (2.21)

It can be shown that if the bath is described by free fermions or bosons, and if pp is a thermal
state, this condition is automatically verified whenever the coupling term destroys or creates
excitations in the bath.

Inserting Eq. (2.20) into Eq. (2.15) yields, after some algebra,

%ﬁ(t) = Y SBECARUNG S(AB) |Sy(AE)AH)SLAE) - SLAE)S5(AB)At)] +hc.,
AEAE'
a3
(2.22)
where h.c. stands for Hermitian conjugate, and where we define
Gos(AE) = / ds GAE SN (BY (1) By(t — s)) . (2.23)

Equation (2.23) is the one-sided Fourier transform of the bath correlation function

(BL(0)Bs(t — 5)) = Tr[BL(1) Ba(t - 5) ). (2:24)
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In the cases considered in this thesis, pp is a thermal state, so it commutes with Hp.
Under this hypothesis we have two simplifications: pg = pg, so we will drop the “tilde”
from now on. Furthermore, the correlation function only depends on time differences, i.e.
(Bl (t)Bs(t — s)) = (B1(s)Bg(0)), thus Gos(AE) does not depend on t.

We now perform the last approximation, known as the secular approximation. Equa-
tion (2.22) contains a sum over AE and AE’. When AE # AFE’, the exponential oscillates
on a typical timescale 75 = h/(F — E'), where E # E’ are two energies of the system. If we
assume that the smallest gap in the spectrum of Hg is large enough such that 7q¢ < 7p, where
77 is the typical thermalization timescale of the system (i.e. the timescale we are trying to
resolve), then the exponential terms in Eq. (2.22) with AE # AFE' oscillate very quickly with
zero mean, so we can neglect them. This leads to

d _

Sht) = S Gas(AB) [S(AE)F0SHAE) - SHAE)S(AR)D)] +he.  (225)

AE,a,f3

We now decompose G,3(AE) as

1
Gag(AE) = Lap(AE) +iMag(AE), (2.26)
where )
MQB(AE) = Z[GQB(AE) — GEQ(AE)] (2.27)
is a Hermitian matrix and
+00 A ~ ~
Las(AE) = Gag(AE) + Gio(AE) = [ dse®P M (S1(5)550)  (2:28)

is a positive matrix which, as we will see, sets the typical timescale 71 for the thermalization
of S with its environment. Using these definitions, and switching back to the Schrodinger
picture, we can rewrite Eq. (2.25) as

@ p(t) = s + Hys. p(1)] + DIp(0)], (2.29)
where
His= Y Mas(AE)SLAE)Ss(AE) (2:30)
AFE.a,B

is know as the Lamb shift Hamiltonian, and

Dlil= 3 Tus(AE) [SyAE)SLAE) - 5 {SLAE)S;(AE),p}| (2.31)
AFE,«a,B

is a linear superoperator (since it acts on the space of operators) known as the dissipator.
{X,Y} = XY +Y X denotes the anticommutator between two arbitrary operators X and Y.
Equation (2.29) is the well know Lindblad master equation which describes the evolution of
the local density matrix p(t). It can be shown that it is indeed a CPTL map. The additional
term Hpg can be shown to commute with Hg, so it simply renormalizes the energy scales of
Hg. We therefore set Hy,g = 0 throughout this thesis unless explicitly stated. The dissipator
instead describes the influence of the bath on the dynamics of the system.
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If the environment is made up of a single thermal bath at temperature T, we have that
e—Hs/(ksT)
PB= " (2.32)

where Z = Tr {e_HB/ (kBT)] is the partition function and kp is Boltzmann’s constant. Under
this hypothesis, it can be shown that the rates I',g(AE) induced by the bath satisfy

Tos(AE) = e AB/(ksTIDy (ZAE). (2.33)

Equation (2.33) guarantees that, under weak hypothesis, the local system evolves towards a
steady state given by a thermal state for the local system [28, 29]:

e—Hs/(ksT)

VA

p(t) (2.34)

We are now interested in finding a closed set of equations for the dynamics of the popu-
lations, i.e. of the probability p;(¢) of finding the system at time ¢ in the i*! eigenstate |F;)
of Hg with energy F;:

pi(t) = (Ei|p(t)|E;) . (2.35)

As we will see in the following chapters, in most cases the knowledge of the populations
pi(t) is sufficient to compute the heat currents flowing through the system. Multiplying
Eq. (2.29) by (E;| to the left, and |E;) to the right, and assuming that the spectrum of Hg
is non-degenerate, we find the Pauli master equation

Epi(t) = X Iy (i~ pi(t)T 5] (236)
where
Uiy =Y Tap(Ei — Ej) {EilSal Ej) (Ej|Ss|E:) . (2.37)
a,B

Equation (2.36) will be the starting point for many calculations performed in this thesis, and
it has a very intuitive physical meaning. The probability of finding the system in state ¢ will
increase if we are in state j [p;(t)], and the bath induces a transition from j to i (I'j—;), while
it decreases if the system is already in state i [p;(¢)], and the bath induces a transition to a
different state j (I';—;). The rates I';_,; are exactly equivalent to the Fermi golden rule. This
observation will allow us in the next section to extend this formalism to include higher order
processes in the coupling strength. At last, we notice that Eq. (2.33) can be written for the
rates I';,; as

L= e_(Ej—Ei)/(kBT)I‘j_ﬂ-. (2.38)

This relations is known as the detailed balance equation. Equation (2.38) tells us that the
probability per unit time to absorbs energy AFE is lower than the probability per unit time
to release energy AE into the environment by a factor e 2E/(ksT),

As we will see in the following chapters, in the presence of multiple independent thermal
baths the rates I';_,; decompose into the sum of rates relative to each bath. In this case, the

rates relative to each bath individually satisfy Eq. (2.38) with the corresponding temperature.
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2.1.1 Range of Validity

In this section we briefly discuss the various approximations and physical assumptions that
allowed us to derive the master equation. First of all, we perform a perturbative expansion
in Hg g, therefore the coupling must be weak. We then perform other approximations which
rely on a precise timescale separation. There are three relevant timescales : (1) the system’s
typical timescale 7 = i/ AE, where AF is the smallest gap in the system, (2) the timescale
of the bath 75, which is given by the typical decay time of the correlation function of the
bath, and (3) the thermalization time 7r, given by the inverse of the characteristic transition
rate [';_,;, which determines the timescale for the thermalization of the system with the bath.
For the approximations to hold, g must be smaller than all other timescales, i.e. the bath
must be “large and fast”. Furthermore, for the secular approximation to hold, i.e. for all
terms with AE # AFE’ to vanish in Eq. (2.22), we must have that 7g¢ < 7p. The master
equation approach is thus valid when we are in the regime

™ K 78 K TT. (2.39)

The last inequality, i.e. the fact that 7t should be the largest timescale, is actually automat-
ically satisfied if we are in the “weak coupling regime”. Indeed, 71 is inversely proportional
to the coupling strength, while the other timescales do not depend on the coupling. So by
decreasing the coupling strength, it is always possible to make 71 the largest timescale.

2.2 Beyond the weak-coupling regime

In this section we discuss one possible way to perform calculations beyond the weak coupling
regime which we have adopted in various scenarios. Our starting point is the Pauli master
equation [Eq. (2.36)], and the fact that the rates I';_,; can be equivalently computed by using
the Fermi golden rule. Let us denote with |E;) the eigenstates of Hg with energy E;, and with
ler) the eigenstates of Hp with energy ex. Since Hg and Hp describe independent degrees of
freedom, the eigenstates of the total uncoupled system, Hg + Hp, are given by the product
basis, i.e. by |[k) = |E;) ® |eg), with corresponding energy €;; = FE; + ey, for all i and k.

The Fermi golden rule allows us to compute the transition rate between eigenstates of
Hgs + Hp induced by the coupling term Hg g, which is treated perturbatively. Therefore, the
transition rate from eigenstate |E;) to eigenstate |E;) in the local system S is given by a sum
over all transitions from |¢;x) to |1 ), for all k and &, in the total system. We thus have
that

2
L= sz'k(l — W) | (| T i) | 8(esnr — i), (2.40)
ek

where Wy, and Wy are the probabilities of finding the total system in state |v;) and [|¢j)
respectively, 7 denotes the T-matrix [30-33] and d(x) denotes the Dirac-delta. A perturbative
representation of the 7-matrix is given by

ToTW 7@ (2.41)
with
7-(1) = HS,B; T(2) = HS,B GO HS,B7 (242)

where Gy = 1/(e;; — Hg — Hg +in) is the Green function of the uncoupled total system, and
n is in infinitesimal positive quantity. The first order term, 7, yields the standard Fermi
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golden rule rates, while the term 72 describes processes which involve interacting twice with
Hsgp.

A class of systems we will consider in many of the following sections are those where
the bath is composed of a collection of free fermions, and where the local system can host
electrons, for example a quantum dot or a metallic island. In these cases, the coupling
Hamiltonian is chosen as to describe the tunneling of a single electron from one lead to the
other. In this context, the first order term 7() allows us to compute sequential tunneling
rates, i.e. the rate of single-electron tunneling between the bath and the system. The second
order term 7 instead, allows us to compute the rate of coherent tunneling of two electron
between the bath and the system, known as cotunneling [34].

We use the notation I';_,;, without any superscript, to denote sequential tunneling only,
i.e. Eq. (2.40) with 7 = 7 = Hg . Instead, we denote with

co 27 2
F,L? =+ % Wik (1 — Wiy) ‘ <¢jk'\7'(2)’¢ik>) (ejkr — €ik)

2
2 (i | Hs 8|V (Y| Hs Bl tir)
= 2 Mt W — — S(eji — ) (2.43
h % k( ik ) l%;’ P ( i k;) ( )

the second order co-tunneling rates. In the second equality we inserted a sum over all eigen-
states |1) of the uncoupled Hamiltonian Hs+ Hp with corresponding energy ;. By ana-
lyzing the structure of the last equality in Eq. (2.43), we can pictorially describe co-tunneling
as a process where the interaction Hg g evolves the intial state |1;;) into an arbitrary virtual
state |¢y), and then a second interaction Hg g evolves the virtual state into the final state
|jir). Finally, all these virtual processes are summed up coherently (i.e. the sum over [, k"
inside the square modulus), and all initial and final states, compatible with the transition
i — j in the local system, are summed up incoherently (the outer sum over k, k’). A detailed
calculation of the co-tunneling rates in specific systems is described in App. C and E.



Quantum thermal machines

In this chapter we discuss how to implement, describe and characterize quantum thermal
machines, and we discuss the laws of thermodynamics in this context. We mainly focus on
two types of thermal machines: the heat engine, and the refrigerator. A heat engine is a
device which converts part of the heat that would naturally flow from the hot bath to the
cold one into useful work. The refrigerator instead is a device which requires work to extract
heat from the cold bath.

There are two main classes of thermal machines: steady-state machines, which we denote
as thermoelectric machines, and driven thermal machines. These machines are distinguished
by different operational regime, and by different ways of exchanging work with the envi-
ronment. Given these profound differences, we discuss thermoelectric machines in Sec. 3.1
and driven thermal machines in Sec. 3.2. We then present original work on thermoelectric
machines in Chaps. 4, 5, 6, 7 and 8, and on driven thermal machines in Chaps. 9 and 10.

3.1 Thermoelectric machines

The thermoelectric effect, first observed by A. Volta [8] in 1794, consists of the generation of
a steady-state charge current or of a voltage drop across some device (for example a metallic
bar) by applying a temperature difference to it. The origin of this effect becomes quite clear
once we realize that, in metallic objects, charge and heat are due to the same microscopic
mechanisms, i.e. by the motion of electrons that carry charge and energy. Indeed, already
in 1853 Gustav Wiedemann and Rudolph Franz observed empirically that in bulk metals the
ratio of the thermal conductance K over the electrical conductance G was a constant at fixed
temperature. Ludvig Lorenz then observed that the ratio K/G is to good approximation
linear in 7T". These observations gave rise to the famous Wiedemann-Franz law [35]

K
=L 1
L (31)
where ) )
7 (kp
L=—1[— 3.2
= (%) (3:2)
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is the Lorenz number, e being the modulus of the electron charge and kg Boltzmann’s con-
stant.

As we will discuss in this section, the direct proportionality of the electrical and thermal
conductance is a strong limiting factor to the efficiency of thermoelectric devices. Fortu-
nately, this “coupling” between charge and heat breaks down in mesoscopic devices, where
the transport mechanisms is not diffusive anymore. As we will show, this allows us to design
mesoscopic devices where the Wiedemann-Franz law is strongly violated (an explicit example
is given in Chap. 4), and conversely the efficiency as thermal engines is greatly enhanced.

This section is organized as follows: without relying on any specific formalism to compute
the charge and heat currents, in Sec. 3.1.1 we define the prototypical setup we consider in
this thesis, we show how the laws of thermodynamics are stated in this context, and we show
how to construct and evaluate the performance of a heat engine and of a refrigerator. In
Sec. 3.1.2 we focus on the linear response regime, i.e. on small temperature and voltage
biases. In this context, we introduce the transport coefficients and the figure of merit Z7T,
which quantifies the efficiency of heat engines and of refrigerators. In Sec. 3.1.3 we discuss
what properties a system must have in order to exhibit a large figure or merit, and we
discuss why strongly confined systems, such as quantum dots, are expected to have high
thermoelectric efficiency. In Sec. 3.1.4 we show how to explicitly compute the charge and
heat currents flowing across our device building on the formalism introduced in Chap. 2.
Finally in Sec. 3.1.5 we pedagogically apply the formalism developed in Chap. 2 and in
Sec. 3.1.4 to compute the transport coefficients and to evaluate the performance of a single-
level QD operated as a heat engine. We use this example to discuss various physical effects,
such as the concept of energy filtering, which occur also in more complicated and realistic
setups, and we discuss how they can enhance or limit the efficiency of thermoelectric devices.

3.1.1 Setup and characterization of thermal machines

I | -
JL Jr
—
Local
Tu, p1 s ygtem  mem TR, HR
S
R eV = ur — L, D

FIGURE 3.1: A quantum system S (gray circle) is coupled to two fermionic thermal baths character-
ized by temperatures T1, (left) and Tg (right), and by chemical potentials py, and pugr. The difference
in chemical potential is guaranteed by an applied voltage bias V. J, and Jr denote the heat currents
flowing out of the respective baths, while I denotes the charge current flowing from left to right.

Let us consider a generic local system S coupled to two fermionic heat baths characterized
respectively by temperatures Ty, (left) and Tg (right), and by chemical potentials py, and ug,
as schematically shown in Fig. 3.1. Since the heat baths are assumed to be large “macroscopic”



3.1 THERMOELECTRIC MACHINES 15

objects, we assume that any interaction in the baths can be accounted for by a quasi-particle
description emerging, for example, by applying a mean-field approximation. Therefore, the
heat baths are described by a collection of free fermions. In this context, we write the
environment Hamiltonian Hp, defined in Eq. (2.1), as Hg = Hy, + Hg where, for « = L, R,

H, = Zeak chcak. (3.3)
e

In Eq. (3.3), clk (car) represents the fermionic creation (destruction) operator of an electron
in bath o with single-particle energy €, and quantum number k& which satisfy the usual
anticommutation relation {cq, cj;, w1 = Oa,a0k i and {cak, carir } = 0, 6 being the Kronecker
delta. Since the baths are each in an thermal state with a well defined temperature and
chemical potential, the state of the baths pp is assumed to be prepared at some initial time

as pp = pL ® pr, where
o~ (Ha—pNa) /(KB Ta)

Pa = 7 . (3'4)

Z ="Tr [e_(Ha_“N o)/(ksTa) | ig the grand canonical partition function, and
N, = chkcak (3.5)
k

is the operator associated with the total number of electrons in bath «.

The temperature and chemical potential imbalance will drive S into an out-of-equilibrium
steady-state which may admit steady-state currents. As schematically shown in Fig. 3.1,
we denote with I the steady-state charge current flowing from left to right and with J, the
steady-state heat current flowing out of reservoir a. In general, these quantities are defined

o IE€<NL>,
. ) . (3.6)

—(Ho — paNa)
where, for an arbitrary operator O, the “dot” denotes the time derivative, which can be
computed as O = (i/h)[Hiot, O], and where the expectation value is defined as (O) =
Tr[ptot (t — 00)O]. The definition of J,, provided in Eq. (3.6) can be derived from the first law
of thermodynamics. Focusing on bath «, we define the internal energy U, and the particle
number n, as

Ua = (Ha), Na = (Na) - (3.7)
The first law, for bath «, is given by

U = plata — Ja. (3.8)

It is now easy to derive the definition of J,, provided in Eq. (3.6), by combining Eqs. (3.7)
and (3.8).

Since the dynamics of the total system is induced by a time-independent Hamiltonian
Hiot, the total energy is conserved. Assuming that in the steady state (Hg) = <HS,B> =0,
energy conservation implies

(Hy) + (Hg) = 0. (3.9)

Furthermore, if we assume that the system is also charge conserving, we have that

<NL> + <NR> =0. (3.10)



16 QUANTUM THERMAL MACHINES

Heat Engine Refrigerator

JL>0; Ja<0; P>0 J.<0; Ja>0; P<0
a) b)

FIGURE 3.2: Schematic representation of a heat engine a), and of a refrigerator b). The corre-
sponding sign of the heat currents and of the power is reported.

We now provide a definition of the power P extracted from our system. Formally, this
can be done by stating the first law of thermodynamics for the local system S:

P=Jy,+ Jr. (3.11)
Plugging Egs. (3.6), (3.9) and (3.10) into Eq. (3.11), we find that
P=_VI, (3.12)

where the voltage bias V is given by eV = ur — pr. Equation (3.12), which we derived
from the first law, is very intuitive: work is extracted by driving a current against a chemical
potential difference, which can be visualized as charging a macroscopic battery.

While the first law of thermodynamics is an energy conservation statement which treats
heat and work on the same footing, the second law places a bound on the inter-conversion
between these quantities. In steady state, the entropy of the local system S cannot change,
so the second law simply reduces to

Ju | Jr
T + T <0, (3.13)
the equality sign being saturated when the transfer of heat occurs reversibly.

We now discuss how to construct a thermoelectric heat engine and refrigerator. Through-
out this thesis, unless stated explicitly, we assume that 71, > TR, and we define the temper-
ature bias AT =Ty, — Tr > 0 and the average temperature 7' = (11, + Tr) /2.

A heat engine, as schematically depicted in Fig. 3.2a, is a device which converts part of
the heat naturally flowing from the hot lead to the cold lead into work. Therefore, Ji, > 0,
Jr <0 and P > 0. We denote with Pjgj = P the power of a heat engine. Due to the second
law, not all heat can be converted into work. Therefore the efficiency, defined as the ratio
between the extracted work and the heat provided by the hot lead, is bound by the second
law [Eq. (3.13)] to be smaller than Carnot’s efficiency n. =1 — Tr /11

n= ]jE] < 7. (3.14)
L

The charge and heat currents are a function of the temperature difference AT and of the
voltage bias V. We can therefore define the maximum efficiency 1(™2%) as the efficiency
maximized over the voltage bias at fixed temperature difference, i.e.

(max) —
n = max). (3.15)
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In most scenarios, maximizing the efficiency yields a low extracted power. Intuitively, this is
due to the fact that, in most systems, achieving Carnot’s efficiency implies that the extracted
power is zero. Therefore, maximizing the efficiency may not be the best choice in practical

applications. It is thus important to introduce the concept of maximum power P[%?ax), which
we define as ()
P[]g]lax = max Pg). (3.16)

This definition prompts us to introduce also the concept of efficiency at maximum power
n(P[%TaX)), which is the efficiency of the engine when it is operated at maximum power.
Many attempts have been made in literature trying to place an upper bound to the effi-

ciency at maximum power. For small temperature differences, as we show in Sec. 3.1.2,
n(P[%laX)) < nc/2 [11]. This bound was extended to finite temperature differences in Ref. [36]
by concatenating many engines operating in the linear regime, finding that the efficiency at

maximum power is bound by the Curzon-Ahlborn efficiency

T
UCAEl—\/?R~ (3.17)

This bound was previously derived for an endoreversible model of a heat engine [37]. However,
this is not a fundamental upper bound. Indeed, within the context of driven engines, it has
been shown [38] that any system operating in the low dissipation regime, which means “slow
enough”, exhibits an efficiency at maximum power bound by the Schimdt-Seifert [39] efficiency

nss = (3.18)

2- 77(:’
which is larger than nca. Furthermore, in Chap. 4 we prove that the efficiency at maximum
power of a thermoelectric heat engine based on an interacting multilevel quantum dot can
exceed nca beyond the linear response regime, while in Chap. 9 we show that, by choosing a
specific system-bath coupling, it is possible to construct a driven heat engine based on a qubit
that exhibits an efficiency at maximum power arbitrarily close to 7.. While this implies that
there is no fundamental upper bound to n(P[%r]laX)) other than 7, in most concrete setups
strict upper bounds do emerge, and it is nonetheless an important thermodynamic quantity
to study.

A refrigerator, as schematically depicted in Fig. 3.2b, is a device which requires work to
extract heat from a cold bath, therefore J;, < 0, Jg > 0 and P < 0. The power (or cooling
power) of a refrigerator is defined as Pr) = Jr. Also in this case, the second law places a
bound on the inter-conversion between heat and work. The coefficient of performance (COP)
C of a refrigerator, which plays the role of the efficiency for heat engines, is defined as the
ratio between the cooling power and the power provided, and it is bound by C. = T1,/AT"

Py

C=—<C.. 3.19

We then define the maximum COP as

Cmax) — max C. (3.20)
As in the heat engine case, the cooling power P is typically small when the system is
operated at maximum COP. We therefore define the maximum cooling power

Pi™) = max Py, (3.21)
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Also in this case, we define the COP at maximum power, denoted by C (P[(I;:]lax)), as the COP
when the system is operated at maximum power.

In the next section, we show how in the linear response regime n(™ax), n(P[(En]]aX)), and
C™Ma%) can all be expressed in terms of a single dimensionless quantity known as the figure
of merit Z7T.

3.1.2 Linear response regime

We talk about “linear response regime” when the charge and heat currents are linear in AT
and V. Typically, this happens when AT/T <« 1 and eV/(kpT) < 1. As we now show, the
linear response regime allows us to characterize the performance of a heat engine and of a
refrigerator in terms of a single dimensionless figure of merit ZT.

By definition, within the linear response regime we can write

I Lir Lo 1%
(JL> - <L21 L22> (AT/T) ’ (3.22)

j=1L-Z (3.23)

or equivalently:

where j = (I,Jv), 2 = (V,AT/T), and where the matrix L, with coefficients L;;, is known as
the Onsager matrix [11]. Notice that the heat current Jg is a function of I and Ji, through
the first law, i.e. Egs. (3.11) and (3.12). The Onsager matrix L, which depends on the
details of the system, satisfies the property Lis = Loj in time-reversal symmetric systems.
We will work under this assumption throughout the whole thesis. Furthermore, in order
to guarantee positive entropy production, L must be positive semi-definite. This can be
shown by plugging the expansion in Eq. (3.23) into Eq. (3.13), i.e. the second law, under the
assumption AT/T < 1, and requiring that the inequality is satisfied for all choices of AT
and V.

In order to characterize the transport properties in terms of physically meaningful quanti-
ties, we introduce the following transport coefficient: the electric conductance G, the Seebeck
coefficient S and the thermal conductance K. As we now show, these three quantities are in
a one-to-one relation with L. The electric conductance, defined as

= Ly, (3.24)

describes the electrical response of the system to a voltage bias while the temperature differ-
ence is zero. Since L is positive semi-definite, we have that G > 0. The Seebeck coefficient

S, defined as

V| _ 1Ly

ATy TLy’
describes the voltage that the system develops, as a response to a temperature difference, in
open circuit condition. This voltage, know as the thermovoltage, is responsible for enforcing
I = 0 in the presence of a temperature difference. A high values of S means that a large
voltage is necessary to balance the current that is induced by a temperature difference. At
last, the thermal conductance, defined as

(3.25)

Ui 1det(L)
ATl|j—g T Ln

K

(3.26)
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describes the thermal response of the system to a temperature difference in open circuit
conditions. Under this hypothesis the power is zero so, thanks to the first principle, we have
that Jy, = Jr. Since L is positive semi-definite, both Li; > 0 and det(L) > 0, so K > 0.
We now express the properties of a heat engine, namely P[EEn]laX), n(max) and n(P[%TaX)) in
terms of the transport coefficients. To this end, we define the dimensionless figure of merit
_ GS?’T

ZT = 3.27
= (3.27)

which, thanks to the positivity of the Onsager matrix, is a non-negative quantity. It is easy
to show that the following relations hold

(max) 1
Py = ZGSQ AT?, (3.28)

and
(max) - vV ZT+ 1-1 ( (max)) _ & ZT
‘VZT +14+1’ (E] 224 2T’

where, within the linear response, 1. = AT/T. Because of Eq. (3.28), the combination G/S?
is known as “power factor”. Interestingly, both the maximum efficiency and the efficiency at
maximum power are growing functions of ZT'. Therefore, finding an optimal device from a
thermoelectric point of view is equivalent to finding devices with a large ZT. In Sec. 3.1.3
we discuss which characteristics a system must have to yield a large value of ZT. We notice
that, as ZT — oo, ™) approaches 7, while n(P[(é?ax)) approaches 7./2, as anticipated in
Sec. 3.1.1. Therefore, within the linear response regime, for time-reversal symmetric systems,
the efficiency at maximum power is exactly upper bounded by 7./2. Indeed, both upper
bounds nca and 7gg, introduced respectively in Egs. (3.17) and (3.18), yield 7./2 when
expanded to first order in AT /T.
(max)

In the refrigerator case, the maximization of the cooling power R] within the linear

n (3.29)

response regime, yields the unphysical result |V| — oo. We therefore only consider the
maximization of the COP. A simple optimization of C' yields

VZT+1-1
clmax) _ o V2L & (3.30)

O ZT 141

where C. = T'/AT within the linear response regime. Interestingly, also C(max) ig a growing
function of ZT with the same functional dependence on ZT as (™% see Eq. (3.29).

3.1.3 The best thermoelectrics

In the previous section, we expressed the thermodynamic properties of thermoelectric heat
engines and refrigerators in terms of the transport coefficients. Thanks to Egs. (3.28), (3.29)
and (3.30), it is clear that a good thermoelectric device must have a large value of ZT', while
retaining also a large power factor GS2. We are therefore interested in finding devices with
large values of G and S, which increases both the power factor and the figure of merit, and
small values of K.

Unfortunately, most bulk materials have ZT < 1, while a value of at least ZT ~ 3 is
required to make thermoelectric devices competitive with traditional heat engines based on
moving parts [11]. The optimization of ZT is a very difficult task, since G, S and K cannot
be varied independently. As anticipated earlier, one limiting factor is the Wiedemann-Franz
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law [see Eq. (3.1)] which fixes the ratio GT/K in many bulk materials, preventing us from
varying G and K independently. Furthermore, Ref. [11] argues that any good thermoelectric
material is likely to strongly violate the Wiedemann-Franz law.

In a seminal work by Mahan and Sofo [5], it was shown that devices that act as “energy
filters” yield a divergent value of ZT. In other words, we are interested in devices where
only electrons with a given fixed energy contribute to transport. This can be achieved by
considering, for example, low dimensional systems which exhibit peaked density of states, or
considering the extreme case of a single-level quantum dot (QD), which is a fermionic system
with a single energy level. As we show in Sec. 3.1.5, when a single-level QD is weakly coupled
to the leads, only electrons which have the exact energy of the QD’s energy level are allowed to
tunnel between the baths and the QD, realizing an energy filter as prescribed by Mahan and
Sofo. As we show, this system yields a divergent value of ZT by producing a divergent value
of GT /K, which is a stark violation of the Wiedemann-Franz law. Physically, QDs exhibit a
discrete spectrum, with an energy spacing even larger than the thermal energy (at cryogenic
temperatures), thanks to extreme spatial confinement of the electrons. For example, in
Chap. 5 we study the thermoelectric properties af a QD embedded in an InAs/InP nanowire,
where the size of the QD is of the order of tens of nanometers, producing a level spacing of
the order of 5meV.

3.1.4 Computing charge and heat currents

In this section we discuss how to compute the charge and heat currents flowing across our de-
vice building on the framework described in Chap. 2. We assume that the out-of-equilibrium
state of the system, described by the probabilities p; solutions to Eq. (2.36) in the steady-
state, are known. While the expressions we now derive can be obtained using a more formal
approach, we present an intuitive derivation which sheds light on the microscopic mechanism
responsible for charge and heat transport in the weak coupling regime. This approach also
allows us to develop useful physical intuition necessary to compute charge and heat currents
also beyond the weak coupling regime.

For concreteness, let us assume that we have two thermal baths, so Hg = Hy, + Hgr. If
the baths are independent (as we assume through the entire thesis), we can decompose the

rates
(R)
i—j>

Tiy =T, 4T

(3.31)
where Fz(i)j, formally defined by Eq. (2.40) with 7 = Hg,, is the transition rate induced
by bath «. Furthermore, let us focus on I (which is the charge current flowing from left to
right) and on Ji, defined in Eq. (3.6). We recall that Jj, is defined as the variation of the
expectation values of

H, — paNg. (3.32)

Therefore, we can interpret I as —e times the variation in electron number of the left bath,
and Ji, as the variation of energy of the left bath, minus p, times the variation in electron
number of the left bath.

In this thesis, we study steady-state devices which are fermionic, and such that the eigen-
states of Hg have a well define number of electrons (i.e. Hg commutes with the operator
associated with the total fermionic number in S). This is equivalent to requiring that S, alone,
does not create nor destroy electrons. Of course, this assumption encompasses also classes of
interacting systems, such as electronic devices with Coulomb repulsion (examples are studied
in Chaps. 4, 5, 6, 7 and 8). We therefore denote with N; and E; respectively the number of
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electrons and the energy of eigestante |E;) of Hg. From the derivation of the Pauli master
equation, valid in the weak-coupling regime, we can draw the following physical picture: our
system S undergoes transitions between eigenstates by interacting with the baths. We can
associate a transition rate I';_,; to each transition from some state |E;) to some state |E})
of S. In most cases considered in this thesis, these transitions are due to electrons tunneling
between the baths and the system. A transition between |E;) and |E;) changes the number
of charges in S from N; to Nj, and its energy from E; to E;. Since these transitions conserve
the total number of electrons (by hypothesis of Hg,) and energy (at leading order in the
coupling strength, the rates are computed with the Fermi golden rule, which imposes energy
conservation), the number of electrons and the energy of the baths change respectively by
(N; — Nj) and (E; — Ej) upon the transition. We can therefore compute I and Ji, accounting
for the transported quantity upon all possible transitions. This yields

1= piTE(—e)(N; - Ny,
— (3.33)
Ji = Zpi Fi—>j [(Ej — E;) — pr(N; — N;)J .

i3

The sum over 7 is a sum over all possible states of S, while the sum over j describes all possible
transition from state i to state j (notice that the terms within the sum vanish for i = j).
The transition rate ng)j is then multiplied by the corresponding transported quantity, i.e.
the charge —e(N; — N;) or the heat (E; — E;) — pur,(N; — N;).

With a similar argument, we can also include the effect of co-tunneling in the charge
and heat currents. A detailed derivation is provided in Chap. 6 and in App. C. All ther-
modynamics quantities, such as the power, efficiency and COP, can now be computed from

Eq. (3.33).

3.1.5 Single-level quantum dot-based heat engine: an energy filter

In this section we use the formalism developed in Chap. 2 and in Sec. 3.1.4 to study the
performance of a single-level QD-based heat engine. This example allows us to introduce
some concepts and methods which are relevant also for more complicated systems, and we
illustrate the idea of an “energy filter”. While an exact solution, valid for arbitrary coupling
strength, which allows us to compute the charge and heat currents through such a simple
system is known [40, 41], we use the perturbative approach of Chap. 2 as a way to illustrate
the formalism which can then be applied also to complicated interacting systems where exact
solutions are hard, if not impossible, to find.
The Hamiltonian of the single-level QD is given by

Hs = Ed'd, (3.34)

where df (d) is the creation (destruction) fermionic operator of the electron in the QD, and
the Hamiltonian of the baths is the one described in Eq. (3.3). Since we are considering two
thermal baths, the coupling Hamiltonian will be given by Hsp = Hgsy, + Hsr, where Hg
describe the coupling between the QD and bath a. We assume that the QD is tunnel-coupled
to bath «, i.e.
Hso = Vapd'cap + hec., (3.35)
k

where V,, are complex coefficients describing the system-bath coupling.
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The starting point of our calculation is the Pauli master equation, see Eq. (2.36). The
two states of our system are the empty state |Ey) = |0), where |0) is the fermionic vacuum
state, and the occupied state, |E;) = d'|0). State |Ey) is characterized by 0 energy and 0
electrons in the QD, while state |E1) is characterized by energy E and 1 electron. Denoting
with pg and p; the corresponding probabilities, the steady-state solution can be found setting
dp1/dt = 0 and recalling the normalization condition for probabilities, i.e.

pol'os1 —pil'is0 =0,

3.36
po+p1=1, (3.36)

where I';_,; are the sequential tunneling rates describing a transition in the local system from
state |E;) to |Ej). We compute these rates using the Fermi golden rule Eq. (2.40) as discussed
in Sec. 2.2.

Let us start from I'g_,1. We need to consider all eigenstates of the total uncoupled system
which describe an electron tunneling from the baths to the empty QD. Therefore, the initial
and final states are!

W}Oak> = Clk ‘0> ) W}l> = dT ‘O> ) (337)

for all values of @ = L,R and k. Notice that while there are many initial states |¢oak),
indexed by « and k, describing this transition, there is only one final state [¢)1). The energy
of |oak) 18 €0ak = €ak, and the energy of |¢1) is 1 = E. Plugging this into the leading
order Fermi golden rule Eq. (2.40) yields

Lo = Z Wook (1 — W1)| (0]d Hs oc!, |0) 26 (ear — E). (3.38)
ak

Since the equilibrium thermal probability of finding a fermion with energy e, in bath « is
given by the Fermi distribution fo(ear — fia) = (1 + elCar—Ha)/(EBTa)=1 yy70 0 — f (eqr, —
Leo), while W1 = 0 since this process requires the QD to be initially empty (I'o—1 is the
conditional probability per unit time of having a transition from |Ey) to |E;), provided that
the QD is empty). Using these relations, plugging Eq. (3.35) into Eq. (3.38) and using the
anticommutation relations, we find

FO%l = ZF()_>1 = Z Z fa €ak — Ha |Vak| 5(6akz - E) (3'39)

where we split the sum over « in order to separate the contribution of the two baths. Notice
that the energy conserving delta-function in Eq. (3.39) imposes that only electrons with
energy €, = F can tunnel from the baths into the QD: this is precisely the mechanism
producing the energy filter we mentioned earlier. Since the thermal baths are assumed to be
large objects, the level spacing is assumed to be infinitesimal. This allows us to perform the
following formal substitution

Sgle) > [ deDalelglo) (3.40)
k —00

"More precisely, one should consider all eigenstates of the baths, therefore also multi-electron states. One
then associates to each configuration a probability given by the grand-canonical distribution. For simplicity,
since the baths are non-interacting, we here adopt a single-particle picture such that we only consider single-
particle states, and we associate to each state a probability given by the Fermi distribution. The two approaches
yield identical results.
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where D, (€) = Y 0(e—¢g) is the density of states of bath a, and g(e€) is an arbitrary function
(sufficiently smooth on the energy spacing scale of bath «). This yields

61 = Yafal(E = pa), (3.41)

where 21 D(E)|Vy(E)|?

Yo = 27D )72 o(E) (3.42)
fixes the typical rate. In Eq. (3.42) we define V,(ex) = Vir. In most realistic cases, the
density of states and the coupling constants are approximately constant on the energy scale
where transport occurs (which is order of the largest between eV and kpT,); therefore it is
common to assume that v, does not depend on energy. Equations (3.41) and (3.42) describe
a lot of physics: we see that the probability per unit time for an electron to tunnel from the
lead to the QD is proportional to the occupation of the electrons in the lead, described by
the Fermi distribution. Indeed, if the chemical potential of lead « is smaller than E, and the
distance is much larger than kgT,, then the rate becomes vanishingly small since there are
no electrons which have a high enough energy to tunnel into the QD. If instead the chemical
potential is larger than FE, and the distance is much larger than kpT,, than I’(()i)l ~ Ya
reaches its maximum value, which depends on the square of the coupling terms V., and on
the density of states of the bath. If instead |E — ua|/(kTa) < 1, then I‘éoi))l will be a finite
fraction of ~,.

We now move to I'1_,g, which also in this case will be given by the sum of the contributions
of the two leads, i.e. I'10 =), Fgﬂo. We could repeat the previous reasoning to the inverse
process, however a faster way to compute this rate is to invoke the detailed balance equation.
Indeed, the rate associated to a process is directly related to the rate associated with the
inverse process through Eq. (2.38). Using the algebraic relation fo(€)/[1— fu(€)] = e~¢/(FBTa),
it is easy to show that

{0 = Yall ~ fa(E — ta)l. (3.43)

The 1— fo(E — o) factor in Eq. (3.43) represents the fact that, because of the Pauli exclusion
principle, the state in the baths at energy E must be unoccupied for the electron to tunnel
from the QD to the bath.

The out-of-equilibrium state of the QD can be computed by plugging Eqs. (3.43) and
(3.41) into (3.36), yielding

1-— 1-—
Do = (L = fu) +r( fR)7 = /L ‘|"7RfR’ (3.44)
L+ IR L+ IR
where, for ease of notation, we defined f, = fo(E — ta)-
We can now compute the charge and heat currents. Equation (3.33) reduces to

L L

I=(=e)polsy — ()l .55
L L :
Ji = (E - ML)pOF(()—)>1 —(E - uL)mFﬁlo.
Plugging Eqgs. (3.41), (3.43) and (3.44) into Eq. (3.45) yields
7= —eﬂ(fL — fr),
L+ IR
F— (3.46)
Ji, = I.

—€
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It is now straightforward to compute the transport coefficients using their definition. Since
the energies o and E are defined up to an additive constant, without loss of generality we
set £ = 0. Furthermore, defining p such that ug = p+ eV/2 and py, = p — eV/2, it is easy
to find

_ e r 1
4kBT Y1, + R coth? (ﬁ) ’
o (3.47)
eT’
K =0.

As a function of the average chemical potential p, the electrical conductance is bell-shaped,
with the maximum at u = 0, i.e. at resonance, and with a characteristic width determined by
the thermal energy kpT'. The electrical conductance then decays exponentially as p increases.
The Seebeck coefficient, instead, is a linear function of y and it vanishes at resonance. Indeed,
the Seebeck coefficient is zero when the system is particle-hole symmetric, and this occurs in
our system when p = 0.
Strikingly, K = 0, which implies
ZT — 0. (3.48)

Indeed, our system acts as a perfect energy filter thus, as predicted by Mahan and Sofo, its
figure of merit diverges. The high efficiency and efficiency at maximum power of a single-level
QD in the weak coupling regime is therefore due to the fact that it exhibits a finite power
factor G52, while K = 0, resulting in ZT — oo. This surprising behavior of K is a direct
consequence of the proportionality between I and Ji, [see Eq. (3.46)]. Indeed, K is defined
as the ratio between Jp, and AT when the voltage bias is chosen as to guarantee I = 0.
Crucially, if I and Ji, are directly proportional, as in our case, I = 0 implies J;, = 0, and
therefore K = 0. It is thus the proportionality between .J;, and I which maximizes the figure
of merit, and this happens only if all electrons tunneling through the device have the same
exact energy (in our case, they all carry energy E).

In reality, it is not possible to realize a device which has both finite power, and an
exactly divergent ZT'. There are (at least) two effects that break the proportionality between
I and Ji, by allowing electrons to tunnel through the device with different energies. The
first is the presence of other energy levels in the QD. While all electrons obviously carry a
charge —e, the presence of other energy levels allows electrons to tunnel through the device
carrying different energies, and thus breaking the proportionality I oc J;,. An example of an
experiment where this effect is dominant is described in Chap. 5. Another mechanisms is
the so-called “level broadening”, which arises by considering processes beyond leading order
in the coupling strength. Indeed, processes such as co-tunneling allow electrons to tunnel
directly from one lead to the other passing through a virtual state in the QD. This process
is such that tunneling electrons are allowed to have an energy inside an energy windows
centered around F with a characteristic width set by A~y,. Therefore, it is as if we had a
“leak” in our energy filter. One would be tempted to decrease the coupling v, as to make
the filter more and more ideal. However, doing so reduces the power (which scales as hivy,):
this is one of the many cases where we witness a trade-off between efficiency and power. An
example of an experiment where this effect is dominant is described in Ref. [42].

At last, another physical mechanism which reduces the efficiency of actual devices is the
presence of phonons. They do not carry charge, so they do not contribute to G and S, but
they carry energy, so they contribute to K by increasing the thermal conductance. While
their impact becomes negligible at sufficiently low temperatures (for example at cryogenic
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temperatures), they are definitely relevant at room temperature, and they only have a detri-
mental effect on the performance of thermoelectric device. Throughout this thesis, we only
focus on the electronic degrees of freedom, therefore neglecting the impact of phonons.

Despite these limitations, the idea of implementing energy filters is a fundamental concept
when building efficient thermoelectric devices. This idea resulted in numerous theoretical
and experimental works (see Chap. 4 for an overview of the literature). For example, using
QD-based devices, it was experimentally shown in Ref. [42] that an electronic efficiency at
maximum power close to the Curzon-Ahlborn efficiency can be achieved at temperatures
around T = 1K, while in Chap. 5 we describe an experiment where an electronic figure of
merit ZT = 35 can be achieved at temperatures around T = 30 K. In the former example,
the efficiency is limited by the level-bradening effect, while in the latter by the multilevel
structure of the QD.

3.2 Driven thermal machines

In this section we discuss how to implement a driven thermal machine and how to describe
its performance. While the systems studied in Sec. 3.1 operate in the steady-state, and they
perform work again a chemical potential difference, the systems we consider in this section
are instead driven in time, i.e. the Hamiltonian of the local system Hg(w(t)) is explicitly
time-dependent through a set of control parameters i(t). These control parameters could be
for example gate voltages, electromagnetic fields, etc. In this scenario, work is performed
by the external fields, for example by a gate voltage source. In this thesis, we only consider
driven systems in the weak-coupling regime.

The operating principle of these machines is very similar to a classical thermodynamic
heat engine. Let us consider the standard example of an ideal gas, which plays the role of our
system S, inside a chamber with a movable piston. Assuming that the system remains close
to equilibrium, we can describe the state of the system by specifying its pressure, volume and
temperature. The evolution of the state of the system is described by the state equation, and
it is influenced by two effects: we can couple the system to a heat bath, allowing heat to flow
between the bath and the system, or we can act on the system with some time-dependent
control which compresses or expands the gas. The state of the system will therefore change
both because we can couple it to a heat bath, and because we can act on it with some time-
dependent control. At last, we can extract work from the system by allowing the piston to
expand in time. In this setup, work is performed against the external time-dependent force
that is compressing or expanding the gas.

In the quantum case the state of the system can be driven completely out-of-equilibrium,
so we cannot use an effective description in terms of a handful of macroscopic variables.
Instead, the state of the system is described by the reduced density matrix p(t). The state,
which evolves according to the Lindblad master equation [see Eq. (2.29)], can change because
we couple the system to a heat bath, or because we act on the system with some time-
dependent control. Also in this case, work is performed against the time-dependent controls
u(t).

In Sec. 3.2.1 we describe in detail how to compute the heat currents and the work in
driven systems, and we present the laws of thermodynamics in this context. We then discuss
how to implement a heat engine or a refrigerator, and we give some general properties of the
efficiency at maximum power. In sec. 3.2.2 we pedagogically apply the formalism described in
Sec. 3.2.1 to study a heat engine based on a driven qubit (two level system) in the infinitely
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slow regime. Finite-time effects, studied using the formalism described in Chap. 2 and in
Sec. 3.2.1 are studied in Chaps. 9 and 10.

3.2.1 Setup and characterization of thermal machines

u(t)
JL Local Jr
I —>  System Tr
S
P

O

FIGURE 3.3: A quantum system S (gray circle), which is controlled through a set of control param-
eters (t), can be coupled to a thermal bath at temperature Ty, (left red box) or to a thermal bath
at temperature Tg (right blue box). Ji, and Jr denote the heat fluxes flowing out of the respective
thermal baths, whereas P denotes the extracted power.

Let us consider a generic system S that can be coupled to two arbitrary heat baths
characterized respectively by temperatures 77, (left) and Tk (right), as schematically shown
in Fig. 3.3. We can control the system in time through a set of controls parameters ()
which enter the Hamiltonian of the system so that Hg(@(t)). Furthermore, we assume that
we can arbitrarily couple and decouple the thermal baths to the system. As in the previous
section, we consider two thermal baths, so we have that Hg = Hi, + Hgr, where H, is the
Hamiltonian of bath a with @ = L, R. We assume that the reduced density matrix p(t) of
the local system evolves according to the Lindblad master equation (2.29). Since we have
two thermal baths, the dissipator decomposes naturally as Dy [p] = Dr, a1 [p] + Dr a1 [p].
Neglecting the Lamb-shift Hamiltonian, the Lindbald master equation therefore reads

@ p(t) = —L[Hs (1), p(0)] + 3 Aalt) Do (1), (3.49)
e

where A\, (t) = 0,1 is an additional control parameter that allows us to switch on or off
the coupling to bath « by setting to 0 the contribution of bath «. Since the control (t)
can change the spectrum of Hg(tu(t)), we use the notation D, g)[p(t)] to emphasize the
dependence of the dissipators on the controls. While the Lindblad equation was derived
in Chap. 2 assuming that Hg did not depend on time, it can be shown that it holds as
in Eq. (3.49), with dissipators computed using the instantaneous spectrum of Hg(u(t)), if
Hg(t(t)) commutes with itself at all times, or if the driving speed of #(t) is slow enough as
to guarantee the validity of the quantum adiabatic theorem for a closed system evolving only
according to Hg(u(t)) [43-45].

We now derive an expression to compute the extracted power and the heat currents flowing
out of the baths. We start from the definition of work. Let us assume, for the moment, that
p(t) evolves only under the influence of Hg(u(t)), i.e. we set Ao(t) = 0. In such case, there
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are no heat baths, so the first law of thermodynamics for the system is given by
U(t) = —P(t), (3.50)
where P(t) is the extracted power, and U(t) is the internal energy defined as
U(t) = Trlp(t) Hs(i(1))) (3.51)
Taking the time derivative yields
U(t) = Trlp(t) Hs(@(0))] + Te [p(t) Hs(a (1) (3.52)

where, with a slight abuse of notation, we denote Hg(#(t)) = d/(dt)Hs(@(t)). Using Eq. (3.49)
and the cyclic property of the trace, it is easy to see that the term proportional to p(t) vanishes
if the evolution of p(t) is unitary. Therefore the extracted power, for a closed system, is given
by

P(t) = — Tr|p(t) Hs (i(t))] (3.53)

We now move to the case where also the baths are coupled, i.e. A\y(t) # 0. Denoting with
Jo the heat flowing out of lead «, the first law of thermodynamics is given by

Ult)=-Pt)+ > Ja. (3.54)

Differentiating U(t) as in Eq. (3.52) and using Eq. (3.49) yields

U(t) = T p(t) Hs[@(t)]| + 3 Aa(t) Tr [ Do o [o(D)] Hs (i(1))] (3.55)
We therefore identify the power as in Eq. (3.53), and the heat currents with [46]

Jo = Xa(t) Tr[ Do o [o(t) Hs (i(1)) . (3.56)

We are now able to compute the heat currents and the power extracted from our machine,
but we still need to understand how to construct thermodynamic cycles. As in classical
thermal machines, we wish to operate our system cyclically, such that the variation of internal
energy is zero after each cycle. Thanks to the first law of thermodynamics, this implies that
all the extracted work only comes from energy exchanged with the baths in the form of heat,
and not from a particular preparation of the system’s state. We therefore consider a periodic
control with period T', such that u(t + T') = @(t), and A(t +T') = A(t). We may refer to this
periodic control with the term “protocol”. From Eq. (3.51) we see that the internal energy
difference is zero after each cycle only if both the control and the state p(t) are periodic.
However, the state p(t) is not in general periodic.

We can recover the standard concept of a cycle by exploiting an interesting prop-
erty of the Lindblad master equation: the real part of the eigenvalues of the Lindbla-
dian generator L), (), defined as the linear operator such that Eq. (3.49) is written as
p(t) = L) a(t)lp(t)], are all non-positive [27]. It can be shown that, under weak assump-
tions, this property implies that p(¢) admits a so-called “limiting cycle” [29]. This means
that, if we apply a T periodic protocol 4(t) and A(t), after a sufficiently long time the state
p(t) will also become a periodic function with the same period T'. This asymptotic solution,
known as the limiting cycle, does not depend on the initial condition for p(¢). Throughout
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this thesis, we therefore focus on the regime where both the protocol and the state are pe-
riodic functions with the same period. In this regime, the internal energy difference is zero
after each cycle.

Defining (P) as the average work and (J,) as the average heat exchanged during one
cycle, i.e.

1 (T 1 (T
(P) = = / P(t) dt, (Jo) = — / Ta(t) dt, (3.57)
T 0 T 0
the first law reduces to
(P) = (Ju) + (Jr) (3.58)
and the second law, for the time averaged quantities, reduces to
(L) , (Jr)
—= < 0. .
T + T = 0 (3.59)

We can now define a heat engine and a refrigerator as in Sec. 3.1.1 using the average power
and heat currents instead of their steady-state counterpart. Let us assume that 71, > Tr. A
heat engine is a system that converts part of the heat flowing from the hot lead ( (J,) > 0)
to the cold lead ((Jr) < 0) into work ((P) > 0). The power of a heat engine is therefore
identified with Pjp) = P, and (Pj;) denotes its time average over a cycle. The efficiency is
then defined as

(Pry)

(Ju)
The maximization of the efficiency is something that has been understood since Carnot,
i.e. we must perform reversible transformations. This universal strategy typically requires
infinitely slow transformations, which means that a finite amount of work is extracted over an
infinite amount if time. Therefore, while it is possible to reach Carnot efficiency, this usually
comes to the price that (P[Ep = 0. It is therefore interesting to try to understand how to
maximize the power.

The maximization of the extracted power, i.e. the maximization over all possible cycles
described by all possible periodic functions (t) and A,(f), is in general a formidable task.
Indeed the power, which involves finite-time thermodynamics, strongly depends on the un-
derlying dynamics of the system, and as such it is deemed as a model specific task, lacking
universal traits. There have been many attempts in literature to design cycles yielding high
power. These strategies range from the use of shortcuts to adiabaticity to speed up Carnot
cycles [47-50], to optimal control techniques [51-56], to slow driving expansions [38, 57-60]
(see Chap. 9 for an overview of the literature). In Chaps. 9 and 10 we show that, for small
quantum systems obeying Lindblad dynamics, there may be universal features in the optimal
protocols that deliver maximum power.

A concept closely related to the maximum power, which has received a lot of attention
in literature, is that of the efficiency at maximum power n(P[%TaX)), defined as the efficiency
of the heat engine while it is operating at maximum power. As in the steady-state case,
many bounds have been derived in literature either for certain classes of systems, or in
certain operational regimes. For example, the Curzon-Ahlborn efficiency [see Eq. (3.17)]
emerges in various specific models [37, 61, 62], and it has been derived by general arguments
from linear irreversible thermodynamics [36]. Notably, it has been shown in Ref. [38] that
low dissipation heat engines, i.e. systems operated slow enough such that only leading order
corrections in 1/7" are accounted for respect to the infinitely slow regime, exhibit an efficiency

" (3.60)
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at maximum power that is exactly upper bounded by the 7gg efficiency [defined in Eq. (3.18)],
valid for any temperature difference. However, in Sec. 9 we show that, for a simple two-level
system, the maximum power is reached in the opposite regime, i.e. when the driving is
faster than the typical thermalization rates induces by the bath, such that the state of the
system is completely out-of-equilibrium. In this regime, we show that the only upper bound
to efficiency at maximum power is given by the Carnot efficiency.

Analogously, we can construct a refrigerator, a machine that requires work ((P) < 0)
to move heat from the cold bath ((Jg) > 0) to the hot bath ((J) < 0). The power we
are interested in is related to the heat extracted from the cold bath. We therefore define
Pr) = Jr, and (Pg)) its average over a cycle. The COP is defined as

(Pr))
| (P} |

As in the heat engine case, C' can be maximized by performing reversible transformations,
which allow us to reach the Carnot upper bound C¢, at the price of vanishing power. We
are therefore interested in studying the maximum power P(Fr;lax), i.e. the average power

maximized over all possible protocols. We can then study also the COP at maximum power

C . (3.61)

C (P[%r]lax)), defined as the COP when the system is delivering maximum power.

3.2.2 Slowly driven qubit-based Otto cycle

In this section we go through a simple example, namely a system comprised of a qubit
coupled to two thermal baths. We study how the system performs by applying an infinitely
slow Otto cycle. This allows us to understand how different Otto cycles can lead the system
to operate as a heat engine or as a refrigerator. We then compute the efficiency and the COP.
The maximization of the power of a qubit-based heat engine or refrigerator, accounting for
finite-time effects, is performed in Chap. 9.

Assuming as usual that 71, > TR, a quantum Otto cycle is made up of four strokes.

1. Hot isothermal stroke: S is placed in contact with the hot bath at temperature Tt
for some time 77, while the controls are not varied. As a consequence, only heat is
exchanged between the bath and S.

2. Adiabatic stroke: S is disconnected from the baths, and the controls are varied in time
according to some protocol. The evolution during this stroke is unitary, thus only work
is extracted /performed on the system.

3. Cold isothermal stroke: S is placed in contact with the cold bath at temperature TR for
some time 7R while the controls are not varied. Only heat is exchanged between the
bath and S.

4. Adiabatic stroke: S is disconnected from the baths, and the controls are again varied
in time according to some protocol. The evolution during this stroke is unitary, thus
only work is extracted /performed on the system.

This protocol is then repeated periodically. As we see, heat and work are never exchanged
simultaneously in an Otto cycle, thus the analysis is simpler. Furthermore, in this section,
we study an “ideal” Otto cycle, where 7, — oco. This implies that the system reaches full
thermalization during the isothermal strokes. This huge simplification allows us to study the
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system without taking into account finite-time effects, i.e. without even solving the Lindblad
equation.
We study a working fluid comprised of a two-level system

Hg(e(t)) = — 0, (3.62)

where €(t) is our only control parameter [previously denoted with #@(t)] and o, is a Pauli
matrix. Let us denote with |Ep) the instantaneous ground state with energy —e(t)/2 and with
|E1) the instantaneous excited state with energy e(¢)/2, and let us define the corresponding
probabilities p;(t) = Tr[|E}) (Ej| p(t)], for j = 0,1, such that po + p1 = 1. Physically pg is
the probability of finding the system in the ground state, and p; of finding the system in the
excited state. Notice that while the eigenvalues of Hg(e(t)) depend on €(t), the eigenstates
do not: this is due to the fact that Hg(e(t)) commutes with itself at all times.

Invoking the first principle, we can compute the total heat exchanged @) during the isother-
mal strokes as the difference between the final internal energy of the system and the initial
one. Denoting with p; (py) the initial (final) state of S during the isothermal stroke, with

corresponding probabilities pg-i) (pg-f )), and denoting with e the fixed control parameter, we
have
€ f i f i
Q = Trlpy Hs(e)] = Trlp; Hs(e)] = 5 [0 =) = (o —0))] - (3.63)

Invoking the first principle, we can also compute the work W extracted during the adiabatic
strokes as the difference between the initial and final internal energy. We denote with ¢;
(€f) the value of the control and with p; (ps) the state of S at the beginning (end) of the
stroke. Since the evolution is unitary, and since Hg(e(t)) commutes with itself at all times,
the probabilities associated with p; and p; do not change. Denoting them with pg and py,
we find

W = TelpiHs(e)] — TelosHs(es)] = 5(ep — e)po — ). (3.64)

Notice that the work only depends on the initial and final control parameters, while it does
not depend on the specific path in control space, nor on the speed of the transformation.
Again, this is a consequence of the fact that Hg(e(t)) commutes with itself at all times, so
Landau-Zener transitions, i.e. non-adiabatic transitions between the eigenstates of Hg(e(t))
due to finite driving speed, cannot occur.

Let us denote with e, (eg) the value of the control €(¢) during the hot (cold) isothermal

stroke. Furthermore, since only the probabilities p; are needed to compute the exchanged
heat and work, let us denote with ng) the state at the end of the hot isothermal stroke, and
with pgR) the state at the end of the cold isothermal stroke. Since we assume that 7, — oo,
the local system S will thermalize with the bath, so these states will be thermal states, see

Eq. (2.32). Therefore

W =1 g 5 = fo 565

where we define
fa = (1 + eﬁa/(kBTa))_l. (366)

We now go through each stroke of the Otto cycle and compute the heat and work during
each of the four strokes of the Otto cycle using Egs. (3.63) and (3.64). During the hot
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(L)

isothermal stroke, the control is given by €r,, and the state evolves from pg-R) top; . Therefore
the total heat 1, extracted from the left bath during this stroke is given by
Qu=-eL(fL— fr)- (3.67)

During the first adiabatic stroke, the state remains constant, described by pg.L), and the

control varies from er, to eg. Thus the work W; extracted during this stroke is given by

_ €L —€R €L
Wy = 5 tanh <2kBTL> . (3.68)

(L)

During the cold isothermal stroke, the control is given by egr, and the state evolves from p:

J
;R). Therefore the total heat Qg extracted from the right bath during this stroke is given

top
by
Qr=—€r(fL — fr)- (3.69)
At last, during the second adiabatic stroke, the state remain constant, described by pg-R), and
the control varies from eg to er,. Thus the work W5 extracted during this stroke is given by

€L, — €R R
= h . .
Wo 5 tan <2k’BTR> (3.70)

We can compute the total work extracted from the system as

W =W+ Wy = R 5 L {tanh <2/£:TL> — tanh (2]{:;RTR>} . (3.71)

We now analyze how to design an Otto cycle that operates as a heat engine. First, we

notice that the heat and work remain unaltered if €, — —¢4, for both @ = L, R. Therefore,

without loss of generality, we can set e;, > 0. A heat engine is characterized by @, > 0,

Qr < 0and W > 0. Using Egs. (3.67), (3.69) and (3.71), it can be seen that these conditions
are met if and only if

1< =< == (3.72)

Notice that also eg > 0. Equation (3.72) tells us within which range of parameters we must
choose €1, /eg in order for the system to behave as a heat engine. The range becomes smaller
and smaller as the temperature difference becomes smaller: intuitively, this is due to the fact
that it is “harder” to construct a heat engine between baths with very similar temperatures.
Notably, plugging Egs. (3.67) and (3.71) into the definition of n [see Eq. (3.60)], it can be
seen that the efficiency of an Otto cycle is given by

: 3.73
W o« (3.73)

By plugging Eq. (3.72) into Eq. (3.73) we see that, for all values of er, and eg compatible
with a heat engine,

N < Ne, (3.74)

where . = 1 — Tg /11, is Carnot’s efficiency. The equality is achieved when €r,/T1, = er /TR.
As we could expect, plugging this condition into Eq. (3.71) shows that the work, at Carnot
efficiency, is zero.
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We can also investigate when the system behaves as a refrigerator, which is characterized
by Qr <0, Qr > 0and W < 0. As argued earlier we assume, without loss of generality, that
er, > 0. It can be seen that the system operates as a refrigerator if and only if

T

Lo L (3.75)

Ir ~ er
Also in this case, eg > 0. The coefficient of performance of an Otto cycle can be computed
by plugging Eqgs. (3.69) and Eq. (3.71) into the definition of the COP [see Eq. (3.61)]. This
yields

Qr €R

C=—= . 3.76

Wi~ @ (370)
Plugging Eq. (3.75) into Eq. (3.76) shows that, for all values of ¢f, and eg compatible with
the refrigerator,

C<C,, (3.77)

where C, = Tr/(11, — Tr) is Carnot’s COP. Also in this case, it is easy to see that Carnot’s
COP is reached when er,/T1, = eg /TR, which implies Qr = 0.



Thermoelectric properties of an interacting quantum
dot-based heat engine

As discussed in Sec. 3.1, heat-to-work conversion based on thermoelectricity promises an
enhanced efficiency thanks to the “energy filtering” effect that can result from confinement
and quantum effects [3-5]. The study of thermoelectric effects in nanostructures [11, 63-66]
is thus attracting increasing interest.

A heat engine composed of a quantum dot (QD) is a paradigmatic example, since it
is characterized by a spectrum of discrete levels which maximizes energy filtering. The
thermoelectric properties of QD systems [67-90] and the performance of QD-based heat
engines [91-122] has been studied theoretically by a number of authors (see Ref. [123] for
a review). The vast majority of the papers dealing with QD-based heat engines consider
a single degenerate energy level or two non-degenerate levels [91-95, 97-119]. The case of
QDs with many levels has been addressed only in few papers [96, 120-122]. Moreover, the
performance of QD-based heat engines has been mostly studied within the linear response
regime [91, 92, 94, 95, 97, 98, 101-111, 121, 122], where the thermoelectric performance of the
system is entirely characterized by ZT'. The case of an interacting multi-level QD beyond the
linear response has not been addressed so far. On the one hand, the presence of many levels is
expected to yield important consequences. Indeed, already in the linear-response regime they
have an impact on the thermopower, the thermal conductance and Z7T [67, 68, 70, 122, 124].
On the other, non-linear effects, relevant when larger temperature and voltage biases are
applied, are important as far as power and efficiency are concerned. We emphasize that a
number of experiments assessing the thermoelectric properties of QDs have been reported in
Refs. [42, 124-145].

In this chapter, we fill this gap by studying the thermoelectric properties and heat-to-
work conversion performance of a multi-level QD in a multi-terminal configuration within
the Coulomb blockade regime. We consider the limit of small tunnelling rates, i.e. the
weak coupling regime described in Sec. 2.1, which in this context is known as sequential
tunneling regime, and we study both the linear and non-linear response regimes. Coulomb
interaction among electrons is accounted for by a finite and small capacitance C' whose
associated energy scale is its charging energy (Ne)?/(2C), where N is the number of electrons

33
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in the QD and e is the modulus of the electron charge. Moreover, we consider a generic
multi-terminal structure, whereby the QD is connected to many (two or more) reservoirs
(electronic thermal baths). We will concentrate only on the optimization of the thermoelectric
properties of the electronic system, neglecting the parasitic phononic contribution to heat
transport. Our results therefore set an upper bound to the thermoelectric efficiency of the
QD, approachable only in the limit in which suitable strategies to strongly reduce phonon
transport are implemented.

Generalizing Refs. [69] and [70] to the multi-terminal case, by solving the Pauli master
equation [see Eq. (2.36)] one can determine the probability of occupation of the energy levels
of the QD in a multi-terminal setup, thus allowing to calculate the charge and heat currents
for given values of the electrochemical potentials and temperatures of the reservoirs.

In the linear response regime, where voltage and temperature biases are small, we derive
closed-form expressions for the charge and heat currents and specify their limits of validity.
We define local and non-local transport coefficients and express them in terms of a gener-
ating function under the assumption that the tunneling rates are energy-independent. We
then derive, in the low temperature limit, analytical expressions for all transport coefficients
as a function of the average electrochemical potential u. Along with the main features of the
transport coefficients (located around values of p equal to the dominant transition energies
required to add or remove an electron from the QD), such expressions also describe a fine
structure arising from the interplay between interaction and level quantization (controlled by
the two energy scales: charging energy and level spacing). Furthermore, for the calculation
of the thermal conductance we find that it is crucial to consider the presence of many lev-
els. Within the linear response, we consider both the two-terminal and the three-terminal
system aiming at addressing the performance of heat-to-work conversion. In the former case
we obtain analytical expressions for the power factor () and the figure of merit ZT' finding,
remarkably, that those quantities are simultaneously maximized for values of the electrochem-
ical potential which differ by about 2.40kgT with respect to the dominant transition energies.
In addition, ZT shows a fine structure of secondary peaks whose height is independent of
the system’s parameters and can take values as large as ZT = 9. We compare the figure of
merit with a non-interacting system, finding that Coulomb interactions dramatically increase
ZT by strongly suppressing the thermal conductance. For the case of three terminals with
energy-independent tunneling rates, we derive analytic expressions for the maximum power
and corresponding efficiency, finding that the addition of a third terminal at an intermediate
temperature decreases the efficiency at maximum power, but can increase the power. We also
find particular intermediate temperatures where the third terminal increases the maximum
power and achieves the same efficiency of a two terminal system.

We analyze the regime beyond the linear response by numerically solving the Pauli master
equation, focusing on the two-terminal setup. Going beyond the linear response, i.e. consider-
ing large temperature and voltage biases, AT and V, is interesting for various reasons. On one
hand, it allows to increase the Carnot efficiency 7. and the power generated by a heat engine
(in our case the peak power scales approximately as (AT)? also beyond the linear response
regime). On the other hand, the efficiency at maximum power is not bounded by 7./2, as in
the linear response, and can even go above the Curzon-Alhborn efficiency [36, 37, 61, 62, 146].
In literature, the scattering theory of nonlinear thermoelectric transport in quantum conduc-
tors has been developed only recently [147-149]. The regime beyond linear response for
QD-based heat engines has been theoretically addressed in Refs. [93, 96, 99, 100, 112-120],
but limited to single or double level quantum dots.

In discussing the results, we first focus on the behavior of the non-linear Seebeck and
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Peltier coefficients aiming at assessing the interplay between charging energy and level spac-
ing on these two quantities and how the Onsager reciprocity relation that connects them
is violated beyond linear response. Second, we study the efficiency and output power of a
heat engine. In particular, we calculate the maximum efficiency and maximum power by
maximizing such quantities with respect to the applied bias voltage, for fixed values of tem-
perature bias and electrochemical potential. The maximum efficiency shows only quantitative
changes, with respect to the linear response, by increasing the temperature bias. The effi-
ciency at maximum power instead develops peaks which go beyond the 7./2 linear-response
limit and approach 7. for large temperature differences. Remarkably, the maximum power,
normalized to its peak value, only slightly depends on the temperature bias and can be well
approximated by the analytic expression obtained for the linear response regime. Moreover,
we find that efficiency at maximum power and maximum power take approximately their
peak values simultaneously, under the same conditions found for the linear response. Finally,
we assess the impact of interactions by comparing the efficiency at maximum power in two
situations, namely the case of a doubly degenerate level with interaction and the case of two
non-degenerate levels without interaction. We find that, especially when charging energy and
level spacing are of the order of the thermal energy, the efficiency at maximum power is much
higher in the interacting case and goes above the Curzon-Alhborn efficiency. We also find
that in the doubly degenerate interacting case the maximum power is enhanced by almost a
factor 2 with respect to the non-degenerate case.

The chapter is organized as follows: in Sec. 4.1 we describe the system under investigation
and we detail the theoretical model. In Sec. 4.2 the model is specified to the linear response
regime. Here we report analytic expressions obtained in the quantum limit, Sec. 4.2.1, and
calculate power and efficiency in the cases of a two-terminal system, Sec. 4.2.2 (with the
efficiencies of interacting and non-interacting QDs compared in Sec. 4.2.3), and of a three-
terminal system, Sec. 4.2.4. Sec. 4.3 is devoted to the discussion of the regime beyond the
linear response in a two-terminal system: in Sec. 4.3.1 we study the non-linear Seebeck and
Peltier coefficients and in Sec. 4.3.2 we discuss efficiency and output power of a heat engine.
Finally, in Sec. 4.4 we provide a summary and discuss future developments. In addition,
App. A presents the details of some calculations and the analytic non linear study of a single
energy level QD system.

4.1 Multi-level interacting QD

In this section we briefly outline the formalism used to describe the thermoelectric properties
of a multilevel interacting QQD. We will only consider electron transport, neglecting any con-
tribution due to phonons. As shown in Fig. 4.1 (left), the QD is tunnel-coupled to N electron
reservoirs, each characterized by a given temperature T, and electrochemical potential pq,
so that the occupation of the electrons within reservoir « follows the Fermi distribution

9= [rvn (5]

where kp is Boltzmann’s constant. In Fig. 4.1 (right), E, (with p = 1,2,... labeled in
ascending order) are the QD single-electron energy levels (in the absence of interaction).
These levels can be shifted by means of an applied gate voltage.

The QD is weakly coupled to the reservoirs through large tunneling barriers. More pre-
cisely, we assume that thermal energy kpT', level spacing and charging energy are much
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FIGURE 4.1: Left: A quantum dot (QD) is tunnel-coupled to N reservoirs, each kept at a tempera-
ture Ty, and at an electrochemical potential p,, with o = 1,..., N'. Arrows represent charge, energy and
heat currents (I, J*, and J”, respectively) flowing from the reservoirs a to the QD. Right: Schematic
energy representation of a multilevel QD. Fy, Es, etc. are the single-electron energy levels of the QD,
while p1 and p, are the electrochemical potentials relative to reservoir 1 and «, respectively.

larger than the coupling energy between reservoirs and QD [A )", I'a(p), where I'y(p) is the
tunneling rate from level p to reservoir «, which we assume independent of the number N
of electrons inside the dot]. As a consequence, the charge on the QD is quantized, i.e. each
energy level E, can have either zero or one electron, n, = 0 or n, = 1 (any degeneracy, like
electron spin, can be taken into account counting each level multiple times), and transport
occurs due to single-electron tunneling processes (sequential tunneling regime). The electro-
static energy associated with the electrons within the QD is given by U(N) = EcN?, where
Ec = ¢€%/2C, N = Y, n; is the total number of electrons within the QD, and C is the capaci-
tance of the QD. The QD is described by states characterized by a set of occupation numbers
{ni} relative to the energy levels. The QD changes state whenever a single-electron tunneling
process takes place. The non-equilibrium probability for a given state {n;} to occur, p({n;}),
can be computed [34, 69] by writing a straightforward set of balance equations for p ({n;}),
which are equivalent to the Pauli master equation presented in Sec. 2.1. In this chapter, we
present the Pauli master equation using intuitive arguments rather than a formal derivation.
Our aim is to compute in stationary conditions the charge, energy and heat currents out of
the electron reservoirs [denoted in Fig. 4.1 (left) by I, J* and J”, respectively], induced by
the temperature and electrochemical potential differences.

4.1.1 Pauli master equation

In what follows we describe a generalization of the method put forward by Beenakker in
Refs. [69] and [70]. The notation will slightly differ from the previous chapters. The single-
electron tunneling processes that contribute to changing over time the probability p({n;})
are due to electrons that tunnel from the QD to the reservoirs and vice-versa. For an electron
exiting the QD, initially with N electrons, from energy level F, and going into reservoir « at
energy Efi" energy conservation imposes that

E,+U(N)= E"™(N)+U(N -1). (4.2)
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On the contrary, for an electron that tunnels from an initial state in reservoir a at energy E™
to the level E, in the QD that initially had N electrons, energy conservation imposes that

E™(N)+U(N)=E, +U(N +1). (4.3)

p({n;}) can then be determined by the following Pauli master equation, which is a set of
equations, one for each configuration {n;}:

p(ni) = =3 dn,op ((ni}) Talp) o (E™(V))
=2 dnap (D) Tal) [1 = fo (E™(V)]
+ Eo;én:op ({ni}np = DTa(p) |1 = fo (BN +1))]
p 2 bnyap ({nsdmp = O)Tal) o ("N -1), (44)

where we have introduced the notation

p({ni}t,np=1)=p({n1,....np—1,L,np41,...}) (4.5)

and
p({nit,np=0)=p{n1,...,np—1,0,np41,...}) (4.6)

for the QD states. The first term in Eq. (4.4) accounts for the decrease of the probability
p({n;}), with the QD initially in the state {n;}, due to an electron coming from a reservoir
and occupying an empty level in the QD. The rate of electrons coming from reservoir a will be
given by a sum over all empty levels p (such that n, = 0) of the tunnel rate I', (p), multiplied
by the probability of finding the QD in this state, p ({n;}), and multiplied by the reservoir’s
occupation fo, (Ein(N )) at the correct energy E™(N) to tunnel to level p. The second term
accounts for the decrease of the probability p({n;}), with the QD initially in the state {n;},
due an electron leaving the QD from an occupied level to tunnel into a reservoir. The third
term accounts for the increase of the probability p({n;}) if the QD is in a state with an extra
electron in level p with respect to {n;}, and if this electron leaves the QD, tunneling to the
reservoirs. The forth term accounts for the increase of the probability p({n;}) if the QD is in
a state with a missing electron in level p with respect to {n;}, and if this electron enters the
QD in level p, tunneling from the reservoirs. The stationary solution of the master equation,
obtained imposing dp/dt = 0, together with the normalization request

> oy P }) = (4.7)

provides a complete set of equations that uniquely defines p ({n;}). The sum over {n;} means
the sum over n; = 0,1, with 1 =1,2,....
4.1.2 Charge, energy, and heat currents

As described in Sec. 3.1.4, Charge I, and energy JY currents flowing from reservoir « to the
QD can be calculated as the sum of all possible tunneling processes, since the QD can be in
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any state {n;} with probability p({n;}) and an electron can tunnel into or out of any energy
level E,. More precisely, for the charge current we have

Io= ¢33 (i} Ta(®) {0, 0fa(EP(N) = 60,01 — ful BN}, (48)

p=1{n;}

e being the modulus of the electronic charge, while for the energy current we have

e.¢]
=3 P )T a(p){ Gy 0 fa B (N) E™(N) = b, 1 [1 = Fal B (N))JE™(N)}, (4.9)
p=1{n;}
E™(N) [Efi"(N)] being the energy carried by an electron entering (exiting) the QD. The heat
currents exiting the reservoirs can be calculated as J!' = J¥ + =], Using Eqgs. (4.8) and
(4.9), we find that

=33 o))

p=1{n;}
% {00 fa(E™(N)) [E™(N) = 1| = u,1[L = fa(E™ (V)] [E™(N) = pa |- (4.10)

In order to numerically determine the stationary probability distribution p({n;}) from
the master equation, we will consider a finite number L of energy levels. '. By organizing
the values of p({n;}) into a 2¥-components vector ' (two choices n; = 0, 1 for each level), the
master equation (4.4) for the stationary probability distribution, gt = 0, can be represented
as the homogeneous linear system Mp = 0, where M is a 2& x 2 matrix. M must have a
null space of at least dimension 1, otherwise the only possible solution would be the trivial
one (p'= 0). This is demonstrated in App. A.1 by showing that summing together all the
equations in the master equation yields zero. We can thus find the probabilities by including
the normalization condition, Eq. (4.7).

By defining N = > m; it is possible to show that the master equation for the stationary

probability distributilg;p can be written as
> (Gnpt = Gnp0) [p({midomy = 0) Az =p({ni}t,ny = 1) By | =0, (4.11)
P
where
Z Ca(p)fo (E™(N)) (4.12)
and

=3 Tulp) [1 - fu (E™(N))] = Zr (4.13)

To derive Eq. (4.11) we have used the fact that N = N, for the terms in the master equation
proportional to 6,0, and N = N — 1, for the terms in the master equation proportional to
On,,1, and the identity

E™(N +1) = E™(N), (4.14)
stemming from Eqs. (4.2) and (4.3). It is worth mentioning that using the master equation

in the form of Eq. (4.11), it is possible to prove that the master equation always allows a
non-trivial solution (see App. A.1).

!The results can be interpreted as the exact solution of a system with L energy levels or as an approximate
solution of a system with infinite levels. In the latter case, one needs to check that the result are stable with
increasing number of energy levels.
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4.1.3 Probability detailed balance equations

It is clear that the master equation (4.11) is automatically satisfied when the following set of
equations

p({nitiny = 0) Ay —p({ni},my = 1) By =0 (4.15)
are fulfilled for a given value of p and a given set of occupation numbers {n;}. Equation (4.15),
introduced in Ref. [69] with the name “detailed balance equations”, are hereafter referred to
as “probability detailed balance equations” (PDBESs) to avoid confusion with the detailed
balance equation (2.38). Eqs. (4.15) represent a set of L - 2¢~1 equations, since p can take
L values and, at a given p, all other occupation numbers (n1,...,np—1,7p+1,...,n7) can be
chosen in 2671 different ways. Of course, if a solution to the PDBEs exists, than it is also a
solution of the master equation. We can show, however, that the PDBEs are not in general
consistent, i.e. no set of p({n;}) exists that can simultaneously satisfy all the PDBEs (see
App. A.2). This is also true in the linear response regime. In this case, however, we could
prove (see App. A.3) that the PDBEs are consistent if Ec = 0, or if AT, = 0 for all a, or
when the tunneling rates are proportional to each other, namely when I'y(p) = koI'1(p), for
a > 1, k, being constants. Note that this condition is trivially satisfied when the rates I'y,
do not depend on p. As a result, the PDBEs do not allow in general a solution, but when
they do they are useful in computing analytically the energy and heat currents in the linear
response regime (see Sec. 4.2).

4.1.4 Level balance equations

We will now derive a set of equations that is always consistent and that can be used in the
general case to obtain a closed-form expression of the charge current in the linear response
regime (see Sec. 4.2). We impose that, in stationary conditions, the rate of electrons entering
any given QD energy level p must equal the rate of electrons leaving that energy level. For
electrons tunneling into the QD, initially with N electrons, from any reservoir, one has to
require that level p is empty and must consider all possible states ({n;},n, = 0), where
N = N. The total rate of electrons entering energy level £, is given by

> p({ndiny = 0)la(p) fa (E™(N)) (4.16)
a{n;itizp

For electrons tunneling out of the QD, initially with NV electrons, to any reservoir one has to
require that level p is occupied and must consider states with ({n;},n, = 1), where N = N—1.
The total rate of electrons leaving level E), is given by

> pdnidiny = Dla() [1 - fu (B™(V))] - (4.17)
a,{ni}izp

If we equate the rates of electron entering and leaving level p, and use the notation introduced
in Egs. (4.12) and (4.13), we obtain

> [pnidinp = 0)Ag  —p({ni},n, = )Bg | =0. (4.18)

{"i}i;ép
We will refer to this set of L equations (one for each energy level p) as the level balance
equations (LBEs) 2. Note that, using an argument similar to that put forward in App. A.1,

*Note that the PDBEs (4.15) could be obtained using the same arguments, but assuming that the QD is
in a specific configuration ({n;})ixp, instead of summing over all possible such configurations. To obtain the
LBEs, the probability that level p is occupied is given by the marginal probability Z{nv}# p({ni},np =1).

iSi#p
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it is possible to prove that Egs. (4.18) can be obtained from the master equation, thus the
LBEs are always consistent with the master equation. However, the number of LBEs (equal
to L) is smaller than the equations in the master equation (equal to 2¥) and they might not
be sufficient to determine the probabilities p ({n;}). Note that one can prove that Eqgs. (4.18)
yield charge current conservation: ), I, = 0.

4.1.5 Output power and efficiency

Under steady-state conditions, the output power P of a multi-terminal system is given by
the sum of all the heat currents

N
P=>"J (4.19)
a=1

If P > 0, the system behaves as a heat engine, i.e. converting heat into work. In this situation
the efficiency n is defined as the ratio between the output power and the total heat current
absorbed by the system
P

h Y
J oy

/

n= (4.20)

Q

where the sum over o runs over all positive heat currents. For a two-terminal system the
efficiency cannot exceed the Carnot efficiency defined as n. = 1—T1 /1%, with T5 > T). In addi-
tion, for a multi-terminal system 7 cannot go beyond the two-terminal Carnot efficiency [101]
calculated using the hottest and coldest temperatures among 77,75, ..., Ts.

We define the temperature and electrochemical potential differences as T, = T + AT,
and po = i+ Apg, with a = 1,..., N/, and choosing reservoir 1 as the reference value, i.e.
ATy = Apy = 0. In what follows we fix the values of AT, and calculate the maximum
output power, P and maximum efficiency, n(™2¥)_ by varying Ag. We also consider
the efficiency at maximum power, n(P(maX)), which is the efficiency when the values of Apg
are chosen to maximize the power. These quantities are straightforward generalizations of
the ones introduced in Sec. 3.1.1 to the multiterminal case.

As shown in Sec. 3.1.2, for a two-terminal system within the linear response regime, i.e.
when the charge and heat currents depend linearly on the temperature and electrochemical
potential differences, both the output power and efficiency can be written in terms of the
transport coefficients, namely the electrical conductance G, the thermopower S and the
thermal conductance K. Defining AT = AT5 > 0, the transport coefficients G, .S and K are
respectively defined as in Egs. (3.24), (3.25) and (3.26). The efficiency at maximum power
and the maximum efficiency can then be expressed in terms of ZT, defined in Eq. (3.27),
through the relations in Eq. (3.29). By defining the power factor Q = G/S?, the expression
of the maximum power given in Eq. (3.28) can be written as

pmax) iQATQ. (4.21)

We recall that both n(P(maX)) and 7(™%) are monotonous growing functions of ZT; the only
restriction imposed by thermodynamics is ZT' > 0. When ZT = 0 both 7(™2¥) and n(P(max))
vanish, while for ZT — oo, n(™®) — 5. and n(P™>)) — nca, where ney = 1¢/2 is the
so-called Curzon-Ahlborn efficiency [36, 37, 61, 62, 146] in linear response.
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4.2 Linear response regime

As already mentioned above, in the linear response regime the applied temperature and
electrochemical potential biases are small enough so that the currents depend linearly on
them. Assuming that |AT,| < T and |Aps| < kT, we follow Refs. [69] and [70] and
suppose the probability p({n;}) to differ from its equilibrium distribution peq({n;}) in the
following way:

p({ni}) = peg({ni}) [1 + P ({ni})], (4.22)
where 1 is a “small” function. In Eq. (4.22)
1 1 >
pea{ni)) = exp |~ (p:1 Eypnp + U(N) - HN)] (4.23)

is the Gibbs distribution in the grand canonical ensemble, when all reservoirs have the same
temperature and electrochemical potential, with grand partition function given by

Z:Zexp

{n:}

In our expressions we will consider terms up to first order in ¢, AT, /T, and Aps/kpT.
By linearizing the LBEs with respect to the above small quantities, Eq. (4.18), one finds the
relation

> peal{nidn, = 0)f (B, + (2N + 1)Eg) > Tap){¢:({ni}, np = 0)

{ni}izp

(4.24)

AT,
T

1 -
—p({nitnp =1)+ —— {(Ep + (2N + 1)E¢ — 1) + Aua] =0, (425)
kT
where f(E) stands for the Fermi distribution at temperature T and electrochemical potential
p. By expressing p({n;}) in terms of ¢)({n;}) and linearizing Eq. (4.8), we can use Eq. (4.25)
to remove ¥ ({n;}) from the charge current, and we find the following closed-form expression:

b 2 O PealN) Fea( Byl N) [1 = S(e(N,p))) S0 =2

p=1 N=1 8

In=—

<) - ) ST B (Ao - As)] - (426)
where T'tot(p) = >, Ta(p), and
¢(N,p) = E, + U(N) —U(N — 1) = E, + (2N — 1)E¢. (4.27)

is the energy needed to add to the QD, initially occupied by N —1 electrons, the N-th electron
to level p (and equivalently for the inverse process). In Eq. (4.26) the quantity

Pea(N) = Y peq({ni})o5~ . v (4.28)
{ni}

is the equilibrium probability of finding N electrons in the QD, and

5 Peq ({110,105 0, v
_ Peq(EpNN)  {n3} "
F(E,|N) = qpeqf(’N) = pea (M) (4.29)
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is the equilibrium conditional probability of finding level p occupied, when N electrons are
in the QD. Note that expression (4.26) coincides with the one that can be derived using the
PDBEs. However, the above derivation which uses the LBEs shows that Eq. (4.26) is always
valid within the linear response regime.

Unfortunately, we were able to derive a closed-form expression for the energy current
using Eq. (4.25) only in the absence of interaction (E¢ = 0). For E¢ # 0, the energy current
J§ can be derived using the relation

> Ta){w{ni},ny = 0) = ({ni},my = 1)

1 ~ AT,
T {(Ep + (2N +1)Ec — ) = Aua] =0, (430
obtained by linearizing the PDBEs, Eq. (4.15) (which is equivalent to removing the sum over
{ni} from Eq. (4.25)). Thus, in the domain of validity of the PDBEs, the heat current can
be written as

T =SS pea(N) g (B N) [L— F(e(N.p))] [e(N.p) — 4

kT p=1N=1

« zﬁ: W [(G(ij) _ H)w + (Apa —Apg)| . (4.31)

We now define the transport coefficients, namely the electrical conductance G,g, the
thermopower S,z and the thermal conductance K,g, for the multi-terminal case, as [101]

el,

Ga/j = B , (4.32)
(A/%’> Al Z 0w B
Alig
Sap = _ , (4.33)
(eAT,B) IAWT: i\gy\;y #8
and N
Ja
KO{B = (AT ) I, =0V, (4.34)

AT, =0V~ # B

Note that index 3 takes values in the range 2, ..., NV, since reservoir 1 is chosen as the reference.
Local and non-local transport coefficients are distinguished depending on whether the two
indices are, respectively, equal or different.

The expressions for the currents [(4.26) and (4.31)] have an intuitive interpretation. In-
deed, the currents depend on the probability that a given energy level of the QD is occupied
[Peq(N)Feq(Ep|N)] times the probability that there is an empty state with the correct en-
ergy in the reservoir [1 — f(e(N,p))]. The sum over all energy levels p and over the total
number of electrons N in the QD accounts for all the various tunneling processes that can
occur. Moreover, as far as the energy current is concerned, €(N, p) is the energy carried by an
electron that leaves the QD from level p when N electrons are present before the tunneling
process, or equivalently, €(V, p) is the energy carried by an electron that enters the QD into
level p increasing the number of total electrons to N. We recall that Eq. (4.26) for the charge
current is always valid, while Eq. (4.31) holds only when the PDBEs are valid (see App. A.3).
The expressions for the charge and heat currents, in the case of two terminals, coincide with
the ones obtained in Refs. [67, 69, 70].
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If we assume that the tunneling rates do not depend on p, i.e. T (p) =Ty, we can rewrite
the charge and heat currents in Eqs. (4.26) and (4.31) as follows:

e I'.I's AT, — AT/g }
I, =— —_—= L Au, — A 4.
« kBT Ftot 73 |:< ) T + /’[/Ol MB 9 ( 35)
and
1 r.r AT, — AT,
h _ B _ a B _
e § T P[( ) ((e W) ==L 4 A Au3> ] (4.36)

where P is the linear functional

Z Z ptot N p 7p)7 (437)
p=1N=1

with

Prot (Vs p) = peq(IN) Feq(Ep|N) [1 — f(e(N, p))] . (4.38)
For a two terminal system it is possible to define analogous equations that do not require the
tunneling rates to be energy-independent [150], but we will not consider this case. We can
thus use the definitions of the transport coefficients given in Eqgs. (4.32), (4.33) and (4.34) to
write them in terms of the functional P as

e? Lals
Goo = g (Fole = T ) P
_ 1o Ple—y
Sap = ——50as PO (4.39)

2 _
Kaﬁ = kBlT2 <6aﬁra - Fl—iftﬁ) <P[(€ - /’L)2} - W) :

These expressions only require the calculation of P[(e —p)¥], with & = 0, 1, 2, and make mani-
fest various properties of the transport coefficients. Namely, i) all three transport coefficients
are symmetric matrices (as required by the Onsager relations in the presence of time-reversal
symmetry); ii) Gog and K,g have non-local terms, while the thermopower is only local (non-
zero non-local S, 3 occur when relaxing the assumption for which the tunneling rates do not
depend on the energy levels [101]); iii) >°, Gag = > o Kap = 0, stemming from charge and
energy conservation.
By defining the generating function

Q] = In P [ M), (4.40)

we can write the transport coefficients as follows:

2
Gop = e (5aﬁ]ja _ Flffrﬁ) eQ[O]7

k;BT tot
g Ls 00

1 Lals\ o 0°Q
Kos = s (sl = 2 ) 10 5

In the next Subsection, we will compute an analytic expression for Q[)\] in the quantum limit.

A=0
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4.2.1 Quantum limit

The quantum limit is characterized by having the energy spacing between levels of the QD
and the charging energy much bigger than kgT [while kgT > hl',(p)]. We start by observing
that the sum over p and N in Eq. (4.37) accounts for the fact that electrons can enter or leave
the QD with energy e(NN,p) through, in principle, any energy level E, with the QD being
occupied by any number of electrons N. The transition energies e(N,p) are schematically
shown in Fig. 4.2. At low temperatures we expect the lowest energy levels of the QD to

AE AE AE
E. —— 3E, —— S5E. ——
I e I I O e I
p=1 2 3 4 p=1 2 3 4 p=1 2 3 4

N=1 N=2 N=3

FIGURE 4.2: Schematic representation of the transition energies e(N,p) as N and p vary. In this
figure we are assuming Ec > AFE and equidistant energy levels, E, — E,_1 = AE. The bold lines
represent the dominant transition energies é(N) = ¢(N,p = N).

be occupied, so that, if there are initially N — 1 electrons in the QD, electrons can flow
mainly through level p = N. Such process gives the dominant contribution to transport and
is represented by the dominant transition energy é(N) = €(N,p = N) (depicted in bold in
Fig. 4.2). Therefore, in the quantum limit one expects to get the sum over N and p appearing
in P [Eq. (4.37)] reduced to few dominant terms [the three equilibrium probabilities peq(NV),
Foq(Ep|N) and f(e(NV,p)) becoming very sharp functions].

Following Ref. [70], one finds (see Ref. [150] for details) that the dominant contribution
to Pyt in Eq. (4.37) occurs when N = Ny, is the integer that minimizes the quantity

E(N) — pl, (4.42)

and for values of p such that ¢(Npin, p) is between the electrochemical potential p and the
dominant transition energy, i.e. such that é(Nmin) < €(Nmin,p) < g or g < €(Npin,p) <
€(Nmin). In the former case, p = Npin, Nmin + 1, Nmin + 2, ..., D, where p is the largest integer
such that €(Npin, p) < p. In the latter case, p = Nuin, Nmin — 1, Nmin — 2, ..., p where p is the
smallest integer such that €(Nmin,p) > p. We then find that Eq. (4.37) becomes

1 P
Plz] = o > 2(Nmin, p), (4.43)
4 h i =Nmin
COS <2kBT) p

where we have defined Ay = €(Nmin) — - Eq. (4.43) only keeps the dominant terms in the
low-temperature limit.

This approximation must be improved when p = Ny, that is, the sum in P in Eq. (4.43)
reduces to the single term p = Ny, and transport is provided by the dominant transition
energy &(Npiy) only. If in this case one imposes that I, = 0, then one obtains J? = 0, since
Jg x I,. As a consequence one gets K,3 = 0 3. Thus, when p = Npin, We improve our

3This approximation for two terminals leads to zero thermal conductance and to the Carnot efficiency, as
discussed for single-level quantum dots [5, 151, 152].
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approximation of P by extending the sum over p to the two nearest integers, p = Nuyjn £ 1.
We have numerically verified that this approximation is valid when 2E- > AFE.

In order to obtain analytical expressions for the transport coefficients, hereafter we focus
on the case of equidistant levels, £, — E,_1 = AE. After introducing the parameter

4 cosh? (Apin/2kpT)
3 oAE/kpT

(4.44)

and defining the integer Ny = p — Npin, we obtain

QN =—-In [4 cosh? ( kf;;)} + M pin

)\AE(‘NJH-l)SIgH NJ)
+In

+ E0N, 0 (cosh (MAE) — tanh (2Ak:BT> sinh (AAE))] .

(4.45)
Using Eqs. (4.41) and (4.45), we finally obtain the multiterminal transport coefficients

esign(N)AAE _

r,r e?
G:(dl“—a5> 1+ [Ny,
oh apto Lot 4/€BTCOSh2(2Akn;§‘“)( D
1 AFE
Sap = ﬂSaﬂﬁ (Amin + 2NJ> ,
LoT'g AF\? (4.46)
Kog = | dapla — kp | ==
o (“5 “ Ftot) B(kBT)
pe | Aminl BTN | (1!NJ| +1) (INJ|+2) if Ny #0,
X

if Ny =0.

eAB/ksT 4 4 cosh?(Amin/2kpT)

We have computed G, and Syg setting § = 0, since the term proportional to £ in Eq. (4.45)
only yields minor corrections that make these quantities more “smooth” as a function of y;
the calculation of K,z instead requires a non null value of £. Egs. (4.46) exhibit a number
of interesting features. First of all, G,3 shows peaks as a function of the electrochemical
potential p every time Api, = 0, namely when p = €(IV). For example, the N-th peak
corresponds to p equal to the N-th dominant transition energy,

pw=pn=(N—1)AE + (2N — 1)Eg. (4.47)

We set £, = (p — 1)AE, for p =1,2,..., and therefore the separation between two nearby
peaks is given by AE +2FEx. Due to the factor cosh™ (kal%) in Gg, these peaks have a bell
shape with amplitude of the order of kgT. On the other hand the thermal conductance K,z
has plateaus of width 2AE around uy [67], corresponding to the second line of the expression
of Kog for Ny = 0. For N;j # 0, the thermal conductance K,s is then exponentially
suppressed due to the term e~ 1Aminl/k8T  The local thermopower S, vanishes at the values
un where the electrical and thermal conductances Goq and K, exhibit a maximum. S, has
a linear dependence on p with slope dSquq/dp = 1/€T, with jumps when either Ny, or Ny
change by one. Therefore we have, for E¢ > AFE, main oscillations of period AF +2F¢, and
a fine structure with spacing AE [70]. We note that the fine structure is present also for G,z
and K,g, but in these cases the amplitude of the fine structure oscillations is exponentially
small.
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4.2.2 Two-terminal system

In the two-terminal case, the matrices G, Sag, and K,z reduce to the familiar transport
coefficients, namely the electrical conductance G = (a9, the thermopower S = Sy, and
the thermal conductance K = Kaj. From Egs. (4.46) we recover the formulas for G and
S well-known in literature [70], while our expression for K coincides for N; = 0 with the
result of Ref. [67], but also provides the fine structure oscillations for Ny # 0. Although such
oscillations are not appreciable in K as a function of u, we will see below that they give rise
to a visible fine structure in Z7T'.

As we have discussed in Sec. 4.1.5, within the linear response regime the relevant quantities
to characterize the performance of a thermoelectric device are the power factor ) and the
figure of merit ZT'. From the expressions of the transport coefficients in Eqgs. (4.46), specified
for the two-terminal case, one can compute ) and ZT analytically within the quantum
limit. The obtained expressions are given below, and compared with a numerical calculation
performed using the master equation.

Power factor

Let us start by studying the power factor ). Within the quantum limit, we find that

7 (1 + Ny (2 +NJAE)2
min 2 9y

Q_

= 4.48
4kpT3 cosh? (Amin/(2kpT)) (4.48)

where we have defined v = I''/I'y/(I'y + I'z). As for G, the power factor @ is dominated
by a fast decrease, given by the term cosh™ (Awyin/2kpT), thus becoming vanishingly small
within a few kT around p = py [see Fig. 4.3(a)]. In fact the fine structure, given by
the terms with Ny, is not visible in Fig. 4.3(a) due to the rapid suppression given by the
cosh™2 (Amin/2kpT) term in Eq. (4.48). Differently from G, the power factor vanishes at
1 = un, due to the fact that in this point the thermopower S = 0. So as p moves away
from py, Q increases quadratically due to the linear growth of the thermopower with u, and
then it rapidly decreases within a few kT due to the cosh (A, /2kpT) term. Hence there
are two symmetric peaks around p = py, within a few kg7T. These double peaks are the
dominant feature of Fig. 4.3(a) and identify the optimal values of A, (and consequently

of ) to obtain the absolute maximum power Pég;ix), namely when the power factor @ is
maximum, @ = Q*. From Eq. (4.48), we obtain that @ is maximum for values A¥ . of Ay

min
such that

A;knin AL

—2 =coth [ —/= | . 4.49

2hpT " <2k:BT> (4.49)
The numerical solution is A}, ~ £2.40kgT, which corresponds to y = pun £ 2.40kgT. This

result does not depend on any energy scale of the system except for kg7, and coincides with
the non-interacting single-level case (see App. A.4). The value Q* of @ in these points is

k

Q" ~ 0448 (4.50)

T
so that the peaks of the power factor only depend on v and on the reference temperature.
In conclusion, if we want to extract maximum power from this system, we must choose
w=pn £ 2.40kgT. We will now show that also ZT reaches a local maximum at these same
values of the electrochemical potential confirming that these are the optimal values for heat
to work conversion in the quantum limit linear response regime.
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FIGURE 4.3: (Color online) Power factor @ (a) and figure of merit ZT (b) are plotted as a function of
the electrochemical potential p. For both quantities the analytical quantum limit [given by Eqgs. (4.48)
and (4.51)] is plotted as a red dashed curve, while the numerically calculated result is plotted as a
black solid curve. All curves are calculated at Ec = 50kpT, AE = 10kgT, and hl'y(p) = hl3(p) =
(1/100) kpT.

Figure of merit

Let us now study the figure of merit Z7T in the quantum limit. To obtain a more manageable
analytical expression, we compute K from the function Q[)\] expanded to the first order
in ¢ [this corresponds to approximating K with a constant plateau when N; = 0, namely

4 cosh?(Amin/2kpT) is neglected with respect to eAE/kBT ip the last line of Egs. (4.46)]. We
then obtain

\2 AE/kgT .
(Ge) = Ny =0,

Z AE Amin

T — COSh2<2kBT)2 (451)
3|N< | |Amin| s
s (1= 240) 1V #0,

which implies that the behavior of ZT is different for the two cases |y —uny| < AE (Nj =0)
and | —pun| > AE (N # 0). In the former case K exhibits a plateau, so that ZT is directly
proportional to @ and therefore it has the same double peak structure at u = uy +2.40kgT.
This is clearly shown in Fig. 4.3(b) where ZT is plotted as a function of p.

The value of ZT in these points is

oAE/kpT
T ~0.44——— . (4.52)
(AE/k5T)
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This results has been obtained also in Ref. [153]. Eq. (4.52) shows that in the limit
AE/kpT — oo, we have that ZT — co. For example, for AE = 6kpT, we reach ZT* ~ 5; for
AFE = 10kgT, we reach ZT™* ~ 97, and so on. This is consistent with Mahan and Sofo’s ob-
servation [5] that a narrow transmission function yields ZT — oco. Furthermore, these peaks
in ZT correspond to peaks in @, so in these points we can maximize P(™¥) and n(P(™a%))
simultaneously. Instead, when N; # 0, ZT has a discontinuity every time u = €(N, p) with
p # N, which means with a AFE spacing. This fine structure is the origin of the saw-tooth
oscillations of Fig. 4.3(b). The value of ZT in each pu = €(N,p) is given by

3IN=PHL e N | > 2,
ZTp:{ N1 N —pl 2 (4.53)

1 if [N —p|=1.

The height of these peaks, as opposed to ZT™, has no dependance on the parameters of the
system. The highest peak is obtained for [N — p| = 2, where ZT,—n+2 = 9. For values of p
distant from N, the height of the peak decreases to an asymptotic value of ZT,, = 3.

4.2.3 Comparison with a non-interacting QD

Here we compare the efficiency of an interacting QD (with 2E- > AFE) with the efficiency
of a non-interacting QD (Ec = 0) that has the same energy spacing AF; the comparison is
performed within the linear response quantum limit for a two-terminal setup. The generating
function in Eq. (4.45) cannot be used in the case F¢ = 0 since it requires 2Ec > AFE > kpT.
The generating function for Ec = 0 will be denoted as Qni[A] (where NI stands for “non
interacting”) and calculated as follows. As we can see from Eq. (4.40), we must compute
Plexp{{A(e(N,p) — u)}}] using the definition of P given in Eq. (4.37). When E¢c = 0,
€(N,p) = E,, so the transition energies correspond to the energy levels of the QD, and
they do not depend on the number of electrons in the QD. As a consequence, there is no
dependance on N in the argument of P, so we can explicitly perform the sum over N in
Eq. (4.37) yielding the following expression:
> 1

Puilz(p)] = ;,2::1 4cosh? (B, — ) /2kpT

]x(p) (4.54)

Each term in the series in Eq. (4.54), as a function of yu, is a bell-shaped function centered
around F, of width set by kgT. Therefore, within the quantum limit we can restrict the
sum over p to the three bell-shaped functions closest to u, namely p = Nuin, Nmin = 1
(Nmin, defined as in Eq. (4.42), is such that Ey,_. is the closest energy level to u). This
approximation allows us to find

A A
_ 2 min ) __ “min
Oni[A] = —1n {4 cosh <2kBT)] + A pin +1In {1 + 2€ cosh ()\AE T ﬂ , (4.55)

where A, in the non-interacting case reduces to the distance between p and the nearest
energy level: Apin = En,,, — -

Let us now compare Eq. (4.55) with its interacting counterpart, Eq. (4.45), setting Ny = 0,
thus neglecting the fine structure. We notice that the two expressions are identical when
& = 0; this implies that G,g and S, are equal in the interacting and non-interacting case
[in Eqgs. (4.46) G, and S, are calculated at & = 0], while K, is different in the two cases,
since it is determined by the term proportional to ¢ in Eqs. (4.45) and (4.55). We find that

Fafﬂ) ( AE >2 o-AB/kpT 2+ cosh (Amin/kT)
Cot kT 1 + 2¢ cosh (Apmin /kBT)°

KNV = 2kp (mra -

(4.56)
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FIGURE 4.4: (Color online) Comparison between KND — KézNI) and K = Ky, given respectively
by Egs. (4.56) and (4.46), plotted as a function of u. Both cases have been computed with the
parameters used in Fig. 4.3, except for setting EFc = 0 in the non-interacting case. The interacting
thermal conductance has been multiplied by a factor 70. In particular, its maximum value is half the
minimum of KN,

A comparison between the interacting and non-interacting thermal conductances is plotted
for a two-terminal system in Fig. 4.4, using Eqgs. (4.46) and (4.56) at equal AE = 10kgT. In
this figure the dominant transition energy of the interacting system is located, see Eq. (4.47),
at u = puny—o = 160 kT, while the energy levels of the non-interacting system are chosen as
E, = (p—1)10kgT so that in both cases G has a peak in u = 160 kpT. We have verified that
a numerical calculation is in very good agreement with Eq. (4.56) using the parameters of

Fig. 4.4. As we can see from Fig. 4.4, K(ND = KSQ\H) and K = Ky are very different. While
K has a plateau of width 2AF centered in py—s, K (NI) has a minimum in UN=2, and reaches
a maximum value for p between two energy levels. Furthermore, by comparing Eq. (4.56)
with the last line of Eqs. (4.46), we see that K(ND ~ 2 cosh (Awin/ksT) K, so the minimum of
KWND occurring at Apin = 0, is twice the maximum of K, and KN increases exponentially
respect to K as A, increases.

Intuitively, the striking difference between the two models can be explained as follows.
As discussed in App. A4, if we consider a single energy level QD the thermal conductance
vanishes (K = 0) since K is computed at zero charge current and charge and heat currents
are proportional in this case. However, K can be finite when at least two energy levels are
available, and gets bigger by increasing the flux of electrons tunneling at different energies.
Now, Coulomb interaction produces a correlation between electrons tunneling at different
energies. Namely, if one electron enters the QD the electrostatic energy increases by 2E¢,
preventing other electrons from entering the QD at any other energy level. Therefore, until
that electron tunnels out of the QD, all other processes are blocked: this is a manifestation
of Coulomb blockade. On the contrary, in the non-interacting case all tunneling events are
independent. This correlation is thus responsible for suppressing simultaneous tunneling
through different energy levels in the interacting case, which results in a suppression of K.

So in general K is much smaller than KND . As a consequence of these observations, we
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expect ZT to be suppressed in the non-interacting case.
By setting £ = 0 in Eq. (4.56), we find

1/ A\ 2 eAE/kpT
ZTa = ( > . (4.57)
8\ AE /] cosh? (QAIJE‘%) cosh (%}g‘%)
Comparing Eq. (4.57) with Eq. (4.51), we see that, for N; = 0, ZT =

2 cosh (Apin/(kBT))ZTN1, so ZTn1 is exponentially suppressed as Ap, increases. Given
this suppression, the maximum of Z7Tnr occurs at A%, =~ +1.36kgT, corresponding to

min

AE/kpT
% 1 e /B

ZT3 ~ .
MTI38 (AE/kT)?

This value is approximately 6 times smaller than ZT™ for the interacting case, see Eq. (4.52).
Furthermore, since K is “flat” around the dominant transition energies in the interacting

case, the peak power PIES;T{X) and the figure of merit ZT™ are reached at the same electro-
chemical potential, A} . ~ £2.40kgT, so ZT (Pérer;ix)) = ZT™. Instead in the non-interacting

case these two quantities are not simultaneously maximized, due to the strong dependance
of K™D on p, so we have that

1 eAE/kBT
ZThi (P ~
peak 25.3 (AE/]{?BT)Q’

which is approximately 11 times smaller than ZT(PIEE;iX)), see Eq. (4.52).

In conclusion, within the linear response quantum limit, an interacting QD (with
2Ec > AE) has a considerably higher ZT with respect to a non-interacting QD both at
peak efficiency, and at peak power, while having the same power factor (G and S being
equal).

At last we will study how these two models violate the Wiedemann-Franz law, which
states that for macroscopic ordinary metals the Lorenz ratio L = K/GT is a constant equal

to the Lorenz number Ly = (kp/e)?(7?/3). Using Egs. (4.46) and (4.56), we find that

Lo [ AE 2 |N]|(|NJ|+2) ifNJ;éO,
== — AB N (4.58)
= \kpT 12¢ *&T cosh? 2,;1% it Ny=0,
and
AEN?224 _aB A A
Lni = Lo | —— ) Z¢ *8T cosh? =2 cogh —22 4.59
NE= L0 (kBT) 2¢O o O T (4.59)

where L refers to the interacting case, and the expression of K, for simplicity, has been
computed at £ = 0. In both cases the Wiedemann-Franz law is strongly violated: at Ay, = 0,
the Lorenz ratio is exponentially smaller than Lo thanks to (AE/kgT)? exp{(—AE/kgT)}
(this has been noticed in Ref. [153] for the interacting model). In both cases the Lorenz ratio
exponentially increases with Ap,. In the non-interacting model the exponent is 2A i, /(kgT)
(twice the interacting case), and the maximum value, achieved at A, = AFE/2, is of the
order of Ln; ~ (AE/kpT)?Lo. Interestingly, in the interacting case [Eq. (4.58)], when
|Amin| > AFE, i.e. Ny # 0, we find plateaus whose height increases with N.
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4.2.4 Three-terminal system

In this Section we consider the case of a three-terminal system, which allows to study the non-
local transport coefficients and the influence of an additional terminal on the thermoelectric
performance of the system. We focus on the simplest case when the couplings to the reservoirs
are energy independent, that is, the rates I', do not depend on p, and we will consider an
equidistant QD spectrum. Analytical expressions in the quantum limit for the power and the
efficiency at maximum power can be obtained also in this case on the basis of the expressions
written in Ref. [101] and of Eqs. (4.46) for the transport coefficients. All considerations made
in this Section are valid for both interacting and non-interacting systems.

In a three-terminal setup with time reversal symmetry we have nine independent coeffi-
cients: three electrical conductances Gog, GG33, and Ga3, three thermopowers Sao, S33, and
So3, and three thermal conductances Koo, K33, and Ko3. According to the expressions in
Eqgs. (4.46), valid in the quantum limit when the couplings to the leads are independent of
energy, one finds that the local and non-local electrical (thermal) conductances are charac-
terized by peaks (plateaus) located in the same positions as for the two-terminal case. The
two local electrical (thermal) conductances Gaa, G33, (K22, K33), can have different heights if
the coupling to reservoirs 2 and 3 are different (I'y # I'3), while the non-local conductances,
Gos and Kos, are negative. On the other hand, the local thermopowers S9s and S33 are equal
and exhibit the same fine structure as in the two-terminal case. Moreover, the non-local
thermopower Soz vanishes, as a consequence of energy independent tunneling rates.

The power and efficiency of a three-terminal system are defined in Eqs. (4.19) and (4.20).
For definiteness, let’s consider T3 > Tb > Ti, so AT3 > ATy > 0. In general, Carnot’s
efficiency cannot be written only in terms of the temperatures 71, T5, and T3, but it depends
on the details of the system [101]. Nonetheless, if we fix the temperature of the hottest and
coldest reservoir, that is, T3 and 71, it can be shown that n, < n(@, where 17((;2) =1-T1/T;
is the Carnot efficiency of the two-terminal system; the equal sign can be achieved when
two reservoirs have the same temperatures. So adding a third terminal at an intermedi-
ate temperature cannot increase the maximum efficiency beyond the two terminal Carnot’s
efficiency.

Also in the three terminal case the efficiency at maximum power cannot go beyond the
linear response Curzon-Ahlborn efficiency nca = néz) /2. Our aim is to maximize the power P
with respect to Aus and Apus, at given temperature differences. Then we will consider a fixed
value of ATy, and we will study the maximum power P(™2%) and the efficiency at maximum
power n(P(™2¥)) varying Ty between the fixed T} and T3. These calculations can be performed
by writing the currents in terms of the temperature and electrochemical potential differences
through the Onsager matrix L;; [101]; in turn, L;; can be related to the transport coefficients.
By rewriting Eqs. (4.41) as

Gaﬂ = Maﬂga
Sap = 0088, (4.60)
Kaﬁ = Maﬁlca
where Cr
Meug = 0qplg — —=2, (4.61)
I‘tot
and by defining
2
T
ZT = g Fij =1+ Fj, (4.62)
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we can write the currents as

Apg
IQ/FQ o Q —F13 F13 F3 —Fg €8AT2
I3/T'3 elior \ T2 —T2 -T2 T2 Aps |’
€SAT3

(4.63)

0
<J§/F2>: K <F13 I'ig I3 FS) AT, + ST (IQ/IE)‘ (4.64)

J4 /T Lot \=T2 -T2 T2 T 0 I3/T3
ATz

Note that the quantities G, S, K and Z7T only depend on the properties of the QD, which
can be interacting or non-interacting, and on the reference electrochemical potential y; they
do not depend on the number of reservoirs nor on the tunneling rates.

The electrochemical potential differences that maximize P at given reservoir temperatures
can be written as

1
Apg = QeSATa. (4.65)
Inserting these expressions into P yields
(max) _ 1 Q
plme) — 2= [DTSATS + D T3ATS + Dol (AT; — ATy)?) (4.66)
tot

where @ = GS2. The maximum power is thus an always positive quantity and, in the same
manner as in the two-terminal case, see Eq. (4.21), it is proportional to @ and quadratic
in the temperature differences. Furthermore, the properties of the QD and the chosen p
are all contained in the Q term, while the coupling to the reservoirs and the temperature
differences are separately accounted for in the term between square parentheses in Eq. (4.66).
The efficiency at maximum power instead is given by

(2)

(max)) _ e ZT 2 2 _ 2
n (P ) = 2 ZT 12 [FlrgATz + F1F3AT3 + F2F3 (AT?: ATQ) }

if ATy < AT < ATj,
AT ? P (4.67)
if 0 < ATQ T, +F ATg

1
% { ATy (FQATQ +F3AT3)
1

T3ATy [FlATg, +I2 (ATS —ATQ)]

It is interesting to notice that in this equation the term before square parenthesis, which does
not depend on Iy, is exactly equal to the two terminal efficiency at maximum power, see
Eq. (3.29), since ZT = ZT for a two terminal system. The remaining part of Eq. (4.67) takes
into account the particular temperatures and couplings to the three terminals. Furthermore
the efficiency at maximum power, also in this 3 terminal system, only depends on Z7T. There
are three limiting cases we will first study: AT, = 0, ATy, = ATs and ATy = AT3Is/(I'141'3).

If ATy, =0, T1 = Ty, so we have one hot reservoir at temperature T3 and two cold ones
at the same temperature. In this case we obtain

(max) _ — (Fl + FQ) I's
P QA O vy o (4.68)
max ne ZT
n () T 2ZT+2 (4.69)
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Note that for a two-terminal system the maximum power, obtained by inserting Eq. (4.60)
into Eq. (4.21), is given by

1 rr
P(max) — ZOAT2 112 ‘
2 1 94T T+

Comparing Eq. (4.70) with Eq. (4.68), and Eq. (3.29) with Eq. (4.69), we notice that the
3 terminal system is formally equivalent to a 2-terminal system with temperature difference
ATjs, with tunneling rate I'y + I'y instead of I'1, and I's instead of I's.

If AT, = AT3, Th, = T3, so we have two hot reservoir at temperature T3 and one cold
reservoir at temperature 7T7. In this case we obtain

(4.70)

1 9 Iy (FQ + Fg)

plmax) _ a2 ~1v 2T 75 4.71
4Q ST+ (T +T3)’ (4.71)

(max) ne Z1
n(P ) =5 — (4.72)

As in the previous limiting case, this system behaves like a 2-terminal with temperature
difference AT5 and with tunneling rate I's + I's instead of I's.

If ATy = AT3T'3 /("1 +T'3), reservoir 2 has an intermediate temperature such that JJ = 0.
In fact this specific value of ATy distinguishes the two regimes where J% > 0 and J§ < 0. In
this case we obtain

1 T
pmax) — —ga2 173 4.
max 77C ZT
n (P = S ET TS (4.74)

As in the other two limiting cases, this system behaves like a 2-terminal system, where
reservoir 2 has been removed; this is to be expected because at this particular temperature,
no heat flows through the second reservoir.

According to Eq. (4.67), all values of AT, other than the three cases discussed above
decrease the efficiency at maximum power with respect to the two-terminal case. The max-
imum power instead, at given tunneling rates, is increased with respect to the two-terminal
case. In fact the maximum power is formally equal to that of a two-terminal system, coupled
to the same QD, with increased tunneling rates. So if we have fixed values of I'y, I's and I's,
we achieve the largest maximum power by choosing ATy = 0 if ['; < I's and ATy, = ATy if
Iy > I's. In Fig. 4.5, P™) and 5 (P(max)) from Eqgs. (4.66) and (4.67) are plotted as a

function of AT,/ATj3, choosing hl'y = 0.02kgT and Al's = hl's = 0.01kgT. As we can see in
panel (a), the power is maximum when ATy = AT3 (this result is expected since I'1 > T's).
Furthermore the three maxima in panel (b) correspond to the three limiting cases previously

studied, where n (P(max)) reaches the two-terminal performance.
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FIGURE 4.5: (a) Maximum power, Eq. (4.66), normalized to Q and (b) efficiency at maximum
power, Eq. (4.67), normalized to Carnot’s efficiency, plotted as a function of ATy/AT;. Curves
computed with 2T = 10, AT;/T = 104, kT = 0.02kgT, A0y = Al = 0.01k5T.

4.3 Non-linear response

The linear response theory describes correctly the thermoelectric properties of bulk materials
in most experimental conditions. However, as discussed for instance in Ref. [154], non-linear
effects are important in nanoscopic setups, since the temperature difference is applied across
very small elements of the order of tens or hundreds of nanometers. As far as heat-to-
work conversion is concerned, there is a practical reason to consider the non-linear response,
namely efficiency and power output may increase with increasing temperature difference.
Furthermore, for systems with time-reversal symmetry the efficiency at maximum power can
overcome the limit of 7./2 only beyond the linear response *.

In this section we will consider a two-terminal QD system and discuss the numerical
results obtained solving the master equation (4.4) as discussed in Sec. 4.1. We will focus
our discussion on the thermoelectric properties, and on the efficiency and power produced
by a QD-based heat engine. Let us define the charge current I = I = —Ij, thanks to
charge current conservation, and the average reservoir temperature T = (Ty + T3)/2, which
determines the typical thermal energy scale of the system beyond linear response (all energies
will be given in units of kgT). Furthermore, Ay = Aus = —eV, with V applied voltage,
AT = A5, and assume equidistant energy levels with spacing given by AFE. In order to
describe the potential drop between the QD and the two reservoirs, we will assume that the

4Note, however, that the Curzon-Ahlborn limit can be overcome also within linear response when time-
reversal symmetry is broken, see Refs. [155-159].
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set of energy levels is shifted as E,(V) = E, — (1 — 6p)eV, where 0 < 6y < 1 is the fraction
of potential V' that drops over the tunnel barrier which couples reservoir 2 to the QD.

Regarding charge transport, we recall that in the linear response, within the quantum
limit, the conductance exhibits peaks occurring at the dominant transition energies, i.e.
when p1 = py, of width given by kgT. By applying a finite voltage bias V', in the absence of
a temperature difference (AT = 0), the differential conductance, defined as

G = (gé) , (4.75)

exhibits the typical Coulomb diamond structure, with visible excited states, as a function of
V and pu, see for instance Ref. [160].

4.3.1 Non-linear Seebeck and Peltier coefficients

In the non-linear regime the thermopower (Seebeck coefficient) can be defined as follows

Vv

" AT

(4.76)

i.e. as the ratio between the thermovoltage V that develops as a result of a finite AT applied,
at open circuit (I = 0). In Fig. 4.6, S is plotted as a function of p for various values of AT/T.

40
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FIGURE 4.6: (Color online) Non-linear thermopower S plotted as a function of y for various values
of AT/T, and AE = 20kBT, EC = 50kBT‘7 hFL(p) = hFR(p) = OOIICBT,G() = 1/2

The black solid curve (calculated for AT/T = 107%) is the linear-response reference that is
well approximated by the expression given in Eqgs. (4.46). As discussed in Sec. 4.2.1, the black
solid curve presents main oscillations of period AE + 2E¢, and a fine structure with a AE
spacing [70]. Since we have chosen an equidistant energy spectrum, all curves share a number
of features with the linear-response reference. Namely, i) S crosses zero with positive slope
at the main transition energies uy and is periodic with periodicity AE + 2E¢ (in Fig. 4.6
p = 290 kT corresponds [see Eq. (4.47))] to pn=3); ii) in the range of y considered, S is
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antisymmetric with respect to p = 290 kgT}; iii) S vanishes for values of y in the middle
points between two dominant transitions puy and puy41 (in Fig. 4.6 such points are located at
p =230 kpT and pu = 350 kgT). Moreover, since we set 6y = 1/2, the linear increase of S for
1~ puy does not depend on the ratio AT/T, i.e. it is well described by the linear-response
proportionality coefficient 1/(eT’). Interestingly, such features (except for the fine structure
oscillations) can be understood in terms of a non-interacting model (see App. A.4), which
also explains the reduction of the negative slope of S at the middle points as the ratio AT/T
increases.

Let us now discuss the behavior of S when departing from the linear response regime.
Fig. 4.6 shows that for all values of AT the thermopower deviates from the linear-response
curve only for u above 310 kgT (or below 270 kgT). A sharp departure already occurs at
AT/T = 0.5 (red curve). This can be understood from the fact that, for x4 > 310 kgT, S is
of the order of 15 kp /e which corresponds to a value of the thermovoltage (V = —7.5 kgT/e)
such that |eV| > kT °. Note that u = 310 kgT roughly corresponds to the first step
of the fine structure in linear response. In particular, while the first step hardly moves by
increasing AT from its position in linear response, the second step, occurring at p = 330 kT
in the linear response, shifts to a smaller value for increasing AT /T, eventually disappearing
or merging with the first step. This behavior may be attributed to the combination of the
following two effects. On one hand, the thermovoltage V', which determines the transport
energy window, depends on p and increases with AT according to the definition (4.76). On
the other hand, an increase of AT/T moves the lowest temperature (T}) towards absolute
zero, thus sharpening the Fermi distribution function fi(E). This last effect is also responsible
for the sharpening of S(u) as AT/T increases. Note furthermore that the extremal values of
S decrease as AT/T increases.

Let us now consider the non-linear Peltier coefficient defined, for a given voltage V', as

7

=
I

. (4.77)
AT=0

Our aim is to assess the failure of the Onsager reciprocity relation II = T'S, which holds in
the linear response regime. Beyond linear response, for a single-level non-interacting QD, one
finds a “corrected” reciprocity relation, namely II 4+ V/2 = T'S in the case where 6y = 1/2
(see App. A.4). To single out the effect of interactions in a multi-level QD, in Fig. 4.7 we plot
the ratio r = (I 4 V/2)/(T'S) as a function of p for various values of AT /T and eV/(kgT)
(AT/T is used to compute S, while eV/kgT to compute IT). Fig. 4.7 shows that the ratio
r departs significantly from 1, the linear response result (blue thin line), only far enough
from the dominant transition energy py—s3 = 290 kgT. In particular, when II is in the linear
response regime and S is not (black solid curve) the strong deviations occurring for p around
the middle points between dominant transition energies, namely p = 230 kgT and p = 350
kpT, can be explained by a two-level non-interacting model (see App. A.4). However, the
deviations occurring in the range of values of u between 250 kT and 330 kT can be imputed
to interaction effects. In the opposite case, where S is in the linear response and II is not (red
curve), the deviations of r from 1 are entirely due to interaction effects and r takes values
between 0 and 1 in the entire range of values of . When both S and II are beyond linear

response the two behaviors discussed above coexist giving rise to the black dashed curve 6.

SWe have also checked that we are well beyond the linear response for the electric conductance.
5The black dashed curve is actually equal to the product of the solid black and the red curve. Indeed, due
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FIGURE 4.7: (Color online) Ratio r = (II+1V/2) /_(TS ) plotted as a function of p for various values
of eV/kpT (for the Peltier coefficient) and of AT /T (for the thermopower), for the same parameter
values as in Fig. 4.6. The blue thin line is the reference r = 1.

4.3.2 Efficiency and output power

In this Section we consider the efficiency for heat-to-work conversion and output power in a
two terminal system. Specifying Eq. (4.20) to a two terminal system where AT > 0, we have

that
P

- 4.78
7 (4.78)

n
where P > 0 is the output power, defined in Eq. (4.19), and J# > 0 is the heat current
absorbed by the system. Apart from the system’s parameters, n depends on V and AT

Let us first consider the maximum efficiency (™2 obtained by maximizing the efficiency
1 with respect to the applied voltage V', at given AT. n(max) is plotted, normalized to 7,
in Fig. 4.8(a) as a function of u for different values of AT/T. All plots show pairs of peaks
close to pn, whose maximum is very close to 7., and secondary peaks of smaller height. The
solid black curve, relative to the linear response regime (AT/T = 10~%), is related through
Eq. (3.29) to the plot of ZT [Fig. 4.3(b)]” discussed in Sec. 4.2.2. For the black curve a pair
of maxima approaching 7. occur at u = puy +2.40kgT, while n(™2¥) vanishes at the dominant
transition energies (and at the middle points between two dominant transition energies).
Moreover, a fine structure of secondary peaks, with spacing AFE, appears for intermediate
values of p. Moving away from the linear response, the main observation is that an increase
of AT/T > 0.1 produces only quantitative changes to the curves. As shown in Fig. 4.8(a), the
main peaks of 7(™%) are still approximately located at p = pyn £ 2.40kgT and approaching
the Carnot efficiency, while the peaks’ width reduces slightly with increasing AT, and the
fine structure of the secondary peaks gets simply distorted.

to the Onsager reciprocal relations in this product the linear response Peltier I (which appears in the ratio
r for the solid black curve) simplifies with the linear response T'S (which appears in the ratio r for the red
curve).

"Notice that in Fig 4.8 AE = 20kgT, while in Fig. 4.3 AE = 10kpT.
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FIGURE 4.8: (Color online) (a) Maximum efficiency, normalized to Carnot’s efficiency, (b) maximum
P(max)

output power P(™%) normalized to its peak value peak

and (c) efficiency at maximum power

n(P™2X))  normalized to 7., plotted as a function of p for various values of AT/T, for the same
parameter values as in Fig. 4.6.

Another important quantity in heat-to-work conversion is the maximum output power
generated P(M2%)  which is obtained by maximizing the output power with respect to the
applied voltage V. It turns out that Pmax) exhibits pairs of peaks approximately located
at u = uy £ 2.40kpT whose height increases approximately quadratically with AT, as long
as AT/T is not to close to 2. Interestingly, Fig. 4.8(b) shows that the maximum output

, when normalized to its peak value plmax)

(max)
peak

power P only very weakly depends on the

ratio AT/T. In particular, p(max) / Pég;ix) is well approximated by the linear-response result,
whose analytical expression is obtained by substituting Eq. (4.48) into Eq. (4.21).

The efficiency at maximum power n(P(maX)) can now be calculated by taking, for each
value of p, the value of V' which maximizes the power. n(P(maX)) is plotted, as a function of u,
in Fig. 4.8(c) for various values of the ratio AT/T. By increasing such ratio starting from the
linear response [solid black curve, related to the plot of ZT in Fig. 4.3(b) through Eq. (3.29)]
one finds that the peak values, again occurring approximately at p = py 4 2.40kpT, increase
well above 7./2 (the upper limit for the linear response). On the contrary, the efficiency

at maximum power for values of u away from pup, relative to the fine structure, decreases
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FIGURE 4.9: (Color online) Efficiency at maximum power n(PIEZiX)) plotted as a function of 7,

for various values of F¢, with AE = 0 (solid curves) and for various values of AE, with Ec = 0
(dashed curves). Thin solid curves represent the CA and SS efficiencies, see text. Tunneling rates are
Ry (p) = hT2(p) = 0.01kgT. The inset shows the same curves on the entire range n. € [0, 1].

with increasing AT /T beyond the linear response, but is only slightly different moving from
AT/T =1 (red curve) to AT/T = 1.95 (black dashed curve).

It is now interesting to compare the peak values of the efficiency at maximum power with
various reference values, such as the Curzon-Alhborn (CA) efficiency [37] nca =1 — /1 —1c
and the Schmiedl-Seifert (SS) efficiency [39] nss = n¢/(2 — n.) & discussed in Sec. 3.1.1. To
do so we calculate the peak power, i.e. maximizing the power with respect to V and p,
and plot the corresponding efficiency as a function of 7. (determined by the temperature
difference) in various situations, see Fig. 4.9. In particular, we consider the case of a QD
with one doubly degenerate level with a finite charging energy (solid thick curves) and the
case of a QD with two non-degenerate levels and zero charging energy (dashed curves). The
parameters are chosen such that the two situations can be compared, namely AF = 2F¢,
i.e. the differential conductance consists of two peaks separated by the same electrochemical
potential. Figure 4.9 (inset) shows the following general feature for small 7, i.e. in the linear

response regime: n(PéZ;iX) ) increases linearly with 7. with slope determined by the value

of ZT [see Eq. (3.29)]. In particular, the two black curves (relative to Ec = 10 kT and
to AE = 20 kgT) virtually coincide, and are equal to the one for a single non-interacting
level QD [see App. A.4 and the first line of Eqs. (A.44)], since the parameters are such that
kpT < Ec, AE, where the transport is mostly accounted for by a single energy level. On the

8This is actually the upper bound of the Schmiedl-Seifert efficiency, see Refs. [38, 39].



60 THERMOELECTRIC PROPERTIES OF A QUANTUM DOT-BASED HEAT ENGINE

.
’

, AE =20kpT

Ec = 10kgT

— 1. =0.5
— 1nc =0.76
— 1nc = 0.99
---- nc=0.5
---- 1. =0.76
---- 1 =0.99

o 1 2 3 4 5
P((kpT)?/h] x107?

FIGURE 4.10: (Color online) Correlation between efficiency and output power calculated for a few
points of the plots in Fig. 4.9, both for doubly degenerate interacting case (solid curves), and non-
degenerate non-interacting case (dashed curves). Curves obtained by increasing the value of V' from
zero to the thermovoltage value, corresponding to the open-circuit situation, for various values of 7.
Panel (a) refers to AE = 20 kpT (with Ec = 0, dashed curves) and to E¢ = 10 kgT (with AE =0,
solid curves), while panel (b) refers to AE = 3 kgT (with Ec = 0, dashed curves) and to E¢ = 1.5
kpT (with AE = 0, solid curves).

contrary, the two red curves (relative to Ec = 1.5 kgT and to AE = 3 kgT) differ by a large
extent, with the interacting case (solid red curve) exhibiting larger efficiency at maximum
power with respect to the associated non-interacting case (dashed red curve). Note that the
efficiency at maximum power relative to the interacting case goes beyond the CA efficiency,
when 7, is larger than about 0.5, for all values of Ec between 1.5 kgT and 10 kgT. Finally,
we find that the SS efficiency is never overcome.

To complete the analysis, we show the correlation between efficiency and power corre-
sponding to a few points (i.e. a few values of 7.) in the curve of Fig. 4.9. More precisely,
Fig. 4.10 shows how the value of the power P and the efficiency 7 evolve by increasing the
applied voltage V from zero (where both P and 7 vanish) to the thermovoltage (where P
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FIGURE 4.11: (Color online) Maximum power, normalized to the peak value, plotted as a function
of p for different values of 7, with Ec = 10 kT, AE = 0 and considering a single doubly degenerate
energy level. Surprisingly, not only the linear-response curve (black) is very well approximated by the
analytic expression in Eq. (4.79) (black dashed curve) valid in the quantum limit. Tunneling rates are

vanishes as a consequence of the fact that the charge current vanishes) . In particular, panel
(a) refers to the case AE = 20 kT (dashed curves) and Ec = 10 kgT (solid curves), while
panel (b) refers to the case AE = 3 kgT (dashed curves) and Ec = 1.5 kgT (solid curves).
We checked that in the linear response (when . < 1) the power reaches its maximum when
the efficiency is nearly equal to 7./2. By increasing 7, for all the curves in the figure, both
maximum power and efficiency at maximum power increase. For large values of 7. (green
curves), the efficiency remains close to the Carnot efficiency when V' is increased beyond the
point of maximum power. The general feature is that in the interacting case (solid curves)
the power is much larger than in the associated non-interacting situation (dashed curves).
When AE and E¢ are of the same order as kgT [Fig. 4.10(b)], both the maximum power
and the efficiency at maximum power are increased in the interacting case as compared with
the non-interacting case. A remarkable property of both regimes discussed in panels (a) and
(b) is that in the strongly nonlinear regime, the maximum power is obtained for values where
the efficiency is high and close to the maximum efficiency.

We finally discuss a peculiarity of the maximum power output considering a doubly de-
generate energy level in the interacting case ' (as we will point out, some considerations
are also valid in the non degenerate case). Fig. 4.11 shows the maximum power, normalized
with respect to the peak value, as a function of u for different values of 7. including the
linear-response case (parameter values are the same as for Fig. 4.9, with Ec = 10 kBT).

max

ok ) for

9For a given value of 7., we first find the values p = fi and V = V leading to the peak value Pé
power. We then set u = i and vary the voltage V from zero to the thermovoltage.
0The effect of degenerate energy levels on the electron and thermal conductance and on thermopower of a

QD was considered in Ref. [68].
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The first remarkable feature is that the two peaks around a dominant transition energy have
different heights (here uny—1 = 10 kT and UnN=2 = 30 kgT ); in the absence of degeneracy,
within the quantum limit all the peaks have the same height (see Fig. 4.3). More precisely,
see Eq. (4.79), the external peaks, displaced of 2.53kpT from gy are higher with respect
to the internal peaks, displaced of 2.32kpT from uy, whose height is almost equal to the
non-degenerate (interacting) case. The second feature is that all curves, apart from the case
of very large 7. (blue curve), are well approximated by the linear-response quantum limit
expression (black dashed curve in Fig. 4.11)

2 2
P(max) _ \/ify <M> Amin ) (479)
cosh (

= 16]{:BT T %31% 4 1052) cosh ( Amig)

2 2kpT

The plus (minus) sign in Eq. (4.79) is to be taken when Ny, is even (odd). Eq. (4.79) allows
us to find that level degeneracy gives rise to an enhancement of output power of about 1.77
times respect to the non-degenerate case, independently of the parameter values (see also
Ref. [102]). Eq. (4.79) also makes clear that the origin of the asymmetry for A — —Amnin
and of the difference in peaks’ height is the term +log2/2 occurring in the presence of
degeneracy. The case of Ec = 1.5 kT (not shown), which is not within the quantum limit,
produces a much more asymmetric behavior. We have verified that also in the non degenerate
case the analytic formula derived in the linear response regime [see Eq. (4.48)] well describes
the maximum power also beyond the linear response regime.

4.4 Summary

In this chapter, we studied the thermoelectric properties of a multi-level interacting QD in
the sequential tunneling regime, in a multi-terminal setup, both in the linear response regime
and beyond. In particular, we have

o generalized the sequential tunneling method put forward by Beenakker in Refs. [69] and
[70] to a multi-terminal configuration and set the range of validity of the expressions
for the charge and heat currents in the linear response regime;

e found simple analytic formulas for the multi-terminal transport coefficients in the low
temperature limit;

o found simple analytic formulas for the power factor ¢ and the figure of merit Z7T in
the low temperature limit for a two-terminal setup;

e found that @ and ZT can be simultaneously maximized for suitable values of the
electrochemical potential;

o found that Coulomb interactions can dramatically enhance ZT' by suppressing the ther-
mal conductance;

e found that both the interacting an non-interacting models strongly violate the
Wiedemann-Franz law;

o found analytic expressions for the maximum power and for the efficiency at maximum
power in a three terminal setup;
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o investigated the nonlinear Seebeck and Peltier coefficients in a two-terminal setup,
identifying features of the breakdown on the Onsager reciprocity relation;

e computed numerically the maximum efficiency, the maximum power, and the efficiency
at maximum power in the non-linear regime, finding optimal system parameters for
heat-to-work conversion such that the efficiency at maximum power can go beyond
Curzon-Alhborn’s efficiency;

o compared the case of a doubly degenerate level with interaction and the case of two
non-degenerate levels without interaction finding that the interacting case enhances the
power output and, especially when charging energy and level spacing are of the order
of the thermal energy, it increases the efficiency at maximum power that can go beyond
Curzon-Alhborn’s efficiency;

o found that the non-linear maximum power is well approximated by the analytic linear
response expression;

o found that QDs with degenerate energy levels and Coulomb interactions achieve higher
efficiency and output power than non-degenerate QDs; in particular the maximum
power is enhanced almost of a factor 2;

e calculated the transport coefficients for a non-linear, non-interacting QD with 1 and 2
energy levels (App. A.4);

o found approximate analytic expressions for the maximum power and efficiency at max-
imum power for a non-linear, non-interacting QD with 1 energy level (App. A.4).

The multi-terminal formalism developed in this chapter and the expressions we have obtained
for charge and heat currents, transport coefficients, power and efficiency could be used to
design and analyze experimental data. Extensions of the studies presented in this chapter
could include level spacings different from the equidistant and regimes beyond the quantum
limit. Finally, a comprehensive description of the thermoelectric properties and performance
of a QD should assess the role of quantum coherence going beyond the sequential tunneling
limit and the relevance of phonon contribution to heat transport.



64

THERMOELECTRIC PROPERTIES OF A QUANTUM DOT-BASED HEAT ENGINE




Thermoelectric conversion at 30 K in InAs/InP
nanowire quantum dots

The progress in the fabrication and control of nanostructured systems has opened new
prospects for thermoelectric (TE) research [5, 161] and has provided new ways to create
improved TE devices [11, 63, 64, 123, 162]. As discussed in Sec. 3.1.3 and Chap. 4, quan-
tum dots (QDs) were soon identified as ideal systems for the implementation of efficient heat
engines [5] and for the creation of nanoscale thermometers [163]. The key property is their dis-
crete density of states that yields a strong energy selectivity in their transmission profile thus
opening the way to the realization of TE systems with an optimized performance [5]. As a con-
sequence, TE effects in QDs have been extensively investigated both theoretically [67, 68, 70—
74, 76-90, 118, 130, 131] and experimentally [42, 127, 132, 135, 138, 141, 164-168]. The TE
behavior of electronic devices is characterized by the figure of merit Z7T', see Eq. (3.27), that
is larger in more efficient devices. Indeed, within linear-response regime, both the maximum
efficiency and the efficiency at maximum power are solely determied by the figure of merit,
and they are growing functions of ZT', see Eq. (3.29). In bulk materials the maximization
of ZT has been proved to be highly nontrivial since G, S and K are intrinsically related.
On the contrary, heat and charge transport in QD-based TE devices can be disentangled
and larger values of ZT can be achieved. The performance of thermal machines based on
QDs has been theoretically studied by many authors [86, 108, 109, 116, 118, 121, 169], while
only one experimental investigation is available up to now [42]. We also note that QDs can
provide a key building block for the fundamental investigation of quantum and stochastic
thermodynamic effects, as shown for small-sized systems, where thermal fluctuations are of
much relevance [17, 170, 171]. The investigation of TE effects in single-electron systems is
usually performed in temperature regimes for which the thermal energy kg7 is smaller than
the Coulomb gap. In addition, it is often desirable to implement devices where the individual
energy levels are well-resolved with respect to the thermal energy so that only few levels
contribute to the heat transport.

In this chapter we report of an experimental study, conducted at the NEST Laborary,
Pisa, in which the strong confinement of QDs realized in InAs/InP heterostructured nanowires
(NWs) [172-174] is exploited to demonstrate field-effect control on the thermopower S up to

65
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FIGURE 5.1: (a) Scanning electron micrograph of a typical device. A local heater (red) is used
to establish a temperature difference AT between the two ends of the NW (green) embedding an
InAs/InP heterostructured QD. The device is fabricated on top of a degenerately-doped SiO5/Si p++
substrate (gray) and a set of Ti/Au electrodes (yellow) can be used both as electrical contacts to the
NW and as local resistive thermometers. The QD electronic configuration can be controlled with a
pair of side gates (SG, purple) or using the conductive substrate as a backgate electrode (BG). (b)
Transmission electron micrograph of the heterostructured QDs. (c) Sketch of the energetics scheme:
the QD implements a multi-level system that can mediate heat and charge transport between the
a source (S) and a drain (D) electrodes, in the presence of thermal and electric biases. Two spin-
degenerate levels E; and Fy (AE = FE5 — Fj) play a relevant role in the regime studied in the
experiment.

temperatures of the order of 30 K. The high temperature regime has been little explored in
similar systems [141], usually operated at much lower temperatures [42, 132]. Our devices
allow for the application of a temperature gradient along the NW, the measurement of charge
current and the Seebeck coefficient, as well as the direct measurement of local temperatures.
The strong confinement of the electrons in our QDs allows us to obtain charging energies
E¢ exceeding 5 meV, with inter-level spacings AFE of the order of 5meV and thus to operate
our devices at relatively high temperatures and close to the QD depletion. Employing the
theoretical model developed in Chap. 4, and accounting for sequential tunneling mediated
by two spin-degenerate levels [68, 69, 169], we can accurately reproduce the experimental
conductance and thermopower. This allows us to estimate the electronic thermal conductance
K, the power factor GS? and the electronic figure of merit Z7T.

5.1 Setup and measurements

Figure 5.1(a) shows a scanning electron micrograph of one of the investigated devices, where
different colors correspond to different elements (see App. B.1 for fabrication details). The
device core is constituted by an InAs/InP heterostructured NW with a diameter of 5241 nm.
As visible in the Fig. 5.1(b), the nanostructure embeds a 20 £ 1nm InAs island separated
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from the rest of the NW by two ~ 4nm-wide InP barriers. The NWs used for this study
were grown by Au-seeded chemical beam epitaxy [175] and have a wurtzite crystal structure.
As grown NWs were detached from the growth substrate by sonication in isopropyl alcohol
(IPA) and randomly deposited on a SiOs2/Si p++ substrate by drop-casting and contacted
by e-beam lithography followed by an evaporation of a metallic Ti/Au (10/100 nm) bilayer.
The resulting device layout includes a metallic serpentine heater (red), which can be fed by
a current [y to induce, thanks to Joule heating, a thermal gradient along the NW (green).
Our architecture also includes a set of multiple contact electrodes (yellow) that allows to: (i)
apply a voltage bias V' and measure the current I flowing through the NW; (ii) perform a
local measurement of the temperature by tracking the resistance of the central metallic part
of the contact electrodes (see Apps. B.1, B.2 and B.3 for measurement details). The QD
population and spectrum can be controlled by a set of field-effect gates including the SiOy/Si
p++ substrate, or back-gate (gray), and two side gates that can also be used to modify the
radial confinement profile of the QD (purple) [176].

The control on the temperature of the system is obtained by setting the temperature of
the bath Tj,¢n in which the device is immersed and then by setting a temperature gradient
across the NW so that its hot end is at a temperature 731 and its cold end is at a temperature
Tc. The average temperature Toye = (T +7T¢)/2 is set high enough (Tyye ~ 30K) so that we
can benefit of the following advantages. (i) Since hI' € kpT,ye (Where I' is the characteristic
tunnelling rate through the QD barriers) and AE is not much larger than kgTyg, sequential
tunnelling processes dominate the thermoelectric transport and data analysis is relatively
straightforward (see below for details); (ii) Since AT < T,yg, non-linear response effects in
thermal bias AT are negligible thus simplifying the theoretical analysis; (iii) charge transport
can be explored for relatively large applied bias voltages (up to V' & kpThy,/e) while remaining
in the linear response regime. In this situation, the current I flowing through the QD is given
by

I =G(V + SAT), (5.1)

where G is the electrical conductance and S is the Seebeck coefficient. The thermovoltage
at open circuit conditions is thus given by Vi, = —SAT. It should be noted that both G
and S are temperature dependent even if not explicitly indicated. Typical transport data
from our QDs can be seen in Fig. 5.2(a), reporting a colorplot of I as a function of the gate
voltage Vgate and the DS bias V at T' = 4.2 K. Any of the three available gates (SG1, SG2
and BG) can be used to operate the device, but in the experiment reported here the QD
was controlled using the lateral gate SG1 because it yielded the most stable control of the
electronic configuration. Coulomb diamonds are clearly visible for various QD filling numbers
N, and indicate a charging energy on the first spin-degenerate level Fc = 7 £ 1meV and
an inter-level spacing AE =5 + 1meV. In Fig. 5.2(a) N = 0 corresponds to a completely
depleted QD, as further discussed in App. B.4 and as indicated by high-temperature transport
data. However, the behavior of the device is not expected to critically depend on the presence
of filled levels as long as they are far away in energy with respect to the relevant energy scales,
in particular kgThye. In Fig. 5.2(b) we report a set of I(V') curves corresponding to vertical
cross-sections at fixed Viate taken from the region highlighted by the black rectangle in panel
(a). The thermoelectric response of the device has been obtained from transport data in the
linear regime. From the curve I(V') curve restricted to the linear response range (see e.g. Fig
2 (b)), we determine G (slope) and Iy, = GSAT (intercept) for each Vgate value and for a fixed
AT using Eq. (5.1). From the knowledge of the slope and intercept of the lines it is possible
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FIGURE 5.2: (a) Typical map of the QD current versus V and Vgate showing the QD filling N in each
Coulomb blockade diamond. The analysis of the diamonds yields a charging energy Fc =7 £ 1meV
and an energy spacing between the first and second QD level AE = 5 + 1meV. (b) I(V) curves
for several values of the gate voltage Vgate. Thermoelectric measurements are obtained in the linear
response regime, i.e. for low applied voltage bias (eV < KgT) for which the response of the system is
linear and thus eq. 5.1 holds.(b) Current I, as a function of V, in the linear response range for four
values of Vate highlighted by arrows of the corresponding color in panels (e) and (f). (c) Extrapolated
conductance G and (d) thermovoltage —V;y, as function of the applied gate voltage Vgate for the first
degenerate energy level for an average temperature Ty, = 24.9K and for Iy = 10mA current feeding
the heating serpentine, when the system is in a Thaen = 4.2 K thermal bath. Panels (e) and (f) report
equivalent data for T,s = 31.2K and Iy = 13mA and Tyan = 10 K. Temperatures are obtained by
using the local metallic thermometers at the two NW ends.

to compute Vi, = —SAT. Fig. 5.2(c)-(f) show the plots of G(Vgate) and —Vin(Viate) for two
different bath temperatures and heating currents Iy, such that the average temperatures of
the QD are Towe = 24.9K in panels (c) and (e) and Thyy = 31.2K in panels (d) and (f),
respectively.
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5.2 Theoretical model and heat engine analysis

Experimental data are analyzed with a theoretical model based on a master equation ac-
counting for sequential tunnelling of electrons between the leads and the QD [34, 70, 169].
As already mentioned in the introduction, we can reasonably assume that co-tunnelling pro-
cesses are negligible when two conditions are met, namely Al' < kpTaye and AE S kpThye.
The first condition is required since small values of AI'/kpT,ys suppress the coefficient of co-
tunneling rates. The second condition comes from the fact that co-tunneling contributions
decay as a power law with the energy difference §E between the chemical potential of the
leads and the nearest resonance (measured in units of kpT,yg) [34]. This means that they
may prevail over sequential contributions for large enough 0F, since sequential tunneling
contributions decay exponentially with 6 E/kpTav, [34, 69, 177]. Remarkably, the presence of
two spin-degenerate levels, with spacing equal to AFE, sets a bound to the energy difference
dE. The second condition (for which AE < kpTiy,), therefore, ensures that the exponen-
tial suppression of sequential tunnelling is limited and we can safely disregard co-tunneling
effects. This is particularly relevant for values of Vgate such that the chemical potential of
the leads is between the two spin-degenerate levels, where the thermopower is maximal even
though the conductance is negligible.

Two spin-degenerate QD orbitals £ and FEs are taken into account in the QD model
and tunnelling rates are assumed to depend on the number of electrons N in the QD (see
App. B.5 for details about the model). Further important outputs of the fitting procedure
(detailed in App. B.6) are the electronic temperatures Ty 6; and T¢ g¢ that can be used to
obtain a better estimate of the net temperature bias across the QD structure ATgi. The
average fit temperature Toye i = (T8¢ + Tc,ft)/2 matches nicely with the one obtained
experimentally sing the metallic thermometers T.yg, and confirms the good calibration of
the resistive thermometers. On the contrary, AT} is sizably smaller than AT. This is not
very surprising since the NW has a finite heat conductance leading to a partitioning of the
thermal bias as observed in experiments at lower temperatures [178]. Since ATy is the
relevant temperature bias for the analysis of the TE response of the QD, it has been used for
all the subsequent estimates on the TE parameters of the nanostructure.

Fig. 5.3(a) and (b) show the experimental data (red dots) for the case Thyg = 31.2K,
together with the fitted curves (solid lines) obtained using the model (ATg = 2.05 K).
Different fitting models are compared: the solid black curve accounts for two spin-degenerate
energy levels in the QD (here referred to as the “four-level” model); the green dashed curve
accounts for a single (spin-degenerate) energy level (referred as the “two-level” model), as
often done in the literature to model single [101, 104, 107, 112, 115] and double quantum dot
system [32, 109, 116, 118, 179]. We notice that the four-level model nicely fits the experimental
data for G and S in the whole range of values of Vgate under consideration, while the two-level
model is accurate only for values Vigate < 1.6 V in the conductance plot (the first two peaks in
Fig. 5.3(a)) and up to Vgate = 1V in the thermopower plot (Fig. 5.3(b)). The theory can now
be employed to calculate the electronic thermal conductance K by using the fitting parameters
obtained from the experimental data G(Vgate) and S(Vgate) (see App. B.6 for details about
values obtained for the parameters). The resulting K (Vgate) curves for the two models are
plotted in Fig. 5.3(c). Remarkably, the curve relative to the two-level model departs even
in the first peak from the curve of the four-level model. This is due to the fact that K, by
definition, is the ratio between the heat current and the temperature difference in open circuit
conditions, i.e. when [ is zero. In a sequential single-level model, all electrons tunnel through
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FIGURE 5.3: Theoretical fit of the experimental data and modeling of electronic thermal conduc-
tivity. Conductance (a) and thermopower (b) data shown in Fig.5.2(e)-(f) are compared with the
result of the two-level and four-level models. Little discrepancy between the two emerges in the area
of interest involving the first spin-degenerate state of the QD. Differently, sizable deviations start to
appear in configurations corresponding to a QD filling V > 2. The absence of deviations below the
first spin-degenerate level is consistent with the N = 0 filling. In the model, the experimental gate
voltage values are converted into energy using a gate lever arm agare = 0.011 £ 0.001meV/V (see
App. B4 for further details). (c) Electronic thermal conductance K obtained using the two-level
(green dashed line) and four-level (black line) model. The large discrepancy between the two models
on the high end of the plotted energy range indicates only a four-level model can yield a reliable

estimate of K in the studied experimental configuration.

the QD at the same energy, thus the same amount of heat is transferred to/from a given
reservoirs in each tunneling event. If I = 0, there is not net transfer of charge, thus there is
no net transfer of heat. This implies K=0, regardless of the gate voltage. Conversely, if there
are two or more energy levels, electrons can tunnel at different energies, and this possibility
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FIGURE 5.4: (a) Maximum Power extracted from the system as a function of the gate voltage. The
experimental data (red dots) and the theoretical prediction (black curve) are computed as GS?2AT? /4
using respectively the experimental and theoretical values of G and S. (b) Electronic thermoelectric
figure of merit dependence on the applied gate voltage, computed using the extrapolated curves for
G, S and K (Fig. 5.3). (c) Electronic efficiency at maximum power in units of Carnot efficiency 7.

allows for a net heat transfer at zero charge current [68, 169]. Therefore, as opposed to G
and S, the value of K in the sequential regime is fully determined by the multilevel structure
of the QD. It is thus crucial to employ the four-level model to estimate it properly.

Using the three transport coefficients G, S and K one can evaluate the performance of our
QD system when operated as a heat engine. Indeed, the electric response to a temperature
difference can be used to drive a current against a voltage bias, effectively extracting work
from the system. The efficiency of a heat engine is then defined as the ratio between the
extracted work and the heat provided by the hot reservoir. At fixed Vgate and temperature
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difference, we define P(™2%) a5 the maximum power that can be extracted by optimizing over
the applied V. The corresponding efficiency will then be the efficiency at maximum power
n(P™a)) Tt can be shown [11] that P(™®) also corresponds to the maximum power that
can be performed on a variable load resistance in series with the QD. However, as shown
in Sec. 3.1, within the linear response regime both P™%) and n(P(™#)) can be computed
simply from the knowledge of the transport coefficients G, S and K through Egs. (3.28)
and (3.29). The maximum power is plotted in Fig. 5.4(a) as a function of the gate voltage
Vgate using the theoretical (solid curve) and experimental (red circles) values of G and S
together with the fitted value of ATg;. The experimental data (available down to Vgate =~
—1V) is well reproduced by the four-level model which presents several peaks, the largest

one corresponding to Plgg;ix) = 0.37fW occurring at Vgate >~ —0.78 V. Remarkably, the
corresponding value of the electronic figure of merit [plotted in Fig. 5.4(b)] is ZT ~ 35. ZT
displays a fast increase as Vgate decreases below the first conductance peak, as expected for
a single-level QD. This is due to the fact that there are no levels below the first conductance
peak, so that our QD system approximately satisfies the requirement for achieving Carnot
efficiency [5]. Indeed, the electronic efficiency at maximum power, plotted in Fig. 5.4(c),
takes the value n(P(maX)) = 0.47n. (where 7. is Carnot’s efficency) for Vgate >~ —0.78V,
implying that our QD system can be operated at an electronic efficiency at maximum power
very close to the Curzon-Ahlborn’s linear response upper bound nca = 71./2. It is worth
observing that the electronic efficiency at maximum power is computed from the knowledge
of ZT [11]. Interestingly, Fig. 5.4(c) shows that the electronic efficiency at maximum power
roughly behaves as the maximum power [Fig. 5.4(a)], implying that both the maximum power
and corresponding efficiency can be simultaneously maximized.

5.3 Summary

In this chapter we explored TE phenomena in InAs/InP NW QD-based devices at high
temperature in the linear regime. Experimental data were analyzed using a multi-level model
based on the resolution of a master equation which allowed us to compute the electronic
thermal conductance of the system. This, in combination with the experimental data of
conductance and thermopower, allowed us to estimate the electronic thermoelectric figure of
merit Z7T and the electronic efficiency at maximum power of our thermoelectric engine. We
found that the ideal Curzon-Ahlborn’s upper bound is nearly attained, and that a figure of
merit ZT = 35 is reached while extracting the maximum power from the system. This study
demonstrates the full electrostatic control of the heat engine features of a thermally biased
NW QD operating in high temperature regimes. Our results shed light on the operation
of few level thermoelectric engines, a key issue for the physics and technology addressing
heat and charge transport mediated by single carrier. The electronic ZT', which neglects
the contribution of the phonons to the thermal conductance, is a sound characterization of
the electronic properties of the device which allows to compare the electronic performance
of different thermoelectric materials. Furthermore, it is directly related to the efficiency of
non-equilibrum devices, such as solars cells which aim at recovering the energy of out-of-
equilibrium "hot carriers" excited by light [180, 181]. Possible applications include on-chip
cooling, energy harvesting on cryogenic platforms and nanoscale thermometry.



Non-linear thermovoltage in a single-electron
transistor

So far, most of the experimental investigations of thermal properties in nanostructures have
focused on the thermal conductance [137, 167, 178, 182—188]. Conversely the thermovoltage,
which describes the electrical response to a temperature difference and is directly related to
both the power and efficiency of thermal machines, see Sec. 3.1, is much less studied. This
is due to the difficulty in coupling local sensitive electron thermometers and heaters/coolers
to the sample under study in order to have a well-defined, known temperature difference
across the device. The thermovoltage has been measured in devices based on nanowires
[189, 190] and on quantum dots [125, 127, 128, 132, 134, 135, 138, 139, 141, 164, 165, 168,
191]. In these experiments, however, the temperature of the electrodes were typically not
measured directly, but rather determined as fitting parameters, and there are no experiments
where the temperature of the electrodes and the thermovoltage are measured simultaneously.
Furthermore, there are no experiments probing the thermovoltage in devices based on metallic
islands, while theoretical works for these systems have focused only on the linear response
regime [70, 78-80, 83, 85, 192]. The non-linear thermovoltage though has been theoretically
studied in discrete-level systems in Refs. [75, 81, 84, 87-90, 96, 113, 169, 193].

In this chapter, we report on the first measurement of the thermovoltage in a metallic
single-electron transistor (SET) using on-chip, local tunnel-junction-based thermometers and
electron temperature control. The experiment was performed at the Aalto University, Fin-
land. This system allows us to perform thermoelectric measurements with an unprecedented
control, both within the linear and non-linear response regimes, imposing temperature dif-
ferences exceeding the average temperature. Using a theoretical model which accounts for
non-linear effects and co-tunneling processes, we find an excellent agreement with the experi-
mental data with no free parameters. On one hand, this allows us to nail down quantitatively
the role of co-tunneling processes on the thermovoltage. On the other hand, we find that
in the non-linear regime the temperature of the island emerges as a crucial parameter. Sur-
prisingly, although the thermovoltage is measured at zero net charge current, within the
non-linear response the island tends to overheat to a temperature greater than the average
lead temperature, which results in a suppression of the thermovoltage. We show, however,
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(a)

Qurmon Ny
(b)

FIGURE 6.1: Representation and characterization of the single-electron transistor. a) False-colored
SEM image of the full device and a zoomed in view around the metallic island (yellow) tunnel coupled
to two normal leads (red and green). b) Schematic representation of the system with the same coloring
as in the SEM image. The heat balance in the metallic island is represented by red arrows. c¢) Absolute
value of the current through the SET as a function of the applied source drain voltage V' and of the
gate-induced charge ng.

(c)

that the non-linear thermovoltage can be optimized up to a factor two with respect to the
experimentally observed value by lowering the temperature of the island to the temperature
of the cold lead. This could be achieved by exploiting the phonons in the island which act as
a third thermal bath coupled to our system.

6.1 Experimental setup

Fig. 6.1a) is a colored scanning electron micrograph of the device and Fig. 6.1b) is a schematic
representation of the experiment with the same colors highlighting the main elements of the
fully normal-conducting SET. The left lead L (red) and right lead R (green) are tunnel and
capacitively coupled to a central metallic island I (yellow), which is under the influence of a
tunable gate electric field (orange). A voltage bias V = Vi, — Vg can be applied to the SET
electrodes and the corresponding current I can be measured for an initial characterization
of the device. The temperature Ty of the electrons in R is fixed to the bath temperature,
given the strong electron-phonon coupling in the large and “bulky” lead. On the other hand,
the electronic temperature 77, in the left lead (red) can both be varied and measured using
the superconducting tunnel probes (blue). The tunability of the temperature is possible
thanks to the superconducting wire (purple) in clean contact with the left lead through
which there is no heat conduction, and thanks to the limited size of the normal (red) part
of the lead that reduces the electron-phonon heat flux. Electrons within the island are in
local equilibrium at temperature 77 since the electron-electron interaction is much faster
than the tunneling rates [7]. The experiment is performed in a dilution refrigerator at bath
temperatures typically between 50 and 400 mK. For the thermovoltage measurements, the
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SET voltage bias source and current preamplifier (sketched in red in Fig. 1a) are disconnected.
Crucially, the thermovoltage V4, is probed directly across the SET using a room-temperature
voltage preamplifier with ultralow input bias current below 20 fA. Fabrication details can be
found in Ref. [167] where “sample B” is the device used for this experiment.

Figure 6.1c) shows the absolute value of the current I across the device at 65 mK as a
function of the potential bias V' and of the gate-induced charge ny = (C,Vi,+CrVr+CyVy) /e
, where C1,, Cr and Cjy are, respectively, the capacitances of the island to L, R and to the
gate electrode, and V; is the gate voltage. In the dark blue regions, Coulomb diamonds,
single electron tunneling between the leads and the island is not allowed, and the current is
very small. At half integer values of ng, “degeneracy points”, there are conductance peaks at
zero bias since single electron tunneling is allowed for any finite voltage bias.

6.2 Model

The state of the SET is characterized by the probability p(n) to have n excess charges on the
island. The electrostatic energy necessary for this is

U(n) = Ec (n —ng)?, (6.1)

where Ec = €2/(2C) is the charging energy with C' = Cp, + Cr + Cy. Electron tunneling
between the leads and the island induces transitions between charge states. The leading
order process in a perturbative expansion in the tunnel coupling between the island and the
leads corresponds to a single electron transfer between the leads and the island (sequential
tunnelling) [34, 194]. The sequential-tunneling rates for transferring electrons from a =
L,R (I) to 8 =1 (L,R), with the island initially having n charges, is denoted by I',g(n) (see
App. C.1 for details).

Higher order processes can become dominant if all sequential-tunneling processes are
energetically unfavorable [in the Coulomb diamond region in Fig. 6.1c)]. In particular, co-
tunneling (second order process) refers to the transfer of an electron from one lead to another,
without changing the charge state of the island but going through a virtual state. The
dominant contribution of this kind is inelastic co-tunneling, i.e. the electron which tunnels
from lead L, say, to I via a virtual state has a different energy with respect to the electron
tunneling from I to R '. We denote the rate of inelastic co-tunneling that transfers a charge
from o =L (R) to 8 =R (L), when n electrons are on the island before the process occurs,
by Yas(n).

The probabilities p(n) can be computed by solving tha Pauli master equation (see Chap. 2
and App. C.1 for details). The charge current can then be written as I(V) = I5¢9 4 [,
where

ret=e) p(n)[Fri(n) - Iw(n)] (6.2)

is the sequential-tunneling contribution, given by electrons tunneling between lead L and I,
and I°° = e3> p(n)[yLr(n) — YrL(n)] is the inelastic co-tunneling contribution [31, 32, 34,
79, 83]. We compute the sequential and co-tunneling rates exactly, without linearizing in the
voltage bias and temperature difference (see App. C.1 for details).

'The process where the same electron tunnels from o = L, R to I and then to § = L, R is known as “elastic
co-tunneling”, since also the microscopic state on the island remains unchanged. As discussed in Refs. [34, 192],
this process is relevant only when the thermal energy kg7 and the voltage bias are much smaller than v/ Ecd,
where § is the energy level spacing in the island. In our case the energy levels almost form a continuum,
making v/ Ecd the smallest energy scale at play.
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In the presence of a fixed temperature bias (Tr # T1,), the thermovoltage Viy, is the
solution to

I(Vi) = 0. (6.3)

Notice that the charge current also depends on the temperature of the island 77. By imposing

that the charge current and the net energy entering the island through electron tunneling are

zero, we find that

T — T1,Rr + IR Ry,
Ry, + Rr ’

where Rp, and Rp are respectively the resistance of the left and right tunnel junctions.
Eq. (6.4), which is found performing a simple sequential tunneling calculation within lin-
ear response and in the two charge state approximation (valid for Ec > kgT), reduces to
Ty =T = (T1, + Tr)/2 in the present symmetric case where Ry, = Rg. We will thus initially
assume that 77 is given by the average lead temperature 7. However, as we will soon discuss
in detail, we find that this assumption gives quantitatively wrong results beyond the linear
response regime, leading us to the exploration of the impact of 11 on the thermovoltage.

(6.4)

6.3 Results

We focus on two data sets which represent two different regimes: linear response (Fig. 6.2),
i.e. when the modulus of the temperature difference AT = T, — TR is smaller than the average
lead temperature T = (T}, + Tr)/2, and non-linear response (Fig. 6.3). In both cases, using
the model detailed above, we could accurately reproduce the experimental data without any
free parameter. The system parameters Fo = 100 peV ~ kp x 1.16 K and Ry, = Ry =
26 kQ are independently extracted from charge current measurements. Figures 6.2 and 6.3a)
present the same qualitative behavior, namely a periodic oscillation of the thermovoltage
with the gate-induced charge ng and a linear dependence around degeneracy points, but they
exhibit different amplitudes (note that the sign of Viy, is opposite in the two cases since the
temperature biases are opposite).

We first analyze the linear response regime by choosing the set of data obtained when the
temperature of the leads is 7y, = 134 mK and Tg = 190 mK, such that |AT| < T. In Fig. 6.2
we compare the measured V;;, (blue dots) as a function of n, with different theoretical models.
The red thin curve represents the typical sawtooth behavior which is predicted within linear
response accounting only for sequential tunneling and two charge states. This is characterized
by a linear function of ng, crossing zero at the degeneracy points with slope EcAT/ T [70].
The other two curves (red dashed and green solid) are instead determined by computing Viy,
using Eq. (6.3) and assuming that 7} = T' [see Eq. (6.4)]. The red dashed curve, which only
accounts for sequential tunneling, shows a smoothened sawtooth behavior as a consequence of
including multiple charge states in the master equation and of a finite temperature. However,
both models based on sequential tunneling (thin and dashed red curves) approximately fit
the experimental data only near the degeneracy points (near half integer values of ng). In this
case, indeed, sequential tunneling is allowed and thus dominates over co-tunneling [83]. On
the other hand the green solid curve, computed including co-tunneling contributions, shows
a strong suppression of the thermovoltage as we move away from degeneracy points. The
excellent agreement between this model and the experimental measurements pinpoints the
critical dependence of the thermovoltage on inelastic co-tunneling processes.
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FIGURE 6.2: Experimental and theoretical thermovoltage as a function of ng. The red thin curve
represents the sawtooth behavior predicted with a sequential-tunneling calculation in linear response
and accounting for two charge states. The dashed red curve is found by solving Eq. (6.3) including
only sequential contributions, while the green curve includes also co-tunneling contributions. The
temperatures of the leads are 71, = 134 mK and Tr = 190 mK and, according to Eq. (6.4), we assume
that T =T.
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FIGURE 6.3: a) Experimental and theoretical thermovoltage as a function of ng. All theoretical
curves include co-tunneling. The red dashed-dotted curve corresponds to a linear response calculation
around T. The green dashed curve corresponds to a non-linear calculation where we fix T = T, while
the black curve corresponds to a non-linear calculation where T7, shown in b) as a function of n,, is
calculated solving the heat balance condition in Eq. (6.5) together with Eq. (6.3). The temperatures
of the leads are T1, = 342 mK and Tg = 63 mK.

We now move to the non-linear regime. In Fig. 6.3a) we show the measured thermovoltage
as a function of ng (blue dots) compared to theoretical calculations, all of which include co-
tunneling contributions. The lead temperatures are 71, = 342 mK and Ty = 63 mK, such
that |AT| > T. The red dashed-dotted curve is computed within the linear response regime
choosing the average lead temperature T as the characteristic temperature. More precisely,
we solve Eq. (6.3) setting 71 = T and choosing a small temperature difference of the leads
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0T around T to find the thermopower S = Vin/0T for 6T — 0. We then calculate the
thermovoltage as Vi, = S(T1, —Tr), where now 71, = 342 mK and Tr = 63 mK are the actual
lead temperatures. As we can see from Fig. 6.3a), this linear response model overestimates the
thermovoltage almost by a factor two. A non-linear calculation (green dashed curve) improves
the agreement with the experimental data. This calculation is performed by solving Eq. (6.3)
using the actual lead temperatures and, as before, we fix the island temperature at 7} = 7.
The difference between the red dashed-dotted and green dashed curves proves that we are
indeed in the non-linear response regime, and it shows that the main effect of the nonlinear
response is to decrease the amplitude of the thermovoltage. However, we still do not obtain
a good agreement with the experimental data.

We find that we can get a perfect agreement with the experimental data if we further
improve the model by determining also the island temperature 77 through a heat balance
equation, rather than fixing it at T. More precisely [see Fig. 6.1b)], we denote by Qiun the
heat current entering the island from sequential and co-tunneling events (see App. C.1 for
details) and by Qepn = XV(IP — T3) the heat current flowing from electrons in the island
to the phonons (we assume that the electronic temperature Tg in the bulky right electrode
is equal to the temperature of the phonons). V is the island volume and ¥ is the electron-
phonon coupling constant which only depends on the material. The temperature of the island
can thus be determined by the following heat balance equation

Qtun = Qel—ph- (6~5)

The values of the parameters entering Qc.pn that we use are determined independently:
V = 225 x 100 x 29 nm? is estimated from SEM images and ¥ is obtained from Ref. [167]
for this device (sample B). The value, ¥ = 2.8 WK~°m ™3 is close to the standard literature
value for copper [7] and in agreement with measurements of other samples fabricated using
the same Cu target.

The black curve in Fig. 6.3a) is thus determined by computing both V4, and 77 simul-
taneously by solving Eqgs. (6.3) and (6.5) without any free parameters for each value of ng.
As we can see, the non-linear model, complemented with the heat balance equation, is in
excellent agreement with the experimental measurements, demonstrating that 77 is indeed
an important parameter in the non-linear regime. Conversely we have verified that, using the
parameters of Fig. 6.2 which are within the linear response regime, Vi, only weakly depends
on the particular choice of T1 between 71, and Tg. In Fig. 6.3b) we plot the island temper-
ature 7f, as a function of ng over a single period, determined in the same calculation that
leads to the black curve in Fig. 6.3a). Remarkably, despite the very low phonon tempera-
ture (63 mK), the calculated 71 ~ 250 mK is much larger than the average lead temperature
T = 202.5 mK. This means that while the net charge current across the SET is zero, the heat
current due to electrons tunneling back and forth is overheating the island to a temperature
that is significantly larger than the average temperature, resulting in a further decrease of
the thermovoltage. This is another signature of the non-linear response of the system, as it
violates Eq. (6.4). We further find that the island temperature displays a weak ngy modulation
of approximately 10 mK, but this prediction cannot be confirmed in the present experiment.

Finally we discuss how the thermovoltage depends on T7. In Fig. 6.4 we plot V{}'**, the
maximum amplitude of Vi, computed by solving Eq. (6.3) at fixed lead temperatures 17, =
342 mK and Ty = 63 mK and varying 71 between the lead temperatures. The black solid lines
and the gray area point to the actual experimental value of V}'** and to the corresponding
computed 7} which differs from T [see black curves in Figs. 6.3a) and 6.3b)], while the
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FIGURE 6.4: The maximum amplitude of the thermovoltage V[1** is plotted as a function of the

island temperature, for Tg < 71 < T1,. The green dashed lines point to the values of V!** and Ty

found in the non-linear calculation at fixed Tt = T (see the green dashed curve of Fig. 6.3a) while
the black solid lines and the gray area refer to the non-linear calculation including the heat balance
equation (see the black solid curve of Fig. 6.3).

dashed green lines point to V{}** calculated setting 77 = T [see the green dashed curve in

Fig. 6.3a)]. We find that V}'®* strongly depends on the choice of 71 and that it increases
as 11 is lowered. Indeed, at 11 = Tr = 63 mK, the amplitude of the thermovoltage reaches
27 peV, twice the experimental value [see blue dots in Fig. 6.3a)]. Thus, by increasing the
energy exchange between the electrons and phonons in the island, for example by increasing
the island’s volume, we can lower the temperature of the island which in turn results in an
increase of V.

6.4 Summary

We performed measurements of thermovoltage in a metallic island tunnel coupled to normal
leads. Within the linear regime we nailed down the role of co-tunneling in determining
the thermovoltage. Within the non-linear response regime we explored temperature biases,
determined with on-chip thermometers, even larger than the average lead temperature. Using
a theoretical model which accounts for co-tunneling and non-linear effects, we found an
accurate agreement with the experimental data without any free parameters. In particular,
we found that the temperature of the metallic island becomes an important parameter which
must be determined by solving a heat balance equation for the island. Surprisingly, even if the
net charge current through the system is vanishing and the coupling to the leads is symmetric,
the metallic island overheats to a temperature larger than the average lead temperature. As
a consequence, the amplitude of the thermovoltage oscillations decreases.
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Absorption refrigerators based on Coulomb-coupled
single-electron systems

Absorption refrigerators, also known in literature as self-contained or autonomous refriger-
ators, are systems that extract heat from a cold thermal bath only by exploiting the inco-
herent interaction with other two thermal baths held at higher temperatures. No work is
provided to the system, i. e. cooling is achieved by heating. The exploration for solid state
implementations of absorption refrigerators has been recently attracting a considerable at-
tention [195-212]. The question of identifying the smallest absorption quantum refrigerators
was addressed by Linden et al. in Ref. [196], where systems such as two qubits, a qubit and
a qutrit, or a single qutrit were considered. It has been later shown that these “minimal”
systems can operate at Carnot efficiency[197, 198], and the role of quantum coherence and
entanglement has been addressed [201, 202, 205-207, 209]. Besides being of fundamental
interest in quantum thermodynamics, absorption refrigeration is also appealing for practi-
cal reasons: waste heat can be used to achieve cooling at the nanoscale without providing
work nor requiring any external control of the system. There are already few experimental
proposals[11, 199, 213-219], but the only experimental realization so far has been performed
with trapped ions [220]. In Ref. [11], in particular, it was pointed out that the very sim-
ple setup consisting of two capacitively-coupled quantum dots could act as an absorption
refrigerator, and the conditions under which its coefficient of performance (COP) can reach
Carnot’s limit were discussed (no entanglement or quantum coherence is required).

In this chapter, on one hand, we analyze in detail a setup consisting of two capacitively-
coupled quantum dots. More precisely, we derive the general conditions under which the
system operates as an absorption refrigerator, and determine the optimal system parameters
which simultaneously maximize the cooling power and the COP. We find that, under these
conditions, the system exhibits a particularly simple refrigeration COP, which can indeed
reach Carnot’s upper limit, and that the cooling power is directly proportional to a mea-
surable charge current [11], allowing for an indirect measurement of a heat flow (notice that
heat currents can be also measured directly in metallic islands (MIs), e. g. in Ref. [22]). Fur-
thermore, we analyze the system as an autonomous Maxwell demon [221-228], finding that it
can operate attaining the highest efficiencies for information creation and consumption, and
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FIGURE 7.1: Panel (a): schematic representation of the system. Panel (b): the Fermi distribution
of the leads (red upper left, gray upper right and blue lower left) is shown vertically. The black thick
lines represent the transition energies AU (ny) and AUs(nq) [Eq. (7.2)] that are measured with respect
to common chemical potential of the leads (black dashed line). Panel (c): sequence of system states
and electron transitions that provide cooling when conditions (7.7) and (7.8), represented by the red
crosses, are satisfied. The black horizontal lines represent the actual transition energies as determined
by the occupation of the other QD, while the grey horizontal lines represent the transition energies
when the other QD has opposite occupation. 6@, for a=L,R,C, represents the heat extracted from
reservoir o during the corresponding electron transition.

determining the expression that relate its COP to these efficiencies. Finally, we propose two
experimental realizations, based either on quantum dots (QDs) or metallic islands, which can
implement the non-trivial requirements for the system to behave as an absorption refrigera-
tor. We demonstrate that these systems, which closely resemble existing experimental setups
[22, 144, 145, 229-235], can attain an observable cooling power using realistic parameters.

7.1 Ideal setup

The system under investigation, depicted in Fig. 7.1(a), consists of two electronic reservoirs
[upper left (L) and upper right (R)] tunnel coupled to a QD, denoted by 1. A second
QD, 2, capacitively coupled to 1, is tunnel coupled to a third electronic reservoir (C). The
number of electrons occupying each Coulomb-blockaded QD can be controlled through a gate
of capacitance Cy; and applied voltage V;, with ¢ = 1,2. Reservoir L is kept at a higher
temperature, 71, = T+ AT, with respect to the other reservoirs which are kept at temperature
Tr =T and Tc =T — A'Ti. The heat current leaving reservoir @ = L,R,C is denoted by J,,
and the charge current flowing between reservoirs L and R is denoted by I. We describe the
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transport in the entire system using the Pauli master equation (see Chap. 2) in the sequential
tunneling limit. Although we expect higher order tunneling processes, such as co-tunneling,
to decrease the cooling power, these corrections are suppressed if the conductances of the
junctions are much smaller than the conductance quantum and temperature is not too small.
The electrostatic energy of the system is given by

U(ni,n2) = Ec1(n1 — ng1)? + Eca(ng — ng2)? + Er(ng — ng1)(n2 — nga), (7.1)

where n; (for i = 1,2) is the number of electrons in QD i, n,; = VgiCyi/e, and E¢; = €2/(2C;)
is its charging energy. C; is the capacitance of QD ¢ to its surroundings, and Ej is the inter-
system charging energy which is controlled by the capacitive coupling between the QDs. By
assuming that E¢; > kg1 and constraining the values of n,; to an appropriate range, we can
restrict our analysis to 4 charge states, described by ni,no = 0,1. The “transition energy”,
i.e. the energy necessary to add an electron to QD 1 (2), which also depends on the occupation
of QD 2 (1), is given by AUj(n2) = U(1,n2)—U(0,n2) [AUz(n1) = U(ni,1)—U(n1,0)]. Since
AU;(1) — AU;(0) = Ey, we can write

AUZ(TL) =0,k + (n - 1)EI, (7.2)
where
E
01 =1 — nas + —2L(1 — 2n41), (7.3)
Ey
E
Oy =1 —ng1 + —22(1 — 2n49), (7.4)
Ex

can be varied using the gate voltages. The transition energies are schematically represented
in Fig. 7.1(b) and 7.1(c) as black thick lines. Let FiI?/R(ng) [Fi‘}tR(ng)] be the rate of electrons
tunneling from (to) reservoir L/R to (from) QD 1, and let T'&(ny) [[@"(n1)] be the rate
of electrons tunneling from (to) reservoir C to (from) QD 2. Note that the tunneling rates
satisfy the detailed balance conditions [see Eq. (2.38)]

r2n) = expf [220)] b, (7.5)

where 01,(n) = dr(n) = AUi(n) and dc(n) = AUz(n). The currents can be calculated by
specifying the tunneling rates for each process and by determining the probability p, , for
the two QDs to have occupation numbers n; and ny (see App. D.1). We also use Eq. (7.5)
to express I'2(0) in terms of I'9%(0) and I'9"*(1) in terms of T'%(1). We emphasize, however,
that the results we present in the next section do not depend on the specific form of the
rates, as long as Eq. (7.5) is satisfied. Only a quantitative description of the cooling power
will explicitly depend on the rates.

7.2 Optimal rates for cooling power and COP

The COP of an absorption refrigerator is defined as
Jo

C:JL

(7.6)

where J;, > 0 is the input heat and Jo > 0, the cooling power, is the heat extracted from
reservoir C (their expressions are reported in App. D.1). Considering generic rates that are
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only constrained by satisfying the detailed balance condition [Eq. (7.5)], we find that the
cooling power is maximized, at fixed values of Efy, 1 and 65, when

rin(n) =o, (7.7)
gt(0) =0, (7.8)

and I'¢"(0), TiE(1), T2 (0), TR(1), are as large as possible (see App. D.2 for details). In this
situation [i. e. when Eqgs. (7.7) and (7.8) hold and when 6; > 1/2, see App. D.1 for details]
the condition for the positivity of Jc reduces to the simple inequality

1
0 >0 =1+ — 7.9
' ! neCe (7.9)
where n. = 1 — T/T1, and C. = Tc/(T — Tc). Remarkably, in this situation the COP is
also maximized (at least for ATc = 0), and takes a particularly simple (i. e. independent of

temperatures) form
1

61— 1’
that only depends on 6; (which is determined by both gate voltages Vi1 and Vy2). Note that
Eq. (7.9) implies that AU;(1) > 0 and AU;(0) > 0, i. e. both transition energies are above
the common chemical potential of the reservoirs', as shown in Fig. 7.1(b). This observation
holds also for generic rates that do not satisfy Eqgs. (7.7) and (7.8), see App. D.2 for details.
Eq. (7.10) implies that the input heat is always smaller than the cooling power for 6 < 2,
and C' is a decreasing function of ;. The COP C takes its maximum value when 6; = 67 [see
Eq. (7.9)], the smallest value of §; for which the system behaves as a refrigerator, giving

C= (7.10)

cmax) =g O, (7.11)

as expected for absorption refrigerators. Indeed, Eq. (7.11) states that C(m2X) can be inter-
preted as the combination of two two-terminal reversible machines each operating at Carnot’s
efficiency. The first one is a reversible Carnot heat engine that produces work by using the
temperature difference between reservoirs L and R, with . = 1 —T/T1,, while the second one
is a reversible Carnot refrigerator operating between reservoirs C and R that is powered by
the work of the heat engine, with C, = T /(T — T¢). C™) is the highest COP allowed by
the second principle of thermodynamics, as can be proven by imposing energy conservation
and zero entropy production, which read

JL + JR =+ JC = 0, (7.12)
J.  Jr  Jo

T T = 1
T e =0 (7.13)

Finally, when the COP is given by Eq. (7.11), we find that the cooling power vanishes.
Another remarkable consequence of conditions (7.7) and (7.8), also noted in Refs. [11, 116],
is that
Ex

Jo=—1. (7.14)

Since the coupling between the upper and lower systems Fj is a measurable system parameter,
Eq. (7.14) allows an indirect measurement of the cooling power simply by measuring the
charge current in the upper system.

1
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A simple picture of these results can be given using the energy scheme of Fig. 7.1(b)
and the conditions (7.7) and (7.8) [represented by red crosses in Fig. 7.1(c)]. The sequence
of electron transitions that leads to the removal of heat from reservoir C is shown in Fig.
7.1(c) and represented by blue arrows. For each step the heat exchanged in the corresponding
transition is indicated as 0Q), (for example, in the first step 0Q1, = AU;1(0) = (1 — 1)Ey is
the input heat provided by L and associated to an electron tunneling from L to QD 1, event
which can only occur when QD 2 is unoccupied). In one cycle, an electron is transferred from
L to R, and an amount 6Q%* = Ej of heat is extracted from C: this statement is equivalent
to Eq. (7.14). Moreover, we notice that an amount §Q'%' = (6; — 1)Ey of input heat is
provided by L. Computing the COP over one cycle as 6Q"/6Qi°" yields precisely Eq. (7.10).
Egs. (7.7) and (7.8) guarantee that the system can only evolve along the cycle represented
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FIGURE 7.2: The coefficient of performance, COP, [panel (a)] and the heat currents in units of
T'kpT [panels (b) and (c)] are plotted as a function of #;, when Egs. (7.7) and (7.8) are satisfied.
Panel (b) refers to AT = 0, while panel (c) refers to ATe = AT/5. The parameters are I'2'(0) =
(1) =Teu(0) =T (1) =T, 6 = 1, By = 6kgT and AT/T = 1/10. Since all rates are proportional
to I', the heat currents depend linearly on the rate, so the plots in panel (b) and (c) do not depend
on the value of I.
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in blue arrows in Fig. 7.1(c), or in the opposite direction, which leads to heating of reservoir
C. Cooling is obtained when the system evolution along the blue arrows prevails over the
opposite direction, and this happens when Eq. (7.9) is satisfied.

In Fig. 7.2 we plot the cooling power J¢ and input heat Ji,, as functions of 8y, for the case
ATc = 0 [panel (b)] and ATc = AT/5 [panel (c)] by imposing that Eqgs. (7.7) and (7.8) are
satisfied. The COP, given by a particularly simple law [Eq. (7.10)], is plotted in Fig. 7.2(a).
The gray region in Fig. 7.2(b) and 7.2(c) denotes the values of §; where the system does not
act as a refrigerator for reservoir C [according to Eq. (7.9), 67 = 1 for ATc =0 and 6] ~ 1.2
for ATc = AT/5 and AT/T = 1/10]. Fig. 7.2(b) shows that the cooling power is zero when
01 = 07 = 1 [where the COP diverges, see panel (a)] and it is maximum when 6; ~ 1.2, where
C = 5 [see panel (a)]. Fig. 7.2(c), relative to AT = AT/5, shows that both the maximum
cooling power and the corresponding COP decrease, with respect to the AT = 0 case, since
we are refrigerating a colder system. The value of the cooling power weakly depends on 6o
in the range between 0 and 1.

7.3 Experimental proposals

The experimental realization of the proposed absorption refrigerator relies on the ability of
implementing the crucial conditions (7.7) and (7.8). Such conditions could be, in principle,
implemented by properly engineering the tunneling barrier which couple QD 1 to its reser-
voirs, in order to obtain tunneling rates for QD 1 that depend on the occupation of QD 2. In
this section, we make use of an additional QD [116] to implement the crucial condition (7.7)
that is found to be sufficient for obtaining heat extraction.

In the setup, schematically pictured in Fig. 7.3, we introduce an additional QD (3),
tunnel-coupled to 1, and we require that its transition energy AUs is aligned with AU;(0)
[see Fig. 7.3(b)]. This way, the “energy filtering” effect of QD 3 is used to suppress I''(1) with
respect to I'?"(0). To perform a quantitative analysis, we study the dynamics of the system

—_—
Ju 1

Driving
System

FIGURE 7.3: Left: schematic representation of the system, where 1, 2 and 3 represents either QDs
or MIs. Right: representation of the transition energies in the case of the system with QDs. See
Fig. 7.1 for details.

of the three QDs altogether under the assumption that the coupling between QDs 1 and 3
is much weaker than the coupling between such QDs are their reservoirs. The electrostatic
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energy of the system [see Eq. (7.1) for two QDs| now takes the form

U(ni,na,n3) = Ec1(n1 —nz1)* + Eca(n2 — ng2)? + Ecg(ng — ng3)? + Er(ng — ng1)(n2 — nga),

(7.15)
where we have added the third term, relative to the additional QD (3). Analogously to the
two-QD case, we define AUj(na) = U(1,n2,n3) — U(0,n2,n3), AUz(n1) = U(ny,1,n3) —
U(n1,0,n3) and AUs = U(ny,ne,1) — U(ni,n2,0), which can be written as

AUl(nQ) = EI(«91 + ng — 1),
AUQ(nl) = EI(GQ +n1— 1), (7.16)
AU = Ey(6; — 1),

where we have defined the following 3 independent dimensionless parameters

01 = (1 — 2nm1)E01/EI +(1- nmg)
0y = (1 — 27L$2)E02/EI + (1 - nzl) (717)
03 = (1 — 2nz3)E03/EI + 1.

If we assume that each QD can be only singly-occupied, we can restrict our analysis to
the following 8 states: |0,0,0), 0,0,1), |0,1,0), |1,0,0), |1,0,1), |0,1,1), |1,1,0) and |1, 1,1),
where |nq,ng,ng) is the state associated to the set of occupation numbers (ni,n2,n3). The
probability p, for the system to be in the state |o) = |n1,n2,n3) is calculated by solving the
Pauli equation in the stationary case (see App. D.3 for details)

Do = Z (_Fau Pa + ua pu) > (718)

v

where Ty, is the rate for the transition from state |«) to state |v). The rates I'y, which
account for the transfer of electrons between a QD and a reservoir can be expressed as [31]

Fau = hilf}/)\f)\(AﬁaV)v (719)

where 7, is the coupling energy between the reservoir A = A(«, v) and a QD, where A = L, R,
C depends on the initial state |o) and final state |v). In Eq. (7.19), f(e) = [14e/*BT0)])~1 ig
the reservoir Fermi distribution function, while AU,,, = U(v) —U(«) is the transition energy,
where U(a) = U(ny,n2,n3) [see Eq. (7.15)] with the set of occupation numbers corresponding
to the state |a). The inter-dot transition rates, which account for the transfer of electrons
between QD 1 and 3 [namely, I'(g,0,1),(1,0,0) and T'(0,1,1,(1,1,0)]> are obtained using the procedure
outlined in App. D.3 under the assumption that the hopping element ¢ is much smaller than
the coupling energy between QDs and reservoirs [236—240].
The relevant heat currents can now be written as

JC,L = Z AUOA/ (Fall Pa — | P pu) ’ (720)

av

where the sum runs over the states specified in App. D.3. In Fig. 7.4 we plot the cooling
power Jg, as a function of 1, for realistic parameters and setting 63 = 0, in order to obtain
the resonant condition [i. e. AUs = AU;(0)] which approximately implements condition
(7.7). The solid black curve is relative to the case AT¢ = 0, while the dashed red curve
refers to ATc = AT/10. Fig. 7.4 shows that in both cases heat extraction is obtained
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FIGURE 7.4: Cooling power J¢, relative to the system containing three QDs and represented in
Fig. 7.3, under resonant condition [AUs = AU;(0)]. Jc is plotted as a function of 6y for the case
ATe = 0 (solid black curve) and the case ATc = AT/10 (dashed red curve), setting 03 = 1/2 and
imposing f3 = 0;. The parameters are of the order of the experimental ones reported in Ref. [234]
and read: E; = 0.72 meV, v, = vg = ¢ = 0.036 meV, t = 0.016 meV, and T = AT = 4.17 K.

and that Jo takes a maximum value of the order of 1072 pW. We notice that, as in the
ideal case, the cooling power is weakly dependent on 5 in the range between 0 and 1, and
that in this case J¢ is maximized for 62 ~ 1/2. Moreover, we check that when the difference
between AUz and AU (0) is not much larger than the coupling energies 71,/r /¢, the condition
03 = 01 is essentially fulfilled and the curves in Fig. 7.4 do not change appreciably. We have
demonstrated that the implementation of the crucial condition (7.7) alone is sufficient to
obtain heat extraction. Cooling power, as seen above, is expected to be maximal when the
additional condition (7.8) is also satisfied. This could be implemented by adding another
filtering QD in series with 1, between R and 1, and aligning its transition energy to AU;(1).
For experimental purposes, however, a simpler system is desirable, especially because the
transition energies of the different QDs need to be tuned by individual gates (not shown in
Fig. 7.3), operation that is further complicated by possible cross-couplings arising between
them.

7.3.1 Metallic islands

We will now explore the possibility of replacing the QDs in the setup depicted in Fig. 7.3 with
MIs. These are systems still characterized by a large charging energy but, as opposed to QDs,
they present a continuous distribution of energy levels (the level spacing is much smaller than
kpT) so that electrons within the island are thermalized and distributed according to the
Fermi distribution. Due to the absence of discrete levels, the sharp “filtering effect” discussed
above in the QD system and exploited to satisfy the crucial conditions (7.7) and (7.8) is not
possible. As we will show below, however, heat extraction can nonetheless be obtained in
the setup depicted in Fig. 7.3, where 1, 2 and 3 are now usual metals and reservoir R (grey
element) is superconducting. Our aim is to approximately satisfy Eq. (7.7) by properly tuning
the chemical potential of MI 3. Conversely, by exploiting the superconducting gap of reservoir
R, we aim at approximately satisfying Eq. (7.8) in order to suppress the electron transfer
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with energy near AU;(0). Unlike the case with QDs, here the detailed balance condition
[Eq. (7.5)] is not satisfied by the rates between islands at different temperatures. As we shall
see, however, this has only minor consequences.

The electrostatic energy of the system is equal to the one relative to the system of three
QDs, Eq. (7.15). Also in this case we assume that each MI can only be singly-occupied so
that our analysis can be restricted to the 8 states defined in the QD case. In the sequential
tunneling regime, the stationary probability p, that the system is in the state « is computed
by solving the master equation (7.18), where, unlike in the QDs case, the rate for the transition
from state a to state v is given by

Foa/ =

GQ;W / deNy(€) N, (€ — AUya) fa(€) [1 — fule— Azjm)} . (7.21)

Here, R, is the resistance of the tunneling barrier involved in the tunneling process, while
A = AMa,v) and p = p(a,v) identify the indices of the MIs or reservoirs involved in the
tunneling process. In Eq. (7.21), N, denote the normalized density of states, which takes the
value N, =1 for A = 1,2,3,,C, and

B €+ iy

, (7.22)

for the superconducting reservoir [241, 242]. Here 7 is a phenomenological inverse quasi-
particle lifetime, and A is the superconducting gap. As before, the heat currents Ji, and
Jo are defined as the heat currents extracted from reservoirs L and C, and are computed in
App. D .4.

In Fig. 7.5 the cooling power is plotted, using realistic parameters, as a function of 6y, for
ATe = 0 (solid black curve) and for AT = 5 mK (dashed red curve) and setting 63 = 1/2.
We assume that MIs 1 and 3 are at temperature T, while MI 2 is at temperature T — AT¢.
Aiming at implementing the condition (7.7), we place the electrochemical potential AUs half
way between AU;(0) and AU;(1), i. e. we set 63 = 61 + 1/2. In fact, this guarantees that
(if kT < Ey) the electron energy distribution in MI 3 is such that electron transfer to MI 1
is suppressed in the case where MI 2 is occupied. Note, however, that the opposite process
(electron transfer from 1 to 3) is not suppressed. Indeed, to obtain heat extraction we need to
further assume that electrode R is superconducting. Figure 7.5 shows that cooling is achieved
in both cases, ATc = 0 and ATc = 5 mK. In the former case, the maximum cooling power
is of the order 1072 fW, while in the latter heat extraction is still possible, but the maximum
cooling power decreases roughly by a factor 4. Interestingly, heat extraction occurs even
for ; < 1, contrary to the prediction of Eq. (7.9). This can be attributed to the fact that
the detailed balance condition (7.5) is not satisfied for the tunneling rates coupling MIs or
reservoirs having different temperatures. An amount of heat equal to J¢ is also extracted
from MI 2 (see App. D.4 for details). Naturally no heat is extracted when reservoir R is in
the normal state. We find that J¢ is maximized when 6y ~ 1/2 and 03 ~ 61 + 1/2, and that
its increase with AT is at most linear. Nevertheless, we wish to point out that there is no
simple condition to identify the optimal values of F1 and A. Yet by scaling all energies and
temperatures of a given factor, the cooling power scales as the square of such factor.
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Ficure 7.5: Cooling power, relative to the setup depicted in Fig. 7.3 for MlIs, as a function of
0 for two different values of AT¢, and setting 2 = 1/2 and 03 = 67 + 1/2. The parameters used
are experimentally relevant, see for example Refs. [22, 167], and read: Er = 25 peV, A = 35 ueV,
v =103 peV, T = 100 mK, AT = 200 mK and R,, = 10 kQ for all barriers.

7.4 Maxwell demon: mutual information flow

Recent experimental advancements have turned the intriguing MD thought experiment [243,
244] into real experiments, spurring a vast experimental and theoretical research. A pro-
found relation between information and thermodynamics was found [222, 245-250] and
various manifestation of MDs have been theoretically[221, 224, 226-228, 251-259] and
experimentally[22, 223, 225, 260-272] studied. In autonomous MDs, where the demon is
part of the analyzed system, cooling has been studied from various standpoints, but, as far as
we know, in all cases a voltage bias was used to “power” the demon. Conversely, our system
does not require work, but it can be viewed as an autonomous MD since there is no direct
heat transfer between the driving (D) and the cooled (C) system associated with electron
tunneling; the cooling effect can thus be interpreted as due to information transfer.

According to the theoretical framework developed in Ref. [222], one can write the following
inequalities

sy -1 >0, (7.23)
S +1 >0, (7.24)
where S](DT ) = —Ju/T1, — Jr/Tr and Sg) = —Jc /TC represent, respectively, the entropy

variation in the driving and cooled reservoirs, while Z (—Z) represents the variation of mutual
information between system D and C due to tunneling events in D (C). The system behaves
as a refrigerator, by extracting heat from reservoir C, when Sg) < 0, which implies Z > 0
in order to satisfy Eq. (7.24). We can thus interpret system D as a MD which acquires
information by monitoring system C. In turn, system C uses this information as a resource
to decrease its temperature. Eq. (7.24) shows that the cooling of reservoir C is bounded

by Sg) > —7, while Eq. (7.23) shows that reservoirs L and R are bound to dissipate at
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(

least SDT ) > 7. This observation motivates the definition of the following thermodynamic
efficiencies [222]

z S5
b=~ <1, ne = —4— <1, (7.25)
sy 7

where 7np represents the “information generation” efficiency, and nc the “information con-
sumption” efficiency. Notice that by definition 0 < np,nc < 1, and they are equal to 1 when,
respectively, Eqgs. (7.23) and (7.24) are strict equalities. While C is a quantity assigned to
the entire system, np and nc characterize the two subsystems, so that they can be viewed
as a refinement to C' [222]. By combining Eqs. (7.6), (7.12) and (7.25), the COP C can be
written in terms of the product npnc and of C. as

C = ¢(max) 'Ione . 7.26
1+ Cce(1 =npnc) (7.26)

This is consistent with the fact that, in general, np and 7n¢ individually provide more infor-
mation than C, which is directly related only to their product npnc. Using Eq. (7.26), we
notice that C' = €™ if and only if np = n¢ = 1. This implies that for §; = 07, where the
COP reaches Carnot’s limit [see Eq. (7.11)], we have that np = nc = 1.
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FIGURE 7.6: The efficiencies np and nc are plotted as a function of 6; starting from 6, = 67 for
the case ATc = AT/5. The parameters are the same as in Fig. 7.2(c).

In Fig. (7.6) we plot 77p and n¢ as a function of #;. As expected, when 61 = 07, np = nc =
1. For larger values of #; the efficiencies decrease, but they remain close to 1. In general,
finding high thermodynamic efficiencies in this model is not trivial [222, 226, 257, 272].

7.5 Summary

In this chapter, we studied several aspects of a minimal implementation of an absorption
refrigerator based on two Coulomb coupled single-electron systems [11]. We derived the
general condition to guarantee cooling by heating and we found the optimal rates that simul-
taneously maximize cooling power and coefficient of performance (COP). A simple relation
between cooling power and charge current is also found. Analyzing the system as an au-
tonomous Maxwell demon, we have shown that the efficiencies for information production
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and consumption can reach their upper bounds, and we have related the COP to these effi-
ciencies. Finally, we have put forward two experimental proposals, based on quantum dots
(QDs) and metallic islands (MIs). In both proposals we have introduce an additional QD
or MI that implements the non-trivial condition required to achieve cooling-by-heating. By
plugging in realistic parameters we have shown that these proposals, which resemble existing
experiments, yield observable heat currents [18, 42].



Heat rectification through a qubit

As discussed in the previous chapters, thermal transport in quantum devices has garnered vast
attention in the last decade motivated by the miniaturization of current electronic and thermal
devices. Improving thermal mangagement at the nanoscale became necessary to prevent
overheating of the electronic circuitry. In addition, research in this field is growing thanks to
recent advances in the experimental realization of nanoscale thermal devices [7, 17, 18, 273~
275]. An intriguing phenomenon which may arise in nanoscale devices is thermal rectication,
i. e. the asymmetric conduction of heat, whereby the heat flow in one direction is different
with respect to the heat flow in the opposite direction, see Fig. 8.1. Thermal rectification,
first observed experimentally by Starr in 1935 [276], has been studied in a variety of setups
since then, both theoretically[96, 277-296] and experimentally[19, 140, 297-299].

Thermal rectification is interesting both from a practical and from a fundamental point of
view. On the one hand, it can be used in a nanoscale device to evacuate heat from sensitive
areas, while preventing it from flowing back in. On the other hand, from a conceptual
point of view, it is interesting to understand what are the fundamental physical requirements
for a system to exhibit thermal rectification, and what are the strategies to maximize this
phenomenon. In this chapter we study thermal rectification through a qubit (S) coupled to
two thermal baths at different temperatures as schematically sketched in Fig. 8.1. In panel
(a) and panel (b), we depict the positive and negative bias cases. One bias condition is
obtained from the other by inverting the temperature of the baths.

In order to observe thermal rectification, the presence of inelastic scattering is necessary,
and the baths must be asymmetrically coupled to the system. In the absence of inelastic
scattering, the heat current flowing from the left (L) to the right (R) heat bath can be
described by the Landauer-Biittiker (LB) scattering approach [300, 301]

g = /_ ;OO %ef(e) e (e) — na ()], (8.1)

which is an energy integral of the transmission function ¥(e€), which does not depend on the
bath temperatures, multiplied by the difference of energy distributions n(€), for « = L, R.
In this situation, no rectification is possible, since Jig only changes sign (and not magnitude)
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Ficure 8.1: (a) and (b): Schematic representation of a central quantum system S (gray circle)
coupled to the two heat baths. The left and right baths are characterized respectively by the temper-
atures 11, and Tr. Panel (a) represents the positive bias case, i.e. Ty, = T+ AT/2 and Tr =T — AT/2
with AT > 0, while panel (b) represents the negative bias configuration where the sign of AT is re-
versed. In the presence of some asymmetry in the coupling to the baths (represented by the different
thickness of the dashed lines), the magnitude of the heat currents flowing through the device may
depend on the sign of AT, leading to thermal rectification. (c), (d) and (e): Schematic representation
of the transmission function, as a function of the energy e, for the positive and negative bias case.
Each panel corresponds to a different kind of variation of the transmission function which can realize
heat rectification.

upon exchange of the bath temperatures. Inelastic processes occur naturally in the presence
of non-linearities, for example induced by interactions, or by time dependent driving in the
Hamiltonian describing the system [302]. In the presence of interactions, at least when the
spectral density of the baths have identical energy dependence, one can formally express the
heat current analogous to the scattering theory with a “transmission function” which now
depends also on the temperatures of the baths [295, 303] [see Eq. (8.15)]. If, in addition, the
quantum system S is coupled asymmetrically to the two baths, thermal rectification can take
place.

Within this framework we can identify three possible ways the transmission probability
can change upon inverting the temperature bias (from positive to negative). As schematically
shown in Fig. 8.1, the transmission functions can change in height (c), position (d) and width
(e). The height shift is the main mechanism that allows rectification even in the weak coupling
regime, and it is present whenever one accounts for inelastic processes. The position shift
is caused by the real part of the self energy, known as Lamb shift, which accounts for the
renormalization of the system energy scales due to the system-bath coupling. Finally, the
width of the transmission probability may change when the system is strongly coupled to the
baths. In most cases we consider, the width and height shift occur together.

In the literature, thermal rectification has been studied in different nanoscale systems,
such as quantum dots [96, 287, 296], spin-boson models [279, 295], non-linear harmonic res-
onators [283], and hybrid quantum devices [284, 285, 289], to name a few. In most cases, the
weak coupling wide band approximation is used to study thermal rectification. It has been



8.1 MODEL 95

shown in Ref. [284] that asymmetric system-bath coupling and the presence of non-linearities
are sufficient conditions to observe thermal rectification. Studying the spin-boson model
[279, 295] and the non-linear harmonic resonator [283], it has been observed that thermal
rectification increases as a function of the temperature difference and as a function of the
asymmetry between the system-bath coupling strenghts. The spin-boson model has been
studied also beyond the weak coupling regime in Ref. [295] using non equilibrium Green’s
function, and an enhancement in thermal rectification was observed.

Although thermal rectification has been studied in various specific systems, strategies to
mazximize rectification remain unclear. Moreover, it is not known if there are any fundamental
bounds to the maximum rectification that can be obtained, and what is the impact of higher
order coherent processes on rectification. In this chapter, we address these issues studying
heat rectification across a qubit employing three different formalisms: (1) the master equation
(ME) taking cotunneling into account, (2) non-equilibrium Green’s functions (NEGF) and
(3) exact calculations based on Feynman-Vernon path integral approach in the qubit case.
Without assuming any specific model for the bath and system-bath Hamiltonian, we study
how to maximize rectification and we derive general upper bounds valid within the weak
coupling regime. Furthermore, we find that the rectification can be enhanced by exploiting
the temperature dependence of the Lamb-shift, together with gapped density of states in
the baths. We then perturbatively go beyond the weak coupling regime generalizing the
calculation of Ref. [295] by addressing general spin couplings between the system and the
baths, as well as the effect of the Lamb shift. Furthermore, employing the Feynman-Vernon
path integral approach, we are able to exactly study the strong coupling regime. Thanks
to these methods, we find that many bounds and limitations emerging in the weak coupling
regime can be overcome, and that rectification can be enhanced by higher order quantum
coherent processes. These violations provide clear and simple “strong coupling signatures”
which are experimentally observable.

The chapter is organized as follows. In Sec. 8.1 we present the model and in Sec. 8.2 we
define the rectification coefficient. In Sec. 8.3 we study the qubit case in the weak coupling
regime, while in Sec. 8.4 we study the qubit beyond the weak coupling regime. At last, in
Sec. 8.5 we provide a summary.

8.1 Model

We consider a qubit S arbitrarily coupled to two thermal baths denoted by L (left) and R
(right) [see Fig. 8.1 for a sketch]. As in Chap. 2, the total Hamiltonian is given by

Hio, = Hy, + Hr + Hs + Hs1, + Hs R, (8.2)

where H,, for « = L, R, is the Hamiltonian of bath «, Hg is the Hamiltonian of the system
S and Hg, describes the coupling between S and «. Each of these components - the baths,
the system, and the couplings - contribute in different ways to the thermal properties of the
device. We therefore describe each one in detail.

The baths are assumed to be “large” quantum systems which have a well defined tem-
perature T, and chemical potential p, in the fermionic case. We describe the baths as a
collection of non-interacting bosons or fermions. Since the baths are assumed to be “macro-
scopic” compared to S, even if interactions are present in the baths it is reasonable to assume
that a single particle description will hold by adopting a mean field approach. The parameters
of the baths are therefore to be regarded as “effective” and emerging from a quasi-particle
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description. The Hamiltonian of the bosonic (B) and fermionic (F) baths is given by

HC(XB) — Z €ak blkbak’ HéF) = Z €ak Clkcalﬁ (83)
k k

where b, and bLk (Car and clk) are respectively the destruction and creation bosonic
(fermionic) operators of an excitation with energy €, in bath a and quantum number k. The
operators satisfy the usual commution and anticommutation relations: [bak, bTO/ w) = 0,0/ O i/
[bak, bark] = 0, {Cak,CL,k,} = dq,a/ O,k and {Cak,Cariy} = 0, where [...,...] and {...,...}
denote, respectively, the commutator and anticommutator. Since the baths are at thermal

equilibrium, we assume the bosonic baths to be prepared in a thermal Gibbs state p(aB) =

e*HéB)/(kBTa)/ZéB), where Z) = Tr [e*HéB)/(kBTa)] is the partition function of bath «, while
we assume the fermionic bath to be prepared in the state p(aF) = e—(HéF)—#aNa)/(kBTa)/Z(g{F),
where Z((XF) = Tr [e_(H&F)_“aNa)/(kBTa)} is the grand partition function of bath a and

No =>4 clkcak is the particle number operator of bath «a.
The Hamiltonian of the qubit S is given by

Hg = —o,, (8.4)

where A is the energy spacing between the ground and excited state, and o, denotes a
Pauli matrix. Notice that any two-level Hamiltonian can be written as in Eq. (8.4) by
choosing an appropriate basis. Physically, in a bosonic system, the qubit may represent a
non-linear harmonic oscillator where the interaction is so strong that only the first two states
are energetically accessible. In a fermionic system, instead, the two states of the qubit may
represent the two states of a single levels QD: occupied, or unoccupied.

The coupling allows energy exchange between the baths and S. We can write the most
general system-bath interaction as

Hso=0"®By+0 @Bl +0,® B,., (8.5)

where B, is an arbitrary operator (not necessarily Hermitian) acting on the Hilbert space
of bath «, while B, is an Hermitian operator acting on the space of bath « (see App. E.1
for details). This expression can be derived by expanding the operators acting on the tensor
space of S and of the bath onto the product basis, and choosing the Pauli matrices and
the identity as basis of Hermitian operators acting on the qubit space. After deriving some
general properties, in this chapter we will explicitly consider the “linear coupling” and the
“non-linear coupling” cases, i.e.

Bc(xlin) = Z Vak Aok, (8.6)
k

B{ort®) =37 Vor dig (8.7)
k

respectively, where the operator d,; denotes b,; when the baths are bosonic, while d,x
denotes ¢, when the baths are fermionic. The coupling strength is determined by the real
coupling constants V,x. When assessing strong coupling effects, we will focus on the spin-
boson (sb) model, i.e. we will consider a bosonic bath coupled to the qubit via the following
interaction

Héfz) = Z ﬁa,io—i ® Z Vok (bak + bLk)7 (88)

1=T,Y,2 k
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where 7, = (sin 6, cos @q, sin O, sin ¢, cos b,) is a unit vector parameterized by the angles
0o and @g.

As we will see in the following, the system-bath interaction can be conveniently charac-
terized by the spectral density

'704(6) =2 Z ‘Vak‘gd(e - Gak)' (8'9)
k

Taking the continuum limit for the energy spacing of the baths, and assuming that the
coupling constants V,; only depend on the energy €.k, we can rewrite Eq. (8.9) as

Yal€) = QWDQ(E)\VQ(E)F, (8.10)

where D, (¢€) is the density of states of bath «, and V,(€q4k) = Vak. In the following, we will
consider generic spectral densities for the two baths. In some cases, explicitly mentioned in
the following, we will focus on bosonic baths with Ohmic spectral densities and an exponential
cut-off energy ¢, i.e.

Yol€) = TKyee™/C = K I(e), (8.11)

where K, is the dimensionless Ohmic coupling strength [304].

8.2 Heat current and rectification

We are interested in studying the steady-state heat current flowing across the device when a
temperature bias is imposed between the baths. Specifically, as depicted in Fig. 8.1, we fix
Ty, =T+ AT/2 and Ty = T — AT/2, where T is the average temperature. Since no work
is performed on the system (in the fermionic case, we consider no chemical potential bias),
the first principle of thermodynamics tell us that heat will flow from left to right if AT > 0
(positive bias case, see Fig. 8.1a), otherwise it will flow from right to left (negative bias case,
see Fig. 8.1b). Furthermore, since we consider steady state currents, the heat flowing out of
one bath is equal to the one flowing into the other bath. Therefore, for simplicity we define
the heat flowing out of the left lead as

J(AT) = —tlgnoo % (Hy) (t), (8.12)
where (...) (t) = Tr[p(t)...], p(t) being the density matrix representing the state of the total
system at time ¢. Notice that the time variation of the energy associated with the coupling
Hamiltonian vanishes in steady state [58].

As discussed in the introduction, it is possible to construct devices where the magnitude
of the heat current depends on the sign of the temperature bias. Specifically, if the left-right
symmetry is broken, the magnitude of the heat current |J(AT)| induced by a positive bias
may be different respect to |J(—AT)|, which is the heat current induced by a negative bias.
We therefore define the rectification coeflficient R as

_ AT - [J(=AT)|

R =17@n) 117 AT

(8.13)

for AT > 0. The definition is such that |R| < 1. Furthermore, R = 0 means that no
rectification takes place, while |R| = 1 means that we have perfect rectification (i.e. the
heat current is finite in one direction, and null in the other). Positive (negative) values of R
indicate that the heat flow is greater for positive (negative) temperature biases.
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Starting from the formal definition of the heat current given in Eq. (8.12), we can
simplify the calculation of the heat current using a standard procedure known as “bath
embedding”[41], which is valid whenever the operators of the bath appear linearly in Hg,.
This approach does not apply to the non-linear coupling case, Eq. (8.7), which will be treated
only in the weak coupling regime. Under such hypothesis, the formally exact Meir-Wingreen-
type formula [305] for the heat current can be written as [303, 306-309]

ﬂATy:i/;ﬁfTQGﬂ@gj@—G>@zﬁqL (8.14)
where the integration is performed over [0,4o00] ([—00,400]) for bosonic (fermionic) baths,
while the minus sign in front of the integral applies only in the QD case where both the
system and the baths are fermionic. G=(¢) is the Fourier transform of the lesser/greater
Green’s function of S in the presence of the baths, while E%(e) is the Fourier transform of
the lesser/greater embedded self energy induced by the left bath. The lesser and greater
embedded self energies can be determined from the Keldysh contour components 3, /(z, 2’) =
[ der/(27) Ya(€k)Gae, (2, 2'), where go.c, (2,2") = —i/h <7Z{dak(z)dlk(z’)}>0 is the free contour
Green function of bath «, 7. denoting the contour ordering. The only quantities which must
be determined in Eq. (8.14) are GS(e).

There is a typical situation in which Eq. (8.14) can be written as a simpler and more
transparent expression. Namely, if the spectral densities 7, (€) of the baths are proportional,
i.e. v(€) o< yr(€), we can write Eq. (8.14) as [40]

J(AT) = % €T (e, T,AT) [n(e) — nr(e)], (8.15)
where
— Ty YL(e) VR (€) >(e) — G<(e
T@ﬂAﬂT{%&HﬂM@W() G=(e)} (3.16)

and nq(€) denotes the energy distribution of bath a. Therefore, nq(e) = (e/(kpTa) — 1)~1
for bosonic baths, while n(e) = (el¢#e)/(k8Ta) 1 1)1 for fermionic baths. This formula was
used in Ref. [295] to study the spin-boson problem. The dependence of T (e, T, AT) on the
temperatures may arise from G=(¢), which are indeed correlation functions of S computed
in the presence of the baths. We notice that, in the absence of this temperature dependence,
the magnitude of the heat current would remain the same in the positive and negative bias
cases, and there would be no thermal rectification. Indeed, this is the case for non-interacting
systems, where Eq. (8.16) reduces to the well known scattering formula with a transmission
function that does not depend on the temperature of the baths [see Eq. (8.1)]. It is therefore
crucial to introduce a non-linearity in the local system or in the coupling Hamiltonian to
observe thermal rectification.

8.3 Weak coupling regime

In this section, we derive general properties and upper bounds to the rectification coefficient R
only assuming that the baths are weakly coupled to the qubit, see Chap. 2. The approximation
performed in this section allows us to consider height and position shift in the transmission
function (see Fig. 8.1), but it neglects any width shift. Indeed, in this regime the width of
the transmission function is the smallest energy scale, so it is infinitesimal. In the following
sections, we will be able to observe also the impact of width shifts performing calculations
beyond the weak-coupling regime.
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Neglecting for the moment the Lamb-shift (which we discuss in Sec. 8.3.4) we find that
(see App. E.2 for details)

R=— (8.17)

where
FL(A, Ty)TR(A, Te)  TL(A,To) + Tr(A, Th)

I'L(A, To)TrR(A, Ta)  TL(A,Th) + Tr(A,Ic)’

Lo(AT,) = TH(A,T,) + T, (A,T,) is the total dissipation rate induced by bath « and
Tuc = T £ AT/2 for AT > 0. T'[(A,Ty) [T, (A,Ty)] represents the rate with which
the qubit, being in the ground (excited) state, transits to the excited (ground) state by
exchanging energy with bath a (these are equivalent to the sequential rates introduced in
Chap. 2). Since bath « is prepared in a thermal state, these two rates are in general related by
the detailed balance condition I'} (A, T,,) = e~ /BT (A, T,,) [see App. E.3 for details].
The dissipation rate can then be calculated by evaluating

C =

(8.18)

1 [t »
T (A, Ty) = 7/ dt e/ (B, (1)BE(0)) (8.19)
h? ) o
where the expectation value is taken with respect to the equilibrium thermal state p, of the
bath, A is the energy spacing of the qubit [see Eq. (8.4)], and the operators B, (t) and BJ ()
are interaction picture operators (they evolve through H,), thus the coupling to the qubit is
neglected [see App. E.3 for a derivation of Eq. (8.19)].

We can now study R for any weakly coupled system using Egs. (8.17) and (8.19), which
are generally easy to compute (we will consider various models explicitly in the following
sections). Interestingly, as a consequence of the weak coupling assumption, the coupling term
0, ® Bq [see Eq. (8.5)] does not contribute to J(AT), therefore neither to R. Intuitively, this
is due to the fact that the heat current in the weak coupling regime is mediated by transitions
in S induced by the baths. Therefore, the heat current only depends on the population of
the qubit, which in turn is solely determined by the coupling terms proportional to o* and
o~ (see App. E.2 for more details).

The rest of the section is organized as follows: in Sec. 8.3.1, we derive general bounds
assuming that the baths are “similar” (this is a weak hypothesis; a proper definition will be
given). We then study the impact of linear and non-linear coupling to the baths. In Sec. 8.3.2
we show that rectification can be enhanced when the baths are not “similar”. In Sec. 8.3.3, we
study a generic spin coupling to the bath. At last, in Sec. 8.3.4 we show how the Lamb-shift
can be exploited to further enhance rectification.

8.3.1 Rectifying with “similar” system-bath coupling

In this section we assume that the left and right baths are “similar”, i.e. we assume that the
dissipation rate can be decomposed as

F(AaTa) = PYa(A)g(AaTa)v (8'20)

where v,(A) is the spectral density of bath «, given by Eq. (8.10), and g(A,T,) > 0 is an
arbitrary non-negative function. Equation (8.20) implies that the dissipation rates of the
two baths, as a function of temperature, are equal up to a prefactor. However, the rates
may have any dependence on the gap of the qubit through the spectral densities. Two baths
are similar whenever the coupling Hamiltonians relative to the two baths are distinct linear
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combinations of the same operators. For example, two bosonic baths, with distinct density of
states, both coupled to the system through a linear or non-linear coupling, are similar baths.
Let us define the “asymmetry coefficient” A as

(D) —1r(A)

A= , 8.21
SRENEEEY (&2
such that |A\| < 1. Using Eq. (8.20), we can cast Eq. (8.17) into the simple form
ATe) —g(AT
R =92 T0) = 9(A Th) (8.22)

Without specifying the precise model, we can derive the following general properties of R:

o If A >0, R is a decreasing function of g(A, Ty), and an increasing function of g(A, T¢)
(the monotonicity is inverted if A\ < 0). Therefore, if g(A, T") is monotonous with respect
to T, then R is monotonous with respect to AT.

e R is linear, therefore monotonous, with respect to .

e Given the first property, we can maximize the possible rectification by taking the limits
where g(A,Ty) and g(A,Tc) respectively tend to zero and infinity. This yields the
following bound

|R| < |A|. (8.23)

As a consequence, the maximum rectification is severely limited by the asymmetry ratio
A. As expected, for A = 0 we find that there is no rectification, and the only way to
obtain perfect rectification is to have a vanishingly small coupling to one bath.

o Given the second property, |R| is bounded by [(g(A,Tc) — g(A,Tu))/(9(A,Tc) +
g(A,Ty))|. We therefore have stronger rectification when g(A,T") has a strong temper-
ature dependence.

Linear system-bath tunnel couplings

In this section we study heat rectification through a qubit where the coupling to the baths
is linear, i.e. defined by Eq. (8.6). For fermionic baths weakly coupled to the qubit, we have
that (see App. E.4.1, for details)

g(A,T) = 1. (8.24)

Plugging this value into Eq. (8.22) shows us that no rectification is possible. This is indeed
expected, since a qubit coupled to fermionic reservoirs can be described by a non-interacting
fermionic Hamiltonian, where the Landauer-Biittiker formula can be used to compute the
heat current. Next, we consider bosonic baths. In this case, as shown in App. E.4.2, we have
that

g(A,T) = coth [A/(2kpT)], (8.25)

so rectification is possible. In particular, we find the following properties:

o g(A,T) is a monotonous increasing function of 7', thus A and R have opposite signs.
This means that more heat flows out of the weakly coupled lead.

» Since g(A,T) is a monotonous function of T', the rectification increases with AT
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o Since g(A,T) is never zero, but it diverges for T — oo, the bound in Eq. (8.23) is
saturated only in the limit of infinitely hot reservoir (Ty — o).

o It can be explicitly seen that |R)| is a decreasing function of the gap A, so it is maximum
in the limit A — 0. In this limit, we can expand the cotangent, finding the following

bound
Ty —Tc

Rl <\ .
IRl < Ty +1c

(8.26)

Bosonic baths with non-linear coupling

In this section we consider bosonic baths coupled non-linearly to the system as defined in
Eq. (8.7). As shown in App. E.4.3, this leads to !

g(A,T) = 1+ coth?[A/(4kgT)], (8.27)
and we find the following properties:

e g(A,T), as a function of T', has the same monotonicity as the bosonic case with linear
coupling, it only diverges for T — oo, and it is never zero. Therefore, it has the same
first 3 properties of section 8.3.1.

o Also in this case, g(A,T) is monotonous with respect to A, such that R is maximized
in the limit A — 0. Performing an expansion for small A, we find the following bound
Ti - T8
T2 +TE
Comparing with Eq. (8.26), we see that the non-linear coupling yields a higher rectifi-

cation. This can be explicitly verified by comparing the exact expressions of R using
Eq. (8.22).

[R[ <A (8.28)

8.3.2 Rectifying with “different” system-bath coupling

In this section, we check if relaxing the condition of Eq. (8.20) allows stronger rectification.
Equation (8.20) does not hold whenever the correlation function in Eq. (8.19) is “different
enough” for the two baths, and this may happen considering different bath Hamiltonians,
and/or different coupling Hamiltonians.

As an example, we take the two bosonic baths, but we consider two different coupling
Hamiltonians. We assume the left bath to be linearily coupled to the qubit (as in Sub-
sec. 8.3.1) and the right bath to be non-linearly coupled to the qubit (as in Subsec. 8.3.1)
and, as in the previous section, we define the quantity A = (y0,(A) —vr(A))/(7L(A) +vr(A)).
Plugging the respective rates for the left and the right lead into Eq. (8.17) yields an exact
expression for R which in the limit A — 0 is simply given by

Ty —Tc

Ty +Tc
regardless of \ [we assume that v,(A — 0) does not diverge]. Notably, a general property of
“similar baths” is that |R| < |A|, while here we have rectification even for A = 0, and it can
be made arbitrarily large simply by choosing larger and larger temperature differences. This
proves that, in general, different system-bath couplings can produce a higher rectification
coeflicient.

'In this case, we define the function g(A,T) through T'w (A, T) = v4(A/2)g(A, T)/2. This choice does not
influence the results presented.

(8.29)
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8.3.3 Arbitrary baths with different spin couplings to the system

In this section, we investigate what happens when the qubit is coupled to the baths through
the same arbitrary bath operators, but through different Pauli spin matrices. As an example,
we consider the coupling Hamiltonian given in Eq. (8.8) with Vi = VRg, although also non-
linear couplings can be treated on the same footing. As shown in App. E.4.4, this system
can be mapped into the “similar baths” case with an effective 7, (A) o sin?6,. Therefore,
all the properties derived in Sec. 8.3.1 hold in this case, where the asymmetry coefficient is
given by
sin? Oy, — sin® O

A= 8.30
sin? 6, + sin? O’ (8.30)

while the function g(A,T') depends on the bath and system-bath Hamiltonian [in the specific
case of Eq. (8.8), we have g(A,T) = coth[A/(2kpT)], see Eq. (8.25)]. Interestingly, the
rectification does not depend on the angle ¢,; as we will show, this property does not hold
beyond the weak coupling regime thanks to coherent transport effects. The only relevant
angle is ,, which is the angle between the coupling term and the qubit Hamiltonian (which
is proportional to o). Since the rectification is linear in A\, we find that the rectification is
maximum when 6y, is 0 and 6 is 7/2, or viceversa.

8.3.4 Rectification enhanced by the Lamb-Shift

Until now we have ignored the Lamb shift, i.e. the renormalization of the energy gap of the
qubit induced by the presence of the baths. The renormalization of the qubit gap depends
on both bath temperatures, thus it may influence the rectification properties of the device.
As we now show, this allows us to achieve rectification beyond the bounds derived in the
previous sections.

As shown in App. E.6, if the system-bath Hamiltonian does not contain terms proportional
to 0, (i.e. Ba: = 0), the Lamb shift Hamiltonian (which has to be summed to the “bare”
Hamiltonian Hg) takes the following form [27]:

His = [0AL(A, TL) + 6AR(A, Tr)] 0, (8.31)

where

1 oo T (€, T,
AL (6, Ty) = —79/ Mde’. (8.32)

2T J—o €e—¢
In Eq. (8.32), P indicates a Cauchy principal value integration. We recall that the A appear-
ing in Eq. (8.31) is the bare gap, neglecting the Lamb shift.

The renormalized gap is therefore given by

A(AT) = A + 6AL(A, T + AT/2) + SAR(A, T — AT/2), (8.33)

and it may change upon inverting the temperature bias (AT — —AT). In the presence of a
Lamb shift, R is still given by Eq. (8.17) provided that we replace A — A(AT).

In general, we notice that the renormalization terms JA,(A,T,) is of the same order
in the coupling strength as the rates I'y(¢,T,) (which are evaluated at leading order in the
coupling). Therefore, if the rates I', (€, T, ) are smooth functions of e, their variation due to
the Lamb shift will be beyond leading order in the coupling strength. Therefore, the effect
of the Lamb shift on rectification is negligible in the weak coupling regime when the spectral
density of the baths is a smooth function of the energy (on the A’y scale).
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FicUrRE 8.2: Upper panel: the bare gap A, the renormalized gap A(AT) in the positive bias

case and the renormalized gap A(—AT) in the negative bias case, as a function of the bare gap
A. The dashed gray line corresponds to the gap €y in the density of states of the baths, while the
region highlighted in gray shows where the renormalized gaps are respectively larger and smaller than
€o. Lower panel: the heat currents J(AT) and J(—AT). In the highlighted region we have perfect
rectification (up to higher order corrections in the coupling strength). The parameters are: Kr = 5K7,,
ec = (20/3) kT, o = (4/3) kgT and AT/T = 2/3.

However, the Lamb shift may become relevant for rectification whenever there is a strong
energy dependence in I',(€,T,), for example, if the density of states of the baths has a gap.
As we will show in detail in the following, even a small renormalization of the gap can have
a large impact on the current.

We consider two bosonic Ohmic baths with a cutoff frequency ec, but we add a gap in
the density of states between zero and a certain value 5. We thus have that

Tole, Tn) = % Ko 0(c — €) ee/C coth [¢/(2k5Ta)], (8.34)

where 6(¢€) is the Heaviside function which describes the gap in the density of states. In the
upper panel of Fig. 8.2 we show the bare gap A (black curve), the renormalized gap A(AT)
for the positive bias case (blue curve), and the renormalized gap A(—AT) for the negative
bias case (green curve), as a function of the bare gap A. As we can see, the renormalized
gaps are different in the positive and negative bias cases. In particular, in the highlighted
region A(—AT) is inside the gap, i.e. it is smaller than ¢y (dashed gray line), while A(AT)
is outside the gap; we therefore expect a finite heat current in the latter case, and a zero
heat current in the former. This is confirmed in the lower panel of Fig. 8.2 where J(AT)
and J(—AT) are plotted as a function of the bare gap. The heat currents are computed
using Eq. (E.7) with A — A(AT) to account for the Lamb shift. As we can see, within the
highlighted region we have perfect rectification. However, we expect that the inclusion of
higher order effects in the coupling strength (for example co-tunneling effects) will reduce the
rectification. Indeed, the perfect rectification visible in the gray region in the lower panel of
Fig. 8.2 is a consequence of the current J(—AT') being directly proportional to the density
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of states, therefore exactly zero for A(—AT ) < €o; on the other hand, higher order effects
create small yet finite currents even in this parameter range. Nonetheless, we have identified
a mechanism to enhance rectification exploiting the Lamb shift.

8.4 Beyond weak coupling regime

As we have seen, the weak coupling regime puts strong constraints on the rectification coeffi-
cient R. In this section, we show that some of these bounds can be overcome by going beyond
the weak coupling regime. This implies that coherent quantum effects - beyond “sequential
tunneling” - can be beneficial for rectification. From the point of view of the transmission
function, see Fig. 8.1, going beyond the weak coupling regime allows us to consider also width
shifts, which were neglected in the previous section.

We perform calculations beyond the weak coupling regime using three different tech-
niques. First, we include co-tunneling effects in the master equation (ME), which allows us
to intuitively interpret our results; next, we employ a perturbative approach based on non
equilibrium Green’s function (NEGF) theory which yields results beyond sequential and co-
tunneling effects. Finally, we perform an exact calculation employing the Feynman-Vernon
path integral approach.

For concreteness, we consider bosonic baths, and a general spin coupling to the baths
as defined in Eq. (8.8). We will then mainly consider two different couplings: the “XX
coupling”, where both left and right baths are coupled to the system through o,, i.e. 0, =
Or =7/2, ¢, =0, ¢r = 0, and the “YX coupling”, i.e. 0y, = g = /2, ¢, = 7/2, ¢r = 0.
Since the XX and YX couplings only differ by the angle ¢,, [see Eq. (8.8)], both cases display
identical rectification within the weak coupling regime (see Sec. 8.3.3). As we will see, this
property is violated beyond the weak coupling regime, signaling the effect of higher order
coherent quantum effects. We will also consider arbitrary spin coupling in the A — 0 limit.
This particular choice exhibits no current in the sequential tunneling limit. Hence, thermal
current and thermal rectification becomes solely due to higher order processes.

In the following, we describe the ME technique including co-tunneling in Sec. 8.4.1, the
NEGF method in Sec. 8.4.2, exact calculations based on Feynman-Vernon path integral
approach in Sec. 8.4.3 and we discuss the impact on rectification in Sec. 8.4.4. The results
for arbitrary spin coupling in the A — 0 limit will be presented in Sec. 8.4.5.

8.4.1 Master equation with co-tunneling

In this section we describe how to perform calculations beyond the weak coupling regime by
adding rates to the ME that arise from second order processes in the coupling Hamiltonian.
It can be shown that, both for the XX and YX couplings, only elastic cotunneling processes
contribute, i.e. only those processes that coherently transfer an excitation from one bath to
the other - via a virtual state - without changing the state of the qubit.
We find that the heat current, including co-tunneling effects, can be expressed as (see
App. E.7 for details)
J(AT) = J*°YAT) + J(AT), (8.35)

where J%4(AT) is the heat current expected in the weak coupling regime, given by Eq. (E.7),
and

soaTy = [ 2 o mie) | L
~Jo CILATTRLE A+e+in A—e+in

27h [nR(€) — nu(e)] (8.36)
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is the contribution due to co-tunneling, where 7 is an infinitesimal positive quantity, and
nq(€) is the Bose-Einstein distribution relative to bath «. The plus sign in Eq. (8.36) refers
to the XX coupling, while the minus sign to the YX coupling.

Crucially, since the temperatures only enter through the Bose-Einstein distributions,
JUAT) is an anti-symmetric function, i.e. J'(—AT) = —JY(AT). Therefore the con-
tribution of cotunneling to the heat current is the same both for the positive and negative
bias case. Mathematically, Eq. (8.36) diverges logarithmically in the limit n — 0T. The
co-tunneling rates can be “regularized” in a proper manner[32, 33, 83]. Assuming that the
qubit is in the ground state, the first term inside the square modulus of Eq. (8.36) arises
by virtually transferring an excitation from one bath to the qubit, and then from the qubit
to the other bath. The second term instead arises by virtually creating an excitation both
in one bath and in the qubit, and then by destroying an excitation in the qubit and in the
other bath. The different XX and YX couplings produce opposite interference effects between
these two processes. If we had neglected the “counter rotating” terms in Héfz) [Eq. (8.8)],
the second term inside the square modulus would have vanished and the co-tunneling rates
would have become the same in the XX and YX cases.

Exploiting the anti-symmetry of J°*(AT), the impact of co-tunneling on rectification can
be easily appreciated by plugging Eq. (8.35) into Eq. (8.13):

|[J9(AT)| — | J**4(-AT)|
|J5ed(AT)| + |Jsea(—AT)| + 2J (AT’

where we fix AT > 0. Notably, co-tunneling only appears at the denominator of
Eq. (8.37). In addition, the cotunneling contribution of Eq. (8.36) represents an elas-
tic process which would induce no rectification on its own. However, defining R**9 =
(|J9(AT)| — |J9(=AT)|)/(|J°UAT)| + | J3*9(—AT)|), we see that if J'(AT) < 0, then

|R| > [R*], (8.38)

whereas |R| < |R%9] if JY(AT) > 0. Therefore, co-tunneling can enhance rectification.
Interestingly, the co-tunneling contribution J'(AT) is usually negative when sequential
tunneling dominates. Indeed, the transmission function due to sequential tunneling is a
delta function peaked around resonant condition. The cotunneling contribution increases the
width of the transmission function giving it an effective bell shape (as shown in Fig. 8.1).
As we increase the width of the transmission function, we move the weight from the peak of
the transmission function to its tails. Therefore, where sequential dominates, co-tunneling
contribution decreases the heat low. On the other hand, if sequential tunneling is suppressed,
i.e. in the tails of the transmission function, co-tunneling increases the heat flow. Therefore,
we expect the following behavior: when sequential tunneling is dominant, we expect co-
tunneling to enhance rectification. Instead, when the currents are dominated by co-tunneling,
we expect the rectification to decrease in comparison to the weak-coupling predictions. This
qualitative argument is confirmed by the calculations performed in Sec. 8.4.4.

R=

(8.37)

8.4.2 Non-equilibrium Green’s function method

In this section we describe how to employ the NEGF method to compute heat currents beyond
the weak coupling limit. Since Green functions for spin operators cannot be expanded in
a perturbative series using Wick’s theorem, we first perform the following transformation
[310, 311]

1
Oq = _5 Z €abe Tb7c, (8'39)

be=x,y,z
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where €4 is the Levi-Civita symbol, and 7, denotes three Majorana fermion operators (they
satisfy the anticommutation relation {ng,m} = 0 for a # b, n2 = 1 and 1, = 7). The qubit
and coupling Hamiltonians [see Egs. (8.4) and (8.8)] therefore become (up to an irrelevant
additive constant)

A
Hy = =i ey,
. 8.40
HEY = — 25 g e © > Var(bar + 05y (540
S,a 9 a,a€abe TbT]c ak\Yak ak/)?
abc k

where the indices a, b and ¢ run over x, y and z in the sum. Notice that in this representation
the qubit Hamiltonian is still quadratic (therefore “free”), while HSZ) is the product of three
operators. Therefore, in the Majorana representation the system-bath coupling gives us the
non-linear term which, as we discussed, is necessary to observe rectification.

Assuming that the spectral densities of the two baths are proportional, the heat current is
given by Eq. (8.15) where T (¢,T, AT, in general, must be computed numerically. However,
we are able to find an analytic expression for the transmission function by solving the Dyson
equation for the Green’s functions with an expression for the self energy expanded to leading
order in the coupling Hamiltonian Hész) (see App. E.8 for details). In the XX coupling case,
this method leads to 7

4 A%y (e)yr(e)
(2 — 2¢ (SAL(e, T) + 6Ar(e, Tr)) — A2)% + £2(e)

Txx (e, T,AT) = (8.41)
where £(€) = €Y, Yal(€)(1+2n4(€)), and §A, (€, T), which describes the Lamb shift induced
by bath a, is defined in Eq. (8.32) with T'n(€',Ts) = va(€') coth [¢'/(2kpT,)] 2. Instead, in
the YX coupling case we find

_ A€ y1(e)yr(€)
Tyx (e, T,AT) = R TRy O (8.42)

where
X (e) = 2 (6AL(€) + 6AR(€))+(1 + 2n1(€)) (1 + 2nr(€)) y(€)yr(€) —40AL(€)0AR(€), (8.43)

and

V)= D (20Aa(e) =€) (1 + 2n5(e)) v(e). (8.44)

a,B=L,R
aB

This approach provides results which are more accurate with respect to the ME approach
(including co-tunneling contributions), since it contains higher order processes beyond sequen-
tial and cotunneling thanks to the implicit re-summation performed by solving the Dyson
equation.

8.4.3 Spin-boson model: Exact calculation

In this section we consider the XX coupling case. Under these conditions an exact formal
expression for the heat current Eq. (8.14) for general spectral densities of the two baths can

2In order to account for the counter-rotating terms in the coupling Hamiltonian, in the calculation of the
Lamb-shift the spectral density v, (€’) must be extended to negative values according to vya(—€') = —7va(€).
See App. E.8 for details.
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be derived within the Feynmann-Vernon path-integral approach to the spin-boson problem
[304]. Calculations are reported in App. E.9. When the spectral densities have the same
energy dependence, i.e. y,(€) < yr(€), the heat current takes the form of Eq. (8.15) with

ex) ’YL( )’VR( )
7;()( (e,T,AT) = 2W1m [x(e)], (8.45)

where x(e) is the Fourier transform of the qubit dynamical susceptibility in the presence of
the two baths, x(¢) = (i/h)O(t)([o(t), 0(0)]), given in Eq. (E.107).

We now focus on Ohmic spectral densities, defined as in Eq. (8.11). The dimensionless
Ohmic coupling strength K, enters the exact expression of the dynamical susceptibility in a
form which allows the path summation in analytic form when K+ K7, = 1/2, analogously to
the Toulouse point of the Ohmic spin boson problem [304, 312], see Eq. (E.111). We obtain

2A2

e —yt/2/ drP( )[e—y\t—T|/2_e—V|t+7’|/2}7 (8.46)

x(t) =

where v = 1A2?/(2hec) and

P( ) o H ( €C inh (W’T‘kBTa)>_2Ka (8 47)
T) = : FkBTaS B . .

We note that x(t) takes the same form of the spin-boson model at the Toulouse point with
the only differnce that the bath-induced (dipole or intra-blip, see App. E.9) interactions
involving the two baths enter P(7) in factorized form. Indeed, in the limit K7, = Ky = 1/4
and AT = 0 we recover the susceptibility of the Kondo problem at the Toulouse point. Under
these conditions the heat current trivially vanishes. In the following we will evaluate heat
rectification considering asymmetric couplings with the two baths under the“overal” strong
coupling condition K1, + Kr = 1/2. All possible heat transfer processes are exactly included.
To this end the heat current Eq. (8.15) with (8.46) is more conveniently written as

1 Ky Kgr +oo
J = G e m / dt (1) F(=1), (8.48)
where
F(—t) = (kgTg)*y® <1 + keTr (1 _ 6075)) — (kgTy)3p® (1 + kL <1 _ Ect))
€C h €C h
(8.49)

and 1)(?)(z) denotes the second derivative of the digamma function.

8.4.4 Rectification beyond the weak-coupling regime

In this section we show that various general properties and bounds derived in Sec. 8.3 can
be overcome, allowing the system to exibit stronger rectification than in the weak-coupling
regime. We will also be able to identify the effect of higher order coherent transport on
rectification. We will consider Ohmic spectral density, as in Eq. (8.11), for both baths.

In Fig. 8.3a we plot R as a function of Ki, in the XX and YX case comparing the
NEGF calculation, the ME calculation including cotunneling effects [ME(cot)] and the ME
calculation in the weak coupling regime [ME(seq)]. The coupling constant Kr = 0.005 and
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FIGURE 8.3: R, computed with the three methods described in the legend, as a function of K7, (a)
and as a function of the gap A (b) both for the XX and YX couplings; the ME(seq) case is the same
for both couplings. We denote with “NEGF” the calculations performed with the non-equilibrium
Green’s function method described in Sec. 8.4.2, with “ME(cot)” those performed with the master
equation which includes co-tunneling described in Sec. 8.4.1, and with “ME(seq)” the calculations
performed in the weak coupling limit as described in Sec. 8.3. We neglect the Lamb shift in this plot.
The inset in (a) shows the same points plotted as a function of A for A € [0.25,1]. In panel (a), the
parameters are Kg = 0.001, A = 0.8kgT, ¢c = 10kgT and AT /T = 8/5. In panel (b), the parameters
are K1, = 0.006, K = 0.03, e¢ = 10kgT and AT/T = 1.9.

the temperatures are fixed. First we notice that, for small values of Ki, i.e. in the weak
coupling limit, all three curves coincide, as expected. As Kj, increases, we notice that the
NEGF and ME(cot) curves nicely agree up to Ky, ~ 0.025, and then we see some deviations.
Next, we notice that the rectification using NEGF and ME(cot) method is different in the
XX and YX cases, whereas it is the same using the ME(seq) method. Indeed, in Sec. 8.3.3 we
showed that, in the weak coupling regime, rectification only depends on the angle between
the qubit (0,) and the coupling term. Higher order coherent processes, instead, are able to
distinguish these different couplings, as they produce different interference effects [see the +
in Eq. (8.36)]. Next, we notice that rectification is enhanced in the XX coupling case thanks
to higher order processes, while it is suppressed in the YX case (we will explain this behavior
describing Fig. 8.3b). In the inset of Fig. 8.3a we plot the same points as a function of the
asymmetry coefficient A = (K1, — Kr)/(K1,+ KR) [see Eq. (8.21)]. We recall that, in the weak
coupling regime, we proved that R is linear in A\ (see Sec. 8.3.1). Indeed, for small values of
A, the behavior is linear. Interestingly, the behaviour becomes non-linear for larger values of
A, which correspond to larger values of the coupling constant Ki,. This non-linearity is yet
another signature of higher order coherent processes.

In Fig. 8.3b we plot R, computed with the three methods described above, as a function
of A for fixed values of the temperatures and of the coupling constants. There are many
interesting facts to notice. First, the coupling constants are not very small, so the NEGF
and ME(cot) methods, which qualitatively agree with each other, provide visible corrections
to the ME(seq) calculations. As we noticed also in Fig. 8.3a, rectification is stronger in the
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FI1GURE 8.4: Comparison of thermal current and thermal rectification in the strong coupling regime
computed using the two methods described in the legend, as a function of qubit gap A. The NEGF
calculation includes the Lamb shift. The parameters are K1, = 0.01, Kgr = 0.49, ec = 100kgT and
AT/T =1.9.

XX case (blue curves), while it is weaker in the YX case (green curves) as compared to
the ME(seq) calculations for A < 2kgT. For A > 2kgT, all the methods predict similar
values of R. Interestingly, the value of R computed using the NEGF and ME(cot) methods
in the XX case shows a violation of the general weak-coupling bound of Eq. (8.23), i.e. we
find that |R| > |A\| = 0.67 (denoted with a horizontal magneta line in Fig. 8.3b) for small
values of A. On the other hand, in the YX coupling case we notice that coherent processes
decrease rectification. This different behavior is due to the following fact: the heat currents
computed in the ME(seq) case tend to zero as A/(kpT) — 0 (see App. E.2 for details).
In the XX case, the two terms inside the square modulus of Eq. (8.36) cancel each other,
hence also the co-tunneling contribution vanishes; however, in the YX case, it remains finite.
Therefore, in the A — 0 limit, sequential tunneling dominates over co-tunneling in the XX
case, thus enhancing rectification (as discussed in Sec. 8.4.1). On the contrary, in the YX
case co-tunneling dominates over sequential tunneling, thus suppressing rectification. This
observation justifies also the large deviation between the ME(seq) curve and the other ones
observed in the YX case for small A. At last, we notice that in the YX case, thanks to higher
order processes, the NEGF and ME(cot) are non-monotonous with respect to A (as discussed
in Sec. 8.3.1, R is monotonous in A in the weak coupling regime).

In Fig. 8.4 we plot the heat current (upper panel) and the rectification coefficient (lower
panel) as a function of the qubit gap A fixing all other parameters as described in the caption.
We compare the analytic results obtained in the XX case using the NEGF method including
the Lamb-shift (see Sec. 8.4.2) with the exact calculation obtained using the Feynman-Vernon
path integral approach (see Sec. 8.4.3). In doing so, we are constrained to fixing the coupling
strength as K1, + Kr = 1/2. We observe that the exact and NEGF calculations for the heat
current give quantitatively different results, i.e. the NEGF method tends to overestimate the
magnitude of the heat current for values of A/(kgT) < 10, while it underestimates the heat
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FI1GURE 8.5: Contour plot of J(AT), (a), and of R, (b), as a function of § and ¢. The parameters
are: ec = 80kpT, K, = Kg = 0.06 and AT/T =1.9.

current for larger values of A/(kgT). However, qualitatively there is a reasonable agreement
between the two calculations. This is in fact surprising: the NEGF approach is perturbative
in the coupling strength. Therefore, strictly speaking, it is valid only for K1, + Kgr < 1, while
Ky, + K = 1/2 (strong coupling regime). On the other hand, the rectification coefficient is
very different for small values of A/(kgT): the NEGF approach strongly overestimates the
rectification. However, this behavior is inverted upon increasing the qubit gap. Then, for
large enough values of A, the two methods predict a more similar rectification coefficient,
with the exact calculation predicting higher thermal rectification compared to the NEGF
calculations. At last, for even larger values of A, the rectification coefficient predicted by
both methods tends to 1, i.e. no rectification.

8.4.5 Rectification with arbitrary ¢ coupling

In this section we study the impact on rectification of more general couplings respect to
the XX and YX cases using the NEGF formalism previously described (see App. E.8 for
details about the calculation). We focus on the A/(kgT) — 0 limit where heat transport is
entirely due to higher order coherent processes. This is due to the fact that the heat current,
computed in the weak coupling regime, tends to zero as A/(kpT) — 0 (see App. E.2). We
therefore consider the coupling Hamiltonian, given in Eq. (8.8), with an arbitrary coupling to
the left bath, i.e. arbitrary 0, = 6 and ¢, = ¢, but with fixed o, coupling to the right lead,
i.e. O = 7/2 and ¢r = 0. The XX and YX cases, considered in the previous sections, can be
recovered respectively by setting § = w/2 and ¢ = 0, or § = /2 and ¢ = 7/2. Notice that,
by considering a coupling with 6 # 7/2, we are including also a o, coupling to the left lead.
We recall that, in the weak coupling regime, the o, coupling does not contribute to the heat
current. In order to isolate the impact on rectification of different spin couplings, we consider
the case of identical spectral densities for the two baths, i.e. 71,(€) = yr(€). Therefore, the
only asymmetry in the coupling, which can give rise to rectification, is given by the different
directions described by 71, and 7ig.



8.5 SUMMARY 111

In Fig. 8.5a we show a contour plot of the heat current J(AT), at fixed temperatures and
for equal Ohmic spectral densities [i.e. K1, = Kg, see Eq. (8.11)], as a function of the two
angles 6 and ¢ in the small gap limit, i.e. for A/(kgT) — 0. For simplicity, we neglected the
Lamb shift. Strikingly, the heat current is mazimum when the left lead is coupled through o,
i.e. for # = 0 (lower part of Fig. 8.5a). This is surprising for two reasons: first, in the weak
coupling limit the heat current at # = 0 would be null even for finite values of A, since o,
does not contribute to the heat currents; second, regardless of the coupling strength, a single
bath coupled to S through o, cannot transfer heat to the system, since the Hamiltonian of S
would commute with the total Hamiltonian (and thus it would be a conserved quantity). In
this case, the o, coupling would only produce dephasing in the qubit state. We can therefore
qualitatively describe transport in this regime as a direct transfer of heat from one bath to
the other. As 6 increases, and therefore as the o, component decreases, the heat current
decreases monotonously, to the point that it is null in the XX case (¢ = nm), while it remain
constant in the YX case (along ¢ = 7/2 + nn).

Interestingly, also the rectification coefficients roughly follows a similar trend, i.e. it is
maximum where also the heat currents are maximum. This can be seen in Fig. 8.5b, where
R is contour-plotted as a function of § and ¢ for the same parameters as in Fig. 8.5a. Indeed,
R is maximum for § = 0, i.e. when the left lead is coupled only through o,. As 6 increases,
R decreases monotonically along ¢ = nm, just as the heat current itself. However, it remain
constant along ¢ = 7/2 + nm, while for intermediate values of ¢ it displays a non-monotonic
behavior.

We can therefore conclude that the optimal operational points in the A/(kgT) — 0
limit are the YX and the ZX coupling cases. These couplings simultaneously maximize the
magnitude of the heat current and of the rectification coefficient. We emphasize that the
heat current, which is solely due to coherent quantum processes, behaves in the opposite way
respect to what would be expected from weak coupling calculations (the heat currents should
be zero both because A = 0 and because o, does not contribute to the heat current).

8.5 Summary

In this chapter, we studied thermal rectification across a qubit. First, we derived general
properties and bounds that emerge in the weak coupling regime. Then, employing various
techniques such as the non-equilibrium Green functions, the master equation including co-
tunneling rates, and an exact calculation based on Feynman-Vernon path integral approach,
we analyzed rectification beyond the weak coupling regime. We found that various weak-
coupling bounds can be violated, allowing the system to exhibit stronger rectification. Some
of these violations provide simple and clear signatures of coherent tunneling effects beyond
the weak coupling regime.
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Maximum power and corresponding efficiency for
two-level heat engines and refrigerators: optimality
of fast cycles

Two thermal baths in contact through a working fluid that can be externally driven represent
the prototypical setup that has been studied from the origin of thermodynamics up to our
days. The energy balance can be described in terms of three quantities: the work extracted
from the fluid and the heat exchanged with the hot/cold baths. The fundamental limitations
to the inter-conversion of heat into work stem from the concept of irreversibility and are
at the core of the second law of thermodynamics. A working medium in contact with two
baths at different temperatures is also significant from a practical point of view, since it
is the paradigm behind the following specific machines: the heat engine, the refrigerator
[11, 200, 313, 314], the thermal accelerator [315], and the heater [315].

Quantum thermodynamics [17, 20, 316] has emerged both as a field of fundamental
interest, and as a potential candidate to improve the performance of thermal machines
[18, 42, 124, 171, 201, 317-327]. The optimal performance of these systems has been dis-
cussed within several frameworks and operational assumptions, ranging from low-dissipation
and slow driving regimes[38, 57—60], to shortcuts to adiabaticity approaches [47-50], to en-
doreversible engines [328, 329]. Several techniques have been developed for the optimal control
of two-level systems for achieving a variety of goals: from optimizing the speed [330-332],
to generating efficient quantum gates [333, 334], to controlling dissipation [335, 336], and to
optimizing thermodynamic performances [51-56].

The aim of the present chapter is to find the optimal strategy to deliver maximum power
in all four previously mentioned machines. We perform this optimization in the simplest,
yet non trivial, model of a machine which, in the spirit of quantum thermodynamics, is
based on a two-level quantum system as working fluid. As opposed to current literature,
we explicitly carry out the power maximization without making any assumptions on the
operational regime, nor on the speed of the control parameters, nor on the specific coupling
between the working fluid and the bath. We find that, if the evolution of the working

113
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FIGURE 9.1: (a) Schematic representation of the setup. S (grey circle) is externally driven by
modulating the level spacing €(¢) and coupled with the hot bath H (red box) and the cold bath C
(blue box) at inverse temperatures Sy and Bc. Ju and Jc are the heat currents leaving the baths,
while I'y and T'¢ are the associated dissipation rates. Depending on the controls the system can
operates either as an heat engine (mode [E]), as a refrigerator (mode [R]), as a thermal accelerator
(mode [A]), or as a heater (mode [H]). (b) Representation of the optimal protocol that maximizes
the power in the limit dt — 0; and (c¢) power in mode [H] for finite values of dtI' normalized to the
maximum power. We assume a single bath coupled to S characterized by a dissipation rate I'(e) such
that I'(e) = I'(—e). In this case, the maximization in Eq. (9.8) yields €f; = —eg, and I' in (c) denotes
T(ef)-

medium is governed by a Markovian master equation [24, 25|, the optimal driving takes a
universal form: an infinitesimal Otto-cycle-like structure in which the control parameters
must be varied between two extremal values as fast as possible. This is our first main results,
described in Eq. (9.8). Surprisingly, the optimal solution is achieved in the “fast-driving”
regime, i.e. when the driving frequency is faster than the typical dissipation rate induced
by the baths, which has received little attention in literature [337-339]. Notice that the
qubit-based heat engine studied in Sec. 3.2.2 is operated in the oppositive regime, i.e. in the
infinetly slow regime.

By applying our optimal protocol to heat engines and refrigerators, we find new theoretical
bounds on the efficiency at maximum power (EMP). Many upper limits to the EMP, strictly
smaller than Carnot’s efficiency, have been derived in literature, such as the Curzon-Ahlborn
and Schmiedl-Seifert efficiencies. These are discussed in Sec. 3.2. In particular, the Schmiedl-
Seifert efficiency has been proven to be universal in cyclic Brownian heat engines [39] and
for any driven system operating in the slow-driving regime [38]. By studying the efficiency
of our system at the ultimate power, i.e. in the fast-driving regime, we prove that there
is no fundamental upper bound to the EMP. Indeed, we show that the Carnot efficiency is
reachable at mazimum power through a suitable engineering of the bath couplings. This
is our second main results, illustrated in Figs. 9.2b, 9.2c and 9.3. In view of experimental
implementations, we assess the impact of finite-time effects on our optimal protocol, finding
that the maximum power does not decrease much if the external driving is not much slower
than the typical dissipation rate induced by the baths [266, 274]. Furthermore, we apply our
optimal protocol to two experimentally accessible models, namely photonic baths coupled to
a qubit [18, 19, 27, 46, 340] and electronic leads coupled to a quantum dot [42, 112, 124, 266,
274, 341].
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9.1 Maximum power

The setup we consider consists of a two-level quantum system S with energy gap () that
can be externally modulated . As schematically shown in Fig. 9.1a, the system is placed in
thermal contact with two reservoirs, the hot bath H at inverse temperature Sy and the cold
bath C at inverse temperature ¢, respectively characterized by coupling constants Ay (t) and
Ac(t) that can be modulated in time. The system can operate in four different modes: 1)
the heat engine mode [E], where S is used to produce work by extracting heat from H while
donating it to C; ii) the refrigerator mode [R], where S is used to extract heat from C; iii)
the thermal accelerator mode [A], where S operates to move as much heat as possible to C;
iv) the heater mode [H|, where we simply use S to deliver as much heat as possible to both
H and C. Assuming cyclic modulation of the controls (i.e. of €(t), Au(t) and Ac(t)) we are
interested in maximizing the corresponding averaged output powers of each operating mode,
i.e. the quantities

Py = (Ju) + (Jo), Pry = {Jo),
Py =—(Jo), Py = —(Ju) — (Jo),

where Jy and Jo are the instantaneous heat fluxes entering the hot and cold reservoirs
respectively, and where the symbol (---) stands for temporal average over a modulation
cycle of the controls. To tackle the problem we adopt a Markovian Master Equation (MME)
approach [27], discussed in Chap. 2, namely we write
@ p(t) = —LHs(e(t), p(0)] + Y Dald], (9.2)
a=H,C

(9.1)

where p is the density matrix of the two-level system at time ¢, Hg(e(t)) := €(t)oo_ its local
Hamiltonian, and

Dal 1= 3 AT () (07 of - %{ajai, . (9.3)
=%

is the Gorini-Kossakowski-Sudarshan-Lindblad dissipator [24, 25] associated with the bath
a = H,C. We have denoted with o4 and o_ the raising and lowering operators of S. D,
is characterized by dissipation rates Fg:i)(e) and by the dimensionless coupling constant
Aa(t) € [0,1] that plays the role of a “switch” control parameter. It is worth noticing that,
since [Hg(e(t)), Hs(e(t'))] = 0, the MME we employ is valid also in the fast-driving regime,
provided that the correlation time of the bath is the smallest timescale in our problem [45].
Therefore, the fast-driving regime is characterized by a control frequency which is faster
than the typical dissipation rate, but slower than the inverse correlation time of the bath.
Furthermore, we assume that the Hamiltonain Hgs g, describing the system-bath interaction,
is such that its expectation value on the Gibbs state of the baths is zero (this is true, for
example, for tunnel-like Hamiltonians, where the number of creation/annihilation operators
of the bath entering Hg g is odd). Such assumption guarantees that no work is necessary to
switch on and off the coupling between the system and the baths.

Without assigning any specific value to the dissipation rates, we only require them to obey

the detailed balance equation r§" (e)/ F,(;)(e) — ¢~Pa€, This ensures that, at constant level

'Tn principle, one can consider a broader family of controls including the possibility of rotating the Hamil-
tonian eigenvectors; however there is evidence that such an additional freedom does not help in two-level
systems [54, 55]
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spacing ¢, the system S will evolve into a thermal Gibbs state characterized by an excitation
probability

5P () !

(€ +T5 ()  1Helee
when in contact only with heat bath a. For simplicity, we consider the system to be coupled
to one heat bath at the time, i.e. we assume that Ag(t) + Ac(t) = 1, and that A\, (¢) can take
the values 0 or 1. As we shall see in the following, this constraint, as well as the possibility
of controlling the coupling constants A, (), is not fundamental to derive our results, at least
for those cases where the effective dissipation rate

(@) (¢) .=
peq (6) T Fg;'_) (94)

Lo(e) :=T) (e) + T () (9.5)

of each bath is sufficiently peaked around distinct values. The instantaneous heat flux leaving
the thermal bath « can now be expressed as [46]

Ja(t) = Te[Hs(e(t)) Da [p()]] = —e(t)Aa()Tale®)(p(t) — pL[(2)]), (9.6)

where p(t) := tr[o;o_p(t)] is the probability of finding S in the excited state of Hg(e(t)) at
time ¢ which obeys the following differential equation

%p(t)z— Y- Aa®Tale®p(t) — P [e(®)]), (9.7)

a=H,C

according to the MME specified above. By explicit integration of (9.7) we can hence transform
all the terms in Eq. (9.1) into functionals of the controls which can then be optimized with
respect to all possible choices of the latter.

As shown in App. F.1, we find that the protocols which maximize the average power
of a fixed physical setup, i.e. at fixed dissipation rates, are cycles performed in the fast-
driving regime, i.e. when the driving frequency is faster than the typical dissipation rate.
More precisely, the optimal cycle is such that €(¢) instantaneously jumps between two values
eg and ec, see Fig. 9.1b, while being in contact, respectively, only with the hot and cold
bath for infinitesimal times 74 and 7¢ fulfilling the condition m4/7c = /T'c(ec)/Tu(en) 2
As in Otto cycles considered in literature (see the extensive literature on this topic, e.g.
[318, 320, 327, 342-344]), no heat is transferred during the jumps and no work is done while
the system is in contact with the baths. The resulting maximum power averaged over one
period can then be cast into the following compact expression (see App.F.2 for details)

Tr(em)Te(ec) (pa’ () — pla (ec))
[V] = max

(em,ec)€C <\/FH(6H) + \/FC(EC))2

where v = E,R,A,H and the quantity €[,; is given by €z = en — €c, €r] = —€c, €[a] = €C,
and €y = e€c —en. In Eq. (9.8) C is the range over which the energy gap e(t) of S
is allowed to be varied according to the possible technical limitations associated with the
specific implementation of the setup.

Equation (9.8), which stems from the optimality of the fast-driving regime, is the first
main result of the present work. We emphasize that, as opposed to current literature, our

plnax) _ e (9.8)

2This particular scaling has been found also in the optimization of endoreversible Carnot Heat engines
[317].
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closed expression for the maximum power holds for any dissipation rate function I'yy /¢ (¢€). In
the following we will apply our result to specific implementations which are relevant experi-
mentally and compute their associated efficiencies at maximum power. In particular we shall
consider the case of fermionic (F,) and bosonic (B,,) baths with associated effective rates of
the form

T (€) = kae™,  TEW(e) = kae™ coth (Bae/2), (9.9)

«

with n > 0 integer and with k, being a coupling strength constant. The fermionic rate
[the first of Eq. (9.9)] for instance can describe two electronic leads, with density of states
depending on n, tunnel coupled to a single-level quantum-dot [69, 169, 341]; the bosonic one
instead is applied in the study of two-level atoms in a dispersive quantum electromagnetic
cavity [345].

9.2 Heat engine mode [E]

It is common belief that the efficiency of a heat engine (work extracted over heat absorbed
from the hot bath H), driven at maximum power (EMP), should exhibit a finite gap with
respect to the Carnot efficiency 7. := 1—fy/Bc. Indeed, this is corroborated by various results
on EMP bounds, discussed in Sec. 3.2: the Curzon-Ahlborn EMP ncpa := 1—y/1 — 7. emerges
in various specific models[37, 39, 59], and it has been derived by general arguments from linear
irreversible thermodynamics [36], while the Schmiedl-Seifert EMP ngg := 7./(2 — 1) has
been proven to be universal for any driven system operating in the slow-driving regime [38].
However, the completely out-of-equilibrium and optimal cycles associated with the values of
P[(E?ax) reported in Eq. (9.8), do not fulfill such assumptions. As a matter of fact, by choosing
particular “energy filtering” dissipation rates I',(€) (instead of the regular ones given e.g. in
Eq. (9.9)), we can produce configurations which approach Carnot’s efficiency with arbitrary
precision while delivering maximum power, proving the lack of any fundamental bound to the
EMP. Before discussing this highly not trivial effect, it is worth analyzing the performances
associated with the baths models of Eq. (9.9).

We remind that the efficiency of an Otto cycle heat engine working between the internal
energies ec and ey is given by n = 1 — ec/eny. Accordingly, indicating with ej; and e, the
values of the gaps that lead to the maximum of the r.h.s term of Eq. (9.8), we write the EMP
of our scheme as

n(PE™) =1 et/dy = 1— (1 - ne) eBe/eibu (9.10)

In Fig. 9.2a we report the value of n(P[EEn]lax)) obtained from (9.10) for the rates of Eq. (9.9) for
n = 0,1. By a direct comparison with 17cs and 7sg, one notices that while the second is always
respected by our optimal protocol, the first is outperformed at least for the baths Fg and By,
confirming the findings of Refs. [54, 112, 169]. For small temperature differences between the
baths, the EMP can be expanded as a power series in 7. of the form ain. + agng +---. It has
been shown that a; = 1/2 is a universal property of low dissipation heat engines [38] and,
in this context, ag = 1/8 is associated with symmetric dissipation coefficients. As explicitly
discussed in App. F.3, we find that also our protocol delivers an efficiency at maximum power
with a first order expansion term a; = 1/2 and with a second order correction as = 1/8
achieved if we assume that the two leads are symmetric, i.e. I'y(e,5) = Ic(e, (), or if the
rates are constants.
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FIGURE 9.2: EMP for the heat engine mode [n(P(max)) of Eq. (9.10)], normalized to 7., as a function

(E]
of 7. (varied by fixing Sy and sweeping over f¢). (a) shows n(P[(};I]]aX)) for the fermionic models (Fy

and F1) and the bosonic models (B and By) of Eq. (9.9) together with the upper bounds ngg [39] and
nca [37). Notice that as 7. — 0 (small baths temperature difference), we have n(P[SE?aX)) ~n./2+n2/8
as expected. For . — 1, instead, the value of n(P[rE]aX) for the models F; and B; saturates to a finite
fraction of 7., while the Fg and By models reach Carnot efficiency. The Fermionic model displays a

slightly larger n(P[(En]lax)) than the corresponding bosonic model. In all models we consider symmetric

leads, i.e. kg = kc. Note that n(P[(Ff]lax)) does not depend on the value of k,. (b) and (c¢) show

n(P[%?ax)) computed using Lorentzian filtering rates I'y(en) = 702/(02 + (€0 — €4)?) with v, o and &,

positive constants (systems with multiple quantum-dots in series [346] e.g. exhibit such dependence).

In both panels we fix éc = 1. (b): we set ég = 2€c such that we expect to approach 7. at 7. = 1/2.

Indeed, as o decreases, n(P[(gfax)) /M. approaches one at 7. = 1/2. Conversely, the corresponding

maximum power decreases: in the inset, where P(P]:max) is plotted as a function of o for 7. = 1/2, we

see that the maximum power becomes vanishingly small for ¢ — 0. The power is normalized to the
its value for o = 0.15, where P[%Tax) = 0.0044 ’yﬁﬁl. (c): at fixed o = 0.01, we show that the EMP can
approach 7. at any bath temperature. We choose ég/éc = 1/0.65, 1/0.5 and 1/0.35, corresponding to
7. = 0.35, 0.5 and 0.65. Energies are expressed in units of 1/8y, and the EMP does not depend on +.

We now turn to the possibility of having n(P[%?aX)) arbitrarily close to n.. By a close

inspection of the second identity of Eq. (9.10) we notice that one can have 77(]3[%?”)) >~ N

for all those models where the maximum power (see Eq. (9.8)) is obtained for values of the
gaps fulfilling the condition €8¢ = €fyfu. Consider hence a scenario where the rates I'y(€q)
are such that the power is vanishingly small for all values of ¢, except for a windows of width
o around a given value €,, a configuration that can be used to eliminate the presence of the
activation controls A, (f) from the problem. Under the assumption of small enough o, we
expect the maximization in Eq. (9.8) to yield Scef, = Puejy when the inverse temperature
ratio is Bc/Pu ~ €n/éc, so that n(P[%TaX)) ~ 7. This is indeed evident from Fig. 9.2b

and 9.2c, where we report the value n(P[(];Ifax)) as a function of 7. (which represents the

temperature of the baths) for rates having a Lorentzian shape dependence: by decreasing o,
the EMP approaches Carnot’s efficiency at 7. := 1 —éc/ég = 1/2 (Fig. 9.2b), while by tuning
the position of the peak of the Lorentzian rates, the EMP can approach Carnot’s efficiency
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at any given bath temperature configuration 7, (Fig. 9.2c). We emphasize that even our
system with Lorentzian shaped rates would exhibit an EMP bounded by ngg if operated in
the slow-driving regime. The possibility of reaching Carnot’s efficiency at maximum power
is thus a characteristic which emerges thanks to the fast-driving regime. Conversely, as o
decreases and n(P[%TaX)) — 7, the corresponding maximum power tends to zero (see the inset

of Fig. 9.2b where the maximum power, at 7. = 1/2, is plotted as a function of o).

9.3 Refrigerator mode [R]

The efficiency of a refrigerator is quantified by the coefficient of performance (COP), i.e. the

ratio between the heat extracted from the cold bath and the work done on the system. For

an Otto-cylce the COP is given by C = ec/(en — €c) which, by replacing the values €, €
max

that lead to the maximum P[(R} ) of Eq. (9.8), yields an associated COP at maximum power
(CMP) equal to

% -1

€ BHEr
C(Prmax)y = cC - H/c.+1) -1 9.11

where C. := g L/(Bgt - Be 1) is the maximum COP dictated by the second law. Remarkably,
as in the heat engine case, we can produce configurations which approach C. with arbitrary
precision while delivering maximum power exploiting the same “energy filtering” dissipation
rates. Before discussing this effect we present some universal properties of the CMP and we
analyze the performance of the baths models of Eq. (9.9).

Assuming that the rates depend on the energy and on the temperature through the
product fe, i.e. To(€q) = Ta(Baca) (e.g. the models (9.9) satisfy this hypothesis for n = 0,
while they do not for n > 0), we find that the COP at maximum power reduces to the
universal family of curves

C(PR™) = CoCe/(1 + Co + Ce) , (9.12)

where Cg represents the COP when Sy = S¢. It thus follows that for these models the
knowledge of C(Prﬁfx) at a single bath temperature configuration identifies unambiguously
the COP for all other temperature differences. This feature is in contrast with the heat engine
mode since, under the same hypothesis, the EMP at arbitrary temperatures depends on the
details of the system.

Consider next the maximum power for the models described Eq. (9.9). We find that the
maximization in Eq. (9.8) yields €f; — +o0o (and a finite value of €(,), which implies

P[(}I{r]laX) — anC/Bg—Hl ’ C(P[rl:ré}aX) -0 7 (913)

where ¢, is a dimensionless number which only depends on n for n > 0, while it is a function
of ki /kc if n =0 (see App. F.4 for details). The fact that the corresponding COP is equal
to zero is a direct consequence of the divergent value of €fj: physically it means that the
maximum cooling power [which is finite, see Eq. (9.13)] is obtained by performing an infinite
work, thus by releasing an infinite amount of heat into the hot bath. In the more realistic
scenario where there are limitations on our control of the gaps, say |e,| < A, the resulting

value of P[(g]lax) will be smaller than in Eq. (9.13) but the associated COP will be non-zero

with a scaling that for large enough A goes as C(P[E]ax) x 1/(BcA) (see App. F 4 for details).
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FI1GURE 9.3: C (P[(Pir]lax)) as a function of C, (varied by fixing Sy and sweeping over f8¢), computed

using the same Lorentzian filtering rates discussed in Fig. 9.2. Fixing ¢ = 0.01 and é¢ = 1 as in
Fig. 9.2¢, we choose éx/éc = 7/5, 6/5 and 17/15, corresponding to bath temperature configurations
C. = 2.5, 5 and 7.5. Energies are expressed in units of 1/8y and the CMP does not depend on +.

Equation (9.13) shows that in all models the maximum cooling power only depends on the
temperature 1/5c of the cold lead as a simple power law, and it vanishes as 1/5c — 0.
Intuitively this makes sense since it is harder to refrigerate a colder bath and at 1/8c = 0
there is no energy to extract from the bath. Furthermore, for n > 0 the properties of the hot
bath (i.e. temperature and coupling constant) do not enter the P%nax) formula.

We now return to the possibility of having the CMP arbitrarily close to C.. As in the
heat engine case, from the second equality of Eq. (9.11) we see that, if the maximization in
Eq. (9.8) yields values of €f; and €, such that €f;8u =~ €5 5c, then C( [E]ax) ~ C.. Indeed, as
we can see in Fig. 9.3, we are able to have a CMP close to C. at any desired temperature
configuration C,, by considering appropriately tuned Lorentzian rates (described in Fig. 9.2).

9.4 Thermal accelerator [A] and heater [H] modes

For the physical models described in Eq. (9.9) it turns out that in order to maximize the heat
entering the cold bath, it is more convenient to release heat into both baths (Jg, Jo < 0),
rather than extracting heat from the hot bath H and releasing it into the cold bath (Jy >
0,Jc < 0). The thermal accelerator mode [A] thus appears to be useless if we are just
interested in maximizing the heat delivered to the cold bath. Accordingly, in the following
we shall focus on the heater [H] mode only with a single bath (or equivalently with two baths
at the same temperature). Assuming to have some physical limit |¢] < A on the way we can
control the gap, from Eq. (9.8) we find

P[H]_Q

(9.14)

(max) kEAnHL y tanh %, (Fn model),
1, (B, model),

where k is the coupling constant appearing in Eq. (9.9). Equation (9.14) shows that the
maximum power diverges as A — +00, the exponent of A depending on the density of states
associated with the rates. Interestingly, the maximum power that can be delivered to the
bath vanishes for high temperatures (BA < 1) in the fermionic models, while it is finite and
insensitive to temperature in the bosonic models. This is due to the peculiar rates of the
bosonic models which diverge for fe < 1. On the contrary, for low temperatures (SA > 1)

both models yield the same value of [(I;r]lax)
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9.5 Finite-time corrections

The derivation of our main equation (9.8) was obtained under the implicit assumption that
one could implement infinitesimal control cycles. Yet this hypothesis is not as crucial as
it may appear. Indeed the feasibility of an infinitesimal Otto cycle relies on the ability of
performing a very fast driving with respect to the typical time scales of the dynamics, a
regime that can be achieved in several experimental setups [266, 274]. Furthermore by taking
the square-wave protocol shown in Fig. 9.1b characterized by finite time intervals 711 and
¢ still fulfilling the ratio ti/7¢ = /T'c(ec)/Tu(en), we find that, at leading order in dt,

the maximum power P[E/I}nax) (dt) only different from the ideal value P[E/Tax) of Eq. (9.8) by

a quadratic correction, i.e. P[E,I]nax)(dt) ~ (1 - I:Hf‘cdtz/m)P[E,TaX), where Ty = (I'To)Y2,

I = T'ul'c/(vTH+vTc)?, and all rates are computed for ey and e that maximize Eq. (9.8).
Besides, even in the regime where I'ydt, Todt > 1, P[(VTaX) (dt) can be shown (see App. F.2 for

details) to only decrease as (Iydt/2)~! + (Tcdt/2)~!, implying that a considerable fraction
of P[E/Tax) can still be achieved also in this case (e.g. see Fig. 9.1c where we report the dt

dependence of P[(I%lax)(dt) in the heater mode). On the contrary deviations from Eq. (9.8)

due to finite time corrections in the quenches turns out to be more relevant. These last are
first order in the ration between the duration of the quench (now different from 0) and the
period of the protocol dt (see App. F.2 for details).

9.6 Summary

In this chapter we proved that a cycle switching between two extremal values in the fast-
driving regime achieves universally the maximum power and the maximum cooling rate (re-
spectively for a working medium operating as a heat engine or as a refrigerator), regardless
of the specific dissipation rates, and we found a general expression for the external control
during the cycle. The power advantage of modulating the control fields with rapid adia-
batic transformations has been observed in the literature [338, 343, 347] for some specific
model and this intuition is in agreement with our general results. We also found that the
first coefficient of the expansion in power of 7. of the EMP is universal while the second
one is linked to the symmetry of the dissipation coefficients. This chapter enlights that the
features mentioned above are valid also strongly out of equilibrium, while already proven in
low dissipation [341] and steady state [11] heat engines. If the bath spectral densities can
be suitably tailored through energy filters (as for instance in [346]) our protocol allows to
reach the Carnot bound at maximum power both operating as a heat engine or refrigerator,
although at the cost of a vanishing power. This observation proves the lack of universal upper
bounds to the efficiency at maximum power. Finally, we showed a new scaling for the COP
of a bath with flat spectral density and we established a clear dependence of the EMP and
the COP at maximum power on the spectral densities of the two thermal baths. The results
were discussed in detail for some specific models, from flat bosonic and fermionic baths to
environments with more complicated spectral densities, and finite driving speed effects were
analyzed.
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Maximum power heat engines and refrigerators in
the fast-driving regime

The most important thermal machines that can be constructed utilizing two or more thermal
baths are the heat engine and the refrigerator. As discussed in Chap. 3, these machines are
mainly characterized by two figures of merit: the efficiency (or coefficient of performance
COP for the refrigerator) and the extracted power (or cooling power). The optimal strategy
to maximize the efficiency (and the COP) was identified already in the 19" century, and
it is closely related to the second law of thermodynamics. As such it is characterized by a
universal strategy: infinitely slow transformations, known as reversible transformations, must
be performed [348]. On the other hand, the maximization of the extracted power or cooling
power requires finite-time thermodynamics, which relies on a microscopic model to describe
the evolution of the system. Therefore, the maximization of the power is usually regarded as
a model-specific task, thus lacking a universal characterization [46, 320, 324, 341].

Conversely, the last decade has witnessed tremendous advances in experimental techniques
which allow us to control quantum system and to operate them as thermodynamic machines
[11, 18, 42, 51-53, 55, 56, 124, 169, 171, 200, 201, 274, 317-327, 337-339, 349, 350]. We are
now at the point that it is possible to fabricate devices which behave as qubits or qutrits,
and couple them to thermal baths [17-19, 347, 351, 352]. Typical experimental platforms,
which range from trapped ions [12, 13], to electron spins associated with nitrogen-vacancy
centers [14], to circuit quantum electrodynamics [15], to single-electron transistors [16], are
all characterized by a set of “control parameters”, e.g. electric or magnetic fields, that
can be controlled in time by the experimentalist. The available control parameters may be
subject to constraints, and may only grant us a partial control over the system dynamics.
Given this framework, a fundamental question, which has not been tackled in general, is how
to optimally drive the control parameters as to maximize the power of periodically driven
classical or quantum thermal machines. This is the aim of the current chapter.

In general, this is a formidable task, as it requires us to solve the time-dependent dy-
namics of an open quantum system, coupled to thermal baths, and to perform a functional
optimization over all available control parameters. Within the slow-driving regime [38, 57—
60, 353], a universal strategy to maximize the power has been recently derived [354]. Beyond

123
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this regime, common strategies to improve the power extracted from a quantum engine rely
on performing fast and effectively adiabatic quantum operations through the Shortcut to
Adiabaticity technique [47-50] or using Floquet engineering [355, 356]. The variety of frame-
works considered in such analysis spans from the optimization of finite time Carnot cycles
[59, 354, 357, 358] to Otto engines [318, 320, 327, 342-344, 359, 360] to endoreversible models
[328, 329].

However within this mare magnum of frameworks and methods, in the context of systems
described by Markovian dynamics, recent evidence suggests that the optimal strategy to
extract maximum power may consist of varying the control parameters infinitely fast [39, 52,
55, 340, 361] (see also Chap. 9). This observation would imply a profound “duality” between
efficiency and power: both would be maximized according to two opposite universal strategies
(infinitely slow, or infinitely fast control speed).

In this chapter we discuss the optimization of thermal machines in the fast driving regime.
This last, characterized by driving time scales which are much faster than the thermal re-
laxation, is introduced and discussed in the context of Markovian dynamics, see Sec. 3.2.
Among all the possible control strategies and protocols, we provide a universal proof that the
power is optimized by “generalized Otto cycles”; i.e. by performing sudden variations of the
control parameters among a finite number of fixed values. We denote these sudden variations
as “quenches”. The generality of the proof is guaranteed by the fact that it holds for any
Hamiltonian describing the working fluid, the baths, and the coupling. Furthermore, it holds
regardless of the number of baths, and regardless of the specific form of the time dependent
dissipators in the Lindblad master equation, that can depend on an arbitrary number of
external controls subject to arbitrary constraints. In addition, it holds for the maximization
of any linear combination of the heat currents, which includes the extracted power of a heat
engine, the cooling power of a refrigerator, the dissipated heat by a heater, and so on.

The optimal protocol, i.e. the generalized Otto cycle, is characterized by L time intervals,
connected by quenches, in which the control parameters are held constant. We prove that,
in general, L < d?, where d is the dimension of the Hilbert space of the working fluid, while
L < d in the semi-classical case, when the Hamiltonian commutes with itself at different
times. Our general bound on the number of quenches also poses a strict constraint on the
number of thermal baths that are necessary to maximize the power.

In a large class of systems characterized by a “simple relaxation” model, we further prove
that two time intervals are sufficient, recovering the standard Otto cycle. In such cases,
assuming to have total control over the Hamiltonian of the working fluid, we are able to
explicitly identify the optimal shape of the control, which corresponds to producing highly-
degenerate many-body spectrum characterized by a single energy gap. On the one hand,
this allows us to prove that the generation of coherence is detrimental for the maximization
of the power. On the other, it allows us to compare the power of a heat engine and of a
refrigerator, driven in the optimal way, using n non-interacting (NI) qubits, or n interacting
(I) qubits. While the power of the NI qubits scales linearly in n, we find that the power in the
I case displays a super-linear transient regime, yet it asymptotically scales linearly for any
finite temperature difference AT. Interestingly, a heat engine in the I case operated at small
temperature differences can deliver a power which is linear in AT in the thermodynamic limit
of many qubits. On the other hand thermoelectric engines, slowly-driving arbitrary systems,
and the NI case are all universally characterized by a maximum power which, to leading
order, scales as AT?. Therefore, the ratio between the power in the I case and all these other
engines scales as 1/AT, signaling that there is a many-body advantage in the limit of small
temperature differences enabled by the fast driving regime. Instead, for a refrigerator, we
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find that the I case can at most deliver a power which is approximately 2.49 times larger than
the NI case in the thermodynamic limit. This implies that, as opposed to the heat engine
case, many-body working fluids do not provide a significant advantage in the construction of
refrigerators at maximum power. It may thus be more convenient to construct a refrigerator
based on many simple independent systems working in parallel.

We then apply our general results to a system characterized by a qutrit as working fluid.
We numerically show that while the standard Otto cycle is optimal for typical thermalization
models used to describe Bosonic and Fermionic baths, the generalized Otto cycle (character-
ized in this case by three quenches) outperforms the standard Otto cycle for a specific choice
of the dissipation. This implies that our bound is, in general, tight. Furthermore, as opposed
to the maximum efficiency, we show that the power can be enhanced by the presence of more
than two thermal baths at different temperatures. At last, we provide numerical evidence
supporting the hypothesis that the fast driving regime may indeed be optimal in this setup.

From an operational point of view, our results hugely simplify the numerical procedure of
finding optimal protocols. Indeed, instead of having to optimize over all possible protocols,
which are piece-wise continuous functions, using e.g. complex variational techniques [54],
we only have to optimize a function of a fixed number of variables which scales at most
quadratically with the dimensionality of the Hilbert space of the working fluid, linearly in
the semi-classical case, and remains constant in a large class of models characterized by
“simple relaxation”.

In Sec. 10.1 we describe and characterize a thermal machine composed of a quantum
system, denoted as the “working fluid”, coupled to an arbitrary number of Markovian thermal
baths. In Sec. 10.2 we introduce and characterize the fast driving regime for periodically
driven systems. In Sec. 10.2.1 we prove the optimality of the generalized Otto cycle and we
derive bounds on the number of time intervals. In Sec. 10.3 we restrict our analysis to a
class of systems characterized by a “simple relaxation” model. Under this hypothesis, tighter
bounds on the number of quenches can be obtained and, assuming total control over the
working fluid, the full optimization of the power can be carried out. Using these results, we
compare the performance of many non-interacting and interacting qubits optimally driven.
In Sec. 10.4 we apply our general results to a thermal machine composed of a qutrit as
working fluid. We numerically compute the optimal protocol for various dissipation models
and we find that, for particular values of the dissipators, the maximum power is achieved
by coupling the qutrit alternatively to three baths at different temperature. This protocol is
shown to outperform the standard Otto cycle. In sec. 10.5 we provide a summary.

10.1 The model

As schematically depicted in Fig. 10.1, we consider a d-dimensional quantum system S (the
working medium or working fluid of the model) that is weakly coupled to N thermal baths
characterized by inverse temperatures 3, for « = 1,..., N. We assume S to be externally
controlled through a set of time-dependent control parameters collectively represented by a
real vector function

@(t): [0,7] = D C RM, (10.1)

where 7 is the total duration of the driving, and D represents the set of the allowed values
the controls can assume, accounting for possible experimental constraints. In the following,
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we denote the function (t) as the protocol or the driving. In our analysis (t) acts as a
modulator both for the local Hamiltonian of the system Hy) (denoted with Hg in the rest of
this thesis) as well as for the interactions with the thermal baths which, adopting the Gorini-
Kossakowski-Sudarshan-Lindblad (GKSL) formalism [24, 25] (see Chap. 2), we describe in
terms of the super-operator dissipators D, ). We hence assign the temporal evolution of
the system in terms of the following Master Equation (ME) for the reduced density matrix
p(t) of S,

0up() = Loty [o(0)] = — [Hag 0 ]+2Dau<t ®)], (10.2)

where Ly is the (time-dependent) quantum Liouvillian generator of the dynamics. In this
chapter, we consider dissipators D,, ;) which may have an arbitrary functional dependence
upon i(t) . We note that, through this dependence, we can include the possibility of deciding
which bath is coupled to S at any given time. If only bath « is coupled to S, and if we fix
the control parameters u(t) = @, we expect S to thermalize by evolving towards the Gibbs
density operator

P = exp[—BaHal [ Zasa | (10.3)

Zoi = Trlexp[—BoHyg]] being the partition function. We frame this physical statement
in mathematical terms by requiring all the dissipators D, ; to be irreducible and adjoint-
stable [29, 362], two conditions which, as we discuss in Appendix G.1, are typically satisfied

IThis is a quite weak assumption: indeed, in general, the dissipators only depend on the instantaneous
values of #(t) whenever the Hamiltonian commutes with itself at different times, or whenever the driving is
sufficiently slow as to guarantee the validity of the quantum adiabatic theorem is the absence of the baths
[43-45], i.e. hii < AFE, where AFE is the smallest gap in S, and the “dot” denotes the time derivative.
This hypothesis is not in contrast with what we denote as the fast driving regime. Indeed, the fast driving
regime requires the driving to be faster than the typical thermalization scale. While the thermalization scale
is inversely proportional to the system-bath coupling, and thus can be made arbitrarily big in the weak
coupling regime, the validity of the adiabatic theorem does not depend on the system-bath coupling strength.
Incidentally, we notice that the generalized Otto cycle always respects this last hypothesis, since there is no
driving while the system is coupled to the bath.



10.1 THE MODEL 127

by non-pathological dissipators.
The instantaneous heat flux flowing out of bath « can then be computed as [46]

Ja(t) = Tr [Ha(y Doy [0(2)] - (10.4)

Exploiting a projection technique, we can replace the dynamical generator Ly, with
the superoperator Gy, which has the important property of being invertible on the (d? —1)-
dimensional linear subspace of traceless linear operators Eg acting on S. Specifically, Eq. (10.2)
can be rewritten in the more convenient form

Op(t) = Gawy [Pt — 5(1)] (10.5)

where pq(;(g is the (unique) fixed points of L) and where, for all density matrices p of S, we
define

p=p—1/d, (10.6)

its traceless component.
We are interested in performing thermodynamic cycles, i.e. in performing a periodic
driving (t), with period T', such that the variation of internal energy

U(t) = Tr[Hz)p(t)] (10.7)

of the working fluid is zero after each cycle. In this regime, the first law of thermodynamics
guarantees us that all the work extracted from the system is only provided by the heat baths,
and not by some particular state preparation of S. As we see from Eq. (10.7), the periodicity
of U(t) requires both (¢) and p(t) to be periodic functions. In general, p(t) is not a periodic
function. However, using the fact that the dissipators D, ;) are irreducible and adjoint-
stable, the Lindblad master equation enjoys the following property (a proof is provided by
Theorem 2 of Ref. [29]): if w@(t) is a T-periodic function, then the solution of Eq. (10.2)
asymptotically converges toward a “limiting cycle” solution p%c) (t), which is independent of
the initial condition of the system, and which is periodic with the same period T of the
controls, i.e. p%‘? (t+T)= p%? (t) for all ¢ (the name “limiting cycle” follows from the fact
that S naturally approaches it when we repeat the periodic protocol “many times” [363]). The
subscript in p%c]) (t) emphasizes that the limiting cycle is a functional of the whole protocol,
i.e. it depends on the control parameters along the whole cycle. In this asymptotic regime,
the internal energy U(t) becomes a periodic function, providing us with a thermodynamic
cycle. From now on, we therefore focus solely on this regime.

We now wish to identify the optimal choice of @(t) that allows us to maximize the extracted
power from a heat engine, or the cooling power of a refrigerator, averaged over a cycle. Both
these quantities can be expressed as linear combinations of time integrals of the currents,
defined in Eq. (10.4). Therefore, given an arbitrary collection ¢, of real coefficients, we define

the Generalized Average Power (GAP), which is a functional of the whole protocol, as

1 N T 1 T
P.[u] = T Z/o cada(t) dt = T/o Tr
a=1

For instance, if we choose ¢, = 1 for all o, Eq. (10.8) represents the average of the total
extracted heat flux, which coincides with the average extracted power for periodically driven
heat engines; if instead ¢, = 04, N, With a = N labelling the coldest bath and d representing
the Kronecker delta, Eq. (10.8) represents the average cooling power, which measures the
performance of a refrigerator; if ¢, = —1 for all a,, Eq. (10.8) represents the average dissipated
heat flux, which measures the performance of a heater, and so on.

Hz) Y caDa g [Pﬁ;ﬁ) (t)H dt. (10.8)
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10.2 Fast driving regime

Finding the optimal value of «(f) that maximize the functional (10.8) is, in general, a
formidable task. Nonetheless, as we shall see, an explicit solution to the problem can be
obtained when studying the performance in the fast driving regime. This is characterized
by driving the system with a protocol @(t) whose period T is much shorter than the typical
relaxation times induced by the baths. Therefore, we may expect that the limiting cycle state
of S “does not have time” to thermalize with the bath, so it might actually converge to a
fixed, time-independent out-of-equilibrium state. This is precisely what happens.

More specifically, let us denote with 7z the typical rate which characterizes the ME (10.5)
(see App. G.2.2 for a formal definition of 7). Formally, we can expand p%c]) (t) in a power

series in 77T < 1. As we prove in App. G.2.2, it turns out that the leading order term pfg])

is indeed time-independent. Furthermore, its traceless component (10.6) is determined by

—1
50 = ~(eq)
Pl = ( /fm gﬂ(t)dt> l . Gir(e) a1 dt] : (10.9)

where I[i] denotes the time interval of one cycle of duration T'. The invertibility of [, I Gidt
is guaranteed by the assumption that the dissipators are irreducible and adjoint-stable (see
App. G.1 for details). Using the approximation p[(fﬂl) (t) ~ pfg]), we can write the GAP in
Eq. (10.8) in the fast driving regime as

~ 1
Pc[’u,} = T /[H Tr [Hﬁ(t) ZCaDa,ﬁ(t) [pfg])ﬂ dt, (10.10)

which is guaranteed to be valid up to linear corrections in the expansion parameter 77’
(however, it should be stressed that, by direct evaluation, the GAP of the optimal protocol
turns out to be valid up to second order corrections in 777" in two level systems [52, 361]
and in the qutrit case studied in Sec. 10.4).

Equations (10.9) and (10.10) are the main starting point of our analysis: they allow us to
express the GAP as an explicit functional of the protocol 4(t) without requiring us to solve
the ME. This procedure is somewhat analogous to what happens in the opposite regime, the
slow driving, in which the time scales of the driving are much slower than the dissipative
dynamics induced by the baths. Optimal protocols for maximizing GAPs in this regime have
been extensively discussed [59, 354, 364, 365]. The reasoning above shows that, by exploiting
the concept of time scale separation, we can simplify the characterization of the GAP in
thermal machines. Dealing with the dynamics of p(¢) in intermediate regimes is in general
more difficult, and this can be tackled, for instance, using the Pontryagin minimum principle
technique [52, 56, 366].

10.2.1 Optimality of sudden quenches

Instead of performing a direct constrained functional optimization of the GAP [see
Eq. (10.10)] with respect to 4(t), we will employ an iterative procedure that eventually leads
to the identification of the “generalized Otto cycle” as the optimal one. The main idea of
the proof is the following: given any assigned periodic protocol which respects the constraint

u(t) : [0,T] — D, we prove that it is possible to “cut away" parts of it to build a new, shorter,
cycle which delivers a higher or equal GAP than the starting one. By reiterating this process
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FIGURE 10.2: Schematic representation of the cut-and-choose procedure for M = 1. Upper panel:
representation of an arbitrary protocol (t) defined on the time interval Ijz of duration T'. Central
panel: we partition Ijz into two disjoing subsets I4 and Iz. Lowe panel: we define two new sub-
protocols w4 (t) and @p(t) by restricting @(t) respectively to I4 and Ip. This process may introduce
discontinuities in the controls, denoted as quenches.

over and over, we end up with the generalized Otto cycle. We therefore denote this procedure
as cut-and-choose.

In order to detail the cut-and-choose procedure, let us first formally introduce the notion
of cyclic sub-protocols. Given an arbitrary cyclic protocol (t) of period T' and fundamental
period Ijz = [0, T, consider a subset I4 of I (@ of non-zero measure T'4. A cyclic sub-protocol
ia(t) of u(t) with period T4 and fundamental period Ijz,) = [0,T4] is hence obtained by
rigidly joining the various parts which compose the restriction of @(¢) on I4. This procedure
may introduce localized discontinuities, i.e. quenches, within the protocol — see Fig. 10.2
for an example for M = 1. Assume now to drive S by repeating many times the selected
sub-protocol: since the image points of the curve wa(t) : Iz, — D form a proper subset
of those of wu(t) : Iz — D, it follows that if the fast driving limit holds for the latter,
i.e. if mgT < 1, then the same condition applies also to wa(t), i.e. 7z, Ta < 1 — see
Appendix G.2.3. Furthermore, by construction, the new cyclic sub-protocol satisfies the
constraint on the values of the control.

Since Eq. (10.9) holds for any periodic protocol in the fast driving regime, by repeating
#A(t) many times, the state of S will tend to a new asymptotic constant state p[(gl} whose
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traceless component reads

-1
Py = ( gﬁA(wdt) l Gia Pl dt] : (10.11)
Tt 4 Iiz 4

It goes without mentioning that analogous conclusions can be drawn also for the sub-protocol
p(t) that is obtained by considering the restriction of (t) to the complement Ip of 14, i.e.
the set Igp = [ (] /I of measure Tp =T — T'4: once more, under iterated application of such

driving, the state of S will tend to a constant asymptotic state pfgg] given by Eq. (10.11) by
simply replacing everywhere the index A with B; see Fig. 10.2 for an example.
Assume next that the states p(g) and p(g)
o (@] [ip
0

Pla] i.e.

] introduced above coincide and are equal to

0 _ © _ (0
Plia] = Plag) = Pla] - (10.12)

Equation (10.12) is a rather strong requirement which in general is not met by generic choices
of I4 and Ip: still, as we shall discuss in the next section, the possibility of identifying sub-
protocols fulfilling this property is always granted. For the moment we hence assume that
Eq. (10.12) is satisfied. The GAPs P.[tua] and P.[up] delivered respectively by the sub-
protocols @4 and ip can be computed using Eq. (10.10). Assuming Eq. (10.12) is fulfilled,
we notice that the integrands entering P.[u], Pc[tia] and P.[tp] are all the same. Therefore,
exploiting the linearity of the integral respect to the its integration domain (i.e. time), and

recalling that T' = T4 4+ T'g, we have that

— TAPc[ﬁA] + TBPC[EB]
P.lu] = . 10.13
1] o (10.13)
The above equation establishes that the GAP of the original protocol (t) can be expressed as
a non-trivial convex combination of the GAPs of the sub-protocols 4 4(t) and @p(t): therefore
it must be smaller or equal to the maximum of those two quantities, i.e.

P[] < Pelual, (10.14)

where, without loss of generality we assumed Pelip] < Pc[t4]. Inequality (10.14) implies
that given a generic periodic protocol #(t), it is possible to construct a shorter one @4 that
delivers a larger or equal GAP. This is the reason for the name cut-and-choose procedure. We
can now re-iterate the cut-and-choose procedure starting from @4(t), thus obtaining another
(even shorter) protocol @44(t) that produces a greater or equal GAP, and so on and so forth.
After many iterations of the cut-and-choose procedure, we end up with a protocol that cannot
be further optimized via this technique. This is a generalized Otto cycle.

This protocol is characterized by an infinitesimal domain I of duration dr, divided into
L segments of length dr;, such that the controls u(t) take on a constant value @; = (t;) € D
during each time interval d7;; see Fig. 10.3 for a schematic representation. Using Eq. (10.10),
the associated GAP of such protocol can hence be expressed as

L
Pel{iti, pi}] = >y T lH > caDa, [pf?}zi,m}]}] : (10.15)
j=1 a
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FiGUrRE 10.3: Representation of a generalized Otto cycle, which results from a large number of
re-iterations of the cut-and-choose procedure depicted in Fig. 10.2. L (infinitesimally short) constant
controls are alternated with quenches. Finite upper bounds can be obtained for the maximum value
of L that is needed for the optimization (see Table 10.1).

’ H Quantum ‘ Semi-classical ‘ Simple relax. ‘

max L d? d 2"
Scalar Params || d*(M +1)—1 [ d(M+1)—1 | 2°(M +1) -1

TABLE 10.1: Maximum value of L and maximum number of scalar parameters which determine
the generalized Otto cycle in the general quantum case, in the semi-classical case, and for a simple
choice of the Lindbladian form (cfr. Sec.10.3).

*: 2 holds for the refrigerator, while this value is min(V, d) in the heat engine case. See Sec. 10.3 for
details.

where p; = dr;/dT represents the percentage of the total protocol time spent at each point
i, and pf?q)ji ] is the time-independent limiting cyclic state whose traceless component is
[see Eq. (10.9)]

L
Pinoy) = Zﬂagug > 1iGa, 65| (10.16)
=1

Crucially, we are able to place a finite upper bound to the number L of time intervals of
the optimal generalized Otto cycle. In App. G.3.2 we prove that, in general, L is at most
equal to the degrees of freedom of the density matrix plus one. Therefore, in general we
have L < d?; we denote this the “quantum case”, since all elements in the density matrix are
assumed to contribute to the evaluation of the GAP. Instead, if the system is “semi-classical”,

e. if [Hy), Hguy] = 0 for all ¢ and t’, this upper bound is reduced to L < d since, under
this condition, only the populations of the instantaneous eigenstantes, which are d, play a
role in the evaluation of the GAP. Furthermore, as discussed in Sec. 10.3, if the dissipator of
each bath is characterized by a single (control-dependent) timescale and N = 2, then L = 2
regardless of the dimensionality of the system; in this case, the optimal protocol reduces to
a conventional infinitesimal quantum Otto cycle.

We therefore proved that the generalized Otto cycle universally maximizes the GAP. The
particular values of the controls #; and of the time fractions p; that maximize Eq. (10.15)
are instead model specific, and must be determined case by case. The total number of scalar
parameters over which Eq. (10.15) must be optimized is given by (L — 1)+ ML, where L — 1
comes from the time fractions (note that >, u; = 1), and M L is the number of scalar control
parameters. We report a summary of these results in Table 10.1.
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In order to gain further physical insight into our result, let us consider the paradigmatic
case in which our system S can only be coupled to one bath at the time. Mathematically,
this assumption can be described by a specific control parameter, say a(t), whose value is
the index of the bath we are coupled to, a = 1,..., N. Therefore, S must be coupled only
to a single bath in each time interval d7;. In this scenario, it is interesting to notice that our
bound on the number of time intervals poses a limit to the maximum number of thermal baths
necessary to maximize the GAP: indeed, at most L baths will be used. Therefore, for low
dimensional working fluids, the maximum number of thermal baths necessary to maximize
the GAP is strongly limited. However, we also explicitly show in Sec. 10.4 that three thermal
baths at different temperatures can outperform two thermal baths when the working fluid is
a qutrit. This result is in contrast with the maximization of the efficiency, which is always
obtained by coupling S only to the hottest and coldest bath available.

As a final technical remark, we discuss how to simplify the optimization over the choice
of the bath coupled to S. In principle, any bath can be coupled to S during each time interval
dr;. However, by direct inspection of Egs. (10.15) and (10.16), it can be seen that the GAP
is invariant under permutations of u; and p;. Therefore, the number of independent choices
of the bath is given by the binomial coefficient (L;]X Il) which e.g. scales linearly in L
when only two thermal baths are available. The maximization of the GAP is thus carried
out by repeating the optimization of Eq. (10.15) over the other control parameters for each
independent choice of the baths, and then choosing the configuration delivering the largest
GAP.

10.2.2 A geometric interpretation of Eq. (10.12)

The argument presented in the previous section relies on the assumption (10.12) that one

(0)
[4]
of the original protocol #(t). We provide an explicit proof that such condition can always be
fulfilled by translating it into a geometric problem.

For this purpose, let us define the curves vz = {vg)lt € g}, Vaa) = {vaae)lt € Laa}s

and Vg,) = {Vag)|t € Iy} generated by the functions

can identify two new sub-protocols @4 (t) and #p(t) that preserve the asymptotic state p

~(eq) ~(0
gﬁ(t) [Pg(%) - P[g” ) (10'17)

~(eq) ~(0)
i, B(t) [pﬂ':ig(t) - p[a}] : (10.18)

Yi(t)

Viia,p(t)

Since the domains [[z,) and [z, are complementary and provide a decomposition of /[,
Yjit4] and Y[z, are disjoint, and their union coincides with 73 (see upper panels of Fig. 10.4
for a schematic representation). It is important to notice that the functions in Eq. (10.18),
thus also the curves v}z, Va4, and 7ja,), belong to the special subspace of Sg formed by the
traceless Hermitian operators of S which, being isomorphic to R with D = d? — 1, can be
parameterized in terms of D real parameters.

Since ﬁfg]) satisfies Eq. (10.9), the curve vz has a null “center of mass" Oy (represented

by the black dot in Fig. 10.4), i.e.

T
Using the linearity of the integral respect to its integration domain, it is easy to verify that
the sum of the “centers of mass” Oz, = fI[ﬂA] Vi (t) At with Opgz,) = fI[ﬂB] Vi (s) dt is null,
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FIGURE 10.4: Upper left: schematic representation of 7z and of its center of mass. Upper right:
schematic representation of a partition of vz into vz, and 7z ,. Lower panels: schematic repre-
sentation of the sub-curves 7z, and 7z, which preserve the center of mass of the original curve

Va)-

A

i.e.
O[ﬁA] + O[gB] = O[ﬁ] =0. (10.20)

We claim that a necessary and sufficient condition for Eq. (10.12) to hold is that the curve
Yjit,) (and hence due to Eq. (10.20), also 7|3,]) must have a null center of mass too. Indeed,
exploiting the invertibility of | I 9 A (1)dt on 2%, one can observe that setting Oz,; = 0 is
fully equivalent to having

—1
~(0 B (0
pfﬁ]) = (/I gﬁA(t)dt> [ | gﬁA(t) [pq(jejgt)] dt] = Pfﬁl}, (10.21)
Ly [ 4]

(0)

A An analogous conclusion holds

where, in the last step, we used Eq. (10.11) to recognize p
also for the sub-protocol #g(t) thanks to Eq. (10.20).

This is the geometric reformulation of Eq. (10.12) we were looking for: our partitioning
technique works if, starting from a generic curve 7z in RP having a null center of mass, we
are able to split it into two sub-curves 7(z,) and [z, such that these still have a null center
of mass (this concept is schematically represented in Fig. 10.4). In Appendix G.3 we prove
that it is indeed possible assuming that the original protocol %(t) possesses some weak notion
of regularity. The main idea is that, given an arbitrary curve in R” with zero center of mass,
it is always possible to identify a null convex combination of at most D + 1 points lying on
the curve. For sufficiently regular curves, the implicit function theorem allows us to extend
these points to a piecewise continuous curve of finite size.

Reiterating this cut-and-choose procedure many times may lead to a piecewise continuous
curves with a large number of discontinuities. Crucially, in App. G.3.2 we show that it is
always possible to end up with a curve characterized by at most D + 1 discontinuities. This
result gives rise to the bounds on L summarized in Table 10.1.
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10.3 Simple relaxation case

In this section we discuss a simplified model of thermalization where the super-operator Gy
of Eq. (10.5) is purely multiplicative, leading to a ME of the form

Op(t) = Tagey (Blss) — B(1)), (10.22)

with I'z;) > 0 a scalar number which defines the rate of thermalization of all the observables
of the system. Furthermore, we assume that the model allows S to be coupled to a single bath
at the time. As discussed in the final part of Sec. 10.2.1, we formally introduce a single control
parameter, denoted with «(t), indexing the bath we are coupled to at time t. Notice that,

for all values of (t), the equilibrium states pg’((g always correspond to the Gibbs distribution

of bath a(t), i.e. PS@%-@@) as in Eq. (10.3). As discussed in the first part of this chapter,

the maximum GAP is given by Egs. (10.15) and (10.16) which, using Eq. (10.22), can be
rewritten as

L
Zi,jZI Ca ithi U, Fﬁj Pij

Pulfits, )] = | o
C vy iLzl ,ulrl_lfz
ﬁ(U) _ 1 Mirﬁiﬁi(iiq) (10.24)
[{i,p4}] iLzl il 7

where «; is the constant value of «(t) during the interval dr;, and

Py =Tr [Hg, (552 — p5V)] . (10.25)
We used the assumption that S can be coupled to a single bath at the time to remove the
sum over « in Eq. (10.23). Notice that P;; = 0, while

when S is coupled to the same temperature during the time intervals d7; and drj. This is
given by the fact that Pjj+ Py j is equal to Pe[{t;, i }] with ¢ = 1Vi, and p; = 0 Vi # j, k,
which physically represents the average power extracted from a heat engine operating between
equal temperatures (and therefore cannot be positive) 2.

Using these properties, we show that with the only assumption of the dynamics being
described by Eq. (10.22), it is possible to greatly simplify the optimization of the GAP of
thermal machines. Specifically, we find that starting from a generalized Otto cycle made of
L intervals, it is always possible to increase the performance by using only a subset [ < L of
the initial time intervals. We now characterize [.

As shown in Appendix G.4, we consider positive GAPs, i.e. generalized average powers
consisting of a positive linear combination of the heat currents extracted from the different
thermal baths (formally we assume that ¢, > 0 Vo). This hypothesis includes both the aver-
age power extracted from a heat engine (¢, = 1 Vo), and the cooling power of a refrigerator
(ca = 0q,N, with a = N labelling the coldest bath). We prove that, in order to maximize
a positive GAP, it is sufficient to consider a protocol with at most one time interval per
temperature; therefore [ < N. Moreover, if more than one heat current is neglected in the

ZProperty (10.26) can also be inferred by the fact that if the temperature of the baths at the time intervals
drj and dry, are the same and equal to 1/, then Pj.y 4+ Py j = —87" (S(ﬁfje:) I ﬁf;ejq)) + S(ﬁgj_q) I ﬁ%e]?))).
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definition of the GAP, it is possible to further reduce the number of intervals. Specifically,
given kK < N the number of distinct temperatures of the baths for which ¢, # 0, we prove
that

| <min(N,x+1) . (10.27)

This implies that a refrigerator (kx = 1) is always characterized by [ = 2, regardless of the
number of baths, while a heat engine (k = N) by I < N. In the following, for simplicity, we
focus on the refrigerator and heat engine case with two thermal baths at our disposal. As a
consequence, | = 2. Under this hypothesis, we find that:

(i) The optimal durations of the time intervals and the resulting maximum GAPs can be
determined (Sec.s 10.3.1-10.3.2).

(ii) If the thermalization rates are a function of the bath «(t), but only weakly depend on
the specific value of the other control parameters, i.e. I'y, = I'y,;, and if we assume to
have total control over the system Hamiltonian, we can fully carry out the maximization
of the GAP, finding that the optimal control strategies involve degenerate spectra of
the Hamiltonian of the working fluid (Sec. 10.3.3).

(iii) Under the hypothesis of (ii), we find that generating coherence in the eigenstate basis
does not improve the GAP of thermal machines (Sec. 10.3.3).

(iv) Under the hypothesis of (ii), we compare the GAP of a heat engine and of a refrigerator
delivered by n non-interacting qubits [GAPy1(n)], with the GAP of n interacting qubits
[GAP(n)] in the most favorable case (i.e. of full control over the many-body n qubit
Hamiltonian, see Sec. 10.3.4). By definition, GAPNi(n) scales linearly in n. We find that
GAP;(n) displays a super-linear transient regime, yet it asymptotically scales linearly
for any finite temperature difference AT. Interestingly, in the heat engine case, for small
temperature differences AT, we find the asymptotic behavior GAP1(n)/GAPNi(n)
1/AT, signaling that there is a significant many-body advantage when operating heat
engines at small temperature differences. On the other hand, for a refrigerator, we
find that the asymptotic value of GAPy(n)/GAPNi(n) is given by the universal value
In2/W(1/e) ~ 2.49, where W (z) is the Lambert function. Therefore, for a refrigerator,
many-body interactions do not provide a relevant advantage over non-interacting and
independent constituents.

10.3.1 Refrigerator

Let us consider two inverse temperatures $; and B2 such that 81 < 8. The average cooling
power of a refrigerator, Pg), is described by the GAP with c; = 1 on the cold bath while
c1 = 0. Since [ =2, Eq. (10.23) reduces to

pipel'g g, Poc 1

P = 10.28
o mla + p2la, ( )

where po =1 — p1. We can thus explicitly maximize the above expression over the choice of
the time fraction pi, leading to

. (4 57

( Il + ng)Q

(max) _

S : (10.29)
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which is obtained for pu; = /I'z,/(\/Ta, + /I'z, ). Notably, the expression of the maximum
cooling power in Eq. (10.29) only requires a maximization over @; and iy, which in general
is model dependent.

10.3.2 Engine

Let us consider the same setting 51 < 2. The average extracted power of a heat engine,
Py, is described by the GAP with ¢; = ¢ = 1. Since | = 2, Eq. (10.23) reduces to

pipolg Da, (Prea + Poci)
ml'a, + pel'z,

P = (10.30)

It follows that the optimization over the time fraction p; is identical to that of the refrigerator,
see Eq. (10.28), leading to

o P[0~ 1) (50 5] s

B = =
(T T2
which is obtained for pu; = /T'z,/(\/Ta, +/T'z, ). Also in this case, Eq. (10.31) only requires

a model-dependent maximization over %y and s.

10.3.3 Full maximization

The maximum average power for the refrigerator and the heat engine that we found in
Egs. (10.29) and (10.31) has been maximized over the time fractions spent in contact with
each bath. However P%ﬂax) and P%nax) still need to be maximized over #; and 4y among
the experimentally available controls. Until now, we did not make any assumption on the
functional form of I'z, nor of Hy.

We now assume that the rates I';, = I'y, are fixed for each bath (i.e. they do not
depend on the value of the control #, but only on the bath index «), and that the control
on the Hamiltonians is total (i.e. that we can generate any Hamiltonian). In such case, the

maximization of P[%nax) is carried out by maximizing

Tr [(H1 — H,) (e—ﬁlﬂl /71 — e~ Pet /22)] (10.32)

with respect to the choice of the two Hamiltonians H; and Hs. This maximization has been
carried out in Ref. [357], finding that H; and Hs must be diagonal in the same basis |v), and
that the spectrum must be given by a non-degenerate ground state, and a d — 1 degenerate
excited state. We therefore have

d
H; = Z g V) (v], (10.33)

where 1 and €2 can be found by maximizing the form taken by (10.32) in this case

(1 = ea) e 5t — e Ber)(d — 1)
(14 (d—1)e=Ae1)(1 + (d — 1)e=P2e2)

(10.34)

Analogously, it can be shown that the maximization of P[(;]lax) is carried out by maximizing

Tr [Hy (e77H2 /2, — e~ Pt 2,)] (10.35)
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with respect to H; and Hs. The optimal Hamiltonians are again of the form of Eq. (10.33),
with £;1 — oo (physically, the hot bath attempts to drive S towards its ground state, to obtain
a better cooling), while £2 can be obtained as the maximum of the following expression

626_’8252 (d — 1)
1+ (d—1)e P2~

(10.36)

Incidentally, we notice here that the optimality of Hamiltonians with d — 1 degenerate
spectra was found also in the regime opposite to the fast driving, that is in the slow driving,
high efficiency regime [354].

10.3.4 Non-interacting vs many-body qubits

In this section we compare the maximum GAP of a heat engine and of a refrigerator delivered
by n non-interacting qubits [GAPyy(n)]| driven independently, with the GAP of n interacting
qubits [GAP1(n)]. In the NI case, we assume that we have full control over the Hamiltonian of
the single qubits, while in the I case we assume to have full control over the total many-body
Hamiltonian of n qubits. Furthermore, we work under the assumptions of Secs. 10.3.3, i.e.
we consider rates I, for o = 1, 2, that only depend on the bath index, and not on the precise
value of the control. The comparison between the two model is made fair by enforcing that
both systems thermalize within the same time scale, i.e. we consider a master equation with
the same thermalization rates I',.

Under these assumptions, the GAP delivered by a single qubit can be computed as de-
scribed in Sec. 10.3.3 setting d = 2. GAPyy(n) will then be equal to n times the power of a

single qubit. Instead, GAPy(n) can be computed as described in Sec. 10.3.3 setting d = 2".

(max)
Firy

left panel), and the maximum GAP of a refrigerator, plma) right panel), as a function of
[R]

Fixing as usual 51 < (2, in Fig. 10.5 we show the maximum GAP of a heat engine,

the number of qubits n in a log-log plot. The black curve, corresponding to GAPyi(n), is
a linear function of n. Notably, there is a transient regime, roughly between 10° and 102,
ax)

where GAP1(n) is superlinear: in particular, P[EE] scales as n? (the dashed orange line is a

(max)

reference quadratic function), whereas P[R] scales as a n%, with 1 < § < 2. However, for

large enough n (thermodynamic limit), we see that GAPy(n) is again a linear function of n,
displaying a finite gap with respect to GAPni(n). In App. G.5 we prove that the asymptotic
behavior is given by

P(max) n2%0 9 /81

o (r m
(F F)

which is indeed linear in n. We plot these functions respectively in the left and right panel
of Fig. 10.5 as dashed green lines.

(10.37)

(max)

Remarkably, in the heat engine case, the asymptotic behavior of P, [E] is linear in the

temperature difference AT = (87" — 85 ') /kp. This is quite surprising: indeed, any slowly-
driven quantum system [354] or any steady-state thermoelectric heat engine [11] delivers a
power which, for small AT, scales as AT?. Furthermore, also the maximum average power
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FIGURE 10.5: P[(gfax) (left panel) and P[(Rn]lax) (right panel), measured in units of 85 '/(1/T7 " +

vy )2 as a function of the number of qubits n displayed in a log-log plot. The black curve corre-
sponds to the non-interacting case, while the blue curve to the interacting case. The dashed green

curve is the analytic asymptotic value we find for n — oo, see Eq. (10.37), while the dashed orange
line is a reference quadratic function. The temperatures are chosen such that 5; = 0.95 5.

of a qubit-based heat engine is proportional to AT? (see Ref. [361]), yielding GAPyi(n) =

con (\/T7! 4+ /T2 kgAT?/T, where ¢ ~ 0.11 is solution to a transcendental equation.
This implies that, for small temperature differences

GAPy(n)/GAPxi(n) < 1/(AT/T), (10.38)

which diverges in the limit AT /T — 0. This is clear evidence of the advantage of many-body
systems over non-interacting systems for the construction of a heat engine. This also implies
that a many-body heat engine in the thermodynamic limit and in the regime of small AT
can outperform any slowly driven or thermoelectric heat engine thanks to the fast-driving
regime.

In the refrigerator case, the maximum average cooling power can be computed analytically
(see App. G.5 for details). Surprisingly, it turns out that, in the thermodynamic limit,

GAP1(n)/GAPNi(n) = In2/W(1/e) ~ 2.49, (10.39)

where W (z) is the Lambert function. As opposed to the heat engine case, the universality
of this ratio implies that there is no relevant advantage in using a many-body interacting
working fluid over a non-interacting system to construct refrigerators at maximum power. It
is therefore reasonable to consider operating many simple and independent systems in parallel
to implement a refrigerator at maximum cooling power.



10.4 CASE STUDY: A QUTRIT HEAT ENGINE 139

10.4 Case study: a qutrit heat engine

In this section we discuss and apply our optimal strategy to a setup consisting of a qutrit (a
three-level system) which can be coupled to two or three thermal baths operated as a heat
engine. We assume that the control is such that we operate in the semi-classical regime,
ie. [Hyw), Hyw) =0Vt €1 [@- We therefore know, from our general result, that at most
L = d = 3 intervals will be sufficient to maximize the power in the fast driving regime.

By studying this example, we show that standard models used to describe Fermionic and
Bosonic baths are optimized simply by 2 quenches, i.e. the standard Otto cycle, with a
spectrum as the one derived in Sec. 10.3.3 for a simpler model. Then, we explicitly construct
an example of physical system where the generalized Otto cycle with 3 quenches outperforms
the standard Otto cycle both in the presence of 2 or 3 thermal baths. Incidentally, this
implies that the power can be enhanced by the presence of more than 2 heat baths, even
if we can only couple the system to one bath at the time. At last we show that - in all
cases mentioned above - the power decreases monotonically as we increase the period of the
protocol T'. This is evidence that, in this model, the fast driving regime is indeed the optimal
regime to maximize the GAP.

The Hamiltonian of the system is given by

Ha() = ea(t) [2) (2] + e3(t) [3) (3], (10.40)

where |n), for n = 1,2,3, are the three eigenstates with energies €,(t). Without loss of
generality, we set €1(¢) = 0. Our control vector is given by u(t) = (e2(t), e3(t)), and we assume
that we can couple the system to one bath at the time. This hypothesis is mathematically
described by an additional control «(t) that labels the bath we are coupled to. Following the
standard microscopic derivation of the Lindblad master equation, we find that the populations
pn(t) = (n|p(t) |n) satisfy the following rate equation (see App. G.6 for details)

On(t) = Y [~0n(O)Tum (@(t), &) + P ()i ((1), (t))] (10.41)

m#n

where the scalar quantity I'y,, (@, o) represents the transition rate, induced by the bath «,
from state |n) to state |m), and dypy,(t) denotes the time derivative of py, (). Since the thermal
baths are assumed to be in a Gibbs state, the rates satisfy the detailed balance equation

Lo (@, 00) = ePalen=em)D (7, ), (10.42)

which fix half of the rates. With this notation, the GAP of a heat engine, i.e. Eq. (10.8) with
co = 1, is given by (see App. G.6 for details)

P[E} [U] = Z en(t)atpn(t)' (10'43)

When the baths are given by a continuum of free Fermionic (F) or Bosonic (B) particles,
and the Hamiltonian describing the system-bath coupling is quadratic, the rates are given by

Pg;)l(ﬁv a) = V(a)f[ﬂa(em - Gn)]y
10.44
T, @) = (@) (em = €n)n[Ba(em — €n)]; 104y

where f(z) = (e* +1)"! and n(z) = (e® — 1)~! are respectively the Fermi and Bose distri-
butions. Notice that, in Eq. (10.44), we are assuming that the spectral density is flat in the
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FIGURE 10.6: (a) The optimal protocol, described by €1(t) = 0 and e2(t) = €3(t), as a function of
time ¢ normalized to the protocol period T for the Fermionic and Bosonic models. The system is first
coupled to bath & = 1, then to a = 2 after the quench. (b) Average power, normalized to the peak
value, as a function of the period T'. In both panel the parameters are S = 281 and v(«) = 1y, where
v is a fixed timescale.

Femionic case, and Ohmic in the Bosonic case. Physically, these models may describe re-
spectively electronic leads coupled to a quantum dot [42, 112, 124, 169, 266, 341] or photonic
baths coupled to an (artifical) atom [18, 19, 27, 46, 340].

We now apply our results to this model. As detailed in App. G.6, we determine the
optimal protocol by maximizing Eq. (10.43) driven by a generalized Otto cycle with L = 3 in
the fast-driving regime. We therefore perform a maximization over 8 parameters: two time

(%) (%)

fractions p; (since ) ; p; = 1) and 6 control values en’, where we defined €,’ as the value of
€n(t) during the time interval ¢ = 1,2,3. Notice that we only optimize over eg’) forn =2,3
since €1(t) = 0. Assuming that we have two thermal baths at inverse temperatures Sy = 251,
we try all possible temperature configurations as discussed in Sec. 10.2.1.

Notably, we find that both the Bosonic and the Fermionic models are optimized by a
standard Otto cycle with only 2 quenches. Furthermore, the maximum power is achieved
when eg) = eg), which is exactly the energy spectrum which we proved to be optimal in
a simpler relaxation model, see Sec. 10.3.3. In Fig. 10.6(a), we plot the optimal protocol,
described by €1(t) = 0 and e2(t) = €3(t), as a function of time, while in Fig. 10.6(b) we plot
a finite-time numerical calculation of the average extracted power P as a function of the
protocol duration T', while maintaining the time fractions p; constant. Interestingly, we notice
that in both models the power decreases monotonically with T, providing us with evidence
that - in this case - the fast driving regime may be optimal to maximize power extraction.
We also notice that the derivative of P respect to T', at 7" = 0, is null, hinting that our
fast driving results may hold up to second order in 47'. Furthermore, a large fraction of the
maximum power can still be extracted even when the driving is slower than the characteristic

rate -, showing that our upper bound is “robust” to finite-time corrections.
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Ficure 10.7: Contour plot of the average power, normalized to the peak value P[SE’Tax), as a

function of x and y. The parameters are: 51 = 8.1283;, 3 = 7.8155, egl) = 1.85B2_1, egl) = 1.56&2_1,
e = 1007851, €2 = 95885, ¥ = 175851, ) = 812851, 712(1) = v, mis(1) = 1.21v,
Yo3(1) = 2.28v, 12(2) = 9.457, 113(2) = 2.537, 123(2) = 5.267, 712(3) = 5.97, M13(3) = 1.4,
’}/23(3) = 6.22’}/.

We now show that there are cases in which a generalized Otto cycle with 3 quenches can
outperform a standard Otto cycle. As a “counter-example”; let us consider the case where
the rates 'y, (@, @) are vanishingly small for all controls @, except for a set of discrete points.
Physically, this could be implemented through peaked density of states in the baths. We
therefore consider 3 thermal baths at inverse temperatures 5, (for o = 1,2,3), such that

each one induces a non-null rate only when the controls e3(t) and e3(t) take the values €§a)

(a)

and €37, respectively. Mathematically, we can describe this scenario defining

Lo (U, @) = Ypm () X (T, @), (10.45)

where v, () are constants, and x(u, «) is an indicator function which is one if ex(t) = €ga)

and e3(t) = €§a), otherwise it is zero. In this scenario, the optimal values of eg) are simply

given by é’ﬁ?. The only parameters over which we must optimize are the time fractions p;,
which we express as

0, = x, 02 = (1 — )y, O3 =(1—x)(1—y), (10.46)

where x € [0,1] and y € [0, 1] cover all possibilities. This parameterization is such that one of
the three time fractions y; is null if and only if x and/or y takes the values 0 or 1. In Fig. 10.7
we show a contour-plot of the average power P as a functions of z and y (see caption for
the parameters used). As we can see, the maximum power does not occur on the sides of the
box: this implies that all optimal u; are finite, so the generalized Otto cycle with three finite
intervals outperforms the standard Otto cycle. Numerically, we find that the optimal power
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occurs at x =~ 0.092 and y =~ 0.86. This result also proves that the power can be enhanced by
using three thermal baths; this is in contrast with the optimization of the efficiency, which
only requires coupling to the hottest and the coldest bath. Physically, this is due to the fact
that, even if the third bath has a temperature between the coldest and the hottest, it may
have a thermalization rate which is higher than the other baths, thus speeding up the heat
exchange.

At last, we verified numerically that there are cases where 3 quenches outperform 2
quenches even when we only have two thermal baths. Furthermore, we computed the exact
finite-time average power P as a function of T', performing the optimal protocol found
through the maximization in Fig. 10.7. Notably, as in the Fermionic and Bosonic models,
we find that the power decreases monotonically as T' increases, with the same qualitative
behavior as in Fig. 10.6(b). Again, this hints at the optimality of the fast driving regime.

10.5 Summary

In this chapter we exhaustively discussed the optimization of thermal machines in the fast
driving regime. We proved in full generality that in this regime the optimal protocols are
universally given by generalized Otto cycles, which are composed by a certain number L
of time intervals where the control is fixed. We then bound L from above in terms of the
dimension of the Hilbert space of the working fluid. The proof holds regardless of the specific
choice of the control-dependent dissipators, of possible constraints on the control parameters,
and regardless of the specific form of the Hamiltonian of the working fluid.

Studying a simpler class of master equations, we found tighter bounds on L, and we
showed that the standard Otto cycle (characterized by L = 2) is optimal in a vast class
of systems. We then considered baths characterized by a single thermalization timescale.
Assuming full control over the system, we explicitly found the optimal driving strategy,
which involves producing highly degenerate states, revealing an interesting connection with
the results of [357] and [354]. In this scenario, we found that the generation of coherence in
the instantaneous eigenstate basis is detrimental for power maximization. We then compared
the performance of a heat engine and of a refrigerator based on n interacting (I) qubits or
on n non-interacting (NI) qubits. We found that while there is a transient regime where
the power of the I model is superlinear in n, in the thermodynamic limit (n — o), both
models deliver a power linear in n. In the heat engine case, the power in the thermodynamic
limit scales linearly with the temperature difference AT. Conversely, the maximum power of
thermoelectric heat engines, slowly driven heat engines, and of the NI case universally scales
as AT?. Therefore, for small temperature differences and in the thermodynamic limit, there is
a clear many-body advantage enabled by the fast-driving regime. On the contrary, we proved
that the power of a refrigerator in the I case is universally ~ 2.49 greater than in the NI case,
proving that many-body effects provide a very marginal advantage over operating independent
systems. It is therefore reasonable to consider constructing a refrigerator operating in parallel
many simple independent units.

Besides their theoretical relevance, these results lead to a great simplification in the op-
timization of thermodynamic problems from a practical point of view, due to the intrinsic
simplicity of the generalized Otto cycle. This simplification can be exploited both for analyt-
ical and numerical treatments, as we explicitly showed studying a qutrit-based heat engine.
In this setup, we analyzed typical configurations, such as fermionic and bosonic baths, and
we found a specific form of the dissipators such that the optimal protocol consists of coupling
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the system to three baths at different temperatures. This result marks a difference with the
maximization of the efficiency, that always require only two thermal sources, and shows that
the bound on the number of intervals derived in the first part of the chapter is actually tight
in this case.

This work unlocks the possibility of analytically and/or numerically optimizing the per-
formance of many quantum thermal machines. As future directions, it is interesting to assess
the role of coherence under general master equations, and to understand for which classes of
systems the fast driving regime is optimal for power extraction. Furthermore, by providing
strict bounds on optimal protocols, our results can be used as benchmarks to assess if effects
beyond the Markovian regime and weak coupling approximation can indeed enhance, or de-
crease, the performance of thermal machines. By highlighting the importance of many-body
interactions for the performance of a heat engine regime, a future venue would be to identify
and study realistic systems which display the AT scaling of the maximum power in the ther-
modynamic limit. At last, it seems natural to investigate the properties of the fast-driving
regime respect to other thermodynamic figures of merit, such as the efficiency at maximum
power, or work fluctuations.
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Conclusions

In this thesis we studied the thermodynamic properties of quantum systems, focusing in par-
ticular on the performance of quantum thermal machines. In Chap. 2 we presented a general
formalism to study open quantum system which we employed throughout the entire thesis
to study the dynamics of mesoscopic systems coupled to thermal baths. We then presented
an extension of this formalism to account for coherent tunneling processes beyond leading
order in the system-bath coupling. In Chap. 3 we applied this formalism to describe various
thermal machines, such as heat engines and refrigerators operating in different regimes. The
following chapters presented original work.

In Chaps. 4, 5, 6, 7 and 8 we dealt with thermoelectric machines, i.e. with system oper-
ating in the steady state. In particular, in Chap. 4 we studied the thermoelectric properties
of an interacting, multilevel quantum dot operated as a heat engine. We assessed the im-
pact of the multilevel structure and of interactions on the performance of the heat engine,
studying the power, the efficiency, and the efficiency at maximum power. Furthermore, we
found that the correlation between tunneling electrons imposed by Coulomb repulsion im-
proves the efficiency of the heat engine by enhancing the energy filtering mechanism. In
Chap. 5 we applied the formalism developed in Chaps. 2, 3 and 4 to analyze experimental
measurements of an InAs/InP nanowire quantum dot. We studied the system as a thermo-
electric heat engine, finding that it can reach efficiencies close to the thermodynamic bound.
In Chap. 6 we assessed the impact of coherent tunneling effects - beyond the weak coupling
regime - on the thermovoltage across a metallic island, and we were able to accurately de-
scribe experimental measurements without any free fitting parameter. In Chap. 7 we studied
an absorption refrigerator - a system that exploits a temperature difference to refrigerate an
even colder thermal bath without requiring any external work - based on Coulomb coupled
single electron systems. We found the conditions under which it can operate at maximum
coefficient of performance, and we analyzed the system as an autonomous Maxwell daemon.
In Chap. 8 we studied thermal rectification across qubits, deriving exact upper bounds and
general properties which hold in the weak coupling regime. We then performed calculations
beyond the weak coupling regime, finding that higher order coherent processes can violate
the aforementioned bounds, allowing for stronger rectification and providing us with simple
signatures of higher order coherent processes.
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In Chaps. 9 and 10 we dealt with driven thermal machines. In particular, in Chap. 9 we
searched for the optimal cycle that maximizes the extracted power from a heat engine, and the
cooling power from a refrigerator, using a qubit as working fluid. Without any assumptions
on the particular system-bath coupling, we found that the power is always maximized by
an Otto cycle performed in the fast-driving regime, i.e. when the driving is faster than the
typical relaxation rate induced by the baths. Inspired by this result, in Chap. 10 we studied
an arbitrary quantum system operated in the fast-driving regime. Among all possible cycles
in the fast-driving regime, we found that the “generalized Otto cycle” universally maximizes
the power of heat engines and the cooling power of refrigerators. We related the complexity
of the cycle to the size of the Hilbert space of the working fluid. In certain classes of systems,
we found that the optimal cycle reduces to the standard Otto cycle. At last, we compared the
performance of a heat engine composed of n interacting and non interacting qubits, finding
that interactions can boost the performance, also in the thermodynamic limit, when the
temperature difference between the leads is small. Conversely, we proved that interaction
effects provide a very limited advantage when operating as a refrigerator.

As future direction, it is interesting to further assess the impact of quantum effects,
such as coherence, entanglement, and strong system-bath coupling, on the performance of
thermal machines. While these effects lead to the idea of “quantum supremacy” in the
field of quantum computation, it is still not clear whether such advantage extends also to
quantum thermodynamics. Another direction which should be further investigated is the
relation between thermoelectric and steady state heat engines, and understanding under
which hypothesis a driven quantum thermal machine delivers maximum power in the fast-
driving regime.



Appendix: thermoelectric properties of an
interacting quantum dot-based heat engine

In this appendix we present the details of some calculations relative to Chap. 4, and we report
the analytic non linear study of a single energy level QD system.

A.1 The Pauli master equation always allows a non-trivial
solution.

To prove this statements, let us consider the Pauli equation as written in Eq. (4.11). This
equation is made up of a sum over p of the following expression:

(Gnyt = b 0) [P {nikimp = 0) Az —p ({midimy = 1) By |, (A1)

which is a function of a generic configuration {n;}. Let us sum this expression for the two
particular configurations: ({n;},n, = 1) and ({n;},n, = 0). When n, = 1, the first term
in round parenthesis gives a plus sign, while when n, = 0, it gives a minus sign. The rest
of the expression does not depend on n,, since N = Z#p n;, thus the sum over the above
configurations exactly vanishes. Now let us go back to Eq. (4.11), and let us sum over the
two configurations ({n;},nx = 1) and ({n;}, nx = 0), k being a given index. According to the
argument given above, the term in the sum where p = k vanishes, and we obtain

> > Gupa =0, 0)[p Uity =0 A, —p({nihim, = 1) By | =0.  (A2)
nE=0,1 p#k

Thus by summing over a given occupation number n; = 0,1 we have removed the case p = k
in the sum over p. If we now sum over all occupation numbers, we will remove all terms
from the sum, yielding zero !. The sum over all occupation numbers {n;} is the sum of all
2L equations in the Pauli master equation: this demonstrates that any equation in the Pauli

!By summing over all occupation numbers except for a fixed n,, we could demonstrate that the LBEs
derive from the Pauli equation.
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master equation is linearly dependent from the other ones. Thus the matrix M defined by
the master equation has a null space of dimension at least 1, since we demonstrated that the
rows of M are not linearly independent. Furthermore, if we perform the same sum over all
occupation numbers to the time dependent Pauli master equation, given in Eq. (4.4), we find
that:

0

2 (zpuni})) -0, (43)
{ni}

This is an obvious but important property that says that the probability normalization does

not depend on time.

A.2 The PDBEs are not consistent in general

In general, if Ec # 0, the PDBEs are not consistent. This means that no set of p({n;})
exists that can simultaneously satisfy all the PDBEs. In App. (A.3) we will discuss which
conditions guarantee their consistency within the linear response regime.

Here let us demonstrate their inconsistency in the special case L = 2. Let us start from
Eq. (4.15) and consider non null temperature and electrochemical potential differences. We
will show that these equations form an over-complete set for p({n;}) that in general does not
allow any non null solution. Since L = 2, we have 2/ = 4 unknown probabilities, and the
number of PDBEs is 2/712 = 4. In this case, the PDBEs can be represented in matrix form
as follows

Aop —Boa 0 0 P00 0

. 0 0 A1n —Bii | | po 0
Mpp = ' ' = , A4
bp Ap2 0 —=Bps 0 P10 0 (84)

0 Al 0 —Bi2/) \pu 0

where pp,n, = p(n2,n1) and the coefficients are defined in Egs. (4.12) and (4.13). In order to
show that this linear algebra problem does not allow a non null solution, we will show that
the determinant det(Mp) is in general not zero. We have

det(Mp) = Tiot (1)Itot(2) (Ao2A11 — Ao1A12) + Tiot(1) Ao 2A12 (Ao — A1)
+ Tt (2) Ao A11 (A2 — Ao2), (A5)

where Tt (p) = Yo Ta(p). It is pretty clear that since I'o(p), E, and E¢ are arbitrary,
this determinant cannot be in general zero. For instance, choosing a two terminal system
with I'1(p) = FQ(})) =T, Aus = 4kpT, F1 = 1/2]€BT, Ey = 3/2kpT, n = ATy = 0 we
obtain det(Mp)/T* ~ 0.20. It is interesting to notice that at equilibrium (Aus = AT, = 0),
the PDBESs are all exactly satisfied by the gran canonical distribution. Furthermore, in the

non-interacting limit K- = 0, the coefficients A N and B N depend only on p, so that we

can drop the N argument. Thus det (Mp) = A3A1B1By — A1 A2 BaBy = 0.
The proof can be extended to any number L of levels as follows. We rewrite the PDBESs,
Eq. (4.15), as

Inp ({n;},np =0) —Inp({ni},np=1)=1In %. (A.6)

N,p

This equation has the same form as the LDBEs (A.8) which we will consider in App. A.3,
where the unknown probabilities are replaced by the logarithm of the probabilities, and where
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§p(N) = In -2 (A7)

As we shall show in App. A.3, these equations are consistent if §,(/NV) satisfies property
(A.10). This is the case if Ec = 0, since Aﬁ,p and Bﬁ,p are then independent of N. Then
condition (A.10) is trivially fulfilled with ¢ = 0 and the PDBEs are consistent.

To summarize, as we will see in Appendix A.3, the PDBEs are not consistent in general,
but they are if we set Ec = 0 or Au, = AT, = 0 for all a. Furthermore, within the linear
response regime, they are valid in many more cases, for example if the tunneling rates are
proportional, i.e. T'o(p) = ko1 (p) for @« =2,3,..., N .

A.3 Conditions of validity of the linearized PDBEs

In this Appendix we will assess under which conditions the linearized PDBEs are consistent.
We start by rewriting Eq. (4.30) in the following way:

Y({ni},np = 0) — p({ni},ny = 1) = 6,(N), (A.8)
where
5,(N) = _k;T 3 lft:t(é?)) {(Ep + (2N +1)Ec - p) % + Aua] . (A.9)

We will prove that the linearized PDBEs, written in Eq. (A.8), are consistent if 6, (V) satisfies
the property
55(N) — 8,(M) = (N — M), (A.10)

where c is a constant that does not depend on p, N or M. This statement will be explicitly
proven for a two energy level system, then it will be extended to L energy levels by induction.

Property (A.10) is in general satisfied if the tunneling rates are proportional, i.e. I'y(p) =
koIT'1(p), or if Ec = 0, or if AT, = 0 for all «. Furthermore, in a three terminal system,
property (A.10) is satisfied also if ATy = 0 and I'3(p) = kL'tot(p), or if AT3 =0 and I's(p) =
kTtot(p). These conditions can be generalized to a generic N -terminal system by requiring

that I )
a\p
E
¢ za: Lot (p)

AT, (A.11)

is independent of p.

A.3.1 Two energy level system (L = 2)

We will prove that if property (A.10) is satisfied, then the linearized PDBEs allow a solution.
Eq. (A.8) represents a linear algebra problem for ¢({n;}). For L = 2, ¢¥({n;}) = ¢ (n2,n1) =
Yy Let ¥ be the vector (Yoo, Yo1, ¥10,%11) and let B be the corresponding matrix such
that Eq. (A.8) can be written as

1 =1 0 0 (oo 61(0)
= 0 0 1 =1 (vul| |6 _¢
e M M B B (A.12)
0 1 0 =1/ \¥n d2(1)
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Fi1Gure A.1l: (Color online) Heat current computed using Eq. (4.10) and using non equilibrium
probabilities found solving exactly the Pauli master equation (black solid line) and a subset of inde-
pendent PDBEs (red dashed line), as a function of the electrochemical potential p. The parameters
used are: AT/T = 107%, Ap = 0, Ec = kT, 5 equidistant energy levels with AE = 0.2kgT,
ATy (p) = (5)P~1kpT, and Aly(p) = (0.01)P~ kpT.

Matrix B has a null space of dimension 1, generated by 1/7 = (1,1,1,1), thus it is not invertible.
This vector actually represents the equilibrium distribution: when AT, = Au, = 0, 5P(N ) =
0, so 1 = (1,1,1,1) satisfies Eq. (A.12). Since p = peg(1 + ¥), p = 2pey. Normalizing the
probabilities yields p = pey, so we have demonstrated that the equilibrium distribution is in
fact given by the grand canonical distribution. Eq. (A.12) will allow a solution if and only
if vector & belongs to the image of matrix B. The dimension of the image of matrix B is 3,
so there is a one dimensional space orthogonal to the image of B that cannot be obtained by
linear combinations of B’s columns. Vector

7 = (A.13)

is orthogonal to the columns of B, so it is a generator of this one dimensional space. Thus
a solution w will exist if and only if vector 5 only belongs to the image of B, thus it cannot
have a projection on vg. The projection is zero when

-

0=1v - (5:51(0)—(51(1) —52(0)+(52(1) (A.14)

which is satisfied using property (A.10).

As we have shown in Sec. 4.2, Eq. (4.26) for the linearized charge current is correct in
general, instead the linearized heat current given in Eq. (4.31) is correct only if the linearized
PDBE are consistent. We verified numerically all these statements computing exactly, for
small temperature and electrochemical potential differences, the charge and heat currents
using both the PDBEs and the Pauli master equation. As demonstrated by Fig. A.1, which
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shows the heat current as a function of u for a choice of tunneling rates that are not propor-
tional to each other, a particular subset of PDBEs leads to an incorrect result (red dashed
curve) which differs from the one obtained using the Pauli master equation (black solid curve).
On the other hard, there is no difference when plotting the charge current using the same
parameters as in Fig. A.1.

A.3.2 L energy level system

We extend the previous demonstration to a generic system with L energy levels. We will use
the following notation and conventions:

o {n;} indicates a generic set of occupation numbers, conventionally ordered the following

way: {np,nr—1,...,Nn2,N1}.
e (np =1,{n;}) is a shorthand notation for: {nr,...,npr1,1,np—1,...,n1}.
e (n, =0,{n;}) is a shorthand notation for: {ng,...,np41,0,np—1,...,n1}.

e (n, =1,{0}) is a shorthand notation for: {0,...,0,1,0,...,0}, where the 1 is relative
to ny = 1.

e (np, =0,{0}) is equivalent to: {0,...,0}.
. Jl is the component of vector 1; with index 3.

o Each linearized PDBE in Eq. (A.8) can be uniquely defined by specifying p and {n;},
so [p|{n;}] is a shorthand notation to indicate that given equation.

e Let A be a matrix written in block form, for example:

B|o
A= olc |, (A.15)
D|E

where B, C, D and F are matrices. By “block row” we intend the set of rows in the
block. For example, the first block row of A is (B,0), the second block row of A is
(0,C), and so on.

In order to represent the linearized PDBE, given in Eq. (A.8), in matrix form, we will put the
. L )
2% unknowns 1 ({n;}) into a vector as follows: Vr(gniy) = Y({ni}), where I({n;}) = > ni2°" 1.
i=1

Let us define B(L) as the L21~! x 2% matrix such that Eq. (A.8) can be represented as
follows:

- -

B(L)y = 4(L), (A.16)
where §(L) is a vector containing the various values of 5,(N). Each row of B(L) contains zeros
except for a +1 and a —1 in the position corresponding to ¢(n, = 0,{n;}) and ¢ (n, = 1, {n;}).
Let’s notice that B(L) has the following property:

1 0
BL)l:|=]:]- (A.17)
1 0

This property is trivial since, as we just discussed, each row of B(L) only has a +1 and a —1.
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Recursive decomposition

We want to write B(L) in terms of B(L — 1). We will thus order the rows in B(L), and
accordingly the elements of & (L), starting from those LDBE [p|{n;}] where p < L, then we
will add the ones involving level L. In particular, we will first put equations [p|(nr = 0, {n;})]
with p < L, then we will add equations [p|(nr, = 1,{n;})] with p < L, and at last we will add
equations [L|{n;}], which are the ones involving level L. For example, B(2) will be written
as in Eq. (A.12).

This ordering allows us to relate B(L) to B(L — 1). The first set of equations [p|(ny =
0,{n;})], with p < L, represents all possible LDBE between elements of ¢ with ny = 0, so
they are equivalent to the LDBE for L — 1 levels. Since n; = 0, according to our indexing
convention, these rows involve all indexes of 1/_); with 0 < i < 2171 which corresponds to the
first half of vector 1/7 Instead, the equations [p|(ny = 1,{n;})], with p < L, represents all
possible LDBE between elements of 1/7 with ny, = 1, so also these equations are equivalent to
the LDBE for L — 1 levels. Since nj, = 1, according to our indexing convention, these rows
involve all indexes of 1/_); with ¢ > 2871 which corresponds to the second half of vector 1;
At last, equations [L, {n;}] relate components of ¢ where only the occupation number ny, is
changed. Since I(ng, = 1,{n;}) = I(ny, = 0,{n;}) + 2L71, these equations relate indexes of
1; that are distant 2071, thus they mix elements between the first and second half of 1; We
will thus have the following block representation:

B(L—1) 0
B(L) = 0 B(L-1) |, (A.18)
Ig(L—1) | —Ig(L - 1)

where I4(L) is the 2° x 2F identity matrix. Since we trivially have that B(1) = (1,—1),
Eq. (A.18) can be used to define B(L) recursively, yielding a precise row ordering. For
example, as we can see in Eq. (A.12), B(2) can be obtained by applying Eq. (A.18) to B(1).

Also §(L) allows a decomposition in terms of (L — 1). The first block row in Eq. (A.18),
(B(L — 1),0), corresponds to equations [p|(nr, = 0,{n;})] with p < L. Recalling Eq. (A.9),
we will notice that 61,(]\7 ) depends on level L only through:

L —
N(L)=) n= Zln = N(L-1), (A.19)
i#p i#p

since ny, = 0. So in the first block row we have that (L) = 6(L — 1). The second block
row, (0, B(L — 1)), corresponds to equations [p|(nz = 1,{n;})] with p < L. So this time the
presence of level L will change the values of N the following way:

L L—-1
NIL) =Y m=1+> n=1+N(L-1), (A.20)
i#p iF#p

since ny = 1. So in the second block row (L) is given by 6(L — 1) replacing N with N + 1.
Using property (A.10), we have that:

5p(N +1) = 6,(N) + ¢, (A.21)

where c is a constant that does not depend on p or N. So in the second block row we will have

— -

that 6(L) = 0(L — 1) 4+ ¢. The last row (I4(L — 1), —I4(L — 1)) in Eq. (A.18) corresponds to
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equations [L|{n;}], which involve level L. So let us define d(L) as the vector that corresponds
to §(L) in the third block row.
Using these observations and Eq. (A.18), we can rewrite Eq. (A.16) using the following

decomposition:

B(L—1) 0 - 5(L—1)
0 B(L—1) (%(”L =0, {”i})> — 5L -1)+c]|. (A.22)

(L —1) | Iz —1) ) \W(e = 1An) 5(1)

This decomposition will be the main tool to perform a demonstration by induction.

The independent part of B(L)

Among the L2571 rows of B(L), we will explicitly show how to extract 2 — 1 linearly inde-
pendent rows; we will later show that all other rows can be obtained by linear combinations.
Let’s define E(L) as the matrix containing only the rows of B(L) corresponding to equations
[pl{n;}] with n; = 0 for i < p; these are 2% — 1 rows. We will now prove by induction that all
the rows of B(L) are linearly independent.

Since B(L) is made by selecting rows from B(L), we can decompose it in terms of B(L—1)
just like we did for B(L) in Eq. (A.18). An interesting characteristic of B(L) is that it only
has one equation in the block [L|{n;}] involving #(0,0,...,0) and %(1,0,...,0). So the
decomposition becomes:

B(L-1)| 0
B(L) = 0 B(L—1) |. (A.23)
1,0,...,0 | =1,0,...,0

We can use Eq. (A.23) to define B(L) recursively noticing that B(1) = B(1) = (1, —1).

Now we can prove by induction over L the following statement: all the rows of E(L)
are linearly independent. This statement is obvious for L = 1 and L = 2. We will now
assume that our statement is valid for L — 1, and we will show that this implies that it is
valid for L. The first block row in Eq. (A.23) contains rows that are linearly independent by
hypothesis. The same is true for the second block row. Also putting together the first and
second block row yields 2% — 2 independent rows, since the space generated by the respective
linear combinations are clearly orthogonal thanks to the block decomposition. So we have to
show that the last row cannot be written as a linear combination of previous rows. We will
make a proof by contradiction. Let’s assume that the last row ¢ = (1,0,...,0] — 1,0,...,0)
can be written as a linear combination of a vector belonging to the space generated the first
block row, wy, and of one belonging to the second block row, wj:

U= _)0 + 1171. (A24)
If we define 77 = (1,...,1/0,...,0), we will have that:

—
—

T
1

0,
A25
0. (A.25)

IS TR

Cw

The first equation is zero because, as we have shown in Eq. (A.17), B(L) has the property
that B(L)(1,...,1)T =0, so it is true also for B(L). The second equation is zero because 7
has zeroes on all non null components of w). So multiplying each sides of Eq. (A.24) by 7
yields i - ¥ =17 - (wp+wi) = 0, which is absurd because 77 - ¥ = 1. Thus we have completed
the proof by induction.
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Consistency of the linearized PDBEs

We will now show that if property (A.10) is valid, the linearized PDBEs are consistent and
allow a solution for 1 given by a one dimensional space; the unique solution can then be
found by imposing the normalization condition on the probabilities. We will thus prove by
induction over L the following statement: if §,(/N) satisfies property (A.10), all equation in
the linear algebra system in Eq. (A.22) can be written as linear combinations of the equations
involving the rows of B(L). Since there are 2 — 1 independent rows in B(L), by virtue of
Rouché-Capelli’s theorem we will have a solution given by a 2% — (2& — 1) = 1 dimensional
space. This statement is trivially true for L = 1, since B(1) = B(1), and we have proved it
explicitly for L = 2, so we will show that if it’s valid for L — 1, then it’s valid for L.

Let’s consider the subset of rows of Eq. (A.22) where B(L) = B(L). Among these
equations, we will denote by “set 0” those belonging to the first block row, and “set 1”
those belonging to the second block row. As we can see from Eq. (A.23), this leaves out one
equation in the last block row, which is:

$(0,0,...,0) —(1,0,...,0) = d7(0). (A.26)

By induction hypothesis, all equations in the first block row of Eq. (A.22) can be written as
linear combinations of set 0. Furthermore, if ¢,(N) satisfies property (A.10), also §,(N) + ¢
satisfies the same property, so by induction hypothesis, also all equations in the second block
row of Eq. (A.22) can be written as linear combinations of set 1. So any row in the first
and second block row in Eq. (A.22) can be written as linear combinations of those equations
involving B(L).

We are left to show that equations in the last block row of Eq. (A.22) can be written as
linear combinations of equations involving E(L) Thanks to what we have just demonstrated,
this is is equivalent to showing that the equations in the last block row are linear combinations
of the first two block rows of Eq. (A.22), and of Eq. (A.26). The equations of the last block
row of Eq. (A.22) are of the form

Y(ng = 0,{ni}) —d(ny = 1,{n;}) = 5.(N). (A.27)

Given any fixed set of {n;}, which fixes N = > i1, Ti, we will now show how to obtain
Eq. (A.27) by relating ¢ (nz, = 0,{n;}) to ¥(nr = 1,{n;}) only using the equations of the
first two block rows of Eq. (A.22) and Eq. (A.26). We can first relate ¢(nr = 0,{n;}) to
¢(ng = 0,{0}) using the equations in the first block row N times, each time changing a non
null n; to zero. We will obtain the following result:

N
d(ng = 0,{n;}) = (ny = 0,{0}) = =Y &, (N — 1), (A.28)
i=1
where p; is the energy level whose occupation number has been changed to zero at step ;
the argument N — ¢ is given by the fact that at each step we use a linearized PDBE where
> izp, Ni decreases by one. Using Eq. (A.26) we obtain

N
Y(ng =0, {n;}) — ¥(ng =1,{0}) = 6.(0) = D_ &y, (N — ). (A.29)

i=1
Now we can relate ¢)(ny, = 1,{0}) to ¢¥(nr = 1,{n;}) using the equations of the second block
row to set each non null n; back to 1. If we do this in the exact same order as we did in the
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previous step, we will obtain

N N

bng =0, {ni}) = ne = 1 {ni}) = 365, (0) +60(0) = 3.6, (N —4).  (A.30)

i=1 i=1

The “new” term has the same set of {p;}, and the argument i is given by the fact that
> i4p; i increases by one at each step, and it starts from 1 since now ny = 1. Eq. (A.27)
is of the same form, therefore the equations on the last block row can be expressed as linear
combinations of B (L) if and only if they represent the same equation, which requires:

N
On(N) = 6(0) = 3 [8,,(3) = 8, (N = 7)) (A.31)

i=1

Using property (A.10), this last equation reduces to N=N , concluding the proof by induc-
tion.

A.4 Non-interacting QD: Non-linear effects

In this Appendix we will study the transport coefficients, maximum and peak efficiency and
efficiency at peak power of a two-terminal non-interacting QD. We will first consider a single-
level QD and then a two-levels QD (with energy-independent tunneling rates).

Let us first consider a QD with a single energy level E;. In this case, the Pauli master
equation with Ec = 0 reduces to a single simple equation, so it is possible to compute the
currents. Using the two-terminal notation introduced in Secs. 4.2.2 and 4.3 we obtain

I =—ey(f2— f1),

. (A.32)
JQ = (Amin + QOeV)V(fQ - f1)7
where _
o Amin — (1 — 90)6‘/
fl - f ( kBTl > )
o Anin + OpeV (A.33)
f2 - f (M) )
Amin = El — K,

with the Fermi function f(z) = [1 + exp(z)]~!. Note that the same result could be obtained
using the Landauer-Biittiker scattering formalism with a narrow in energy single-level QD
transmission probability. Using Eq. (A.32), we can compute

ol ey Oy 1 -6
G= — = = + = . (A.34)
2 [ Apint+6oeV Apmin—(1—0p)eV
OVlsr=o  4ReT | cosh® (Sateel’)  cosly? (Peegier™ )

Note that the value of 6y can be determined by measuring G.

We can also compute S using Eq. (A.32). The condition I = 0 is satisfied when the
arguments of the two Fermi distributions f; and fo are equal, so we obtain
1

o == _ﬁAmina (A35)
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where

T =017 + (1 —60)T5 (A.36)

is the average reservoir temperature, weighed with 6. As we can see, the slope of S(u) beyond
the linear response regime is strongly determined by 6y. In the linear response regime 7™ ~ T,
where T is the average reservoirs’ temperature, so once again we obtain the result we obtained
in the quantum limit linear response regime of an interacting QD neglecting the fine structure
oscillations, due to other energy levels.

It is now interesting to study the influence of a second energy level on S. In Fig. A.2
we show the comparison between the thermopower of a non-interacting two energy level
QD (dashed lines) and the multilevel interacting QD considered in Fig. 4.6 (solid lines), for
different values of AT. For the sake of comparison, we choose the value for the two energy
levels F and Fs to match the two dominant transition energies of the multilevel interacting
QD, in particular E; = uny—3 = 290 kT and Ey = wN=4 = 410 kgT. On one hand, the

60 - -
Y — AT/T =104
40 - AN 0 —— AT/T =05
— AT/T=1

— 20 1 AT/T =1.95
~
< 07
™n

_20 -

—40 1 ':

60 - ol
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FIGURE A.2: (Color online) Thermopower S as a function of 4 for a two-level non-interacting QD
with energies Eq = 290kpT and Ey = 410kgT (dashed lines) and of a multi-level interacting QD
(solid lines), considered in Sec. 4.3, with the same parameters used in Fig. 4.6.

non-interacting thermopower shows a linear dependence on g when p is close to E1 or Eo,
whose slope is independent of AT (only because 6y = 1/2) and is the same as the interacting
QD when |Apin| < AE. On the other, when p is close to the middle point p* = (E1 + E»)/2
between F; and Fs, the thermopower depends linearly on p with a negative slope (S ~ adpu,
with dp being a small displacement with respect to p*) which depends on the temperatures
as

1 Ty cosh?( 257 ) — Ta cosh®(25) (A.37)
eAT 9T} cosh®(257) + (1 — 00) Tz cosh® (755)

where Ae = Ey — E1. Eq. (A.37) has been found by expanding the charge current around
p = p*. Once again, the slope of the interacting and non-interacting QDs are the same in
this region. In between instead the fine structure oscillations of the interacting QD create a
substantial difference that causes the maximum value of .S to decrease.
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At last we can compute the Peltier coefficient for a single energy level QD using Eq. (A.32):

JQh Amin
=22 _— — V. A.
I e o (A.38)

AT=0

Surprisingly, we would have obtained the same result also without setting AT = 0. On the
other hand, it strongly depends on V: increasing the voltage shifts II by 89V, so measuring
this shift would allow to measure 6y. Furthermore, if we compute II in the linear response
regime, setting V' = 0 in Eq. (A.38), we can explicitly verify that II = T'S is respected. If
we set 0y = 0, we see that II = T*S, even beyond the linear response regime, for arbitrary
temperature and voltage differences. Interestingly, in the presence of two levels the Peltier
coefficient beyond linear response II still satisfies the relation (IT + 6yV') = T Sy, where Sy
is the linear-response thermopower (black dashed curve in Fig. A.2), so that (II + 6yV') does
not depend on V.

The linearization of G and S for a single-level non-interacting QD yields the same results
obtained for a multilevel interacting QD, in the quantum limit linear response regime, if we
restrict |Apin| < AE. We could expect this result since considering a single energy level
is intuitively equivalent to sending AFE and FE¢ to infinity in the interacting QD. On the
contrary, a single level QD model cannot be used to estimate K since it predicts K = 0 [in
fact, from Eq. (A.32) we have that J oc I, so K, caluclated at I = 0, vanishes].

We now want to study the power and efficiency of a single-level QD. Considering AT =
To —T1 > 0 and inserting Eq. (A.32) into the definitions in Eqgs. (4.19) and (7.6), we can
write the power and efficiency as

P=—VI=neV(fa— f1), (A.39)
P eV

e S— A.40
JY 0oV + Amin (A.40)

T, =
We will consider a fixed temperature difference AT = T5 — T7 > 0, and a variable V' such
that the system behaves as a heat engine (P > 0). The power is positive when V' € [0, Vitopl,
where Viiop is the non zero voltage that creates a null charge current. Imposing this condition
we find B
Amin Tlc
Vatop = ——————. A4l
P T T G (A.41)
Without loss of generality, we can specify our analysis to the region where u < Ey, E} being
the energy of the single energy level; thus Apyin > 0, so Viiep is positive, and our system will
behave as a heat engine when

AInin Tlc
0<V < Vitop= —————. A.42
>~ > Vstop e 1 _ 9077c ( )
Let us now discuss the peak efficiency of the system. We have to maximize Eq. (A.40)
with respect to Apin and V, atiﬁxed AT > 0, respecting A, > 0 and Eq. (A.42). Since 7
is a growing function of V' for Api, > 0, n will be maximum when computed at the highest
allowed voltage, Vitop. Inserting Vitop in Eq. (A.40) yields:

n(max) — 770‘ (A'43)

Thus a single level QD in the sequential tunneling regime always achieves n(™a%) = 5.

regardless of the the temperature difference, 6y and the distance between p and Fy [151, 152].
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FIicurRE A.3: (Color online) Comparison between n(P(maX)) computed numerically and using

peak
Eq. (A.44). Also nca and ngg are displayed.

Using Eq. (A.39) we can compute the power when 7 is maximum, i.e. when V' = Vip: this
yields P = 0. These results agrees with the expectation that Carnot’s efficiency is reached
when the heat exchange is “reversible”, thus when the power is vanishingly small.

Let us now study the efficiency at peak power, U(P;EZ;?«:X))' Pég;?{x) is obtained by max-

imizing the power with respect to A, and V, at fixed AT > 0, imposing Ay > 0 and
Eq. (A.42). By imposing this request we obtain two coupled equations that cannot be solved
analytically [112]. However, the Fermi function is always evaluated when the argument is
positive, and we approximate it with its exponential tail. By doing so, we obtain

P(max) _ Tlc ’
M) = ey 0 ) (1= o)
plina) AT e (A.44)
= e ,
peak VekB [1 + é(l _ nc)lfl/ﬁc} [é—{— (1 — nc)l/nc]

where € is Napier’s constant. These equations provide an approximate expression of ég;ix)
and n(P}EIeI;T{X)) for a single level QD, valid for any reservoir temperatures. Note how n(P}EZ;T{X))
only depends on 7., while P;EZS:) depends on both T and 75 through 7. and AT. Note
n(PIEg;T{X)) — nc/2 as . — 0, as expected from the fact that ZT — oo for a narrow transmis-
sion probability [5]. As we can see in Fig. A.3, there is a good agreement between n(P}EZ;T{X))

given in Eq. (A.44) and a numerical calculation: the analytic expression slightly underesti-
mates n(P(maX)). Furthermore, we can see that the efficiency at peak power goes beyond

peak
Nca, while it remains under 7gg. We have also verified that Pémax)

cak . given in Eq. (A.44) is in
good agreement with the numerical calculation.

To further assess the validity of the approximate analytical formulas (A.44), we expand
them around 7. = 0 and 7. = 1, and compare the obtained results with the exact expansions
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known in these limiting cases [112]. An expansion of Eq. (A.44) around 7. = 0 yields

2
max C 7
p(Pmedy Z e e | 208 o),

peak 2 8 96
(max) 52 AT 2 A 3 (A45)
Pleaic” = WkBTm T + O (( T/T) ) )

where T is the average temperature in the linear response regime. Our result for n(PIErer;ix))

has to be compared with exact expansion of Ref. [112],

(max)y _ Tle 12 l 3 4
N(Ppeak ) = s +tg Tt 96(1+O.0627)nc +O0(n). (A.46)

As we can see the first two orders are exactly the same, while the third order only has ~ 6%
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FIGURE A.4: (Color online) Maximum power, normalized to the peak value, plotted as a function
of p for different values of 7. with AE = 20kgT and Ec = 0 (top panel) and with AE = 3kpT and

Ec =0 (bottom panel). Tunneling rates are il'y(p) = hl'2(p) = 0.01kpT.

correction, confirming that Eq. (A.44) slightly underestimates the exact result. The expansion
of Pé;ix) instead confirms that in the linear response regime the peak power depends on AT?2.
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eak

which is in very good agreement with the result obtained in Eq. (4.50) for a multilevel QD

Furthermore, evaluating the coefficient numerically yields Pémax) ~ 0.105vkgT(AT/T)?,

in the quantum limit linear response regime (note that Pég‘f{x) = Q*AT?/4).
An expansion of Eq. (A.44) around 7. = 1 yields

n(PSY) = 1+ (1= o) In (1~ 710), (A.4T)
(max) _ YkBAT ( € )
P ~N—— |1 1-— c In(1— c s A4
peak 1+e +1—|—é( 77)11( 77) ( 8)

to be compared with the exact expansion [112]

(1—nc)In(1—n)
1.278

N(PI) ~ 1+

(A.49)

There is a good agreement between the two formulas, and we can see that Eq. (A.44) slightly
underestimates n(P(maX)). We stress that the expression of P™) for ne ~ 1, Eq. (A.48),

peak peak
shows that the peak power is proportional to AT, as opposed to AT? as in the linear response
. . . . (max)
regime. Furthermore the peak power approaches its maximum value given by beak | =

vkpAT/(1+¢e) whenn. =1 .

At last, we have computed numerically the maximum power Pél‘;ﬁ") in the case of a two-
level non-interacting QD. Pé?ix) is computed by maximizing the power only over V'; the peak
of ngﬂx) as a function of y will thus yield Pég;ix). In Fig. A4 P(ma")/ Pé:;ix) is plotted as
a function of p for AE = 20kpT and AE = 2 kpT respectively in panel (a) and (b). Each
curve corresponds to a different value of 7., starting from the linear-response case (black
solid curve) to the extremely non-linear behavior (black dashed curve) at n. = 0.99. In panel
(a), representing the quantum limit, all curves nearly coincide with the linear-response one
(apart for very large values of 7). For each value of 7. the height of the four peaks is equal,
contrary to the case where interaction is present (see Fig 4.11). This is to be expected,
since the two energy levels do not influence each other in the quantum limit in the absence
of interaction, so the behavior is essentially dictated by a single level. In the bottom panel
instead, representing a case away from the quantum limit, the external peaks are much higher
with respect to the internal peaks, especially for small values of 7.. This is due to the fact
that AFE is of the order of kgT and therefore we cannot consider a single energy level at a

time, and this produces the peak asymmetry.



Appendix: Thermoelectric conversion at 30 K in
[nAs/InP nanowire quantum dots

In this appendix we report experimental and theoretical details concerning Chap. 5.

B.1 Materials and methods

InAs/InP heterostructured NWs were fabricated using a chemical beam epitaxy process
seeded by metallic nanoparticles obtained from thermal dewetting of a Au thin film [367].
Growth was performed at 420 + 10 °C using trimethylindium (TMIn), tert-butylarsine
(TBA), and tributylphosphine (TBP). The TBAs and TBP are thermally cracked at around
1000 °C upon entering the growth chamber, while the TMIn decomposes on the substrate
surface. The metallorganic pressures were 0.3, 1.0, and 4.0 Torr for TMIn, TBAs, and TBP,
respectively. These growth conditions ensure to achieve InAs/InP NW heterostructures with
straight morphology, constant diameter, wurtzite crystal structure and atomically sharp inter-
faces [175, 368]. InAs/InP and InP/InAs interfaces where realized without any interruption
by switching the group V precursors. The position of the dot inside the NW is determined
based on its average distance from the Au nanoparticle, as measured from an ensemble of
wires with STEM. This leads to a typical alignment error of £50 nm, based on NW imaging
statistics and on alignment errors during the lithographic process. Ohmic contacts are ob-
tained by thermal evaporation of a Ti/Au (10/100 nm) bilayer, after a chemical passivation
step based on a standard (NH4)Syx solution.

The NW voltage bias was obtained using the auxiliary output of a Stanford Research
lock-in amplifier SR830 and a resistor divider. Charge current was measured using a DL.1211
current preamplifier and an Agilent 34401A multimeter. Each of the thermometers was
excited by an AC current of 1 A, obtained using the sinusoidal output of a SR830 amplifier
connected to a 1M bias resistor. The local heater was supplied using a Keithley 2400
SourceMeter. The gate voltage was controlled using a Yokogawa 7651 DC source.

161
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B.2 Measurement setup circuit

The developed experimental platform allows to acquire simultaneously the temperatures and
to perform transport measurements. To do so, we use two 1:1 audio transformers to isolate
the circuit used to feed and acquire data from the thermometers to the circuit used to apply
bias voltage and measure the flowing current. The electrical scheme is shown in Fig. B.1. The

Signal In A Signal In A
Lock-in 1 Lock-in 2
1:1 Transformer 1:1 Transformer
Sine Out ~~ ' 1IMOQ . «  1MQ ) | /~ Sine Out
Lock-in 1\ 1 NW 1 4 Y Lock-in 2
Signal InB
p i Lock-in1  Signal In B
' é \ Lock-in 2
Aux Outl |/ 100kQ \
Lock-in 1 l-._ 1k0 .' 34410A Multimeter
.//'

F1GURE B.1: Experimental circuit electrical scheme. Two 1:1 audio transformers are used to
disentangle the circuit applying voltage bias and thermometers. Two SR830 Lock-in amplifiers (Lock-
in 1 and 2) are used in order to perform high precision 4-wire measurements. The voltage is applied
using a SR830 DC output passing through a 1/100 voltage divider (green circle) inserted in order
to avoid overcharging the nanowire. Current flowing through the nanostructure is measured by a
multimeter digitalizing the output of a current pre-amplifier (red circle).

thermometers are fed with a constant 5 pA amplitude AC current, provided by the oscillating
input of two SR830 lock-in amplifiers (5 V amplitude) connected in series with 1 M resistors.
The working frequencies are 781 Hz and 1151 Hz, respectively. Phase-locked measurements
are used to measure the voltage drop between the central leads of the thermometers (Signal
in A lock-in 1(2) and Signal in B lock-in 1(2) in Fig. B.1), which is directly related to
the local temperature via the dependence of the gold layer resistance on temperature. In
order to perform temperature measurements, a calibration procedure is needed to link the
voltage reading to a temperature measurement. Details about the thermometers calibration
is provided in Sec. B.3.

On the other side, the biasing voltage is provided by a SR830 DC voltage output (Aux out
1 in Fig. B.1). The source is connected to a 1/100 protective voltage divider, used to avoid
providing excessive bias voltage to the nanostructure and thus damaging it. Furthermore,
current flowing through the NW is measured by means of a pre-amplifying stage (DL1211),
whose output is digitalized by an Agilent 34410A multimeter.
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B.3 Thermometer and heater calibration

As previously anticipated, calibration procedures are needed in order to properly use the
micro-thermometers embedded in the developed architecture.

These calibration procedures are performed for every device during the cool-down pro-
cedure. This means that the thermometers are fed as described in Sec. B.2 and the voltage
drop between the central leads is measured during the insertion of the sample in the cryostat,
i.e. going from 300K to 4K, every 1 s.

The resulting curve is shown in Fig. B.2, in which calibration curves are displayed for
the thermometer near (red curve) and far (blue curve) from the heating serpentine in the
temperature interval from 80 K to 4 K. Higher temperatures are not reported in the figure,
being the calibration curve trivially linear and temperature higher than 80 K out of interest
in this study.

Figure B.2 shows the calibration curves without any offset, and the differences between
them can be related to the fabrication procedure not being ideal (e.g. slight differences
in the thickness of the gold layer defining the thermometers). It is worth to notice that

for
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F1GURE B.2: Thermometer calibration curves from 65K to 4K. Red color is referring to the ther-
mometer near the heater, while blue color is used for the far from heater thermometer. Differences
between curves can be attributable to the non-ideality of fabrication procedures.

thermometers tend to “saturate” for temperatures less than 10 K and are not responsive to
further changes in temperature. This behavior can be attributed to the metallic nature of
the thermometers and does not represent a limitation for this study, in which temperatures
higher than 10 K are considered.
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After having measured the response of the thermometers, it is possible to have a local
temperature measurement by acquiring the voltage drop value and comparing it with the
measured curve.

Moreover, after having retrieved the calibration curves for the thermometers, we verify
their response to the local heating serpentine. To do so, we feed the heater by a constant
current by using a Keithley 2400 SourceMeter and measure the variation on the voltage drop
between the central leads of the thermometers for different values of the heating current. The
obtained curves are shown in Fig. B.3, in which response to current flowing through the heater
is reported for both thermometers. It is possible to notice that the red curve is more responsive
for lower values of the heating current, coherently with the relative thermometer being near
the heater. By comparing the measured value for the voltage drop of the thermometer at a
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FI1GURE B.3: Thermometer response to current flowing through the heating serpentine. Blue color
refers to the thermometer far from the heater, while the red curve represents the response of the
thermometer near the heater. The red curve is responsive to the heater for lower current values
compared to the red curve. This behavior is coherent with the thermometer position relatively to the
serpentine.

fixed value for the current flowing through the serpentine with the thermometer calibration
curve shown in Fig. B.2, we can directly evaluate the effect of the heater on the system mean
temperature and temperature gradient.

B.4 Quantum dot characterization

In this experiment, more than 5 devices have been fabricated and measured. Results presented
in Chap. 5 are from device D1, while data from device D2 and D3 are presented here.
All devices are fabricated in the same configuration. Preceding the data acquisition with
applied thermal bias, quantum dot characterization has been performed for every device under
analysis. This allows to have a better comprehension of the observed phenomenology, which
severely depends of the position of the resonant energy levels involved in transport. Figure B.4
shows the preliminary quantum dot characterization, consisting in visualizing the “Coulomb
diamonds” and exploring the “pinch-off” voltage zone, in which the dot is completely depleted
— which is of particular interest in our experiment, being thermoelectric effects intimately
linked to the occupation number of the nanostructure. It is worth to mention here that
in general in QD measurements the suppression of electrical transport below the pinch-off
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voltage may not be sufficient to assert the absence of any other electronic levels below what is
considered the first one. This is due the fact that the electronic transport could be quenched
elsewhere in the electronic path. In this particular case, ancillary measurements show that
we truly are able to fully deplete the QD, as:

1. Excited state spectroscopy of the “N = 0” state does not show excited states, which
are present for any state above N = 1.

2. High T measurements do not show any indication of additional levels involved in trans-
port due to thermal energy.

3. Electrical transport is modulated by using both the back-gate and the side gates, which
are local structures and act only in the vicinity of the heterostructured QD.

Furthermore, even if some other level was present below the N = 0 state that would have
made no difference in terms of the model used for data analysis and thoroughly explained in
Sec. B.5 of the present document. Moreover, in order to relate the applied gate voltages to
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FIGURE B.4: (a) Current measurements in the parameters space defined by applied bias and gate
voltages. The typical Coulomb blockade diamonds are visible, as well as the completely depleted
region marked with the N = 0 occupation number (“pinch-of”). (b)(c) Horizontal and vertical cuts
corresponding the colorplot shown in (a).

actual energies in the energy spectrum of the quantum dot and thus compare the experimental
data with theoretical predictions, it is necessary to extract important parameters such as the
gate lever arm, apg. Figure B.5 shows the relation between Coulomb diamonds and the
system energetics used to extrapolate this parameter (data belongs to a different dot with
respect to what is shown in Fig. B.4).
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F1GUurE B.5: Coulomb diamonds. The arrows represent the relation between the diamond dimen-
sions and the system energetics. By acquiring the dimensions of the diamonds, it is possible to evaluate
the system charging energy F¢, the spacing between two resonant energy levels of the quantum dot
AE, and the gate lever arm apg.

B.5 Theoretical model

We now describe the theoretical model used to fit the data and to compute the electronic
thermal conductance. According to the theory developed in Ref. [70] and further studied in
Ref. [169], we employ a master equation approach that accounts for sequential tunneling. As
discussed in Chap. 5, co-tunneling can be neglected when AI' is much smaller than kT and
when the level spacing and charging energy are not “too large” respect to k7. Indeed, in
our experiment typical values of hI'/(kgT) are around 3 x 10~3. We further verified that co-
tunneling can be disregarded by computing G, S, K and the electronic ZT theoretically (only
in the two-level model) both including and neglecting co-tunneling. Using the parameters
relative to the measurement at T,,, = 24.9K, we could see no deviations between the two
cases in the range of the experimental data. However, deviations are observed in the range
of Vgate much smaller than —1V where both G and K are exponentially small respect to
their peak value. At last, we wish to emphasize that if co-tunneling can be neglected at
Tavg = 24.9K, it is even more justified at higher temperatures (T, = 31.2K).

We account for two single-electron degenerate levels in the QD, labelled by p = 1,2. The
occupation of each level, n,, can thus take values 0, 1,2. The single electron energy of level p
is given by E, = 02, AE, where the first level is chosen at zero energy, and AFE is the energy
level spacing. The electrostatic energy necessary to have N electrons in the QD is given by
U(N) = EcN?. Thus, the energy necessary to add 1 electron to level p of the QD, which
initially has N electrons, is given by

AU(N,p) = E, + U(N +1) — U(N) — p, (B.1)

where 1 = apgeVgate is an energy shift induced by the applied gate voltage. The state of
the QD is described by the 2 occupation numbers {ng,n;}. In the weak coupling regime,
sequential tunneling of electrons between the leads and the QD induces transition between
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the states. The rate of sequential tunneling of electrons from(to) lead o« = L, R to (from)
level p of the QD with a fixed spin when there are N electrons before the transition occurs
is given respectively by

F;F(N7p) Z’ya(N,p)fa[AU(N,p)],
L, (N,p) =7a(N —1,p) [1 — fo[AU(N —1,p)]],

where 7, (N, p) is a characteristic of the system which depends on the density of states of
lead « at energy AU(N,p) and on the coupling between lead o and the QD, and f,(¢) =
(1 + ele=ra)/(kBTa))=1 s the Fermi distribution of electrons in lead « at temperature T,, and
chemical potential . In the presence of a voltage bias V', the chemical potential of the leads
is pur,m = £eV/2.

We can describe transport through the system by calculating the out-of-equilibrium oc-
cupation probabilities py,n, of finding the system in state {ng,n1}. This is done by solving
the master equation

(B.2)

dpoo/dt = —poo(20G; + 2Ty) + p1ol'y; + porl1,

Opo1/0t = —p01(2F11 + T 4+ Tly) + pialay + poo2lg, + po22T5,,

Opoa /0t = —po2(203; + 205) + p12l's; + porlTy,

dp10/0t = —p1o(T; + T +2I7,) + p002F01 + p202T5; + puil'ly,

Op11/0t = —p11(Tqy 4+ T3; + T + T53) + p012T7) + p212T5; + 102l + p12205,,
Op12/0t = —p1a(Tqy + T3, + 2T55) + p022T5; + p222T 5 + p1115s, B.3)
Op20/0t = —p20(205; + 2035) + p1ol'y; + p21la,

Opa1 /Ot = —p21 (203, + 5y + T'y) + p11lgy + p202l55 + p222l 5,

Opaa /Ot = —p22(20; + 2T',) + p1al's) + pails,,

anlnz =1,

in the stationary case (i.e. imposing (Opn,n,)/0t = 0). We defined F]j\[,p = T{(N,p) +
Fﬁ(N ,p). Once the probabilities are known, we can compute the charge and heat currents
leaving the left reservoir as

I'=—e Z Prins |:6np,02]-—‘ﬂ_(N7 p) + 5711,,1 (PL’—(Na p) - Fi (N7 p)) - 5np,22FE(N7p)} )
ni,n2,p
> Doina [np 026 T (N,p) + 60,1 (€7 TF (N, p) = € TL(N, ) = 0, 226 T (N, )],

ni,n2,p

(B.4)
where N = ny + ng and et = AU(N, p) — py, is the heat removed from the left reservoir (L)
when an electron tunnels from L to the QD, e~ = AU(N —1,p) — py, is the heat injected in the
left reservoir when an electron tunnels from the QD to L. At last, the transport coefficients
are computed using their definition provided in Eqgs. (3.24), (3.25) and (3.26).

B.6 Parameter estimation

Experimental values of G and Vjy, are determined the following way: for each fixed Vgate
value, we consider the curve I(V) for which the linear response holds (leV| < kpT'). We
then fit the curve I(V) = GV + GSAT which allows us to determine G from the angular
coefficient and SAT from the intercept.
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The model described in Sec. B.5 allows us to compute G and V. Thus, by fitting the
computed curves for the conductance and thermovoltage we are able to retrieve the values
of the parameters involved in defining these quantities describing the system, i.e. the system
average temperature and applied temperature bias, the charging energy and the tunneling
rates of the barriers defining the QD.

Within the linear response regime, the currents do not depend separately on the tunnel-
ing rates relative to the two leads, instead they depend on a combination of the two [70].
Therefore, we can assume that v, (N, p) does not depend on «. Furthermore, we find that we
can obtain a good fit assuming that the rates only depend on the number of electrons N. We
thus define y(V) = ~, (N, p) for N = 0,1,2,3. At last, given the lack of experimental points
around the third and fourth peak of the conductance, we take (2 = ~®).

We determine the rates (™) and the average temperature Tave by fitting G with the
theoretical model described in Sec. B.5. By using these extracted parameters, we can compute
the Seebeck coefficient S and estimate AT by fitting the measured SAT. However, we find
that we can further improve the parameter estimation by fitting simultaneously G and SAT
varying vV, Tavg and AT around the values previously estimated.

The following tables shows the extracted parameters for two different explored tempera-
tures:

’ T(K) ‘ AT (K) ‘ Ec(meV) ‘ ~(0)(GHz) ‘ (D (GHz) ‘ ~®)(GHz) ‘ ~B)(GHz) ‘

24.9 1.85 6.5 1.56 0.97 2.0 2.0
31.2 2.05 5.9 1.6 1.1 1.31 1.31




Appendix: Non-linear thermovoltage in a
single-electron transistor

In this appendix we report details about the calculations performed in Chap. 6.

C.1 Computing charge and heat currents

As in Chap. 2, the system is described by the following Hamiltonian

H=H+ > H,+Hg, (C.1)
a=L,R

where Hy = > (ex + eVa)aLmakm is the Hamiltonian of the free electrons in lead o = LR,
Hy =, ekc,t oCho + Ec (N — ng)2 is the Hamiltonian of the electrons in the metallic island
and Hip = kam t,&?c},aakm + h.c. is the usual tunneling Hamiltonian between the leads

and the island. aggq (az »o) 1s the destruction (creation) operator of electrons in lead o with

energy € + eV, and spin o, cgs (c;rm) is the destruction (creation) operator of electrons in
the metallic island with energy €, and spin o, and 7 is the operator for the number of excess
electrons on the island.

In order to describe charge and heat transport in the system, we employ the Pauli master
equation approach to compute the probabilities p(n) in terms of all processes that can induce
transitions between charges states (the tunneling rates) - see Chap. 2. Sequential tunneling
of electrons between the island and the leads changes the charge state by one, so it enters
the master equation. Co-tunneling processes instead transfer an electron from one lead to
another one via a virtual state in the island, but the overall process does not change the
number of electrons in the island; consequently, the master equation does not depend on
co-tunneling. Second order processes that transfer two electrons from/to the leads to/from
the island can be safely neglected as the charging energy F¢ is much larger than the thermal
energy kg7 and than the voltage bias range considered in this work. The master equation

169
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reads

dp(n)
ot

= Z {—p(n) [Fal(n) + Fla(n)] +p(n - 1)Fal(n - 1) +p(n + 1)F1a(n + 1)} )
a=L,R
(C.2)
and we solve it by setting dp(n)/0t = 0 for every n. Eq. (E.4) states that the probability of
being in charge state n can decrease (first r.h.s. term) if the island has n excess charge states
and an electron tunnels into or out of the island, while it can increase (second and third r.h.s.
terms) if, after a sequential tunneling process, the number of excess charges on the island is
n.
Given the probabilities, the charge current can be computed by summing ¢4 and I°*
given in Eq. (6.2) and below. The energy entering the metallic island Q¢ can be computed
as

Qun=JL+J5 =0+ I8 +e(V, — W), (C.3)

where J¢ and J! are respectively the energy (measured respect to the common voltage
ground) and heat currents leaving reservoir a;, and we used the fact that J& = J! + Vi, I and
Ji = Jﬁ — eVrI. We can simply interpret the r.h.s. of Eq. (C.3) by noticing that the heat
entering the metallic island is given by the sum of the heat leaving the leads and the heat
generated by Joule effect. We notice that a shift of the energy reference shifts V1, and Vg,
but it does not change JI! and JP{, 50 Qiun, as defined in Eq. (C.3), does not depend on the
un-physical energy reference.

The heat currents can be calculated in terms of “heat rates”. We thus define T'?;(n) as the
rate of heat leaving reservoir & when electrons tunnel sequentially from lead « to the island
with n initial electrons, and I'f (n) as the rate of heat entering lead a when electrons tunnel
sequentially from the island to lead « with n initial electrons. Analogously, we define Vzgout (n)
as the rate of heat leaving lead o when a co-tunneling process transfers one electron from
lead a to lead 5 with n electrons in the island, and yzém(n) as the rate of heat entering lead
B when a co-tunneling process transfers one electron from lead « to lead 8 with n electrons
in the island. Notice that also co-tunneling processes where ae = 8 must be considered in the

heat currents, since the electron leaving and the one entering the same lead can have different

energies. Also the heat currents can be written as J! = 2/ ed J};/ COt, where
Jh/ed = 57 p(n) [Thy(n) — T, (n)] (C.4)
n
is the sequential-tunneling contribution, given by electrons tunneling between lead o and I,
and . .
t in
JEet =3 p(n) 305 () = 50" ()] (C.5)
n,B=L,R

is the inelastic co-tunneling contribution.

Using the 7T-matrix theory (or generalized Fermi golden rule) [30-32], we can compute
sequential and co-tunneling rates as described in Sec. 2.2. The transition rate from a given
initial state |1;) to a final state |1)f) is given by

2TV — W) | (g | TTon) 2 b(es — ), (C.6)

Fi*)f - 7

where W; and W; are the probabilities of finding the system in state |¢;) and |¢f), €; and
ey are the energies of states [¢;) and [¢¢) and T = Hyg + HigGoHis + ... is the 7 matrix



C.1 COMPUTING CHARGE AND HEAT CURRENTS 171

with Go = 1/(e; — Ho + in) denoting the Green function in the absence of the Hip, i.e.
Hy = Hp + H;. We compute sequential rates by taking 7 at first order in Hyg. We thus
take T'= H;p in Eq. (C.6) and sum over all states in the lead and in the island, yielding

Tor(n) == > faler) ] (ky) <0|CkzazHLBaLola|0)‘2 6 [en, — ey + AE(n)], (C.7)

kio1,ka02

where AE,(n) = U(n+1)—U(n)—eV, is the electrostatic energy difference to move an elec-
tron from lead « to the island, f, 1(€) = [1+exp{(e/(kBTa/[)) }]_1 is the Fermi distribution of

lead « at temperature T, or of the island at temperature 717, f;/l(e) = fay1(—=€) = 1= fos(e),
and kp is the Boltzmann constant. An analogous expression holds for I'y,(n). The heat
rates are computed in the same way, taking into account that an amount of heat € is re-
moved(injected) from(into) a lead if an electron with momentum k tunnels from(into) the
lead. We thus have that

2 _ 2
Fgl(n) - T Z €ky fot(elﬂ).fl (ekz) <0’ck202HLBa’Llala‘O>‘ 0 [ekz — €y T AEOZ(”)] )
kio1,k202
27 _ 2
a(n) = - Y e tiler) S5 (ers) <0|akgagaH1,BCLgl\0>‘ 0 [ex, — €k, — AEq(n —1)].
kio1,k202

(C.8)
By assuming that the energy levels in the leads and in the island form a continuum, by
taking a constant density of states around the Fermi energy and by replacing the hopping
parameters t,(;) with their averaged value over k and p, we can write the sequential rates and
heat rates in terms of the functions

+oo
1 _

To(AB) = - / defa(e) fi (e — AE),
1 400 (CQ)

T (AE) = 2R, deefo(€)fi (e — AE),

where R, is the tunnel resistance between lead o and the island, as follows:
TFoi(n) = To[AEL(n)], lNao(n+1) =T, ]—AFE,(n)],

() = TalABa(n)),  Tialn+1) = Tal-ABa(0) 0

Tar(n) = Ta[AEa(n)], Tiy(n+1) = =To[~AEa(n)].

Co-tunneling rates are second order processes that involve initial and final states with
two electrons, so we now consider 7 = Hy gGoHy . We thus take |¢;) = a};lala |0) and
[Ys) = aZQ . /3022 o, |0}, which corresponds to considering the process where an electron in state
kio1 tunnels from lead « to the island into state koos, and another one coherently tunnels
from the island in state ¢171 to lead 8 into state ga7o. From Eq. (C.6) we have that

1.
CQ1 T1

o e (Vs Hipl) (b Hili) [
'Yaﬁ(n) =7 klale:QUQ fa(em)fl(eql)fﬁ (eqz)fl (6k2) ; g — ey +in
q17T1,9272

) [EqQ + €k, — €qy — €y T+ G(VB — Va)] , (C.ll)
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where €; = €4, + €, + €V, + U(n) is the energy of state |1;), the sum over |t),) runs over a
complete set of eigenstates {|¢,)} of Hy, and ¢, is the energy, evaluated with Hy, of state |1),).
As we did for the sequential rates, we notice that in the processes described in Eq. (C.11),
the heat leaving reservoir « is €, , while the heat entering reservoir 3 is €;,. The co-tunneling

heat rate leaving reservoir «, 'yzgom (n), is thus given by Eq. (C.11) adding an ¢, inside the
sum over the initial and final states, while the co-tunneling heat rate entering reservoir 3,
’yzgn(n), is also given by Eq. (C.11) adding an €4, inside the sum over the initial and final
states. Manipulating Eq. (C.11) using the same approximations mentioned for the sequential

rates, we find that by defining

+oo
h 1 1 2
AE,AFE,AFE;) = — YTo(—€)Y AFE —
Vag(AE, AE), AES) 27r/d6 (—e)Ysle+AE) e+ AF), —in e—AFEy+ AE +1in
(C.12)
+oc0 9
REIININ N :h/dTh—Y AE‘ L !
Uaﬁ ( ) 1, 2) 2 € a( 6) 5(6+ ) E+AE1 72'77 67AE2+AE+ZT] ’
(C.13)
BT
h/in
oMiNAE, Ay, ABy) =~ / deY o(—O)Yhi(c + AE)
1 1 2
— C.14
8 e+ AE; —in €— AEy+ AE+in| ’ ( )
we can write the co-tunneling rates and heat rates as
Yas(n) = vag [e(Vs — Vo), AUs(n), —AUg(n — 1)], (C.15)
Yo () = V5™ [e(Vh = Vo), AUa(n), ~AUs(n — 1], (C.16)
h/in h/in
VM (n) = ol [e(Vs — Vi), AUa(n), —AUs(n — 1)]. (C.17)

At last, we notice that the integrals in Eqgs. (C.12), (C.13) and (C.14) are divergent in the
limit 7 — 0T. In order to overcome this problem, we adopt a commonly used “regularization
scheme” [31, 32, 34, 79, 83]. All three integrals can be written in the form

| }

+00
) 2[0 deglatie { (e—a1+ i77)1(6 — g + 1) } B Z {Ii(l)} - 2% (C.18)

i=1,2

1 1

e—al—in_e—a2+in

1
€E—a; —1in

+oo ) +oo
7= /deg(e) = Z {/deg(e)

i=1,2

where g(e€) is a suitable function and a; and ag are suitable constants. We now analyze each
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integral:

+oo
Ii(l): /deg(e

/ 29 az) + g()

€E—q; —1n a;)? + n?

(e —ai)? +n? n a;)?

—00

400 +00 +0o
= g(a) / de(e—()zi1)2—|—772+ ge 9 —9l) _ mglas) o / deg((i)__g(ai)JrO(n),
- (C.19)

where P denotes a principal value integration. We notice that the last step of Eq. (C.19) is
an expansion for small 7. In particular, the first term diverges as 1/, the second one is finite
and independent of 7, while the third one goes to zero if n — 0. The regularization scheme

consists of dropping the divergent term and retaining only the second term, which is finite
and independent of n:

+00
7 p / deg(e)_g((;i). (C.20)

(e — )

Let’s now turn to

+o0o
1
7™ — /d R { }:
} €9 Re\ o+ am) (e — oz + )
2

cale (6—041)(6—(12) _
/dg()[(e—al)(e—az)—n]2+n [(6—a1)+(6—a2)]2

2

i (e —an)(e—az) —n
| o PP R e P e

We notice that the denominator in Eq. (C.21) is always positive and non-zero. In the limit
n — 0, the term proportional to (¢ — a1)(e — a2) turns into a principal value integration,
while the term proportional to —7? vanishes. The regularization scheme thus consists of

(2) ¢ g(e)
7 —>P_Zod it (C.22)

which is now finite and independent of 7.
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Appendix: Absorption refrigerators based on
Coulomb-coupled single-electron systems

In this appendix, we provide details on the calculations performed in Chap. 7.

D.1 Pauli equation

The probability py, n, that the system is in a state with n; and ng electrons in QDs 1 and 2
is calculated by solving the following linear system of equations

— [T(0) + TR (0) + TE(0)] poo + T (0)po1 + [T£(0) + T (0)] pro = 0
[T + TR po + TE(D)pro — [E4(1) + TR (1) + T (1)] pra =0
TE(0)poo — [T (1) + TR + T(0)] po + [£(1) + TR (1)] pry =0

P00 + o1 +pro+tpii=1

(D.1)

The first three equations correspond to the master equations where the time-derivatives
Do,0, P1,1, and po 1 are set to zero, while the last equation corresponds to the normalization
requirement. The charge current is given by

I= e [pool'}(0) + poalT(1) — prol§™(0) - pralP*(1)] (D:2)
where e is the electron charge, and the heat current leaving reservoir « is given by
Ja = poola (0)AUL(0) = p1al™ (DAUL (1) + po i TR (1D)AUL(1) = p1oTa (0)AUL(0), (D.3)
for a = L,R, and
Jo = po,olE (0)AU(0) — p1,i T (1) AU (1) + p1 oL E (1) AU (1) — po 1 TE(0)AU2(0). (D.4)

Note that one can exploit the symmetry of the transitions energies with respect to the common
chemical potential when 6; = 62 = 1/2 [see Eqs. (7.2) and Fig. 7.1(b)] to restrict the analysis
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to the range 01 > 1/2, without loss of generality. In fact, the heat currents relative to the
case 0; = 0; < 1/2 are equal to the ones obtained with ; = 1 — 6;(> 1/2), while the charge
currents relative to the case §; = 6; < 1/2 are equal in amplitude but with opposite sign
with respect to the ones obtained with 6; = 1 — 6;(> 1/2). This can be explicitly verified by
substituting 6; — 1 — 6; and T/°"(n) — T2"/™(1 — n) in Egs. (7.2), (D.1), (D.2), (D.3)
and (D.4).

D.2 Optimal rates for cooling power and COP

By substituting the probability py, n,, solution of Eq. (D.1), into the expression (D.4) for J¢
and imposing the detailed balance condition (10.42), we find that Jc > 0 if and only if

P (O)0R (1) (7= — 1) = D (1) [T224(0) (1= €797 ) + TR(0) (1 = €790 )|
— [02(0) + TR™(0)] [TR(1) + TR(D)] (7% = 1) > 0. (D.5)
Interestingly, the condition (D.5) does not depend on the rates an/ °u) pelative to the cooled
system, nor on #y. In Eq. (D.5), no = 1 — T/T1, is the Carnot efficiency of a heat engine
operating between L and R, C. = T¢/(T —T¢) is the Carnot COP of a refrigerator operating
between R and C, and j = E;/kpT. Restricting to the range 67 > 1/2 (see App. D.1 for
details), the first line of Eq. (D.5) is the only term that can be positive, so that a necessary
non-trivial condition to satisfy Eq. (D.5) is that 6; > 1.
When Eq. (D.5) is satisfied, at fixed Fy, 1 and 6, we find that J¢ is a decreasing function
of T1(1) and T'g"*(0), so that the optimal choice for such parameters is

(1) = Ig(0) = 0. (D.6)

Now, assuming (D.6), J¢ is an increasing function of the remaining rates I'{"(0), T'(1),
['21¢(0), T'"(1), so that the optimal choice is to take them as large as possible, compatibly
with the validity of the sequential tunneling picture.

D.3 Derivation of the master equation for the system with
three QDs

The Hamiltonian of the system with three QDs can be represented as
Hs =Y eala)(al + Er(]1,1,0)(1,1,0[ + [1,1,1)(1,1,1|)
[0}

+1(]1,0,0)(0,0,1] + |1,1,0)(0,1,1| + h.c.), (D.7)

where €, is the energy of state |a) in the absence of coupling, ¢ is the hopping element
between the two tunnel coupled QDs (3 and 1), and Ej represents the inter-dot charging
energy between the capacitively-coupled QDs, 1 and 2. Under the assumption that the
hopping element ¢ is much smaller than the coupling energy between QDs and reservoirs, in
Refs. [236—240] it was shown that the density matrix p (whose components are defined as
pap = (a|p|B)) satisfies a modified Liouville equation. In particular, the diagonal components
Pa satisfy[346]

Paa = —i[Hs, plaa — Z Lavpaa + ZFMP&% (D.8)
v 0
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while the off-diagonal components, resulting from coherent tunneling of electrons between
QDS 3 and 1, satisfy

. . 1
Pap = —i[Hg, p]aﬁ T 9 Z (Caw + FBV) PapB- (D.9)

v

In Egs. (D.8) and (D.9), the first (Liouville) term contains the system Hamiltonian (D.7),
while the other terms describe the coupling of the QDs with the reservoirs. In Eq. (D.9),
la) = 10,0,1) and |5) = [1,0,0) (and viceversa), or |a) = |0,1,1) and |5) = [1,1,0) (and
viceversa), since the only non-zero off-diagonal terms are the ones related to electron tunneling
between QDs 1 and 3 (with 2 either occupied or unoccupied). Note that Egs. (D.8) and (D.9)
depend explicitly only on the transition rate I'y,, from state |«) to state |v), which accounts
for the transfer of electrons between a QD and the corresponding reservoir A = A\(«,v). In
particular, the transition rates for tunnelling events between 1 and 3, such as I'(g g 1),(1,0,0)
and I'(g 1,1,(1,1,0), do not appear in Egs. (D.8) and (D.9). The rates appearing in Egs. (D.8)
and (D.9) can be expressed as [31]

Fal/ = hilf}/)\f)\(Aﬁal/)? (DlO)

where v, is the coupling energy between reservoir A and QD, fy(e) = [1 + e/*8T0)]~1 is the
reservoir Fermi distribution function, while AU,, = U(v) — U(«a) is the transition energy,
where U(a) = U(ny,n2,n3) [see Eq. (7.15)] with the set of occupation numbers corresponding
to the state |a).

In order to keep the notation compact, we assign an index to each set of occupation
numbers as follows: (0,0,0) — 0, (1,0,0) — 1, (0,1,0) — 2, (0,0,1) — 3, (1,1,0) — 4,
(0,1,1) — 5, (1,0,1) — 6 and (1,1,1) — 7. We will show now that the inter-dot tunneling
rates, 1. e. I's 1 = I'(0,0,1),(1,0,0) and I's 4 = I'(0,1,1),(1,1,0), can be obtained by using Eqgs. (D.8)
and (D.9). [369] Let us consider the component (3,3) of Eq. (D.8), i.e.

p33 = —it(p13—p31) — T30+ T35+ T36) p33+Tozpoo+ 53055+ Te3pes. (D.11)

In the steady state (p = 0), the components (3,1) and (5,4) of Eq. (D.9) can be written,
respectively, as

t(p33 —p1,1)
P31 = —— Fo (D.12)
€3 — €1 — ZT
and ( )
L (p55 — pa,a
P54 = )’ (D'13)

€5 — €4 — Br — i

where T(0) = I's+1'35+130+TI16+114+11 accounts for all the processes which lead to
the decay of the states ‘3> and ’1>, and r® = F573 +F5,2 —|—F577+F4,1 —|—F472 +F4,7 accounts for
all the processes which lead to the decay of the states |0,1,1) and |1,1,0). By substituting
Eq. (D.12) into Eq. (D.11), with p13 = pj ;, the latter equation will contain only diagonal
elements of the density matrix, thus representing an ordinary master equation of the form

p3 = Z (=3, p3 +Tu3py) —T'31p3 + 1 3p1, (D.14)
v=0,5,6

where po, = paa represents the probability for the state |«). In Eq. (D.14), the two terms (in
I'3 1 and I'y 3) accounting for the transitions between states |0,0,1) and |1,0,0), when QD 2
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is unoccupied, now appear. The associated inter-dot tunneling rate takes the form
£21700)

(e3 —€1)? + (@)2

'3y =

)

(D.15)

Similarly, using Eq. (D.13) in the expression for ps 5 or p4 4, one obtains the inter-dot tunneling
rate B
271
2 | (T2

in the case where QD 2 is occupied. Note that both inter-dot tunneling rates have a Lorentzian
profile.
The relevant heat currents can be written as

sy =

)

(D.16)

JC,L = Z AUaV (Fal/pa —Tva pl/) ’ (D17)

a,v

where the sum runs over the indices (o, v) = (0,2), (1,4), (3,5), (6,7) for the cooling power
Jo, and over the values (o, v) = (0,3), (1,6), (2,5), (4,7) for the input heat Jy,.

D.4 Heat currents in the system with metallic islands

Since MIs presents a continuum of states, the heat exchanged in a single electron transition is
not fixed by the electrostatic energy difference as in Eq. (7.20), but it depends on the energy
of the electron that is tunneling. We thus need to define the following heat rates [32]

Thett = 2 [ dee N N = ATua) fa(e) [1 = fule — ATL)] (D.18)

e2R..

and

phin _ eQéw / de (¢ = ATy )N (ON(e = Alua) fr(6) [1 = fule = AT,a)] . (D19)

['-out ig to the heat rate extracted from A(a, v) (the reservoir or island from which the electron
is tunneling) and I corresponds to the heat injected into p(c,v) (the reservoir or island
to which the electron is tunneling to) when the system undergoes a transition from « to v.
We thus have that

Jor =" (The" pa — T p, ), (D.20)

a,v

where, as in Eq. (D.17), the sum runs over the values (o, v) = (0,2), (1,4), (3,5), (6,7), for
Jo, and over (o, v) = (0,3), (1,6), (2,5), (4,7), for J,. The heat extracted from MI 2 can

also be computed as in Eq. (D.20) by summing over the values («,v) = (2,0), (4,1), (5,3),
(7,6).



Appendix: Heat rectification in low-dimensional
quantum systems

In this appendix, we provide details on the calculations performed in Chap. 8.

E.1 Most Generic System-Bath Coupling

In this appendix we prove that the system bath interaction described by Eq. (8.5) is indeed
the most generic system-bath interaction.

The most generic Hermitian operator acting on the tensor product space between of S
(a two-dimensional Hilbert space) and the baths (an arbitrary dimensional Hilbert space)
can be expanded on the product basis of the two Hilbert spaces. We therefore consider a
basis {B;}; of Hermitian operators acting on the space of the bath, and the specific basis
G; ={1,04,0y,0.} of Hermitian operators acting on the qubit space. This yields

Hso =) aijBi®o;j =Y Bj®aj, (E.1)
ij j

where B; = ), a;;B; is an Hermitian operator acting on the bath space. Using the relations

J$:U+—|—O'_

t o,

. (E2)
(Ty =10

we obtain Eq. (8.5), where B, = B, + iB,,.

E.2 Rectification in the weak coupling regime

We now compute the heat current flowing out of the leads in the weak coupling regime, valid
when Hg, is “small enough”. As shown in Ref. [27], the evolution of the reduced density
matrix p of the qubit obeys a Lindblad master equation. Furthermore, when the qubit is not
degenerate (i.e. when A # 0), the Lindblad master equation can be cast in the form of a
rate equation for the occupation probabilities of the qubit, defined by p; = Tr{po*o~} and
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po = 1 — p1. Interestingly, only the terms in Hg, proportional to % and o~ contribute to
the rate equation. Indeed, rewriting Hg , as in Eq. (E.1), the rate equation only depends on
the following matrix elements of the o; operators [27]:

(0a[1), (E.3)

where {|0),]1)} are the eigenstates of the qubit. In other words, only terms which can induce
transitions in the qubit spectrum contribute to the master equation. Since (0|c;|1) = 0 for
oj = 1,0, the only terms that determine the populations are the ones proportional to o,
and o, and therefore to o™ and o~ .

Neglecting for the moment the Lamb shift, as seen in Chap. 2, the probabilities satisfy

[27]
d (po\ [-TH(A) T (4) Do
ot <p1> B ( r(A) —F_(A)> <p1> ’ (E4)

where I'F(A) = T (A, T1,) —|—F§(A, Tr), and T (A, T,,), for a = L, R, is defined as in Sec. 2.1
(see App. E.3 for a derivation of the expression for the rates). Using Eq. (E.4) and po+p; = 1,
we can find the steady state populations

r(a) _ I'(A)
T-(A)+TH(A)y  PPT (A +T+(A)

po = (E.5)

The heat current flowing out of bath « at inverse temperature S, can then be computed as
Ja(Ba) = A (Pl (A, To) = piT5 (A, Ta) ) - (E-6)

Notice that also the steady-state heat current only depends on the rates, which in turn only
depend on the terms in Hg, proportional to ¢ and o~. Therefore, also the rectification
coefficient, withing the weak-coupling regime, only depends on the terms proportional to
ot and o~. Since I'}(A,T,) and ', (A, T,) are related by the detailed balance equation
(see Sec. 2.1), we can express them as X (A, T,) = To (A, To) f(£A/(kpTy)), where f(z) =
(1 + €*)~! and where T',(A,T,,) is defined as in Sec. 2.1. Using Egs. (E.5) and (E.6), and
choosing as bath temperatures Ty, = T + AT/2 and Tg =T — AT /2, we find that

FL(Av TL)FR(Aa TR)
FL(Av TL) + FR(Av TR)

J(AT) = A [F(A/(kBTL)) — f(A(kBTR))] - (E.7)
We now have a general expression for the heat current which only depends on the tunneling
rates ['o (A, Ty). In turn, given any bath and qubit-bath Hamiltonian, we are able to compute
the rates as discussed in Sec. 2.1.

At last, we can find a general expression for R by plugging Eq. (E.7) into Eq. (8.13). This
yields Eq. (8.17).

E.3 Tunneling Rates

In this section we prove Eq. (8.19). In order to use the results of Ref. [27], we consider
the system-bath Hamiltonian as written in Eq. (E.1), such that all operators are Hermitian.
Furthermore, as argued in App. E.2, the term proportional to o, does not contribute to the
heat current. Therefore we have that

Hs o= B, ® 0 + By ® oy, (E.8)
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where
B'+B i(Bt — B)
T — 2 3 By — 2 —.
Using results of Ref. [27] with Hg , given by to Eq. (E.8), we find

(E.9)

—+o00
aAT) = 3 i (Uoil0) (010311) = 2w+ + e — g = [ e ™ (B)B0)),
i,j={z,y} —0o0
(E.10)
where
+o00 .
Yy = / dt i (B (1) B;(0)) (E.11)
—0o0
and B;(t) is the time evolution of B; in the interaction picture, i.e. Bj;(t) is the Heisenberg
picture operator evolved solely according to Hamiltonian of the bath H,. In the last step of
Eq. (E.10) we used Eq. (E.9) to express B, and B, in terms of B and B. This concludes
the proof.

E.4 Tunneling Rates in Specific Models

In this section we derive the expression for I'y (A, T) in various models.

E.4.1 Fermionic baths with linear (tunnel) couplings

In this subsection we consider a fermionic bath HéF), as defined in Eq. (8.3). Furthermore, we
consider the case of equal chemical potentials, which can be treated by considering the energies
€k in Eq. (8.3) as measured respect to the common chemical potential p. Therefore, the
energies €, are defined in the interval [—oo, +00]. Plugging the linear coupling Hamiltonian,
given in Eq. (8.6), into Eq. (8.19) yields

+o00o
T5(AT) =3 Var Vi / dt e (car(t)ely ) - (E.12)
kk' s

In the interaction picture, time-evolved bath operators O satisfy (with A =1)

dO(t)

=i [Ha, O(1)] - (E.13)
Using the fact that [Hq, cok] = —€akCak, we find
Cap(t) = e akle . (E.14)

Plugging Eq. (E.14) into Eq. (E.12) yields
To (A To) =27 > [Varl? (carcl ) (A —€ar) = 27 3 |Var 21— f(Bacar)d(A—ear), (E.15)
k k

where f(z) = (exp(z) + 1)~!. Recognizing the spectral function, defined in Eq. (8.9), we
have that

Lo (A, To) = 7a(A)[1 = f(A/(ksTa))], (E.16)
where V = Vj such that ¢, = A. Using the detailed balance condition, we find that
Fo(AT) =v4(4), (E.17)

which implies g(A,T) = 1. This proves Eq. (8.24).
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E.4.2 Bosonic baths with linear (tunnel-like) coupling

In this section we consider a bosonic bath HC(VB), as defined in Eq. (8.3), and a linear coupling

as in Eq. (8.6). As in the fermionic case, we have that [H&B), bak) = —€akbak, S0 also in this
case we have that the interaction picture destruction operator is given by

bak(t) = e_iq"ktbak. (E.18)

Performing the same steps as in the fermionic case, we end up with Eq. (E.15) with (bakblk>
instead of (cakclk), which leads to having 1 + n(eqr/(ksTy)) instead of 1 — f(ear/(kBTW)),
where n(z) = (exp(z) — 1)~'. We therefore find

Iy (ATa) = 7a(A) 1+ n(A/(ksTa))], (E.19)
which, using the detailed balance condition, leads to

To (A, T,) = va(A) coth (A/(2kpT,)). (E.20)
This proves Eq. (8.25).

E.4.3 Bosonic baths with non-linear coupling

In this section we consider a bosonic bath H,SB), as defined in Eq. (8.3), and a non-linear

coupling as in Eq. (8.7). Using Eq. (8.19), we have that
+00
S (A T) = S ViVy / dt A (B3 (1) (b))% (E.21)
ko k! e

Using Eq. (E.18), we can compute the time integral, finding

Lo (A, To) = 21 3 [Var |2 (B4 (BLe)?) (A = 2€a). (E.22)
k

We therefore need to compute the expectation value <bik(bLk)2> Using the commutation
relations, we have that

(B2 (6102 = (ng) + 3n(ear/(kpTa)) + 2, (E.23)

where (n?,) = <(blkbak)2) is the thermal expectation value of the square number. The
calculation of (n2,) is performed in App. E.5. Using Eq. (E.38), we have that

(b2(01)%) = 2 [n(ear/ (ksTa)) + 1) (E.24)

Plugging this into Eq. (E.22), recalling that 6(A —2¢x) = §(A/2—¢;)/2 (which can be proven
changing variables), and recognizing the spectral function, we find

D7 (A To) = Ya(A/2)[L+n(A/(2ksTa)] (E.25)

Finally, using the detailed balance condition we find

LalA T) = 29a(5) [1+ coth(A/ (4knT.))), (E.26)

which proves Eq. (8.27).
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E.4.4 Arbitrary baths with different ¢ couplings

In this subsection we consider arbitrary baths coupled to the qubit via Eq. (8.8). In fact, in
this appendix we consider a more general case given by

HS,a - Z (ﬁa,iai) @ (BOé + Blz)? (E27)
1=T,Y,2

where 7, = (sinf, cos @y, sin O, sin ¢4, cos 0,,) is a unit vector, and B, is an arbitrary bath
operator. As discussed in Sec. 2.1, the term proportional to o, does not contribute to the
heat current, so we can neglect it. The term that matters is

Naw0z + NayTy = sin O, (ei¢a0+ + e_id’“a_) . (E.28)

Assuming that BT produces excitations in the bath with positive energy, also the terms
proportional to BfeT and Bo~ vanish. The relevant terms of the interacting Hamiltonian
thus become

Hso=0"®By+0~ ® B, (E.29)

where we define ) ‘
B, = sinf,e'** B, (E.30)

This interacting Hamiltonian is now of the form of Eq. (8.5). Therefore, the tunneling rates
can be computed from Eq. (8.19), yielding

I, (A, T,) =sin®0,h(A, T,), (E.31)
where h(A, T,) = [ dt e’ (B, (t) B(0)),, only depends on the bath through the temperature,

and it does not depend on 6, nor ¢,. Using the detailed balance condition we find

To(A,T,) = sin? 0,h(Ba)(1 4+ e Po2). (E.32)

This case is therefore described by the “similar bath” assumption [see Eq. (8.20)], where
Ya(A) = sin® O, and g(B) = h(B)(1 +e7F2).

E.5 Thermal Averages

In this section we show how to compute the expectation value (n?,) for the bosonic bath.
Let us define the inverse temperature 8, = 1/(kgT,) The partition function Z, is given by

+oo
Z= "% p({n}), (E.33)
{ni}=0

where the sum is over each n; from 0 to +oc, and where
p({ni}) = ¢ 2o (E.34)

is the canonical probability of finding the bath in a Fock state with occupation numbers {n;}.
Using these two definitions, and recalling that (nl2}) = > p({n;}) n}", it is easy to prove that

190lnz
ﬁ aeak

18z

B2 0€,

= (Nak) » (E.35)

(n2p) — (nar)”. (E.36)
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Plugging Eq. (E.34) into (E.33), and recognizing that we can perform all the sums as geo-
metric series, we can express the logarithm of the bosonic partition function as

InZ=-> In(1—e ). (E.37)
J
Plugging Eq. (E.37) into (E.35), we find the well know result that (n,x) = n(Ba€ar). Plugging
Eq. (E.37) into (E.36), we find

(n2y) = 20 (Bacar) + n(Bear)- (E.38)

E.6 Lamb shift

In this section we compute the Lamb shift of the qubit gap induced by the bath. In order to
use the results of Ref. [27], we consider a coupling Hamiltonian as written in Eq. (E.8). As
shown in Ref. [27], we have that

His= Y Syldol(eo;(e), (E:39)
e={0,£A}
i,j:{:c,y}
where ) N ()
W)
S’ij(e) = %'P [m Ej—iwdw = Se[’yij(w)], (E.40)
with oo
) = [ dte = (Bl(0)B;0) (E.41)
defined exactly as in Eq. (E.11), where A is replaced with w, and where
oi(e) = Z l€") (" | o |€") (€']. (E.42)
Notice that the functional S[...], defined in Eq. (E.40), is linear, and that ¢’ and € run over

the two eigenvalues of the qubit, —A/2, A/2. For ease of notation, we identify the excited
state of the qubit with |[1) = |A/2), and the ground state with |0) = |-A/2). Expanding the
sum in Eq. (E.42), we have
ai(A) = (Oleil1) |0) (1],
oi(—A) = (1]e3/0) 1) (0],
0i(0) = > (kloilk) k) (k[ =0,

k=0,1

(E.43)

where we used the fact that both o, and o, have only zeros on the diagonal in the last
equality. Therefore, the non-null elements are given by
ox(A)=0", opx(—A) =0T,

oy(A) = —io™, a,(—A) =io™. (E.44)

Plugging these results into Eq. (E.39), using the anti-commutation relation {o~,0%} = 1,
and neglecting the terms proportional to the identity, we find

His = 02 [San(A) + Syy(A) — Sy () + iSy(A)]
— 0 [Spa(—=A) + Syy(—A) + iSpy(—A) — iSye(—A)]. (E.45)
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Expressing S;j(+A) in terms of the functional S, yields

Hys = 0:5a [Yau (W) + Y5y (W) = 1Yay (W) + 70 (W)
= 025 A [Yaa (W) + Yy (@) + 170y (W) — iy (@)] - (E46)

Using the definition of v;;(w) in Eq. (E.41), and expressing B, and B, in terms of B and BT
through Eq. (E.9), it can be shown that

Vaa (W) + Yy (W) = 12y (W) + e (W) = T (),

Ve (W) + Yy (W) + 17y (W) — Ty (W) = TH( (E.47)

—w),

where I'" (w) and ' (w) are the rates introduced in Eq. (E.4). Plugging Eq. (E.47) into
Eq. (E.46) yields

His =02 (Sa [ (@)] = S [T (-w)]) (E.48)

Using Eq. (E.40), it can be shown that the operator Sa[...] satisfies the general property
S_A[f(—w)] = =Sa[f(w)]. Therefore, we find

His = 0.8a [T (w) + T ()] . (E.49)
Finally, recalling that T*#(w) = T'f (w, T1.) + it (w, TR), we have that
I' (w)+I'(w) =TL(w, 1) + Tr(w, TR)- (E.50)

Therefore, we find
His = 0. (Sa [I'L(w, T1)] + Sa [T'r(w, TR)]) » (E.51)

which proves Eq. (8.31).

E.7 Co-tunneling calculation

In this appendix we derive Eq. (8.36), i.e. the expression for the heat current adding co-
tunneling rates to the ME calculation performed in the weak coupling regime (see Sec. 8.3).
We will focus on the XX and YX coupling cases, defined in Sec. 8.4. For simplicity, in this

appendix we express the system bath Hamiltonian Hész) as

HEY = (g0t +¢°07) @ Y Var(bak + by,
k

(sb) + 4G t (E:52)
HSR = (0" +07) @Y Var(bar +bly),
k

where ¢ is a complex coefficient given by ¢ = 1 in the XX case (since o, = 0 + ¢~) and by
g =i in the YX case (since o, = ic™ —io ™).

Co-tunneling (see Sec. 2.2 for more details) is a second order process where a state of
the uncoupled system evolves into another state of the uncoupled system passing through a

(sb)

“virtual state” by interacting twice with Hész). Since HSSE contains the operators ot and

o~ , and since co-tunneling rates are obtained by acting twice with Héf'z), the state of the
qubit remain unaltered during a co-tunneling process. This property, which is denoted as
“elastic co-tunneling”, implies that co-tunneling rates do not enter the master equation for

the probabilities.
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We now consider all processes which transfer an excitation from the left to the right bath
while the qubit is in the ground state. For simplicity, let us denote with |0) and |1) the ground
and excited state of the qubit, and with |n,), a Fock state with n, excitations in mode k
of bath a. The initial |é), final |f), and intermediate states |v;) involved in the co-tunneling
process are respectively given by

(E.53)

for all choices of k and k’. Using the Fermi golden rule, the rate of transition from the initial
state |7) to the final state |f) is given by

27
L= E|Aif\25(€i—€f)a (E.54)

where €;/; is the energy of the initial /final state in the absence of the system-bath interaction,
and

sb sb), .
1 S0 HED i) (v S0 HED i)
€ — €y; 10

A=Y

J

: (E.55)

7 being an infinitesimal positive quantity and ¢,, the energy of [v;). Using Egs. (E.52) and
(E.53), we have that the non-null matrix elements are

FIHSP ) = (ol HSR i) = Ve ViR + 1,

(sb), . (sb) (E56)
<V1|Hs,L 1) = <f|Hs,L [v2) = q Vikg /1L

The total co-tunneling rate of energy I‘ioi(g) that accounts for the transfer of an excitation

from left to right, while the qubit is in state |0), is obtained by performing a weighed sum,
according to the equilibrium probabilities, over all the initial and final states of the quantity
I';_, s multiplied by the transferred energy. Combining Eqs. (E.56), (E.55) and (E.54), and
using for simplicity €, = e, and €, = egpr, we have that

q

27 q*
1—‘cot(O) _ 4T ’ +
>]A+ek+in A — e +1in

LoR = > e Vi Ve |*nr (ex) [1 + nr (e
!

5<€k - le).

(E.57)
As usual, we assume that the energies in the leads form a continuum, so we can replace the
sum with an integral. Performing some calculations, and recalling that |¢|> = 1 both in the
XX and XY case, we have that

. (E58)

+° de 1 q 1
1—‘co‘c(O) :/ ac 1 ‘ 2 -
Note that the term ¢/q* is respectively 1 and —1 in the XX and YX cases.
The total cotunneling rate of energy F?L(g) transferring an excitation from right to left
when the qubit is in the ground state is given by Eq. (E.58) exchanging L <» R. We thus

find that the net energy rate ['®t0) = I‘i‘i(g) — F;{)L(g) is given by

et — /0+OO % eL(€)r(€)[nr(e) — nr(e)] S . (E.59)

Atet+in ¢ A—c+in|
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Repeating the same derivation assuming that the qubit is in the excited state, it can be
shown that the net rate T is the same, i.e. [°t(0) = 1eot(l) Therefore, the heat current
will be given by adding Eq. (E.59) to the ME expression, proving Eq. (8.36).

E.8 Non equilibrium Green’s function calculation

In this appendix, we will consider a qubit in contact with bosonic baths. As described in
Sec. 8.4.2, we express the spin operators in terms of Majorana fermions. In this representation,

the total Hamiltonian is given by Hioy = (HéB) + Hész)) + Hg, where we recall that

HP =3 ear bl bak

07

k
A
Hs = =iz nany, (E.60)
H(sb):_EZﬁ € ®ZV (b +pf )
S, 9 a,a€abe ThT)c ak\Yak k)
abc k

In all our calculations, we fix the coupling on the right hand side to have only the o, com-
ponent, i. e. iRy = AR, = 0 and AR, = 1. The one particle Green’s function for the spin
operator is defined as

Gr(tt) = —ilov(t)e(t),
Giu(tt) = —ib(t —){[6u(t), o0 (t)]). (E.61)

The relations between the Green’s function in the Majorana representation and the Green’s
function in spin representation are given by|[370, 371],

G (4, t) = FILY7 (4,1
G'(t,t') =00t —1t) I (¢, ¢") + II5(¢,1)] , (E.62)

where Hl</>(t,t’ ) = Li{ny(t)m(t)) are the lesser/greater Green’s functions for Majorana
operators. The heat current flowing from the lead R to the system is given by (setting i = 1)

Jr(t) =i ((Hr(t), Hs()]) = =23 enxVikRe |Gy (t:1)] (E.63)
k

where G, (1) = —i (bkk(t’ Joz(t)). Following standard Keldysh NEGF treatment using
Langreth theorem, the steady state heat current can be written as:

J(AT) =2 [ de e Re[G( DR (€) + G5, () Di ()] (E-64)

where Dgr(e) = 3 |[VRr|?9ri(€) is the embedded self energy of the bath R and gry(e) is the
Green’s function for the uncoupled bath R. Applying the relations of Eq. (E.62), the heat
current can be computed as

 d
JAT) = [ S5 M, (D5 (0 + T (DR (E.65)
0
The embedded self energies can be written more explicitly as Dy (€) = —ing(e)yr(e) and
Dg (e) = —i(1 4+ nr(e))yr(e). In order to evaluate the heat currents, one needs to calculate

the lesser and greater components of Majorana Green’s function.
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E.8.1 Derivation of Green’s function

In this section, we will derive the Green’s functions in Majorana representation. It is useful
to write the Majorana operators in terms of Dirac operators[370]

ne=F+ 5% my=i(f"'=f) n.=g+4g" (E.66)
The fermionic nature of f is consistent with,
z + 1 2
J=t =0 =0 {107 =1 (E.67)

the same holds for g. The Majorana representation does not suffer from vertex problem
[370] and the constraints on spins are naturally imposed on Majorana operators[311]. The
Hamiltonian for the qubit becomes

Hs = 2(1-2f'7), (E.68)

whereas the contact Hamiltonian

HS,L = Z Vik [nL,ac (fT - f)nz - Z'nL,y nz(f + fT) + nL,z(l - 2fo)} (bLk + b{,k)a (E69)
k

and
Hsp = > Var(ff — f)m.(bri + bky). (E.70)
k

Note that we consider general spin coupling in the left lead whereas a fixed o, coupling in
the right. The contour ordered Green’s function for the Majorana operators can be written
as:

I, () TS (4,1)

(7, 7) = ) (E.71)

7, (8 t) I, ()
We also define the Green’s function for Dirac f - fermions in the Bogolyubov-Nambu represen-
tation, v = (f, f1)T and ¥f = (f1, ), such that Gy(7,7') = —i (T¥(7)¥(7')). On expansion
in the Keldysh contour,

(G p (1) Gp(t,t) Gr(tt) Gyt t) ]

Griptt) Gh,tt) Gpputt) G,t)

no_ _ _
Gy(r, 7)) = Gt GHtt) Ghy(tt) Gitt) |’ (E.72)

G>

niptt) G

St Gt Gl ()

frft If

where for instance, Gy (7,7') = —i <Tf(T)fT(T')>. For more clarification, see Eqs. (A2)
and (A3) in Ref.[295]. The lesser and greater Green’s function in Majorana representation
can then be computed using

M5 (6 t) = 1 1] G5 () H ,

M (6, ¢) = [1 —1) G5~ (4.1) [_111 . (E.73)
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E.8.2 Calculation of Dyson equation

We now show how to compute G using the Dyson equation together with a leading order
expansion of the self energy in the system-bath coupling. The Dyson equation for Gy, is given
by

Gy(r,7) = G%(T, )+ /dﬁd’rg Gy (T, 7'1)21/,(7'1,7'2)6*3(7'2, ), (E.74)

where 3, is the self-energy and G% is the free Green’s function. To leading order in the
coupling Hamiltonian, we find that 3, = ¥ 1, + Xy r, Where

Ew’L(Tl, 7'2) == iEL(Tl, 7'2) (ﬁ%,wng,z(Th 7'2)5\

GO (7‘1 7'2) 0
0 fRATD
+ TLL sz Z(Tl? 7_2)1 + 4TLL z l 0 G?‘T‘f(Tl’ 7_2) ), (E75)
and
Z¢7R(7'1, 7’2) = ’iER(Tl, TQ)H27Z(7—1, 7'2))\. (E76)
1 is the matrix of ones, and
Da(r, ) = =i 3 Veul (T [ (ar(71) + L (7)) (bar(72) + Bl (m2))] ), (E.77)

with (...), denoting an expectation value in the absence of the system-bath coupling, and

Q 1 -1
A_[_l 1].

Since we are interested in steady-state currents, we perform the Fourier transform exploiting
time-translation invariance. The retarded and advanced components of X, are thus given by

1 1 ]
Er/a — = A, — (Vo — Yal— s E.
=YVl (g~ ) = MO F 5 000~ (BT

where A, (€) is defined as

7)/00 2m (ZO‘_ e Za—f;?) ' (E.79)

The lesser and greater components of ¥, (¢) take the form
Tale) = —ina(e) (vale) = Yal—e)),
Tale) = —i(1+na(6) (va(€) = al(—6)) . (E.80)

In order to extract the various components of the self energy from Eqs. (E.75) and (E.76),
we use the Langreth rules Ref. [40]. Given an expression of the form

E(Tl,TQ):A(Tl,TQ)B(Tl,Tg), (E81)
the Langreth rules state that

$<(11,72) = AS(11,72)B< (11, T2),

T < r r < r r (E82)
Y (71, m2) = AS(11, 72)B" (11, 2) + A" (71, 72) B~ (11, T2) + A" (11, 2) B" (11, T2).
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Since both Egs. (E.75) and (E.76) have the form of Eq. (E.81), one can obtain the lesser
(E; o), greater (Ei o) retarded (X7, ) and advanced (37, ) self energies in terms of different
components of ¥, (€) and of the free Green’s function for the system using Eq. (E.82), and
then performing the Fourier transform. For instance,

rde . N S s ) 0
S5 (e) =i %ﬂf&—&Gﬁﬁﬁﬁ&A+ﬁw@§W”+4@“lf% Qs ()]
(E.83)
< . de, < / 0,</ N\
Yor(e) =i %ER(E — LT ()N (E.84)

Egs. (E.78) and (E.80) give all the components of the ¥,(¢). The only quantities which we
haven’t specified yet are the free Green’s functions of the system. The free dynamics of the
system Hamiltonian can be easily computed to obtain

G%T(e) = P{e—:A} —imé(e+ A),
GH (=P { - _1 A} —imb(e — A). (E.85)

We can use the relation, G" — G* = G~ — G< to write

Gyi(e) = Gr5(e) = —2imd(e—A),
Gyl —Gine) = —2imd(e+A), (E.86)
Using the fluctuation dissipation relation[40], G%<(¢) = —f(€) (G%>(e) — G*<(¢)) and

G%>(e) = (1 — f(e)) (G% (€) — G¥<(e)) where f(e) is the Fermi distribution of the system
defined at average temperature of the two baths, we can write
GJ5/7 (6) = £2imf(e)d(e — ),

GIi/7 (6) = 22im f(£e)o(e + A). (E.87)

The retarded and advanced Green’s function for the system in the Majorana notation is

2
HOJ/a, — E88
% () wEin’ ( :
such that
27 (w) — 1% (w) = 127 (w) — 1125 (w) = —dimd(w). (E.89)

If we take the effective temperature of the Majorana fermions to be given by e (5L, SR),
we have from the fluctuation-dissipation theorem for the ordinary fermionic system in
equilibrium[40]:

(E.90)

02 () + M5 () = (I24(w) — I22(@)) tanh (2.
Using Egs. (E.89) and (E.90), one can find the lesser and greater Green’s function for the
Majorana operators.
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Similarly, the time ordered and anti-time ordered self energies are obtained from

(E.91)

Performing the Fourier transform of Eq. (E.74), and assuming time translation invariance,
we obtain:

Gl (e) =G (6) — Syle), (E.92)

where the bare system Green’s function is

G5 (e) = —GY (0) = el + Ao (E.93)
This finally yields
e+ A —[Z(e)]n A —[Z5 ()] ~=5(@)he 17
() = —[Z%(e)]21 e — A — [Z4(6)]22 —[25(6)7]21 —[fo(f)]n
XA (27 ()12 e+ A+ X ()] AT
I (27 (6] (27 (€)]22 DG e — A+ (2L (€)] 2]
(E.94)

where 1 = diag(1,1,—1,—1) is introduced to keep the appropriate sign for two different
branches of the Keldysh contour [295]. Using Eq. (E.73) along with Eq. (E.94), one can
obtain the lesser and greater Green’s function in the Majorana representation. Substituting
the Majorana Green’s functions in Eq. (E.65), we obtain the final expression for current with
general spin coupling in the left lead and a fixed spin coupling o, in the right lead.

This procedure allows us to compute the current for any coupling to the left lead, so the
various expressions derived in Chap. 8 can be computed choosing the appropriate unit vector
ne,i-

E.9 Exact calculation

In this section we derive the formal exact expressions for the dynamical susceptibility

i

x(t) = £0(){[ox(t), 02(0)]) (E.95)

within the path-integral approach to the spin-boson model [304]. To deal with a correlated
initial state at time ¢ = 0 we assume that the system starts at a preparation time ¢, < 0 in
a factorized state (Feynman Vernon)

Wiot = pL(TL) © pr(TR) © p(ip) (E.96)

where each bath is in the thermal equilibrium state described by the density matrix po(74,)
and p(tp) is a general state of the qubit at the preparation time. Assuming that the system
is ergodic, the response function will not depend on the chosen initial state when ¢, — —o0.
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For the sake of simplicity, we assume that the qubit starts in a diagonal state of o, 1),
with 7, = 1. We introduce the conditional propagating function

J (€5t Co, 05 Cp, 1) (E.97)

to find the qubit in the state ¢ at time ¢, conditioned to having measured the system in state
Co at time ¢t = 0 and having prepared it in state ¢, at time ¢,. Here ¢ labels the four states of
the density matrix, denoted in the following with the greek letter n = £1 for diagonal states
and £ = +1 for off-diagonal states.

The conditional propagating function can be written as real time path integral

/DU( )Do’( ) Ale( AT ()] Fle( )0’ ( )] (E.98)

where the functional Afo( - )] is the probability amplitude for the free qubit to follow the path
o(t) ( each path can only take values F1 of the "coordinate" corresponding to the operator
oz), and Flo( - ),0'( - )] is the real-time influence functional including the effects of the two
baths. It is usual to express the paths in terms of the symmetric and anti-symmetric paths

¢(t) and &(t): . .
n(t) = 5lo@®) + o' @), £@) = 5lo(t) — o' (1)) (E.99)

When 1 = £+1 the qubit is in one of the two diagonal states of the density matrix expressed
in the o, basis. It is usually said that the system is in a sojourn. Instead when £(¢) = £1 the
system is in an off-diagonal state of the density matrix, or in a blip state. The double path
integral in Eq. (E.98) can be visualized as a single path over the four states of the density
matrix. During a sojourn of duration 7 it is £(7) = 0 and vice-versa during a blip lasting 7
it is n(7) = 0.

The influence functional in the presence of two baths coupled to the qubit via o, takes
the simple form

t t/
Flo,o';to] = exp {/ dt’/ at’
to to v

Re [Qa(t' —t")] (") + i€(t)Im [Qa(t' — )] ﬁ(t”)} } (E.100)
where Qn(t) = Re[Qq(t)] + iIm[Qn(t)] is the complex bath-a correlation function

 dw 274 (hw
Q(X(t) :~/0 71'7(;;/ ,yu)(2 )[COth<2kBTa

In terms of conditional propagating functions the dynamical susceptibility, Eq. (E.95) is
given by

) (1 — cos(wt)) + isin(wt)] . (E.101)

X(t) = £6() lim Z €0 (0, t; €0, 0 1ps ) - (E.102)
i n==1&=

Here Eq. (E.97) is evaluated for a path staring in a sojourn 7, at ¢, in a blip {y at time zero
and again in a sojourn at time ¢. We find

J(T],t;&),O' npa ) =

oo

+n—1
nMp Z ( 4712 m " / Do 1,2n— 1{t]} Z G, n+m— 1Gn+m 1 Z H£+m—1H5+m—1
m,n=1 {&==%1} {n==%1}y

(E.103)
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where the the symbol {}’ reminds that the sum is over all sequences of blips and sojourns in
accordance with the constraints indicated in the argument. Paths consist of 2n—1 transitions
for ¢, < ¢’ < 0 and 2m — 1 transitions for 0 < ¢’ < ¢. The blip-sojourn interactions enter the
H;s, whereas the Gs include the blip-blip interactions and are given by

m+n 2m+n—1
Hyypoy = exp Z Z &5 X5k (E.104)

n+m m4n j—1
Ghim-1= eXP{— Z Re [ng,Qj—l] } exp{—i Z Z fj&k/\?,k} (E.105)

j=1 =2 k=1

fe = Im [ng,%-i—l + Q% _1,9% — Q%2 — Q%j—1,2k+1] ;
ix = Re {Q%j,?k:—l + Q%10 — Q% 2k — ng—l,%—l] :

(E.106)

Inserting the conditional propagating function Eq. (E.97) in the susceptibility Eq. (E.102)
it is possible to perform the sum over the sojourns leading to

2 m+n 1
Xt =1, limooz Z 2h2 /ng ton-1{tsl D0 GGhiimaGilima

=1n=1 {51 :I:l}
sin (¢(§:n+m*1 + ¢0Rin+mfl)ﬂzl:+1n_2 cos <¢k,n+m71 + ¢l§n+m—1) (E107)

where

Hom = D X (E.108)

j=k+1

Eq. (E.107) is the formal exact expression for the susceptibility for a qubit simultaneously
coupled to two harmonic baths at different temperatures for general spectral densities and
temperatures.

Ohmic baths and the case Ky, + Kr = 1/2

We now specialize to the case of two baths with Ohmic damping defined in Eq. (8.11) where we
assume identical dependence on the energies included in I(€). The bath correlation functions
take the form

Qult) = 28I { () s (TEL))
+ imK,sgn(t). (E.109)

The blip-sojourn interactions and the phases ¢y ., Eq (E.108) simplify, taking the form

X]C-fk:’]TKa,fOI'j:k-f—]. X]Ojk:07f0r]?ék+1
ng,ner = §k+177Ka . (EllO)
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The susceptibility E.107 becomes

2 . 2 A m n—1
x(t) = Bt 1_159 Z Z( 2h2 i / Dom—1,2n— 1{t} Z flgn n+m— 1Gn+m 1
P m=1n=1 {&=%1}

sin(m(Ky, + Kg)) cos(m(Ky, + Kg))"™™ % (E.111)

We observe that dependence from the damping strenghts K, coming from the blip-sojourn
interactions X; ;, is in the simple form Kj, + Kgr. Thus we expect that in the case of two
Ohmic baths coupled to the qubit with strengths Ki, + Kr = 1/2 these interactions can be
treated analogously to the standard spin-boson model for a qubit coupled to a single bath
at K = 1/2. We remark that in Eq. (E.111) the coupling strengths enter non linearly the
blip-blip interactions, GL,,._;GE | which include the temperatures of the two baths.
Therefore, the two baths at Kj, + Kr = 1/2 are not simply equivalent to a single bath at
K =1/2 with an "effective" temperature.

We proceed with the evaluation of Eq. (E.111) for Ki, + Kr = 1/2. We observe that
all the terms in the sum, except for the first one m = n = 1, have n + m — 2 zeros from
cos(m(Ky, + Kg))"™™ 2. They give a non-vanishing contribution if a proper divergency comes
from the interaction terms between the system’s transitions included in the GL,, G ..
This is the typical case of a bath at K = 1/2. Finite contributions arise whenever a "pair'-
interaction can be cast in the following form, written in Laplace space

A2
lim A?cos(7K) / dre e RelQM = T2 — hry . (E.112)
K—1/2 2 ec
The divergency of the integral comes from the 7 — 0 behavior of the pair interaction for
K=1/2
“RelQ()] _ (_€C_ g (TRBTINY 2K bR

e (FkBT sinh ( . )) — (ECT> . (E.113)
The zero is compensated by the short distance singularity of the attractive interaction between
nearest neighbor transitions, which can be thought of as opposite charges of a dipole. In the
case of two baths with K7, + Kg = 1/2 we have

Y RelQa(r)] — C gnp (FRBTaltly\72e o By R N B
¢ 1;[ (Fk?BTa sinh ( h )> - (EcT) <ec7') ecT
(E.114)
The 7 — 0 behavior does not depend on the temperatures and we get diverging factors which
exactly cancel the zero of the cos(w (K1, + KR)), as for a single bath at K = 1/2
A2

li A? KL+ K /Ood M= RelQa(M = T2 = E.11
o A cos(r(K + Kn) [ dre e Sk @)

Such an integral describes a collapsed dipole which does not interact with any other dipole,
having effectively a zero dipole moment. This mechanism allows to sum the different terms
of the sum in Eq. ( E.111), leading to

_ AN S, Rel@a(Mlfgrlt=rl/2 _ (k472

x(t) = 733 O(t) dTe [e” e ]. (E.116)
Y

Performing its Fourier transform and inserting it in the Meir Wingreen formula we can

get the heat current between two harmonic baths under the "strong" coupling condition

K;+Kr=1/2.



Appendix: Maximum power and corresponding
eficiency for two-level heat engines and refrigerators:
optimality of fast cycles

In this appendix, we provide details on the calculations performed in Chap. 9.

F.1 Optimality of infinitesimal Otto cycles

In this appendix we present explicit proof that infinitesimal Otto cycles are optimal for
reaching maximum power performances for our two-level setting.

As a preliminary result we clarify that under periodic modulations of the control parame-
ters, the Pauli equation (9.7) produces solutions which asymptotically are also periodic. For
this purpose let us write Eq. (9.7) as p(t) = A(t)p(t) + B(t) where, for ease of notation, we
introduced the functions

— 3 Ma®Ta[e®)] = > Aa(OTale®)]p)[e(t)] | (F.1)

a=H,C a=H,C

and consider periodical driving forces such that A(t + 7) = A(t), B(t + 7) = B(t) for all ¢.
By explicitly integration we get

t t 1 " t ! !
p(t) = /0 e AU By g o oy AW ) (F.2)

Decompose then the integral on the right hand side as

t t t—1
[l A piyay = [ S A a1 [ iAW S A a5
0 t—T 0

Notice now that, since A(t) and B(t) are periodic, the quantity c(t) = [ e A V" p B(t')dt'

t 1" "
is also periodic with period 7, while d = eft—TA V" s constant in time. Substituting the
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previous definitions in Eq. (F.3) and then in Eq. (F.2) we find
b= [T AW ey g [ A
mw:do+dA eli B(#)dt + edo 4O (). (F.4)

In the asymptotic limit where the initial condition p(0) has been completely forgotten (since
A(t) < 0 at all times, the contribution of the initial condition decays exponentially), Eq. (F.2)
gives

t—7 t—7 1Y 41!
Mﬁwﬁz/ oo AW By gyt (F.5)
0
which substituted in Eq. (F.4) allows us to write
p(t) = c(t) + dp(t - 7), (F.6)

where we neglected again the contribution coming from the initial condition. Equation
(F.6) defines a recursive succession, with limit point equal to ¢(¢)/(1 — d), the periodicity of
¢(t) concludes the proof. This result can also be framed in the general context of Floquet
theory [372]. The Floquet theorem states that a fundamental matrix solution of a first order
differential equation with periodically driven coefficients is quasi-periodical, namely can be
written as y(t) = P(t)eM! where P(t) is a periodic matrix function (with the same period of
the coefficients) and e is the so called monodromy matriz. The real parts of the eigenvalues
of M are responsible of the asymptotic behavior of the solutions and are known as Lyapunov
exponents, a stable cyclic solution is characterized by their negativity. In the case of Eq. (9.7),
our calculations reveal that the monodromy matrix is given by the constant d, the sign
of the Lyapunov exponent is given by log d < 0, confirming our predictions about the stability.

In the above paragraph we showed that the asymptotic solution of Eq. (9.7) is periodic
with the same period of the external driving ¢(¢). Notice that in the equilibrium scenario the
previous result is trivial, since the population instantly relaxes to the Gibbs state that is a
monotonic function of the control parameter e. In our case we can establish only that p(t)
and €(t) share the same period, although finding the proper functional relation between the
two is absolutely non trivial (cfr. for example [52]). However we don’t need any additional
information to prove that any cycle that is not infinitesimal, namely a square wave protocol
in which the controls jump at a time much faster that the typical dynamical scale I', cannot
achieve the maximum power. The proof is outlined in the following: since €(t) and p(t) share
the same periodicity, a cycle can be represented in the (p, €) plane as a closed curve. Let us
suppose that the optimal cycle 7 is not infinitesimal, for example as in Fig. F.1. Thus, it is
possible to perform an instantaneous quench, for example, in the middle (where the proba-
bility is halfway between the minimum and maximum value), and divide the transformation
in two smaller sub-cycles 77 and 72 (cfr. Fig F.1). Since the quenches are instantaneous,
they don’t contribute to the heat exchanged and to the time duration of the process. Fur-
thermore, performing the two sub-cycles in series effectively builds a transformation with
the same average power of the original cycle, a property that in symbols we can exemplify
as P(T) = P(T1 o 7T2). Simple calculations reveal that the power of the single sub-cycles
cannot be both greater or smaller than the power of the original one, thus we are left with
two possibilities, P(71) < P(T107T2) < P(T3) or P(T2) < P(T1072) < P(T1). In both cases
the original cycle is sub-optimal, that is absurd, unless P(7;) = P(71 0 T2) = P(72) but even
in this case we can choose one of the two sub-cycles still preserving optimality.
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T Tz

p

FIGURE F.1: The original cycle is represented by a black line following a closed path in the (p,€)
plane. The two sub-cycles are the portions of the original one enclosed in the light red and in the
light blue squares, respectively denoted with 77 and 7s.

The previous argument shows that the only candidates for power maximization are those
cycles that cannot be divided with a quench as done in the above proof, thus being infinitesi-
mal. Notice that the previous proof strongly relies on the possibility of performing effectively
instantaneous quenches, a characteristic that is better analyzed in the next appendix. At
last, by using Pontryagin’s minimum principle, it can be shown that if coupling constants
A (t) and A¢(t) fulfill a “trade-off relation” (i.e. if one increases, the other one decreases),
then the optimal cycle will have A¢(t) = 0 and A () = 1, or A¢(t) = 0 and A (¢) = 1 at all
times [52]. This implies that the coupling to the baths must be switched during the quenches
of the infinitesimal Otto-cycle.

F.2 Maximum power formula and finite-time corrections

In this appendix we prove Eq. (9.8) and discuss the finite-time corrections.

As as shown in the previous appendix, the optimal cycle must be an infinitesimal Otto
cycle, so we consider a protocol (depicted in Fig. 9.1b) where €(t) = eg, Agp = 1 and A\¢ =0
for t € [0, ], and €(t) = ec, Ag = 0 and A\¢ = 1 for ¢ € [ry, 7ir + 7¢]. The optimal cycle and
corresponding power will then be found by taking the limit dt = 74 +7¢c — 0 and maximizing
over the free parameters ey, ec and 7y/7c.

We proceed the following way: first we perform an exact calculation, for arbitrary g and
T, of the heat rates (Jy), (Jo), averaged over one period, flowing out of the hot and cold
bath respectively. Then, in the limit d¢ — 0, we find the ratio 7y/7¢ that maximizes the
power and we find the corresponding expression of the maximum power, proving Eq. (9.8)
and the optimal ratio condition

m1/7c = \/Tclec) /Tulen) - (F.7)

The instantaneous heat currents can be computed by plugging the probability p(t), solu-

tion of Eq. (9.7), into Eq. (9.6). We denoted with pg(t) and pc(t) the solution of Eq. (9.7)

respectively in the time intervals Zy = [0,7y] and Z¢ = [rg,7q + 7¢]. Since the control
parameters (i.e. €(t), Ag(t) and Ac(t)) are constant in each interval, we have that

pu(t) = He Tt 4 plil | po(t) = Ce et 4 pO), (F.8)
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where H and C' are two constants and where, for ease of notation, we introduced the symbols
Iy :=Tya(eq) and p(ﬁf{) = pég)(ea) (for @« = H,C). We determine the two constants H and C
by imposing that the probability p(t) is continuous in ¢ = 7y, i.e.

pu(Ta) = pc(Th) (F.9)

and that p(t) is periodic with period 41 + 7¢, i.e.

pu(0) = pc(ma + 7¢). (F.10)

We impose periodic boundary conditions because, as discussed in the previous appendix, a
periodic protocol produces a periodic p(t) after an initial transient time, and we are indeed
interested in the “asymptotic” regime. Equations (F.9) and (F.10) reduce to the following
linear-algebra problem for the constants H and C:

1 e Tnmn —eTcm H 1
(©) _ (H) ( 1 _e—Fc(TH+rc)> (C) = <1> , (F.11)
Peq” — Peq

(5O - p0)

[¢)-
C'] ~ sinh [(Tama + Lere)/2]

which, via Eq. (F.8), completely determine p(t). By substituting Eq. (F.8) into Eq. (9.6), we
can write the averaged heat rates (Jy) and (J¢) as

i) = g [ Jndt = 8 [ pudt = S35 [emom —1]

with solution

el /2 ginh (D7 /2)
(_chTH el'emc/2 ginh (Turu/2) )’ (F.12)

(Jo) = f Jodt = f pedt = € _e~Tom [e‘rcm - 1} : (F.13)

TH +Tc TH +Tc TH+TC

where we use the fact that €(t) is constant in each Z, and the fact that, since the two-level
system is coupled to one bath at a time, p, = p with p(t) = py(t) during Zy and p(t) = pc(t)
during Z¢. Using the expressions for H and C given in Eq. (F.12), we can rewrite Eq. (F.13)
as

en/c Tmmalcrc ( (H) (c)) (Cum/2) "' + (Tore/2) "
T+ 717cI'gmg + Lo VA Peq coth (Tg7H/2) + coth (Ta7c/2)

We now impose that dt = 11 + 7¢ by setting 7 = 0dt and 7¢ = (1 — 0)dt, for § € [0,1], in
Eq. (F.14). Taking hence the infinitesimal cycle limit dt — 0 we get

Th0Tc(1-0) [ ay (o
(Jru/c) = ieH/CFH9+FC(1 — ) (peq — Peq ) (F.15)

(Jusc) = (F.14)

The maximization over 6 of the above expression yields the condition

v _ |ic (F.16)

which, multiplying by dt the numerator and the denominator of the left hand side of
Eq. (F.16), proves Eq. (F.7). Solving hence Eq. (F.16) for § and plugging the result into
Eq. (F.15) yields

I'nl'c H) _ (C)
(Juyc) = +enyc P —pl)), (F.17)
: T vy O )



F.2 MAXIMUM POWER FORMULA AND FINITE-TIME CORRECTIONS 199

which replaced into Eq. (9.1), and maximizing with respect to the only two free parameters
left, i.e. ey and ec, allows us to derive Eq. (9.8) for all four thermal machine modes. An
additional comment has to be made for the accelerator mode [A], that aims at maximizing
the heat released into the cold bath while extracting heat from the hot bath. By definition,
we must restrict the maximization in Eq. (9.8) to guarantee (Jy) > 0, e.g. by forcing C to
be (eg > 0N Beec > Puen) U (eg < 0N Beec < Puen). On the other hand, the heater mode
consists of heating a single reservoir whose interaction with the two-level system is described
by a rate I'(e) and equilibrium probability peq(€). So in this case the maximization must be

performed taking I'y(€) = I'(€) and pgg) (€) = peq(€) (for @ = H, C). If we also require that

I'(e) = I'(—e¢), which physically means that the rates do not distinguish which one of the two
energy levels is the ground and excited state, we find that Eq. (9.8) can be simplified to

(max) 1 B
Py = max 5 eT(€) [1 ~ 2peq(e)], (F.18)

and the corresponding optimal cycle is given by an Otto cycle where 71 = 7¢ and the value
€ that maximizes Eq. (F.18) determines ey = —ec = €. Thus the optimal cycle in the heater
case corresponds to attempting continuous population inversions.

F.2.1 Finite-Time Corrections part one

Setting 1 = 6dt and 7¢ = (1 — 6)dt in Eq. (F.14), and plugging in the expression of 6 that
satisfies Eq. (F.16), we find that the average heat rate for an arbitrary period dt is given by

(H)

I'ul'c (
(VT + vIc)?

where ', = ('IV‘I‘OL)l/2 and I = I'ul'c/(vVTH+ vTc)?. Plugging this results into Eq. (9.1) and
maximizing over ey and ec yields the expression

(C)) (Crdt/2)~! + Tedt/2)~!

- peq = = ) (Flg)
coth (I'ydt/2) 4 coth (I'cdt/2)

(Juyc(dt)) = xen/c

max Tudt/2)™' + (Cedt/2)™ max
P (g = (Uudt/2)™" + (L'cdt/2) P[E,] )
coth (I'gdt/2) 4 coth (I'cdt/2)

» : (F.20)

which provides the finite time version of Eq. (9.8). On one hand, as anticipated in Chap. 9,
by expanding Eq. (F.20) for small d¢, we find the following quadratic correction

P (dt) ~ (1 = Tulodt?/12) P (F.21)

On the other hand for fHdt, Cedt > 1, we get

T -1 T -1
P(max)(dt) ~ (FHdt/Q) ;_ (FCdt/Q) P[(Vr]nax) :

& (F.22)

implying that a considerable fraction of P2 can be achieved even if the driving frequency

v
is slower than the typical rate. Notice thaEt} Eq. (F.20) is a strictly decreasing function of dt;
this is consistent with the fact that an infinitesimal cycle is indeed the optimal solution.

We conclude by observing that we can simplify Eq. (F.20) for the heater mode where a
single reservoir is coupled to the two-level system. Under the hypothesis leading to Eq. (F.18),
we find that
tanh (dtI"/4) (max)

(max) ¢\
Py (dt) = dtT' /4 LI

i (F.23)
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where T' is computed in the value of € that maximizes Eq. (F.18). Figure 9.1c, which is a

plot of Eq. (F.23), shows that plmax) (dt) ~ P[(I;?ax) up to dil’ = 2, while for dtI" = 10 > 1,

(H]
P[(g]lax)(dt) is only decreased of a factor two.

F.2.2 Finite-Time Corrections part two: the Quenches

Finite-time corrections to the power may not only arise from the finite duration of the isother-
mal transformations (i.e. from a finite value of 7¢ and 7y1), but also from a finite duration
of the quenches, i.e. of the transformations during which e changes between the two extremal
values ec and e. We will thus assume that each quench is carried out in a time 7. The
aim of this appendix is to show how these effects could be accounted for, and to estimate
the leading order corrections to the maximum power delivered by the heat engine due to this
effect; analogous considerations hold also for the other machines. We will thus restrict ourself
to the regime 7 < dt < y~!, where dt = 7¢ + 17 and 7 is the characteristic rate of the system
during the protocol. The first inequality states that the duration of the quenches is much
smaller than the duration of the isothermal transformations. The second inequality implies
that the finite-time corrections discussed in the previous subsection are neglected, since they
have been previously discussed.

Using the results of App. F.1, we know that p(¢) has a limit cycle with the same period
of e(t). If we further assume that the protocol is much faster than «y, the probability tends
to a fixed value p given by

Jo_dsT(5)peq(s)
Ji dsT(s)
where T' = dt 4 27 is the total duration of the protocol, I'(s) = Ag(s)T'u[e(s)] + Ac(s)Tcle(s)]

and

p= (F.24)

pea(s) = T RIEIp (€] + Ac(s)Lcle(s)lpsa[e(5)]
Au(s)Tule(s)] + Ac(s)Lole(s)]
By using again the hypothesis that the protocol is much faster than -, we can write the power
of the heat engine, averaged over one period, as

(F.25)

B0 = 7 [ dse9)T(6) pea(s) — 1. (F26)

As in the ideal protocol (see Fig. 9.1b), we will assume that during the two isothermal
transformations we respectively have €(s) = en, Au(s) = 1, Ac(s) = 0 and €(s) = ec,
A(s) = 0, Ac(s) = 1. This means that we are coupled to one bath at a time. Instead,
during the quenches we assume that all three control parameters (e(s), Ag(s) and Ac(s))
vary linearly in time between the corresponding extremal values. We thus divide the integral
in Eq. (F.26) in the four different transformations:

(;'H( N ) + fTH+T(. . ) + fTH+TC+T(. ) ) + f:H+TC+27(- . )

P, —_ TH TH+T H+7TC+T =
[E] (7) dt + 21

Wi + Whoc + We + Wesn

F.27
dt + 271 ( )

where (...) stands for dse(s)I'(s) [peq(s) — p]. In the regime we consider the power, up to
leading order corrections in 7/dt, can be written as

~ Wa+We < 27> + Whoc + Weon

1- 22
dt dt dt

Py () (F.28)
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where the first addend is obtained by means of a first order expansion in 7/dt of the denom-
inator in the r.h.s. of Eq. (F.27).
(max)

We wish to compare Eq. (F.28) to the power PE] achieved in the ideal protocol, so we
will estimate the four terms Wy, Wc, Wha_c and Wc_g. First, we notice that p depends
on the whole protocol, see Eq. (F.24). We can thus write

5 =p +6p, (F.29)

where p(© is the value of p in the ideal protocol, and ép) the corrections due to the finite-
time quenches. These two terms can be calculated simply by dividing the integrals in the
definition of p as we did for Pgj(7). It is easy to see that 6pW) is of the order 7/dt. Since
Wy and Wc are linear functions of p, and p = 13(0) + 6pW), we have that, for o = H, C,

Wa = Tafara(ea) {ng)(ea) - ]3} = WézO) + Wc(yl)v (F'3O)

where W&O) is the work extracted in the ideal protocol during the isothermal transformation,
while Wc(yl) represents the corrections due to the variation in population p induced by the
finite-time quenches. We have that

W = —7ieala(ea)0pY) o e O(y7), (F.31)

67

where the last term means that Wél) is of the order 7.

Next, we need to estimate Wy_.c and Wc_,g. By inspecting the definition, we see that
Whc = Woon « <€> 0(77)7 (F.32)

where () is a characteristic value of the energy gap during the quench.
Now we can return to Eq. (F.28). Using Egs. (F.30), (F.31) and (F.32), and noticing
that the order of magnitude of v (€) is the same as P[(Fjlax), we find that all the corrections

previously discussed are of the order v /dt. We thus conclude that
Piy(r) = PE™ [1 = O(r/d1)], (F.33)

where the corrections must be negative by virtue of the theorem proved in App. F.1. The
impact of finite time quenches is thus first order 7/dt.

F.3 Efficiency at maximum power

For small temperature differences, i.e. for small values of 7., we can consider an expansion
of the efficiency at maximum power of the kind

n(P)) = a1me + azns + .. .. (F.34)

In this appendix we prove that a; = 1/2, while for symmetric or constant rates we further
have as = 1/8. The maximum power of a heat engine (without constraints on the control
parameters) can be written as [see Eq. (9.8)]

P[EEn]lax) = max_Pg(7n,2c), (F.35)

(tzxC)
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where
g(ng Tc; 770)

Bu

To = €afa (for a = H, C), f(x) := [1 + exp{(x)}]~! and, expressing the I',, as a function of
the gap € and of the inverse temperature 3, of lead «,

Lu(zn, Bu) Pe(ze, Bu/(1 —ne))
;-
(VInGen, Bu) + VTc(ee, B/ = o))

Pg)(zH, zc) = [zn — wc(1 = no)] [f (zn) — flzc)], (F.36)

9(wm, Tc; Ne) = (F.37)

In Eq. (F.37) we decide to express B¢ as fu/(1 —nc) because we are interested in performing
an expansion in 7. around a single inverse temperature By. Let zf; and x¢ be respectively
the values of gy and xc that maximize Pjj(wy,>c). By inspecting Egs. (F.36) and (F.37),
we see that z is a function of 7. (and of Sy through g), so we can express z}, as a power
series in 7).:

Tl = mo + mine + mant + ...,
TE=mo +nane +nand + ... (F.38)

Both zj; and zf, have the same leading order term. This can be seen considering Eq. (F.36)
at n. = 0: g(zm,zc; 0)/Bu > 0, while [z — x¢] [f(xn) — f(zc)] < 0, so the maximum power
is zero (at equal temperatures, the second law forbids the possibility of extracting work).
Inspecting Eq. (F.36), it is easy to see that zero power at 7. = 0 implies g = z¢. Using
Eq. (9.10), we have that

max x¢
§PE) =1y (#.39)
H

so plugging Eq. (F.38) into Eq. (F.39) and expressing 7( [EE] X)) as a power series in 7., we

find that

< 1
n(PE™) = (L4 bome + 5 (1 + b, (F.40)
where
bl_ml—nl7 b2:@+2m2_n2
mo my mo

Thus, the knowledge of b1 and by implies also the knowledge of a; and as. Also the maximum
power P (xfy, x&) can be written as a power series in 7). by plugging the expansion Eq. (F.38)
into Eq. (F.36). This yields

Py (i, 78) = Z P, (F.41)

(n)

where the coefficients P[E] are functions of m;, n; (for ¢ = 0,1,2,...) and of Sy. We now

wish to determine b; and by by maximizing P[(g}), starting from the lowest orders. We find
0 _ p) _

that P[E] = P[E] =0 and

e

) = (F.42)

{_ bi(1+ bl)} mg g(mo, mo; 0)
2 1 4 coshmg
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where we expressed n; in terms of b;. The last fraction in Eq. (F.42) is positive, so PP s

(E]
maximized by choosing b; that maximizes the term in square brackets, and mg that maximizes
the last fraction. The maximization of the first term yields by = —1/2, which readily implies

[see Eq. (F.40)] a1 = 1/2, as we wanted to prove. The maximization of the second term
allows us to find the following implicit expression for mg

g(mo, mo; 0) {2 — mg tanh (720)] + mg [0z 9(mo, mo; 0) + Ozg(mo, mo; 0)] =0, (F.43)

where 0, g(mg, mp; 0) denotes the partial derivative of g(zy,zc; 1), respect to x4, calcu-
lated in gy = x¢ = mg and n. = 0. In order to compute bs, we must maximize also higher
order terms of the power. It turns out that P[(I%) only depends on my if we impose that
b1 = —1/2 and that myg satisfies Eq. (F.43). Thus, there is nothing to optimize, so we must
analyze the next order. P(é) is a function of mg, mq, n1, meo, no and Bc. We write mq in
terms of bs, which is the only coefficient that determines as. We further express ny in terms
of b1, and impose by = —1/2. At last, we write g(mg, mo; 0) in terms of its partial derivatives

using Eq. (F.43). This leads to an expression of P[%]) as a function of mg (which is implicitly

known), bg, ma, n2 and fg. We maximize P[%) by setting to zero both partial derivatives of
P[(Fj) respect to be and my. We thus find the following expression for bs:

mg tanh (752) Oy g — Oreyg B 20549 + Ozcg
8 ang+3xcg 2(8IH9+8ICQ)7

by = (F.44)
where all partial derivatives of g are computed in zy = z¢ = mg and 7. = 0. This is,
in principle, a closed expression for be, thus for ag, since mg is defined in Eq. (F.43), and
Eq. (F.44) only depends on mg. Eq. (F.44) shows that in general by, thus ag, will depend on
the specific rates. However, if 0,,9 = 0s.9, the first term in Eq. (F.44) vanishes, while the
second one reduces to a number, yielding by = —3/4. Indeed, plugging this value of by into
Eq. (F.40) yields precisely aa = 1/8. We conclude the proof by noticing that if the rates are
symmetric, i.e. T'y(e, 8) = Ta(e, B), g(zm, zc; 0) is a symmetric function upon exchange of
zp and z¢. This implies that 0y, g(mo, mo; 0) = 0peg(mo, mo; 0), so ag = 1/8. At last, if
the rates are constants, also g(zn, zc; 1) is constant, trivially satisfying 0,9 = 0zc9 = 0.

F.4 COP at maximum power

In this appendix we prove Egs. (9.12) and (9.13) and we derive the scaling of the COP at
maximum power for large values of the maximum gap A given by C(P[IFH{?X) x 1/(BcA). The
COP at maximum power can be written as [see Eq. (9.11)]

C(PR™) = GHE_CEC (F.45)
where €f; and €, are respectively the values of e and ec that maximize [see Eq. (9.8)]
Prj(en; ec) := —g(en, ec)ec [f(Buen) — f(Beec)] (F.46)
where f(z) := [1 +exp{(z)}]~! and
I'n(en)To(ec)
(Vnlen) + VTcled)

g(en, ec) == (F.47)
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We first prove that the COP at maximum power takes the universal form of Eq. (9.12
if the rates depend on the energy and on the temperature only through fe, i.e. T'y(e) =
Lo (Bata). We rewrite Eq. (F.45) as a function of =}, = B¢}, (for a = H, C):

-1
max x* 1
C(PR™) = Lﬂi <c + 1) - 1] : (F.48)

where C, is the Carnot COP for a refrigerator. We can determine z}, by maximizing
1 L (zu)le(zc)
Be 2
(VTu(en) + V(o))

Crucially, given our hypothesis on the rates, there is no explicit dependence on the tempera-
tures in Eq. (F.49) (except for the prefactor 1/8¢), so the maximization of Pg)(zn,zc) will
simply yield two values of x}; and x¢, that do not depend on the temperatures. Thus, for all
bath temperatures the COP at maximum power will be given by Eq. (F.48), where z}; and
x(, are two fixed values. The ratio zf;/x¢ will depend on the specific rates we consider. By
imposing in Eq. (F.48) that the COP at maximum power of the system for Sy = S¢ (i.e. for
Ce. — 00) is Cp, we can eliminate the ratio zj;/x{ in favor of Cy, concluding the proof of
Eq. (9.12).

We now prove Eq. (9.13). Since Eq. (F.46) remains unchanged by sending both e — —ep
and ec — —€c, we can assume without loss of generality that ec > 0 (this is a general property
which applies independently of the specific choice of bath models). Furthermore, we must
ensure that the system is acting as a refrigerator by imposing P[R](eH, ec) > 0. This implies

that f(Buen) < f(Bcec), thus

clf(zn) — f(zc)]- (F.49)

Pr(rH, 2c) =

0 < Beec < Puen. (F.50)
We now show that in the models described by Eq. (9.9), the partial derivative of Pg)(en, €c)
respect to ey is non negative for all values of ey and e satisfying Eq. (F.50), which implies
that ef — +oo. Using Eq. (F.50), the condition dPg)(en, €c)/den > 0 can be written as

Bu
2[1 + cosh (Buen)|

Since 01n g(em, ec)/Oen has the same sign as dI'g(ex)/den, and since the r.h.s. of Eq. (F.51)
is strictly negative, Eq. (F.51) is certainly satisfied whenever I'iy(epp) is a growing function.
This proves that €f; — +o0o when the baths are described by the F,, model [see Eq. (9.9)]
even when the two baths have different powers n. The B,, model is more tricky to analyze
since the rates are decreasing functions around the origin. Nonetheless, using Eq. (F.50) it

ilng(eH,ec) > — (F.51)

Oey

is possible to show that Eq. (F.51) is satisfied also in the B,, model by plugging F&B’L)(e) [see
Eq. (9.9)] into Eq. (F.51). This result holds also when the two baths have different powers n.

We now know that €f; — +oo in the F,, and B,, models. Since both Fg")(e) and F%B")(e)
diverge for n > 0 when € — +00, we have that

xn
g(+oo, Ec) = Fc(ec) = kc ETCL h(ﬁcﬁc) = kc ﬂig h(l’c), (F.52)
C
where, as before, ¢ = Scec and h(x) := 1 for the F,, model and h(z) := cothz/2 for the

B,, model [see Eq. (9.9)]. Thus, using z¢ instead of ec, and noting that f(epfSu) vanishes for
€n — +00, we can write P)(+00, €c) [see Eq. (I.46)] as

n ko
P = grer o h(ee)f(we). (F.53)
C
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Equation (F.53) is non-negarive for all values of x¢ and it vanishes in x¢c = 0 and x¢ — 400
thanks to the exponential decrease of f(z¢) for large values of xc. Therefore, Eq. (F.53)
will be maximum for the finite value z¢ that maximizes x%“h(mc) f(zc), and plugging
z§, into Eq. (F.53) yields the first relation in Eq. (9.13), where ¢, = (z&)" M h(zd) f(xf).
For n = 0, we separately analyze the Fy and By models. In the Fy model, g(ey,ec) =
kukc/(Vka + Vkc)?, so Prj(+00, €c) can be written as

(Fo) _ ke 7
Py’ = F.54
where r := kp/kc. Using the same argument as before, Eq. (F.54) implies a finite value

of x¢, which arises from the maximization of zc f(xzc). We thus proved the first relation in
Eq. (9.13) for the Fy model, where co =r/(yr+ 1)z f(xc) At last, in the Bg model

g(en — +00, ec) = kukc coth (zc/2)/[Vku + /kc coth (zc/2)]%. Thus, Pgj(+00, ec) can be
written as
(Bo) _ kc rcoth (xc/2)

Rl ™ Bg (v/r + +/coth (zc/2))2 zof(ze).

Again, ¢, is a finite value which can be found by maximizing rcoth (zc/2)/(v/r +

coth (z¢/2))? zcf(xc).  Only in this case, z§ depends on the ratio r. We thus

proved the first relation in Eq. (9.13) for the By model, where ¢y = rcoth (z¢/2)/(y/r +
coth (25,/2))2 e f ().

The second relation in Eq. (9.13) stems from the fact that in all models €j; — 400 while

€¢ is finite. Thus, Eq. (F.45) implies that the C( [m]ax) vanishes. At last we want to roughly

estimate the behavior of C(P[m]ax) in the presence of a large yet finite constraint on the

(F.55)

maximum gap: |e(t)| < A. Since e would diverge if there was no constraint, we can assume

that, in the presence of A, ef; = A. On the other hand, €, is a finite quantity (which is given

by € = x¢&/Bc in the unconstrained case), so if we assume that A > e, from Eq. (F.45) we

have that . . )
€ x

C(PRy L 70 o0 ——.

TG T BeA T peA

(F.56)
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Appendix: Maximum power heat engines and
refrigerators in the fast-driving regime

In this appendix, we provide details on the calculations performed in Chap. 10.

G.1 Projected form of the ME

Using projection techniques in this section we show how one can cast the master equa-
tion (10.2) in the more convenient form (10.5). For this purpose we find it useful to first
recall some structural properties of GKSL generators which hold true in the finite dimen-
sional case we are analyzing in the present work. In particular in Secs. G.1.1 and G.1.2 we
shall introduce the notions of ergodicity, mixing, irreducibility, and adjoint-stability. After
that we proceed with the derivation of Eq. (10.5) in Sec. G.1.3.

G.1.1 Ergodic, Mixing, Irreducible and adjoint-stable GKSL generators

Let S be a quantum system of finite dimension d. To fix the notation we indicate with £g
the d?-dimensional vector space of linear operators on S and define Sg and £(S) its subsets
formed respectively by the density and zero-trace operators of the model, i.e.

Gs={pecLsTr[p]=1,p>0}, £l = {0 c &|Tr[e] =0} . (G.1)

The the latter forms a (d> — 1)-dimensional vector subspace of £g for which we can identify
a projector introducing the super-operator

[

Ql+] = M| =T ], (G2)
and its orthogonal complement P = Id — Q, Id being the identity channel (notice in fact that
using “o" to represent the composition of super-operators we have Qo Q@ = Q, PoP = P,
PoQ=QoP =0, and that Tr[Q[O]] = 0 with Q[0] = © iff © € £2).

Consider next a GKSL generator £ for a generic time-independent master equation

Fp(t) = LIpt)] , (G.3)

207
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for the density matrices of S. By general properties of the theory we know that £ is a super-
operator on £g which can always be casted in the standard form

Ll--] = —i[H,--]+D[], (G.4)

ATAL 4T 14T A,
D[] = Z(Aj[...]A;_ Al ];[ J4; J)7 (G.5)

where H is a hermitian operator identifying the Hamiltonian of the system, and D is a purely
dissipator component written in terms of the (Lindblad) operators A; # 0. It is also a
well know fact that £ transforms any © € £g into an element of traceless subset £2 (i.e.
Tr[£[O]] = 0), which formally translates into the following identity

QoL =L, (G.6)

and that it admits always at least a fix-point state p(eq) € Gg, i.e. a density matrix of S
which is an eigen-operator of £ associated with the eigenvalue zero,

LD =0. (G.7)
Thanks to the above properties we can hence observe that for all density matrices p, we have
Llpl = (Qo L)[p) = (Qo L)[p - p**V] = (Qo Lo Q)[p— p*V] = (Qo Lo Q)[p — V] {G.8)

where in the third passage we use the fact that p — p has trace zero, while in the final one

we adopt the short hand notation © to indicate the projected component of © on 2(8), ie.

0=09[0. (G.9)

Notice finally that from p(t) = (Q + P)[p(t)] = p(t) + 5 follows that dyp(t) = 9,p(t). Thus
using this and (G.8) evaluated for p = p(t), we can hence conclude that an equivalent way to
express Eq. (G.3) is

aip(t) =GPV — p(t)] , (G.10)
where

=_-QofLoQ=-LoQ, (G.11)
is (minus) the restriction of £ on £9.

Equation (G.10) is valid for all the finite-dimensional GKSL processes, but it becomes
particularly handy when specified under ergodicity assumptions [373], i.e. for those £ for
which the fix-point state p(®¥ introduced in Eq. (G.7) constitute the unique eigenvectors
with zero eigenvalue.

Definition: The generator L is said to be ergodic if pl®d) € Sy exists such that
LO]=0 — ©6=2x D, (G.12)

where \ is an arbitrary complex constant.
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For our purposes, the main consequence of the above definition is that for an ergodic
GKSL generator £ the corresponding restriction G defined in Eq. (G.11) is invertible when
acting on the elements of the (d? — 1)-dimensional linear subspace £2. Indeed using the fact
that p(¢® has trace 1, we can conclude that under ergodic assumption (G.12) it holds

GO]=0 <= Q[O]=0, (G.13)

or equivalently that G has no zero eigenvalue on Eg.
The ergodicity property (G.12) has been extensively studied in several works. In particular
a necessary and sufficient condition for £ to be ergodic can be found e.g. in Ref. [373] where it
has been also shown that this property is very common on the set of the GKSL generators (the
non-ergodic examples being indeed a set of zero measure). Interestingly enough it turns out
that at least for the finite dimensional case we are studying here, Eq. (G.12) is equivalent to
asking that the associated ME should induce a purely mixing evolution which asymptotically
sends all input states p € Gg of the system into p(¢¥, i.e.
lim |p(t) — V|l =0, (G.14)
t—o0
where p(t) = e*[p] is the completely positive evolution obtained by integrating (G.3) and
|| --- |1 is the trace norm (the fact that (G.14) implies (G.12) is relatively easy to verify,
while an explicit proof of the opposite implication can be found in Refs. [374-377]). Given
all that the main drawback of the ergodic property is that (G.12) does not well behave under
summation of the GKSL generators, i.e. the sum of ergodic generators is not necessarily
ergodic (see [373] for an explicit counterexample). Nonetheless, a slightly stronger version of
the ergodicity notion does not suffer from this limitation. This is the set of GKSL generators
L which are irreducible and adjoint-stable [29, 362]:

Definition: Given a GKSL generator L and A = Span{A;} the set spanned by its
Lindblad operators, we say that L is irreducible if [A, B] = 0 for all A € A implies that
B = M1 for some complex number A, and that £ is adjoint-stable if A € A implies AT € A.

First of all it is worth noticing that both these two properties only involve the dissipative
component D of £ (indeed they are independent of the system Hamiltonian H). Secondly, as
discussed in Refs. [29, 362] it follows that all £ which are irreducible and adjoint-stable
induce dynamical evolutions which are mixing (i.e. obey to Eq. (G.14) with p(®® being
identified with the steady state solution of the model) and hence, via the above mentioned
equivalence, ergodic, i.e.

L irreducible and adjoint-stable = £ ergodic. (G.15)

Most importantly it also follows that, at variance with the ergodic set, the set of irreducible
and adjoint-stable GKSL generators is closed under summation (in particular they form a
convex set): more specifically given £ irreducible and adjoint-stable, and £’ adjoint-stable
but not necessarily irreducible, their sum is irreducible and adjoint-stable, i.e.

L irreducible and adjoint-stable, £ adjoint-stable
— L+ L' irreducible and adjoint-stable. (G.16)

We now focus on a special subset of ergodic GKSL generators £ which provide a rather
general description of thermalization events, see e.g. [27].
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Definition: Given 5 > 0, a generator GKSL L is said to be thermalizing if it is
adjoint-stable and ergodic with fized point provided by the Gibbs density matrix

o5V = exp[-pH|/Zs,  Zs = Tilexp[-BH]) . (G.17)

Notice that requiring adjoint-stability for a thermalizing map is in agreement with the
underlying open system derivation of the master equation. Indeed, if this last is derived
from a microscopic model in which the system is weakly coupled to a thermal bath of inverse
temperature 3, the adjoint stability of the GKSL generator can be proven using the Kubo-
Martin-Schwinger relations for the bath correlation functions [27].

We now claim that a thermalizing generator satisfies also a weak notion of irreducibility.
To begin we notice that in Eq. (G.17) the parameter /3 plays the role of an inverse temperature

and that, for all finite values of such quantity, the density matrix pgeq) is a full rank state (for

8 — o0, i.e. as the temperature drops to zero, this property is not longer guaranteed as p(eq)
converges to the ground state of H). Accordingly we can invoke Theorem 5.2 of [362] to claim
that for thermalizing processes the linear set Ay = Span{A;, H} spanned by the Lindblad
operators A; and by the Hamiltonian H is irreducible, i.e. that the following implication
holds

[B,A]=0 VAeAy, =B=2M, (G.18)

with A generic complex constant. We will refer to the condition (G.18) as to weak irre-
ducibility, since it is less demanding than the standard irreducibility, that can be recovered
with some assumptions on the nature of the Lindblad operators.

G.1.2 Irreducibility for physical GKSL generators

Within the assumption of a Thermalizing GKSL generator, let us suppose the Lindblad
operators to be represented by jump operators, i.e. of the form /g, 55 |E;)(E;| where
|E;) denotes an eigenvector of the system Hamiltonian, whose levels are assumed to be non-
degenerate.

In this case we have, for every operator B = >, ;y my jo|Ey)(Ey| with 0 < ', j' < D:

(B, V5,5 E)(Ejl] = /75,55 (Y mir il Be)(Ej| + mj jo | Ei) (Ej|). (G.19)

il
7 7]

Using the equation above, we have

[B, A /7Ej—>Ei‘Ei><EjH =0 Ad My = My g, My ;= My = 0 Vi/ 7é i, j/ 7é j (G.QO)

Since the condition [B, H] = 0 does not constrain the diagonal of B, the only way to
obtain B = Al as required by Eq. (G.18) and fulfil weak irreducibility is that the set Ay
contains jumps connecting all the energy levels, 7.e. for every i there is at least one Lindblad
operator /g, -, |Ek) (Ei| connecting |E;) with some other level |Ej). In this way, the first
of the two conditions in the r.h.s. of (G.20) imposes that all the diagonal elements of B
are equal. In addition, using the second condition in the r.h.s. of (G.20) we can set all the
off diagonal elements to 0 eventually obtaining B = AI. Since the latter has been proven
without imposing [H, B] = 0, we just proved that by choosing the jump operators as Lindblad
operators we have that weak irriducibility implies irreducibility.
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More in general, a Lindblad operator is the sum of jump operators connecting couples of
levels with the same energy difference [27], A(w) = 3=, fiv|Ey) (Er| where By — Ep = w VI, I'.

We analyze the condition (G.20) in the case of a Lindblad operator composed by two
jumps, that is

[B, fi1,j1 |Ei1><Ej1| + fiz,jz ‘Ei2><Ej2 H =0, (G'21)

we obtain that this last is equivalent to require the r.h.s. of the (G.20) for both 41, j; and
i2, j2, with the exception that the four off diagonal elements m;, i,, My, jo, Miy.iy, Mjy 5y aT€
not necessarily 0, but satisfy the following linear system

fizvjzmilﬂ'z - fihhmjhjz =0, (G.22)
fir i Mig,in = fiz,ja Mo 51 = 0.
Using the adjoint stability property, the (G.22) preserves its validity when replacing the

elements of B with the ones of BT, thus

fi*g,jgmi27i1 - f;,jlmjz,h =0,
f;l,jlmihh - f;;,jzmjhh = 0.
The solution of Egs. (G.22) and (G.23) is the null vector provided that | fi, j,1* # | fiy j, |-
In this last case, the conditions imposed on B by requiring Eq. (G.21) to be valid are
equivalent to the ones obtained for two distinct jump operators. So we can reproduce the
reasoning done at the beginning of this section and state that weak irreducibility implies
irreducibility also in the case of Lindblad operators composed by two jumps between energy
eigenstates, apart from cases in which particular criteria for the values of the couplings f;
are met. The calculations for the case in which some of the Lindblad operators are the linear
combination of more than two jumps allows to derive conditions on the f;; linking the matrix
elements of B associated to transitions between the levels connected by the jumps, similarly to
what observed in the two jumps case. To summarize, when the master equation is an effective
description of the dynamics induced by the weak coupling of the system with a thermal bath,
the generator belongs to the adjoint-stable subset of the ergodic maps and tipically satisfies
irreducibility. Hence not only the associated restrictions G (G.11) of a thermalizing generator
is invertible on £3, but thanks to Eq. (G.16) this property is also shared by all the sums of
an arbitrary collection of thermalizing generators.

(G.23)

G.1.3 Derivation of Eqgs. (10.5)

Equipped with the results derived in the previous subsection it is now easy to explicitly show
how to reformulate the master equation (10.2) in the form (10.5) with the super-operator
Gi(r) being invertible on their domain of definition.

As anticipated in the main text, we can obtain this by imposing that for all choices of
the control vectors @ € D for which D, ; is not explicitly null, we ask those super-operators
to be thermalizing with fixed point provided by

P = exp|—BaHi(w)| Zait » Zow = Trlexp[—BaHyl] (G.24)

From the physical point of view this is a rather natural requirement to ask: it simply tell us

that, by putting S in contact with bath a;, the model will reach the steady state configuration

defined by the corresponding thermal state pff,%). As discussed in the previous section, in
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this setting it is natural to consider the dissipator D, z to be adjoint stable and irreducible.
From (G.16) it follows that for all assigned (), also the super-operator Ly is irreducible
and adjoint-stable, due to the fact that according to Eq. (10.2) it is given by the sum of the
D, at)’s plus an irrelevant Hamiltonian contribution which plays no role in deciding these
properties, i.e.

N
Lawy =Hawy + Y Dasir) » (G.25)
a=1
where we used Hg ) to identify the commutator with Hy, i.e. Hypl - ] = —i[Hgw), -]

Therefore, introducing p%e(;l; as the unique fixed point of L) and invoking (G.8), we can

again write

Lalp] = Ga |5 — p50)] - (G.26)
for all p, with
Ga) = Qo Lapy 0 Q= —Lap©° 2, (G.27)

which is also invertible on the traceless operator set Eg. Specified in the case where p is the
evolved density matrix of S at time ¢ during its interaction with the baths of the model, and
using the property Oip(t) = 0¢p(t), we finally end up to rewrite (10.2) in the form (10.5).

G.2 Asymptotic solutions of the fast periodically driven ME

Here we discuss the asymptotic solutions of the system ME. We start in Sec. G.2.1 formally
introducing the notion of limit cycle solutions, valid for arbitrary driving speed. Then in
Sec. G.2.2 we give a formal derivation of Eq. (10.9) of the main text, valid in the fast-driving
regime. Finally in Sec. G.2.3 we show that any sub-protocol extract from a fast cyclic control
also fulfil the fast limit condition.

G.2.1 Periodic driving

Consider the case where the control vector #(t) of our model, and hence the generator Lt
of Eq. (10.2), is periodic with period T, i.e. u(t + T) = u(t), for all t. We have already
commented in Appendix G.1, that requiring the D,, j(;)s to be irreducible and adjoint stable,

ensures that Ly ) is irreducible and adjoint-stable. Invoking Theorem 2 of Ref. [29] we can
Iy (o)

thus claim that our ME admits a limit cycle solution Pa) = Pag+T) € G that is independent
from the initial conditions of S, and such that
lim (p(t) = ) =0, (G.28)

t—o0 ﬁ(t)

the convergency being evaluated e.g. in the trace norm.

G.2.2 Fast driving limit

In the fast cyclic driving limit we assume that the period T' of the cyclic driving @(t) is the

shortest timescale appearing in the master equation. In this scenario we want to show that,

(Ic)

up linear correction in T', we can approximate the limit cycle solution pﬁl( h with a term which

is constant in time.
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To begin with, let us observe that according to Eq. (10.5), we can identify the times scale
of the system dynamics associated with the driving of the model by using the quantity

ia) = pax 1Gal - (G.29)
€l
where the maximum is taken on period and where || - - - || is the induced trace-norm for super-
operators [378], i.e
1Ga (©O]llx
Gap || = max ———— | G.30
” u(t)H Oc sy ||@||1 ( )

with ||©]; = 1/Tr[©16]. Since the system is finite dimensional, any other choice will be
fine as well, the above choice however allows for some simplification. In particular, by direct
integration of Eq. (10.5) on a generic interval [t1,?2] we can write

lotta) = p(e0ll = [ @Gy [o55h ~ @] 1 < [ 1Gae) 152, — (e s
< (ta—t1) ma, (G.31)

which explicitly shows that the speed of variation of the density matrix of S along the trajec-
tory induced by control 4(t) is explicitly upper bounded by 7. Accordingly we now formally
identifies the fast-driving regime by restricting the analysis to those protocols which fulfil the
constraint

gl < 1. (G.32)

Next we prove that, in the cyclic and fast driving regime, pfu])( ) is approximately given by

pH Accordingly, we can use Eq. (G.31) to claim that the distance between p%c]) (t) and

pfﬁ])( *) is upper bounded by [t — t*| nz). Taking a fixed value of ¢* and an arbitrary time

t € [t*,t* + T| we have that

lofa () = ol ()| < i T - (G-33)

Therefore, invoking the fast driving condition in Eq. (G.32), we find that at zeroth order

in 9z T, all values of p[(quc]) (t) are given by the same fixed state, which we denote with pfg]) .

We now want to show that, up to first order corrections in 737', the constant term pfg]) is
given by Eq. (10.9) of the main text. For this purpose let notice that since Lig = =/ I Lydt
is a positive sum of Ly which in our construction are irreducible and adjoint-stable, from

(G.16) we can also claim that such superar-operator fulfils the same property. Accordingly
g[g] =-0Qo E[ﬁ] 0Q=-0 o/I ﬁﬁ(t)dt 0Q = /[ gﬁ(t)dt , (G.34)
(@] [@)]

must be invertible on £3. Integrating hence (10.5) over the interval I, i@ and considering the

limiting cycle solution p(°(t), we get

e ~(lc ~(lc ~(lc ~(lc
/g (50 — 519 (1)] dt = /at() A0 50 —0, (G3n)
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where the last identity follows from the periodicity of pg(ct)). We therefore have that

/ Gty [ 1) dit = /[ Gt [50)] dt (G.36)
[a]

In the fast driving limit (G.32), the left-hand-side of the above expression can be approxi-
mated as Gig [ﬁfg]) | up to linear correction in 7z 7T. Accordingly in this regime (G.36) allows

us to finally write

g[u p[u / gu(t E‘fq — ~[u] Ngu] [/ g t) u(t ‘| 3 (GS?)

where we used the above-mentioned invertibility of Giz. This expression, valid at leading
order in the expansion in 737", corresponds to Eq. (10.9).

G.2.3 Sub-protocols of fast driving controls

Here we show that a generic sub-protocol 4 4(t) extracted from a cyclic trajectory (t) fulfilling
the fast driving limit condition (G.32), also fulfils the same condition.

As detailed in Sec. 10.2.1 of the main text, a generic sub-protocol 7 4(t) is constructed
from reduction of () on a proper subset I4 of the fundamental period I}5. Accordingly,
from Eq. (G.29) it follows that

i = e [Ga | 2 max |Ga| = max 1Gaawll = Mg - (G-38)

Also, indicating with T4 the measure of the interval I4, we have by construction T4 < T
putting this together the thesis finally follows via the inequality

Maa)Ta < naT < 1. (G.39)

G.3 Selection of the infinitesimal protocol

As discussed in Sec. 10.2.2, proving the possibility of fulfilling the condition (10.12) of the
main text, is equivalent to showing that starting from a generic curve in R” (D = d? — 1)
that has a null center of mass, we can always split it into two (non-trivial) sub-curves such
that these still have a null center of mass. This result is proven explicitly in Sec. G.3.1. Then
in Sec. G.3.2 we give a characterization of the maximum number L of time intervals entering
in Eq. (10.15).

G.3.1 Main result

Let v = {#(t)|t € [0, T} be a piecewise C! curve generated by the function #(t) : [0, T] — R?,
that satisfies

T
| it =o. (G.40)
0
We want to show that there exist k& < (D + 1)? points on the curve #(t1),---, #(t;) and

parameters 71, - - -, 7 > 0 such that

t1+71 ti+Tk
/ FE)dt+ -+ / (t)dt = 0. (G.41)
ty

t1
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Indeed, in such case the sub-curve identified by the restriction of #(t) to [ti,t1 + 7] U--- U
[tk, tk + %] would have a null center of mass.

We can suppose that this curve does not lay on any hyperplane V strictly contained in
RP, otherwise we can simply repeat the proof in the smaller space V = RP~1,

We first notice that, calling C' the convex hull of the range of the curve {¥(¢) : t € [0,T]}
and C its interior, then 0 € C. Indeed, if by contradiction this is not the case, by the Hahn-
Banach theorem [379] there exists a unitary vector @ € RP such that @ - & > 0 for every
Z € C. Since ¥(t) € C for every t, ¥(t) - W is a non negative function, but using Eq. (G.40)

we have /U(t) Bt — </U(t)dt> S0 =0,

hence ¥(t) - @ = 0 for every t. This is equivalent to saying that ¢’ lies on the hyperplane
{W - & =0}, that is a contradiction.
Since 0 € C, we can find D + 1 points pi, -+, pp+1 € C,

ﬁl:’S(l_D}&-l’_D}H?”" i),
ﬁ2:6<_D}&-1’1_D}|—17"" i),
Pp=¢€ <_D1+1’ Dirl’ 1= %) J
Pp+1=¢€ <_D}-17 D+1""7 D+1)
with € a positive constant, so that pi,---, pps1 do not lie in any hyperplane and
p1 + -+ P,
P o 1”’“ =0. (G.42)
Moreover, since p; € C, there exist t{, . -,thj € [0,T] and a set of coefficients a{, . -,aan €
(0,1) with mj < D+ 1,09 +---+aj, =1, such that
AT(H]) + -+ + od, B(th,) = ). (G.43)

Since the p; by construction do not lie on any hyperplane, the same holds true for the
family #(t1). To simplify the notation, we reindex ¢ = t;, 1 <1 < m < (D + 1)?, where
m = S P m;, and from (G.42) and (G.43), we notice that there exist positive numbers

J
al’...,am Witha1+"'+am:1 SUChthat

alﬁ(tl) —+ o+ amﬁ(tm) =0. (G.44)
Moreover, the vectors ¥(t1), - - -, U(t,,) do not lie on any hyperplane. Up to reordering, we can
assume that U(t;,—p+1), - -, U(tm) are linearly independent. We define the maps
t+71 - .
Ftydt it t; < T,
filr) = {f v (G.43)
Ji__ @@yt ift; =T,
and
F(r1,-++,mm) = fi(m1) + -+ fon (). (G.46)
Then (G.41) is proven if we have that for some choice of 71, -+, 7, > 0 arbitrarily small,

F(71,--+,7m) = 0. For this purpose, we notice that 0- f;(0) = (¢;), and

VTm—D«Ha"'77'DF‘TmeJrl:Ov"'mi:O = <6<tm—D+1)a g(tm)) (G‘47)
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which is an invertible matrix, since the vectors ¥(s;,—p+1), - ,¥(sm) are linearly inde-
pendent. Moreover, F(0,---,0) = 0. Therefore, by the implicit function theorem [379], in
a neighborhood of 0, there exist C' functions o,,_py1(71, s Tm—p), - 0p((T1, -, Tm_D))
such that

F(ri, -, Tm—D,0m-D+1(T1, s Tm-D), s op((T1, -, Tm—pD))) = 0 (G.48)
and 0;(0,---,0) = 0. If we have that for an appropriate choice of 71,---,7,,—p > 0, then
0j(T1, s Tm—p) > 0 for every j, we obtain (G.41). Differentiating

0= F(ait, -, am—pt,om—_p+1(ait, -+, am—pt), -, om(ait, -+, am—pt))
in t = 0, we obtain

. . d . d S
a19(t1) + -+ - + am—pVU(tm—p) + %am,DH(O)v(tm,DH) +--- 4 %am(())v(tm) =0. (G.49)

Combining this with (G.44) and recalling that ¥(t,—p+1), - - -, U(tm) are linearly independent,
we obtain that

d

a(fj(()) =a; > 0. (G50)
Therefore, for § small enough, o;(dai,---,dam—p) > 0, and we obtain (G.41) by choosing
7j = a;0 for j <m — D, and Tp,—p4+j = Om—p+4(da1,- -+, 0am—p), and the analogous choice

if t; = T for some j.

G.3.2 Maximum number of sudden quenches

As discussed in Sec. 10.2.2 and in App. G.3, the most powerful protocol is a generalized Otto
cycle composed by a finite number £ of infinitesimal segments where the control is constant.
Here we will prove that k < L = D — 1, where D is the dimension of the vector space in
which the function ¥(¢) introduced in Sec. 10.2.2 lives.

We start by considering an infinitesimal protocol, associated to a curve composed by k
infinitesimal segments each one starting from a vector w; € RL with 0 < i < k. We assume
this curve to have null center of mass, i.e. that Eq. (G.41) is valid. For an infinitesimal
protocol, Eq. (G.41) reduces to

k
> i = 0, (G.51)
i=1

where o; = 7;/T > 0 is such that > a; = 1.

Let C be the convex hull generated by the vectors {w; : i = 1,..k}. As argued in the
previous appendix, Eq. (G.51) implies that 0 belongs to C. Assuming that the original vectors
do not lie on any hyperplane, by linear independence we can identify a subset S of indices of
{1,2,...,k} and some coefficients &; such that > ,cq&w; = 0 and Y ,cq& = 1. Moreover, S
has at most D + 1 elements.

We now take a linear combination of ) ,cq&w; = 0 and Eq. (G.51) obtaining, up to
reordering the vectors

(041 — Cgl)u_}'l + -+ (aDH - C€D+1)"J5D+l + apioWpio + -+ - + apwy = 0, (G.52)

where ¢ is a positive constant. If ¢ = 0, all coefficients are positive, whereas for large values
of ¢, the first D + 1 coefficients become negative. We therefore choose the smallest value of
¢ such that one coefficient is null, and the other ones are positive, that is

o

c= iz{r}}g+1 g (G.53)
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The following argument can be simply generalized to the case where more than one coefficient
is null. We can assume that the index that minimizes the right hand side of Eq. (G.53) is
1 = 1. With this choice, we have that

I N U =0
{ c§1wr + - c€p+1Wp41 , (G.54)

(ag — c€2)Wa + - - (apy1 — &py1)Wpi1 + apyoWpya + -+ - + apwy = 0.

We now define two new sub-curves, A and B, of the original infinitesimal curve through
Eq. (G.54). The first is given by D + 1 infinitesimal segments, centered around iy, ..., Wp41,

with time duration TZ-(A) /T given by the coefficients of the first row of Eq. (G.54). The second

is centered around s, ..., W, with time duration Ti(B) /T given by the coefficients of the
second row of Eq. (G.54). Thanks to Eq. (G.54), these two sub curve have null center of
mass [they satisfy Eq. (G.41)], and thanks to the fact that ), Ti(A) +> Ti(B) =1, they are a
disjoint partition of the initial curve into two sub-curves. Each one of the two sub-curves is
associated to a sub-protocol, and following the partition argument introduced in Sec. 10.2.1,
we know that the sub-protocol relative to one or the other sub-curve is not less powerful than
the original one. If this procedure selects the curve supported on D + 1 vectors, the proof is
over. If the most powerful one is the one composed of k —1 > D + 1 vectors, we can reiterate
this argument until we end up with a protocol made up of D + 1 vectors.

G.4 One control per temperature is sufficient for positive
GAPs

Consider the expression of the generalized power (10.23), which can be rewritten as

L
S Cou T T Py
Pulfits )] = 7] s kA (G.55)
dois1 i

(G.56)

where «; is the constant value of «(t) during the interval dr;, and m; = p;I'z,.

We assume now that the GAP to maximize is positive, that is it consists of a positive
average of the currents extracted from some of the thermal sources i.e. ¢o;, > 0 Vi (note that
this is the case both for the engine and the refrigerator). In such a case it is easy to see that

ZiL,j:1 Coaiﬂ'iﬂ'jpiej

Pel{ti, pi}] < 7 , (G.57)

i=1 T4

Where f’iﬁj = P, it T; # T; while pi<_j = 0 if the two temperatures are the same. The
inequality holds thanks to the fact that c,, = c¢7; > 0 is positive and only depends on the
temperature, plus property (10.26) (that is, P + Pj—; < 0 when T; = T}). We will now
maximize the right hand side of (G.57), which in the end will result in a maximization of
P, as for the optimal control the inequality is saturated. Consider the list of controls to be
ordered in such a way to collect in the first k entries all the points at temperature 77, i.e.

Ti=Tyo1<i<k (G.58)
Then the right hand side of (G.57) can be cast as
S ichjor T (1P + ¢ Pjei) + Xy jop imimi Pie
Doi<k it ik T '

(G.59)
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It is possible to re-express the above equation in terms of the time ratios spent on each control
point u;. Focusing on the controls at temperature 77 we consider the renormalized fraction
of time spent on the first k£ points, i.e. we introduce

1 M
o) = St (G-60)
J=1rJ

meaning that the vector g represents a normalized probability distribution on those points.
With this definition we see easily that expression (G.59) is in the form

60 - g+ A

o) - b4+ B ( )

for appropriate definitions of a, A, l;, B. When tuning the time fractions spent on each point
at temperature 717 the best option will be thus to concentrate on one point only, i.e. 051) =0;
where ¢ reaches the maximum in the following affine inequality (see Lemma below)

7). = )
w < max ait 4 . (G.62)
0 o+ B b+ B

It is then sufficient to repeat the same argument for each temperature to prove that for any
positive GAP at most one control point per temperature is needed in the maximization.
The power can be thus optimized on the form

Zg{,@:l cOﬂTQﬂ-BPO“_ﬂ

N ;
Za:l Ta

which is the same as (10.23), except for the indices running only on different temperatures.
We notice also that if more than one coefficient ¢, is zero the optimization can be reduced
again. That is, suppose ¢, # 0 for a = 1,...,k with K < N — 2. Then the above expression
takes the form

Pel[{ta, pa}] = (G.63)

Za,ﬁgn cOlTrOéﬂ-BPCY%B + Zagn,ﬂ>n COéﬂ-Oéﬂ-BPa%B
N
Zg:l Ta + Za:/i—i—l T
and the Lemma can be used again to collapse all the last NV — x controls in one, remaining

with k + 1 points. This has the immediate consequence, that e.g. for a refrigerator two
controls are always sufficient to optimize a refrigerator, where x = 1.

: (G.64)

Lemma Given a probability distribution p, a vector d, a positive vector b> 0, a constant
A and a positive constant B > 0, it holds that
pra+ A < a; + A

. . C.65
5 b+B - i h+B (G65)

Proof. First notice that the values of A and B can be reabsorbed in the definitions of @
and b, due to p’ being a probability distribution p; > 0, > p; = 1. Formally

(G.66)

Sy1RS¥

A B
agzai-i-*, b;:bi-f-* =
n n

RSTRRST]

+A
+ B

S| QL
hSTRRST
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Now consider a convex combination p= g1 + (1-— )\)17(2) and without loss of generality

1) . ~+2) . T
r =P ¢ < b ¢ — @ (G.67)
]3(1) -y 13(2) Y

It follows that

M OFD 4 (1 )@@ - i
APD - B4 (1 - M) - Y
M@0 - 1 (1= A @@ -
AFD B 4 (1= A - Y

AP a4 (1 - AP -
AFD 5 4 (1= M) -

d
b

=r® . (G.68)

where in the last inequality we used that ¥ > 0. The same inequality be carried out in the
other sense and both inequalities can be condensed as

13(2).(;/

1) . 7 1) . 7 _WA2) .
D a - Ap a4+ (1—=MN)p - v
- }5(2) -y

a
= < = = G.69
ﬁ(l) -y )\]5‘(1) Y+ (1 _ )\)ﬁ(Z) -y ( )

If follows in particular that expression is convex and is obtained on the extremal points of
the polytope in which p'lives. The extremal points are deterministic points (p; = d;; for some
i), and thus inequality (G.65) is proven.

G.5 Power of many interacting qubits

In this appendix we prove Egs. (10.37) and (10.39). We start from the refrigerator case. As
discussed in Sec. 10.3.3, the maximum average cooling power is given by

_6252 —
(max) 1 1 e (d—1)
= 75 Iré%xﬂg»sg T ([d= e P (G.70)
(x/raf - \/F;Q)
Defining x = $2¢2, we need to find the maximum of the function
xe ¥(d—1)
= G.71
f@) 1+ (d—1)e= (G.71)
Setting to zero the derivative of f(z), the optimal value z* is determined by solving
e (z*—1)=d—1. (G.72)

The solution to this equation can be given in terms of the Lambert function W (z), which is
defined implicitly by the relation z = W e". We therefore find

x*:1+W(d;1>. (G.73)

Plugging this into f(z1), and using the relation e~V () = W (z)/z, we have that

fl@)=w (d — 1) . (G.74)

e
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This is an exact solution. The behavior of the Lambert function, for large arguments, is given
by
W(z) =In(z) — In(In(z)) + O(1). (G.75)

Retaining only the largest contribution in the limit d — oo, we find
f(z*) =~ In(d). (G.76)

Plugging this result into Eq. (G.70) with d = 2™ yields the second relation of Eq. (10.37).
In the NI case, the cooling power of n qubits is given by n times the power of a single
qubit. Setting d = 2 in Eq. (G.74) and plugging the result into Eq. (G.70) gives an an exact
expression of the maximum cooling power of a single qubit. Equation (10.39) is therefore
proven by combining this relation with Eq. (10.37).

We now turn to the heat engine case. As discussed in Sec. 10.3.3, the maximum average
extracted power is given by

e 1 1 _ Bier _ o—B2e2)(d — 1
P[(E] ) — 5 max (Bre1 92 = Bacs ﬁ;)s( ‘ _)g z ) . (G.77)
(Vo + i) P B O @D e
aq a2
Defining z1 = f1£1 and x5 = [ae9, we need to find the maximum of the function
f(ml :E2) — (x152 - $261)(67:1:1 - 6712)(d B 1) (G78)

(1+ (d— De=a)(L+ (d — L)e=2)

in the limit of d — 4o00. Approximating d — 1 ~ d and setting the partial derivatives of
f(z1,x2) to zero, the optimal values 27 and z3 are determined by solving

Bre®i(d + e3)xh — Bs (e%’f — de”? + eI (2 — 1) + de"1 (1 + 951)) =0

(G.79)
Boe®2(d + e"1)at — By (62“”2 de™t 4 11 (15 — 1) + de®2 (1 + :UQ)) =0.
We were not able to explicitly find a solution to this set of equation. We therefore search
for a perturbative solution, which is valid in the limit of large d. We do this by choosing an
“ansatz” of the form
Z a’l gz

ZG’Q gz

(G.80)

(4)

where g;(d) are a set of functions that capture the asymptotic behavior of 7 and x3, and a;
and ag) are a set of coefficients that do not depend on d, which we determine by imposing
Eq. (G.79), i.e. by setting to zero the coefficients of the terms which diverge fastest in d. We
choose the same set of functions g;(d) for both x} and % since this simplifies the calculation,
and since it is a reasonable assumption given that f(z1,z2) = f(x2,x1), provided that we
also exchange the temperatures.

Unfortunately, a straightforward expansion in powers of d does not work. This is due
to the fact that we have both polynomial and exponential terms in Eq. (G.79). To find a
good “ansatz”, we thus take inspiration from the exact solution z] found in the refrigerator
case: indeed, the functions f(z) in the refrigerator case and f(x1,x2) in the heat engine case
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are formally very similar. Using the asymptotic expansion of the Lambert function, from
Eq. (G.73) we have that, in the refrigerator case,

¥ ~Ind—Inlnd + O(1). (G.81)
Using this intuition, and performing some attempts, we choose the following ansatz:

2] =Ind—Inlnd — Inay,

X (G.82)
x5y =Ind+1Inlnd+ Inas.

Plugging this ansatz into Eq. (G.79), and retaining only the fastest diverging term with
respect to d, we find (up to an irrelevant prefactor)

(a1B2 + B1 — fB2) d*Ind =0,

27,2 (G.83)
(agf1 + B1 — P2) d°In“d = 0.
In order to suppress these fast diverging term, we set the coefficient to zero, finding
B2 — B B2 — B
ay = , as = . G.84
' B2 2 By (G.84)

We now have an approximate expression for z] and x3 which is asymptotically correct.
Retaining only the fastest diverging term with respect to d, we find

f(a1,23) = (B2 — B1) Ind. (G.85)

Using Eq. (G.85) to evaluate Eq. (G.77), and setting d = 2™ proves the first relations in
Eq. (10.37).

G.6 Qutrit model

In this appendix we present the model we employ to describe a qutrit in the Markovian
regime. The Hamiltonian of the system is given by Eq. (10.40), and the dynamics of the local
density matrix is described by Eq. (10.2). Following the standard derivation of the Lindbald
master equation [27], and accounting for the fact that we only couple one bath at the time
to the qutrit, we write the total dissipator Dy [p] = 2=, Da,aer 0] as

. 1
Datolol i= X T lt),at) (Aol - 5 [l 4.0(0)] ) (.56)
1#]
where «(t) is an additional control labelling the bath we are coupled to, and [---, -]+

denotes the anti-commutator operations. I';;(u(t),«(t)) is the dissipation rate induced by
reservoir & which describes a transition from eigenstate |i) to eigenstate |j) of H and A;; =
i) Gl

We now define the occupation probabilities p,(t) = (n| p(t) |n). By projecting Eq. (10.2),
provided with Eq. (G.86), onto the eigenstates of H, we can derive a closed set of equations
for p,(t), given by Eq. (10.41). Explicitly, we have that

Oip1 T2 —T'13 a1 I'sy p1
O | = ISP —T91 — a3 [32 “p2 | (G.87)
Oip3 '3 I3 —1I'32 —T'31 P3
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where we omitted for simplity the arguments of the probabilities and of the rates.

In general, the probabilities associated with the limiting cycle can be computed solving
Eq. (10.41) imposing periodic boundary conditions, i.e. p,(0) = p,(T'), and imposing that
>, Pn = 1. The instantaneous heat flux flowing out of all baths J(t) = Y, Ju(t) can then
be computed as

J(t) = [ u(t)D } Zen atpn
= D n(t) [Foa(®)Tam (@(1), (1)) + P ()T (@(1), (1)) (G.88)
m#n

where, in the last equality, we used Eq. (10.41). The average power delivered by the heat

engine is then given
1 T
Py = /O J(t)dt. (G-89)

This is the procedure used for the numerical calculations at finite period T

In order to simplify this calculation in the fast-driving regime, we first need to cast
Eq. (G.87) into a form equivalent to Eq. (10.5). We do this using a slightly different approach
respect to the one detailed in the main text, that yields equivalent results. Inserting the
relation p; = 1 — p2 — p3 into Eq. (G.87), and using the detailed balance condition (10.42),
we find

ap(t) = G(i(t), ot)) - (D) — Py (G-90)

where we defined p(t) = (pa(t), ps(t)), and where p3 - = ([P0 ) )2: [P J3) are the
Gibbs probabilities of being in state |2) and |3) When m contact with bath a(t). Omitting

the explicit argument, the matrix G(u(t), a(t)) is given by

(G.91)

G- Iig4+T21 +Te3 +I'12 — I'zo
+I'13 —I'ag +I'3 + 31 + g2

which can be shown to be strictly positive definite using the detailed balance condition (10.42)
and assuming that the bath temperatures are finite. Therefore, any sum of G(u(t), «(t)) at
different times will be positive definite, thus invertible. All relations in the main text thus
hold by replacing p(t) with p(t), p(t) with p(t) and Ggy) with G(u(t),a(t)). Specifically,
defining €(t) = (e2(t), e3(t)), Egs. (10.15) and (10.16), become in this notation

P[E] {Uuul Zlu’] ] ’ Uj,(lj) ’ (ﬁ[(l?%mu,l}] _ﬁsag;ﬁ(t))’ (G92)

and
{U“,uz (Z Mj u]’ a,])) [Z ,u] UJ, O[] p(()zejqz.t,] y (G93)

where €; denotes the value of the energies during the j*™™ time interval, as determined by
the control @;. We can therefore compute the power of a Generalized Otto cycle in the fast
driving regime using Eqgs. (G.92) and (G.93), which is much easier than solving the dynamics
explicitly. The optimization of Pg;[{%i, j1;}] is then performed as described in Sec. 10.4.
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