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We investigate the feasibility of activating coherent mechanical oscillations in lasing microspheres
by modulating the laser emission at a mechanical eigenfrequency. To this aim, 1.5%Nd*":Barium-
Titanium-Silicate microspheres with diameters around 50 um were used as high quality factor
(Q > 10° whispering gallery mode lasing cavities. We have implemented a pump-and-probe
technique in which the pump laser used to excite the Nd* ions is focused on a single microsphere
with a microscope objective and a probe laser excites a specific optical mode with the evanescent
field of a tapered fibre. The studied microspheres show monomode and multi-mode lasing action,
which can be modulated in the best case up to 10 MHz. We have optically transduced thermally
activated mechanical eigenmodes appearing in the 50-70 MHz range, the frequency of which
decreases with increasing the size of the microspheres. In a pump-and-probe configuration, we
observed modulation of the probe signal up to the maximum pump modulation frequency of our
experimental setup, i.e., 20 MHz. This modulation decreases with frequency and is unrelated to las-
ing emission, pump scattering, or thermal effects. We associate this effect to free-carrier-dispersion
induced by multiphoton pump light absorption. On the other hand, we conclude that, in our current
experimental conditions, it was not possible to resonantly excite the mechanical modes. Finally, we
discuss on how to overcome these limitations by increasing the modulation frequency of the lasing
emission and decreasing the frequency of the mechanical eigenmodes displaying a strong degree of

optomechanical coupling. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4997182]

I. INTRODUCTION

Optical microcavities have been proposed for applica-
tions in different sensing schemes,' ™ all-optical switches,*
and micro-mechanical oscillator systems,” among others.

In such microcavity structures, light is confined to a
small volume by means of total internal reflection. Different
shapes, such as microdisks, microrings, microtoroids, and
microspheres, give rise to whispering gallery mode (WGM)
resonances that localise the radiation beneath the surface of
the microresonator.® If the microresonator is composed of a
light emitting medium, the luminescence spectrum is modu-
lated by the WGM spectrum, and the spontaneous emission
rate might even be dramatically enhanced.’

Microspheres (uS) are versatile objects that can be made
of many materials including polymers, crystalline, and
glassy compounds. Moreover, quality factors (Q) up to
8 x 10° can be achieved in this geometry.8 Such ultra-high
Qs lead to very long light storage times in the microcavity,
which enables lasing action at low pump power thresholds if
an active medium providing optical gain is embedded in the

YAuthor to whom correspondence should be addressed: daniel.navarro@
icn2.cat. Telephone: +34 93 737 2641.
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1S.” Lasing cavities can surpass the high sensitivity of pas-
sive WGM cavities and achieve extremely low detection lim-
its thanks to their narrow linewidths.'”

In this work, we use optically active Nd-doped glass
microspheres pumped above the lasing threshold in a pump-
and-probe setup to explore the possibility of activating
coherent mechanical oscillations in WGM microresonators.
The main idea is to exploit a quite unexplored concept in
optomechanics, which is the use of the lasing cavities to
achieve very high electromagnetic field intensities to
enhance radiation pressure forces. Moreover, this strategy
allows us to overcome the stringent requirements that pas-
sive resonators must satisfy in terms of quality factor to mod-
ify the intrinsic mechanical relaxation rates. Indeed, laser
linewidths can be many orders of magnitude narrower than
those associated with the passive cavity modes. Lasing
action combined with coherent mechanical oscillation could
find interesting applications, for instance, as a dual sensor of
two independent material properties.'’

In our experiment, the pump light is used to excite the
Nd** ions and the probe beam monitors an optical resonance
in the spectral region around 1.5 um. The radiofrequency
(RF) spectrum of the optical signal from the uS has been

Published by AIP Publishing.
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analysed in pump-on/probe-off, pump-off/probe-on, and
pump-on/probe-on configurations.

Il. EXPERIMENTAL
A. Microsphere preparation

The Nd-doped Barium-Titanium-Silicate uS were fabri-
cated from a glass with the composition of 40%Ba0-20%
Ti0,—40%Si10, and doped with 1.5% Nd,Os5 (in molar ratio).
The glass was reduced to dust in a mortar and subsequently
heated up to its fusion temperature, which is around 900 °C.
Most of the splinters melt and, when the temperature
decreases, solidify in spherical shapes of several micrometer
radii, thus becoming high-Q WGM lasing cavities. Details of
the experimental methods can be found elsewhere.” The uS
were, then, placed on a microscope glass.

B. Pump-and-probe experimental setup

The pump-and-probe setup used in this work is shown in
Fig. 1. A continuous wave 808nm pump laser (Dragon
Lasers M-series 2 W) was focused with a microscope objec-
tive (Mitutoyo 50x) on a single uS in a top pumping config-
uration. The resulting focused beam had a spot area of about
1 x 10~ cm?, measured by comparing it with a structure of
known size. The pump laser was modulated with an Electro-
Optic-Modulator (EOM) tunable in a frequency range
between 0.5 and 20 MHz. The relative position of the single
uS with respect to the pump beam could be adjusted with a
Xyz micro-precision stage. Under external excitation, Nd*"
ions are promoted from the ground state (419/2) up to the 4F5/2
and *Hy), levels, from where a rapid non-radiative thermali-
zation to the 4F3/2 transition takes place. Laser action at
around 1.07 um occurs from the 4F3/2 — 4111 /2 transition pro-
vided that internal gain compensates passive losses. Nd*>"
effective dynamics can be modelled by a four-level rate
equation system.

A tapered fibre with a diameter of about 1um was
brought into contact with the uS surface. The fibre provided
the means to both couple a probe laser light to a WGM and
to collect the laser emission from the uS. The probe light
was provided by a tunable laser source at around 1.5 um
(Tunics T100S-HP), far from any optical absorption of the
active centres. The probe laser was coupled to the fibre input.

Pump

808 nm EOM
> Watt modulator
0,6-20 MHz

—— T

Tunable
laser

Probe 50x ,
objective —my /

detector

Polarization @

controller
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Both the transmitted laser signals and the photoluminescence
(PL) emission could be detected at the fibre output.

To check for the presence of a radiofrequency (RF)
modulation of the transmitted signal, an InGaAs fast photo-
receiver with a bandwidth of 12 GHz was used. The RF
voltage was connected to the 50Q input impedance of an
electrical spectrum analyzer (ESA) (Anritsu-MS2830A) with
a bandwidth of 13.5 GHz. The whole setup operated at atmo-
spheric conditions of temperature and pressure.

In order to perform the optical spectral analysis, an
Optical Spectrum Analyzer (OSA) (Instrument Systems
Spectro 320) spanning the visible and near-IR region was
placed after the fibre output.

lll. RESULTS

We characterized three different uS with different diam-
eters labelled as S1 (d ~ 40 um), S2 (d ~ 50 um), and S3 (d
~ 55 um), respectively.

A. CW photoluminescence measurements: Pump-on/
probe-off configuration

In the configuration with the probe laser off, light emit-
ted by the uS is directly out-coupled to the tapered fibre
and analysed with the OSA. The three pS under analysis
achieved the lasing regime. In particular, we made a study of
the PL emission as a function of the pump photon flux (®,)
in S1 (Fig. 2), which was the one showing the lowest thresh-
old for lasing (inset in Fig. 2) and multimode lasing behav-
iour. It is possible to observe the scattering of the pump laser
at around 808 nm and the PL emission associated with the
4F3/2 — 419/2 and the 4F3/2 — 41“/2 transitions, the latter
being the one showing laser action.

B. CW transmission measurements: Pump-off/
probe-on configuration

A typical transmission spectrum of the probe light in a
wide spectral range when using a low probe power (about
80 W) is shown in Fig. 3(a). Dips in the transmitted signal
are visible every time the laser is resonant with a WGM.
Interestingly, the dips are composed of a complex structure
of modes. Those are associated with azimuthal WGMs
whose energy degeneracy has been broken by eccentricity
splitting. In many of the observed modes [see Fig. 3(b)], the

FIG. 1. Experimental pump-and-probe

setup. The top right image corresponds

to a side-view of the tapered fibre

brought into contact with a microsphere.
Optical
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Analyzer
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analyzer
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FIG. 2. PL spectra of S1 below and above the lasing threshold (black and
red curves, respectively). The vertical axis is in log scale. Inset. Peak inten-
sity of a lasing mode as a function of the pump photon flux.
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FIG. 3. (a) Typical transmission spectrum of one of the measured spheres

(S2 in this case). (b) Zoom of one of the bunch of equivalent modes appear-
ing in the transmission spectrum region within the dashed line box in (a).
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optical Qs are limited by the resolution of the experimental
setup, thus exceeding 10°.

It is worth noting that, when the pump laser is switched
on, part of the absorbed light leads to homogeneous heating
effects and induces thermo-optic (TO) nonlinearities, i.e., a
spectral red-shift of the transmission spectrum. At the high-
est powers, the spectral shift can be as high as 2nm. When
the probe power is increased, the excited WGM redshifts as
a consequence of TO nonlinearities as well. However, in this
case the heating source is localized in the WGM volume.

C. RF measurements: Pump-off/probe-on
configuration

In the absence of the pump laser, thermally driven
motion of the low frequency mechanical modes supported by
the uS can be seen by processing the transmitted light with
the ESA. Mechanical modes with a non-negligible optome-
chanical coupling rate appear as narrow peaks in the RF spec-
trum, as reported in Fig. 4(a). As expected, the mechanical
mode frequency decreases with increasing the uS size, the
mechanical quality factor being of the order of 107 in all
cases. The latter values are mainly limited by the experimen-
tal conditions: room-temperature (thermo-elastic damping)
and atmospheric pressure. Not all the WGMs show enough
optomechanical coupling to transduce mechanical eigenmo-
des efficiently enough to overcome the noise level of our RF
measurements. For each characterized uS, we have excited
the WGM that enables the highest transduced RF signal. We
are able to transduce modes whose spectral position is in
agreement with what expected for the fundamental breathing
modes of the uS. Interestingly, in some cases there seems to
be more than one mode, which are non-degenerate breathing-
like modes arised as a consequence of the uS eccentricity.

D. RF measurements: Pump-and-probe configuration

In the following, we report on the RF spectra displayed
by S1 under: (i) the pump-off/probe-on, (ii) the pump-on/
probe-off, and (iii) the pump-on/probe-on experimental

e)

—e— Pump
—e— Pump&Probe

FIG. 4. (a) Transduced mechanical
modes of the studied microspheres.
(b)~(d) RF spectra obtained with
2.4MHz modulation frequency in the
three possible configurations: pump-
off/probe-on [panel (b)], pump-on/
probe-off [panel (c)], and pump-on/
probe-on [panel (d)]. (e) RF main peak
intensity as a function of the modula-
tion frequency in the pump-on/probe-
off (black curve) and in the pump-on/
probe-on configuration.
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conditions. All experiments have been performed at the max-
imum available pump flux (about 2 x 10** phot cm s~ ")
and probe power (2 mW). Figures 4(b)—4(d) show an exam-
ple of these results at a modulation frequency of 2.4 MHz.

The pump-off/probe-on [Fig. 4(b)] configuration corre-
sponds to that discussed in Sec. III C and the black curve of
Fig. 4(a), where the RF spectrum displays the mechanical
modes that have a sufficient degree of optomechanical cou-
pling rate and are thermally activated. In this case, the set of
transduced mechanical modes appear slightly above
70 MHz, i.e., 3.5 times higher than the maximum modulation
frequency able to be generated by the EOM. Interestingly,
we are able to transduce a set of mechanical modes that are
very close in frequency instead of a single mechanical
breathing mode typical of a perfect uS. This is probably
associated with the splitting of the latter mode into different
breathing-like modes of a geometrically perturbed uS.

The pump-on/probe-off [Fig. 4(c)] configuration gives
rise to RF peaks at the modulation frequency of the pump
beam and its harmonics. In the case reported, the main peak
appears at 2.4 MHz and three harmonics are clearly visible.
As it will be justified later on in this section, these RF peaks
are associated with modulation of the laser emission at
1.07 yum, meaning that the uS laser emission is being
switched on and off periodically at the EOM frequency. It is
worth noting that only the first harmonic lies above the noise
floor for modulation frequencies above 4 MHz (not shown).

The pump-on/probe-on situation [Fig. 4(d)] also shows
RF peaks at the modulation frequency of the pump beam and
its harmonics, but the intensity of the peaks is much higher
than that in the pump-on/probe-off configuration. This means
that the modulated pump induces a clear modulation of the
probe in addition to the modulation of the uS laser emission
discussed above. The modulation on the probe is also peri-
odic, but deviates from a sinusoidal shape in a way that there
appear multiple harmonics of a main peak at the frequency
of the EOM.

The probe modulation mechanism when the pump is on
can be understood in the following terms. The presence of
the pump induces either a refractive index and/or a geometri-
cal change in the uS, leading to an optical shift of the WGM
that is being probed. This in turn modifies the transmitted
intensity of the probe laser, which is modulated by the
Lorentzian shape of the optical resonance. Even under the
effect of the pump, the probe beam is still able to transduce
the thermally activated mechanical modes. The latter signal
is slightly lower than in the case of Fig. 4(b) because the
modulation induced by the pump deviates the optical reso-
nance from the optimum condition for transduction. The
spectral shape of the mechanical signal is also slightly differ-
ent because the probe laser can also be coupled to other
WGMs placed close by, which may show slightly different
optomechanical coupling rates with the bunch of breathing-
like modes.

Finally, we performed a study of the RF spectra as a
function of the modulation frequency. In Fig. 4(e), we plot
the main peak intensity for the pump-on/probe-off configura-
tion (black dots) and for the pump-on/probe-on configuration
(red dots). The peak intensity in the pump-on/probe-off

J. Appl. Phys. 122, 053101 (2017)

decreases with frequency and completely quenches at about
10 MHz, which implies that it is associated with laser emis-
sion and not with pump scattering, whose frequency
response should be flat. Indeed, the scattered contribution,
which is observed in the OSA (see Fig. 2), is hidden below
the noise of the ESA. The maximum achievable modulation
frequency of the laser emission is directly related to the rate
at which the higher Nd*" energy levels are populated and
depopulated. Therefore, in order to further increase these
rates, a valid strategy would be to increase the pump photon
flux, either by focusing to a smaller spot or by increasing the
laser power. With the current experimental setup, we are
working at increasing the maximum photon flux available. It
is also worth noting that the spot size could be decreased
only to the size of the single uS.

In the modulation frequency range our system could
span, we have not observed any clear enhancement of the
signal associated with the mechanical modes. Indeed, this is
reasonable since the frequency of the mechanical modes
observable through optomechanical coupling is much higher
than the maximum frequency at which the lasing emission
can be modulated, preventing any resonant actuation by
using the main or higher harmonics of the radiation pressure
force.

In a pump-on/probe-on configuration, the main RF peak
intensity also decreases with frequency, but it is always more
intense than that in a pump-on/probe-off configuration and at
low frequency it shows up to six clear harmonics [only four
in the case of Fig. 4(d)]. The RF signal decrease is also much
smoother, especially at high frequencies. As a result, it is still
clearly visible up to the maximum modulation frequency
available from our system (20 MHz). This strong modulation
of the probe signal cannot be related to lasing or to pump
scattering. We also rule out thermal effects since their asso-
ciated dynamics are usually much slower (in the kHz
range).12 Therefore, we associate this effect with another
non-linear mechanism that modulates the effective refractive
index of the WGM. This is probably free-carrier dispersion
in response to a multiphoton absorption process. Future work
will assess whether this modulation mechanism can be
brought to the range in which the mechanical modes appear
and induce mechanical amplification or lasing.

Regarding the two other studied uS, both S2 and S3
showed cut-off frequencies for the lasing emission around
1 MHz. On the other hand, the pump-and-probe signal was in
both cases much weaker than that of S1, but remained visible
up to 20 MHz as well.

IV. FINITE ELEMENT SIMULATIONS

Single-particle optomechanical coupling rates (g,om)
between the optical WGM and mechanical modes are esti-
mated by taking into account the moving interface (MI)
effects,'*'> which come from the dielectric permittivity var-
iation at the boundaries associated with the deformation.

The calculation of the MI coupling coefficient gy is
performed using the integral given by Johnson ef al.'® evalu-
ated in spherical coordinates

€0:9€:21 GZ0Z Joquisydas Gz
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FIG. 5. (a) Moving boundary optomechanical coupling rates for a sphere of
a diameter of 55 um as calculated from FEM simulations. The inset corre-
sponds to a breathing-like mechanical mode, which is the one displaying the
highest optomechanical coupling rate. (b) Cross section of the fundamental
optical WGM, appearing at about 1.07 pum with an azimuthal mode number
of 264. The contour of the sphere is depicted in black.
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where Q is the normalized displacement (max{|Q|} = 1), 7 is
the normal at the boundary (pointing outward), E is the electric
field, and D the electric displacement field. ¢ is the dielectric
permittivity, Ae = €gica — Eairs A = € sitica — € " air- A i the
optical resonance wavelength, c is the speed of light in vac-
uum, 7 is the reduced Planck constant, m,4 is the effective
mass of the mechanical mode, and Q,, is the mechanical mode
eigenfrequency, so that \/h/2mqzQ,, is the zero-point motion
of the resonator. It is worth noting that, in our model, we have
imposed a rotational symmetry around the vertical axis of the
uS.

Figure 5 shows the calculated coupling rates for a uS
with a diameter of 55 um. The highest calculated value cor-
responds to the interaction with the fundamental breathing
mode of the uS, gy/27n being 38 Hz. This particular mechan-
ical mode appears slightly below 70 MHz for a uS diameter
of 55 um. The slight disagreement with the experimental
value is probably associated with the elastic constant values
imposed in our modelling, which have been taken as if the
glass matrix was silica. The rather low value of g,,,/27 is a
consequence of the large volume of the mechanical mode in
comparison to the optical WGM under consideration.

JE-DdV

V. CONCLUSIONS

We thoroughly optical characterized lasing glass micro-
spheres of different diameters using a pump-and-probe

J. Appl. Phys. 122, 053101 (2017)

experimental setup, aiming to explore the feasibility of reso-
nantly exciting a mechanical mode by modulating the laser
emission. We demonstrated that the lasing mechanism can
be modulated up to about 10 MHz in the best studied case.
However, the mechanical modes displaying strong optome-
chanical coupling, i.e., susceptible to be efficiently driven by
optical forces, are measured between 50 and 70 MHz in all
studied cases, which prevent achieving resonant excitation.
Furthermore, we have unveiled another non-linear mecha-
nism that modulates the probe signal, the time response of
which is high enough to follow the modulation frequency
until the end of the available range of our experimental setup
(20MHz). We associate this mechanism with a free-carrier
dispersion mechanism generated by multiphoton absorption
of the optical pump.

In order to succeed on activating mechanical coherent
oscillations in glass microspheres, possible strategies include
either the acceleration of the dynamics of the lasing emission
or a decrease of the eigenfrequency of the mechanical
modes. Work is in progress to increase the pumping laser
power and/or replace the barium-titanium-silicate glass
material by another suitable glass with lower -elastic
constants.
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