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ABSTRACT: Terahertz spectroscopy is a perfect tool to investigate
the electronic intraband conductivity of graphene, but a phenom-
enological model (Drude-Smith) is often needed to describe
disorder. By studying the THz response of isotropically strained
polycrystalline graphene and using a fully atomistic computational
approach to fit the results, we demonstrate here the connection
between the Drude-Smith parameters and the microscopic behavior.
Importantly, we clearly show that the strain-induced changes in the
conductivity originate mainly from the increased separation between
the single-crystal grains, leading to enchanced localization of the
plasmon excitations. Only at the lowest strain values explored, a
behavior consistent with the deformation of the individual grains can
instead be observed.
KEYWORDS: graphene, terahertz, plasmons, strain, Drude-Smith, conductivity of polycrystalline 2D materials, atomistic simulations

■ INTRODUCTION
Extremely simple in its crystal structure, graphene has revealed
an outstandingly complex and rich spectrum of fundamental
physical phenomenologies, with unique perspectives toward
technological applications.1 One of such peculiar features is the
presence of an effective gauge field − analogous to the
electromagnetic vector potential − when a strain is applied to
an otherwise homogeneous, unperturbed graphene lattice.2 If
an inhomogeneous strain belonging to a specific symmetry
class is considered, the effective gauge field can be linked to a
homogeneous pseudomagnetic field (PMF), capable − on par
with a real magnetic field − of reorganizing the electronic
states into discrete levels with a characteristic n energy
behavior.3,4 The possibility of controlling electronic properties
through strain, which gave birth to a whole field of research
usually named straintronics,5−9 in graphene coexists with many
other appealing properties of such material, like high carrier
mobility, universal optical conductance, tunability by electro-
static and ionic gating, mechanical flexibility, and peculiar
plasmonic properties. It is especially in the terahertz (THz)
frequency range that graphene plasmonics and magneto-
plasmonics deserve special attention, thanks to the small
plasmon confinement length and high Faraday rotation power,
enabling applications such as modulators, nonreciprocal
elements, coherent absorbers, polaritonic components, detec-
tors, and metasurfaces.10−15 Considering strained graphene,
THz can be regarded both as an application domain and as a
diagnostic tool. From the first perspective, THz manipulation
can benefit from appropriate graphene strain engineering;16 in
addition, pseudo-LL could be employed for ultrastrong

coupling experiments, without the need for high magnetic
field environments.17−20 From the second, one may leverage
on the various THz spectroscopic techniques that proved
powerful in understanding the micro- and mesoscopic
structure of materials.21,22 Indeed, technologies to fabricate
graphene samples of sufficient quality and size with an
engineered strain are currently still challenging. On the other
hand, the use of THz as a diagnostic tool has proven often
extremely powerful. In the present article we investigate the
THz conductivity of a variably strained polycrystalline
graphene sample, unveiling the origin of the observed
Drude-Smith behavior.23−25 We analyzed our experimental
data by means of an atomistic technique, ωFQ,26−28

highlighting the presence of strain-induced carrier reflection
at the grain boundaries and strain-induced mutual separation
between grains. The ensuing localization of the plasmon
excitations confirms that the conductivity trend of the
macroscopic Drude-Smith model finds its roots in the creation
of actual atom-size gaps between graphene grains of realistic
size. Our study extends prior knowledge on the THz
conductance of strained graphene where uniaxial strain was
considered,29,30 but, most importantly, reports for the first time
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the application of a fully atomistic approach to quantify the
deviation from the Drude model and, at the same time,
provides a novel microscopic interpretation of the Drude-
Smith behavior, which is a widespread tool for the analysis of
THz conductance in nanostructured disordered materials.

■ RESULTS AND DISCUSSION
To perform the aforementioned study, we have designed a
special sample and sample holder. Sample fabrication began
with chemical vapor deposition (CVD) synthesis of a
polycrystalline monolayer graphene film on copper foil (Alfa-
Aesar, 25 μm thick) using an Aixtron BM Pro cold-wall CVD
reactor. Wet transfer31 was used to deposit the graphene film
on a thin (≈8 μm thick) circular polyvinyl chloride (PVC)-
based membrane of about 20 mm diameter. The membrane
was cut from a foil by means of a hollow punch in order to
provide the desired geometry. The graphene sample was spin-
coated with a protective layer of poly(methyl methacrylate)
(PMMA), and the copper was etched away using iron chloride
(FeCl3). The remaining PMMA/graphene film was rinsed in
deionized water several times and was picked up from water
using the PVC membrane. The sample was dried under
ambient conditions. A reference sample consisting of the sole
PVC membrane was also fabricated. The sample holder is a
manual chuck with four jaws, on which the membrane sample
can be accommodated and fixed by means of glue. By actuating
the chuck, the four jaws move apart from one another, thus
applying a biaxial deformation field to the sample, as illustrated
in Figure S1 in the Supporting Information (SI). The usage of
a four-jaw chuck allows to deliver a mostly homogeneous and
isotropic strain distribution, avoiding position-dependent strain
profiles that could give rise to specific PMF effects. In any case,
it should be highlighted that the polycrystallinity of our sample
prevents the creation of directionality-dependent effects, as the
unstrained sample is isotropic. The sample is then inserted in
the main optical path of two kinds of spectrometers: (i) a THz-
TDS instrument, operating in the 0.3−2 THz spectral range,

(ii) a FTIR instrument, operating either in the FIR (2−10
THz) or in the MIR (10−100 THz) spectral ranges depending
on the employed beam splitter and detector. In Figure 1a we
plot, as traces with black to gray color, the transmittance
spectra collected under different strain levels, from 0 to 12%.
For strained samples, only the 0.3−2 THz and 10−100 THz
regions have been characterized, owing to setup limitations.
The strain strongly affects the 0.3−2 THz region, while the
10−100 THz region is affected only weakly. All the spectra in
Figure 1a are of relative transmittance, in the sense that they
are the ratio between the spectra of a polymer+graphene
sample with respect to the reference polymer sample. To
interpret the spectra, we modeled the transmittance employing
the scattering-matrix method for electromagnetic wave
propagation through unpatterned layered media, following
the theory in ref 32 after reduction to a single spatial harmonic,
and generalization of the interface matrix to account for
graphene as a zero-thickness sheet with local conductivity.1 As
a first attempt, we employed a pure Drude form for the
graphene conductivity; with this approach, however, it was not
even possible to fit the zero-strain spectrum with reasonable
parameters. The simple Drude form would be the (asymptotic)
form expected for the conductivity of graphene in the
frequency range below the onset of interband transitions, i.e.,
in the case of a sample grown with our technique, for
frequencies smaller than around 150 THz.33 A deviation from
the Drude behavior is however expected in polycrystalline
samples; indeed, the Drude model is unable to capture the
backscattering of carriers at the grain boundaries, as it only
describes a time-domain Poissonian process of inelastic
scattering events that is suitable for describing bulk scattering
only. We thus moved to the Drude-Smith model, that, for
graphene, is given by the expression
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Figure 1. Spectroscopic evidence of the Drude-Smith behavior observed in the far-infrared response of strained polycrystalline graphene. (a)
Experimental (black to gray dotted traces) and calculated (blue to cyan solid lines) relative transmittance spectra, defined as the ratio between the
transmittance of the investigated sample (graphene on polymer membrane) and a reference sample (bare polymer membrane). The spectral region
mostly affected by the Drude-Smith strain-dependent response is that between 0.2 and 3 THz. The inset shows a small effect mostly due to
membrane thickness reduction. (b, c) Real and imaginary parts of graphene conductivity giving rise to the calculated spectra in (a). The
suppression of Re(σ) at low frequencies is a fingerprint of Drude-Smith behavior. (d, e) Strain dependence of the Drude-Smith model parameters c
(quantifying the carrier backscattering) and τDS (effective scattering time). Large strain imply stronger backscattering and smaller effective
scattering time (more on this in the main text).
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where σ0 = 2e2/h ≈ 7.75 × 10−5 Ω−1 is the conductance
quantum, EF is the Fermi energy, τDS is the Drude-Smith
scattering time (related, but distinct from the bulk scattering
time), and c ∈ [0, 1] is a parameter that quantifies the
deviation from the pure Drude model.23 The choice c = 0
recovers the Drude model; the effect of c > 0 is to suppress the
DC conductivity and to move the maximum of Re(σ) from ω
= 0 (as in the Drude model) to a finite value ω > 0. Such
effects are interpreted, in the original view of the model given
by Smith, as a “memory effect” experienced by the carriers,
whose velocity distribution is not fully randomized after the
first collision, and rather retains a net backward component.23

Otherwise, it can be interpreted as the consequence of a finite
reflectivity felt by the carriers while moving across the sample,
modeled as a disordered assembly of grains with partially
impenetrable boundaries.24

The transmittance spectra following from the fit to
experimental data using our multilayer model and eq 1 for
the graphene conductivity are reported in Figure 1a as blue to
cyan lines. No data are shown for the strained samples above
30 THz since in that spectral region one only observes a shift
of the oscillations, an effect connected to the change of the
polymer thickness rather than to a modification of the Drude-
Smith parameters of graphene. More on this, and additional
information on the fitting procedure, are given in SI, section 2.
The slight increase with frequency in the 0.5−2 THz range (of
the order of just a few percent) in the experimental
transmission for the unstrained spectrum is likely due to
deviations from flatness of the membrane in the absence of any
applied tension (with possible formation of small bends and
wrinkles) or to residuals of the polymer absorption.
Consistently with the general behavior of the Drude-Smith
model with nonzero c, the real part of the conductance has a
maximum at finite values of the frequency (≈3 THz, see Figure
1b). As the strain increases, the DC conductance decreases,
reducing absorption at low frequency. This is a consequence of
c shifting from 0.5 to 0.82, which means a strong deviation
from the Drude model at large strains (Figure 1d). A peculiar
trend is also observed in the τDS parameter (Figure 1e). Here,
the best estimates for τDS first increase and then decrease;
however, especially when considering the data with error bars
(95% CI statistical error), the initial increasing τDS trend is not
unambiguous and the data could also be consistent with a
global decrease, albeit with different slopes for strains below or
above ≈3.5%. A microscopic interpretation of this effect is
given later. The data of Figure 1 complement literature reports
about the conductance in strained graphene, where either the
maximum strain was much smaller than ours30 or uniaxial
strain was employed.29

To move toward a microscopic interpretation of the trends
observed in Figure 1d,e, one can resort to the model proposed
by Cocker et al.,24 where the carriers motion in a multidomain
sample is studied by a Montecarlo approach and by
considerations on the diffusion current. In this model, new
parameters are involved: the diffusion time in each domain
(t0), the domain wall reflectivity (R), and the bulk scattering
time (τ). However, the two models are connected, since
relatively simple algebraic relations between the above-
mentioned parameters and the “original” Drude-Smith
parameters (c, τDS) can be derived. Exploiting such relations,
we report in the SI (section 3.6) details on the analysis of our
data in view of the model by Cocker et al. In summary, the
domain diffusion time decreases with increasing strain, the

reflectivity increases with increasing strain, and the bulk
scattering time remains almost constant. These observations
support the vision that the strain applied to the polycrystalline
sample leads to a progressive separation between the
monocrystals (connected to reflectivity increase) and to the
creations of cracks within each crystal (connected to diffusion
time decrease, assuming that diffusion time equals a drift
velocity multiplied by the domain size). Effects connected to
the stretch of carbon−carbon bonds seem instead negligible34

(see section 3.8 in the SI), and the consequent opening of a
bandgap, yet expected at even larger strains, would rather affect
mostly the optical spectral region.35 It should be recalled,
however, that the model by Cocker et al. was derived for
massive charges, which is not the case of graphene.
To provide a more solid analysis of Dirac Fermions

dynamics in a multidomain graphene sample, we then exploit
a fully atomistic, yet classical, model, called ωFQ,26−28,36 which
is able to correctly describe how the grain boundaries
morphology affects the electron conduction across the sample
(see also Methods).37 In ωFQ, each carbon atom is endowed
with a net charge qi, which responds to an external oscillating
electric field. The conduction properties of graphene samples
are directly obtained from computed ωFQ charges, by
exploiting their complex (i.e., real + imaginary) nature. In
fact, the charge’s imaginary part enters the definition of the
dipole moment of the whole system and, as a consequence, the
calculation of the complex polarizability (α(ω)), that can be
easily related to the conductivity (see section 3.1 in the SI).
Also, the charge exchange between nearest neighbor atoms is
described in terms of the Drude model of conductance, which
is further modulated by means of a Fermi-like damping
function, which introduces an exponential decay, typical of
quantum tunneling (see Methods section).26,27 In this work,
ωFQ needs to be applied to graphene samples with a size of
tens of μm. Although ωFQ can afford graphene sheets
constituted by more than 1 million atoms due to its low
computational cost,28 a fully atomistic modeling of graphene
samples of size of the order of μm is still computationally
unfeasible. However, it has been shown that by modulating the
graphene 2D electron density, or equivalently its Fermi level,
the plasmonic properties of a graphene sheet of arbitrary size
can be reproduced.38 Indeed, ωFQ is able to correctly
reproduce the peculiar property of graphene-based materials
to yield plasmon degeneracy (i.e., the same Plasmon
Resonance Frequency - PRF) by modulating both the intrinsic
dimensions of the considered substrate and the Fermi energy
by the same numerical factor.27,38 In this scenario, a graphene-
based nanostructure showing a PRF in the THz regime, which
is unfeasible from a computational point of view due to the
prohibitive number of atoms to be described, can be modeled
as a smaller system by decreasing the Fermi level to make the
electron density equal to that of the real-size structure.
Remarkably, ωFQ retains this important physical feature;27

therefore, in the present work, we adopt a special para-
metrization, which is able to correctly describe the initial
experimental system at rest (see section 3.2 in the SI). In this
way, graphene samples characterized by a PRF in the THz
regime can be described by actually computing much smaller
structures (i.e., tens of nm) and the results of calculations can
be directly compared with experimental data. We model the
experimental unstressed polycrystalline graphene as a multi-
domain graphene sheet constituted of 6 grains of different size
as the starting geometry at rest (see Figure 2 a). Obviously,
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multiple starting structures could be exploited; additional
results obtained by using a multidomain graphene sheet
constituted of 12 and 17 grains are reported in section S3.7 in
the SI. Such data show that similar trends are obtained
independently of the number of grains. Drude-Smith
parameters are extrapolated from conduction trends with a
fitting procedure (see section 3.3 in the SI). Also, in order to
allow for a direct comparison between our modeling and the
experimental data, we impose the Drude-smith parameter c =
0.53 at 0% strain (see eq 1 and Figure 1 d), by tuning the free
parameter β (see sections 3.2 and 3.4 in the SI). ωFQ is then
tasked to explain at the microscopic level experimental
macroscopic trends as a function of the applied strain (see
Figure 1). We first assume that, by starting from the unstressed
polycrystalline graphene, in which all grains are linked
together, the grains start to drift away as the applied strain
increases. Thus, gaps between adjacent grains are first formed

and then their size increases as a function of the applied strain,
so that cracks between grains appear (see Figure 2a,b).
Computed ωFQ real and imaginary parts of the conductivity
(σ2d) for each strained geometry (from 0% to 12% external
applied strain, with a constant step of 1%) are reported in
Figure 2c and d, respectively.
The ωFQ Re(σ2d) maximum for graphene at rest falls at

about 0.7 THz, which differs from the experimental result.
However, such a shift does not affect the overall description of
the behavior of the conduction peak as a function of the
applied strain. In fact, as reported in Figure 1c,d, the
conductivity blue shifts as the applied strain increases,
coherently with experimental findings. In addition, ωFQ
reproduces well the experimental decrease of the peak’s
intensity as the applied strain increases.
By exploiting the fitting procedure explained in section 3.3 in

the SI, the c and τDS parameters entering the Drude-Smith
model (see eq 1) can be obtained as a function of the applied
strain (see Figure 2e,f). Also in this case, the agreement
between ωFQ results and the experiment is extremely good.
Indeed, not only the general behavior as a function of the
strain is correctly reproduced for applied strains >2−3%, but
also ωFQ results are numerically comparable with experiments.
These findings are particularly relevant, because they confirm
the reliability of our modeling of the experimental strain
process. The decreasing of τDS as the applied strain increases
can be explained by considering that for large strains, grains
tend to behave as independent islands and the electron
conduction between adjacent domains is strongly damped. As
a result, the plasmonic density is blocked inside each single
grain and the overall scattering time drops. In Figure 2g,h, we
show that the charge density is diffused over the whole
unstressed sample, whereas a confinement of the plasmon
density arises when gaps originate in the structure. Although
we are able to mimic with very good accuracy the experimental
trends for strains >3.5%, our theoretical picture does not
capture the change in the slope of τDS as a function of strain
occurring when we move to values below ∼3.5%. Such a
discrepancy probably reflects that in weakly stressed graphene
an additional relaxation mechanism, more relevant than grain
separation, is playing an active role. In fact, the results reported
in Figure 2c−f are obtained by assuming the internal relaxation
of the C−C bonds within each grain to be instantaneous. This
is an approximation which may be valid for large strain values,
but may fail at low strain values (1−3%).
To support this vision, we consider the alternative situation

produced by the strain: the multidomain unstressed graphene
is elongated, stretching the chemical bonds without detaching
the grains (see Figure 3a and section 3.8 in the SI). At the
grain boundaries amorphous C phases could indeed be
present, and they might prevent a clear separation of the
islands until the strain is large enough, leading to a complex
interplay of mechanisms. If grains deform without moving
away from each other, an overall increase of the system size,
and, as a consequence, of the scattering time, is expected,
without major changes in the plasmon confinement. In fact,
the computed ωFQ trend of τDS as a function of the applied
strain shows in this case a small linear increase (see Figure 3b).
Such findings support the experimental observations that, for
strains lower than 3.5%, the values of τDS are relatively
unchanged (within the errors).
In summary, two different mechanisms have been

investigated by our computational modeling: the elongation

Figure 2. Polycrystalline graphene sheet composed of 6 grains at rest
(a) and under the effect of biaxial strain (b). ωFQ values for the real
(c) and imaginary (d) part of σ2d as a function of the external
frequency. Drude-Smith parameters c (e) and τDS (f) as a function of
the applied strain. Charge density plots for the system at rest (g) and
at 10% strain (h).
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of the C−C bonds in the whole polycrystalline structure and
the formation of different cracks across the grain boundaries of
the structure, leading to narrow gaps between adjacent grains,
providing a confinement of the plasmons within the different
grains. Opposite τDS trends are obtained from the simulations
in the two cases, which allows interpreting the experimental
results as deriving from the interplay of the two processes:
while at low applied strains both elongation of the C−C bonds’
length and separation between adjacent grains may be
involved, at high levels of strain, the latter effect clearly
dominates the THz response.

■ CONCLUSIONS
We have investigated the THz conductivity of polycrystalline
graphene as a function of isotropically applied strain by both
time domain/FTIR spectroscopy and theoretical atomistic
simulations. It is found that the dependence can be properly
described by considering two different effects: a uniform
deformation of the graphene lattice, which dominates for low
strain, and a progressive detachment of the individual
monocrystal grains at high strain. The latter affects the THz
conductivity through the progressive localization of plasmon
excitations in each grain.
Furthermore, by fitting both experimental and theoretical

spectra with a phenomenological Drude-Smith model, a
connection is drawn between the parameters accounting for
disorder in the formula and the microscopic physics they are
expected to convey.
The results highlight the potential of the ωFQ approach in

studying systems where macroscopic electro-dynamic theories
cannot cope with the presence of underlying micro/nanoscale
structures at the atomic scale, if not through the introduction
of average parameters of limited quantitative significance. They
also finally provide a clear picture of how polycrystalline
disorder affects graphene plasmon resonances, suggesting a
new interesting mechanism by which strain could be used as
the external control knob in the implementation of graphene-
based tunable THz devices.

■ METHODS
In this work, we describe the optical properties of multidomain
graphene nanostructures, with an emphasis on structural
defects created by a biaxial strain applied to a sample initially
at rest. We model the optical response of such structures by

using a classical, fully atomistic approach, called
ωFQ.26−28,36,37,39 In this method, a net complex charge qi is
placed at each atomic site, and atom−atom charge flow occurs
in response to a time dependent external electric field. Charge
exchange is described in terms of the Drude model of
conduction, modulated by quantum tunneling effects. In this
way, charge transfer is restricted to nearest neighboring atoms,
and the typical quantum tunneling exponential decay is
considered. ωFQ charges (q) are determined through the
following equation:27
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where qi(ω) is a complex-valued charge placed at atom i,
oscillating at frequency ω. vF is the Fermi velocity, n2D is the
2D-density of graphene, and τ the scattering time. lij is the
distance between atoms i and j, whereas Aij is the effective area
connecting i and j atoms. The electrochemical potential acting
on each atomic site is labeled as ϕel. Finally, f(lij) is a Fermi-like
damping function mimicking quantum tunneling effects, which
reads as the following:
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where lij0 is the equilibrium distance between two adjacent
carbon atoms at rest (i.e., lij0 = 1.42 Å40). The position of the
inflection point and the steepness of the step function are
determined by the parameters d and s, respectively.
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