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We apply ultrafast optical and acoustic techniques to a semiconductor quantum well microcavity in the
strong-coupling regime. By injecting terahertz strain pulses a modulation domain can be obtained in which
large variations in the optical frequency are induced on time scales shorter than the polariton decoherence.
Under these conditions characteristic sidebands which are spectral fingerprints of the terahertz modulation
process appear in the spectrum near the polariton resonance.
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I. INTRODUCTION

Manipulation on ever faster time scales has led to enor-
mous progress in basic and applied research. These advance-
ments in ultrafast control have been based mostly on the
availability of ultrafast laser sources, which may provide co-
herent light pulses with durations as short as attoseconds. In
parallel the field of ultrafast acoustics has been developed,
which exploits elastic vibrations in solids at terahertz �THz�
and sub-THz frequencies. The ultrafast acoustics techniques
developed during the last two decades have enabled the gen-
eration of picosecond strain pulses, wave packets,1,2 and
acoustic solitons,3 as well as observation of THz harmonic
elastic oscillations in superlattices4,5 or phonon
microcavities6 and stimulated emission of THz phonons.7

Recently efforts have been undertaken to merge the fields
of ultrafast optics and acoustics resulting in a variety of
novel acousto-optic phenomena. Among them are the gen-
eration of THz radiation by acoustic waves,8 the amplifica-
tion of THz sound waves in a combined optical and phonon
microcavity,9 and strain pulse induced chirping of an optical
transition.10

It is well-known that traditional MHz and GHz acoustics
allows efficient modulation of the optical frequency � such
that the variations �� of the modulation amplitude are large
enough to be seen in the spectrum of the optical signal.11,12

When the modulation of the signal occurs on a time scale �a
�the time that it takes the optical frequency to reach maxi-
mum modulation ��� which is much longer than the coher-
ence time �c, it is easily possible to follow the time depen-
dence of the modulated optical frequency ��t� from the light
intensity, as the modulation occurs adiabatically. For semi-
conductors, for example, modulation frequencies �a

−1 in the
GHz regime could be achieved corresponding to �a exceed-
ing by far the typical coherence times �c�10−12–10−11 s in
these systems. In this case the existing time-resolved meth-
odologies using linear or nonlinear spectroscopy are fully
sufficient to track ��t�.

Tracing the optical frequency modulation ��t� from the
spectrum is hampered, however, when �a is clearly shorter
than �c and simultaneously the perturbation is so strong that
the modulation amplitude �� exceeds by far the stationary
spectral width ����c

−1. This appealing situation is imple-
mented here for an optical-model system for which the adia-
batic regime is left by applying an ultrafast acoustic tech-
nique. The nonadiabatic situation, with which one is
confronted then, is characterized by

�a � �c, �� � �� . �1�

In detail, we apply ultrafast strain pulses to a semiconductor
microcavity �MC� in the strong-coupling regime showing co-
herent emission over comparatively long times. Insight in the
nonadiabatic regime can be taken by analyzing the optical
signal in the spectral domain. At first glance, such a spectral
analysis appears to be inappropriate as all information about
the modulation process should be blurred by signal integra-
tion over times essentially longer than �a. In contrast, we
show experimentally that the spectrum contains clear signa-
tures of the microcavity resonance modulation. In agreement
with a theoretical model we demonstrate that in the nonadia-
batic regime pronounced sidebands of the modulated reso-
nance appear from which information about the modulation
process can be obtained.

II. EXPERIMENT

The basic scheme of the experiments which were carried
out at liquid-helium temperature �T=1.8 K� is shown in Fig.
1. The high finesse optical MC structure �panel �a�� contains
an 8-nm-wide In0.04Ga0.96As quantum well �QW� in the
middle of a GaAs barrier layer with width d=240 nm, cor-
responding to the wavelength � of the confined photon reso-
nance. This �-cavity layer is surrounded by distributed Bragg
reflectors made from 24 and 20 pairs of GaAs/AlAs � /4
stacks at the bottom �toward substrate� and the top �toward
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vacuum�, respectively. The Q factor of the MC is �104,
which is large enough to reach the strong-coupling �polar-
iton� regime between the QW exciton state and the confined
photon mode.13,14 Figure 1�b� shows the stationary optical
reflectivity spectrum R�E� of the MC in which two narrow
resonances corresponding to the lower �LP� and upper �UP�
polaritons are seen. The photonlike LP resonance is slightly
broadened relatively to the cavity mode due to the mixing
with the inhomogeneously broadened exciton state and has a
spectral width ��=0.18 meV.

In the ultrafast coherent experiments the polariton reso-
nances were excited by 150 fs white light pulses from a laser
system with a repetition rate 100 kHz. The beam was fo-
cused on the sample surface of the MC to a spot with diam-
eter 100 �m. The excitation density did not exceed
50 nJ /cm2. As a result of the femtosecond broadband exci-
tation the LP and UP states emit coherent light into the
specular direction relative to the excitation beam �Fig. 1�a��.
This coherent emission decaying with time �c is known as
optical free-induction decay.15 The value of �c is connected
with the spectral width of the resonance �� by the following
relation:

�c =
2

��
. �2�

The factor 2 arises from the fact that �c corresponds to the
decay of the electromagnetic field amplitude, while the spec-
tral width of the optical resonance reflects the decay of the

field intensity. The value of �c for the LP resonance obtained
by Eq. �2� from the optical spectrum is equal to 7.2 ps.

The THz frequency modulation in our experiments is
achieved using strain pulses injected into the sample by ul-
trafast acoustics methods.1,2 Picosecond strain pulses are
generated by excitation of a 100-nm-thick Al film deposited
on the GaAs substrate opposite to the MC by 800-nm-
femtosecond light pulses taken from the same laser system as
the white light pulse �Fig. 1�a��. As a result of the photoex-
citation the film expands rapidly due to the thermoelastic
effect and a bipolar strain pulse is injected into the substrate
�Fig. 1�c��. In our experiments the initial strain pulse injected
into the substrate has a total duration of �70 ps.1,16 The
energy density of the excitation pulse could be increased up
to W=16 mJ /cm2, which corresponds to a maximum strain
amplitude of 	0�10−3.10,17

The strain pulses propagate through the 100 �m GaAs
substrate at the velocity cLA�4.8
103 m /s of longitudinal
sound in GaAs.18 Accordingly the strain pulses reach the MC
with a delay of about 20 ns relative to the 800-nm excitation
pulse. The temporal shape of the strain pulse reaching the
MC strongly depends on the excitation density. At low exci-
tation densities W�1 mJ /cm2 the shape does not change
much while propagating through the substrate �compare up-
per panels �c� and �d��. At higher W nonlinear elasticity and
phonon dispersion become important and the shape is modi-
fied during propagation due to formation of a shock wave
and, at low temperatures, an acoustic soliton train at the be-
ginning of the strain pulse, while at its end dispersive phonon
oscillations take place.3 The temporal evolution of the strain
pulse for this nonlinear regime, shown in the lower panel of
Fig. 1�d�, was calculated numerically as described in Ref. 3.
Further modifications �Fig. 1�e�� of the strain pulse reaching
the QW are due to multiple reflections at the interfaces of the
MC structure.19

The strain pulse 	�t� arriving at the QW modulates the
detuning �E=EMC−EX between the energies of the un-
coupled cavity mode and exciton, EMC and EX, respectively.
The effect of the strain pulse on EX is significantly stronger
than on EMC.20 Strain induces a time-dependent detuning
�E�t�= ã	�t�+�E0, where ã�−10 eV is the deformation
potential of the exciton in the �In,Ga�As/GaAs QW �Refs. 21
and 22� and �E0 is the detuning without strain pulse. Using
the dependence of the polariton energy on the detuning �Fig.
1�f�� we may estimate the corresponding energy shift in the
polariton resonances within the coherence time �c. For in-
stance in the time interval 10 ps� t�25 ps we expect a
shift in the LP resonance within �c=7.2 ps by 0.15 meV for
W=1 mJ /cm2 and 0.37 meV for W=8 mJ /cm2. Thus the
effect of a strain pulse with sufficient amplitude on the po-
lariton resonance energies turns out to be well suited to reach
a nonadiabatic optical modulation at THz frequencies which
fulfils the conditions set by Eq. �1�.

III. RESULTS AND QUALITATIVE MODEL

In the experiments, the spectrum of the coherent polariton
emission was analyzed by a spectrometer with a resolution of
0.15 meV and monitored as function of the time delay t0
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FIG. 1. �Color online� Experimental principles of modulation.
�a� Scheme of the experiments on a microcavity formed by two
distributed Bragg reflector mirrors �DBR� with a quantum well em-
bedded in between. The strain pulses are generated by a laser pulse,
shown by the red arrow �left side�, focused onto an Al film. �b�
Reflectivity spectrum from the MC without applied modulation. LP
and UP correspond to the spectral resonances of the lower and
upper polaritons, respectively. �c–e� Strain pulses ��t� simulated for
low �upper panels� and high �lower panels� excitation densities W at
various distances �indicated by the spots 1–3 in panel �a� from the
Al transducer. The propagation time from the transducer to the cor-
responding points was subtracted for clarity. �f� Dependencies of
UP and LP energies in the MC as function of static strain �lower
scale� and detuning between the energies of the uncoupled photon
mode and exciton state �upper scale�.
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between the white light excitation pulse and the strain pulse
at the QW. The results are shown in Fig. 2 for the UP
�panel �a�� and LP �panels �b� and �c��. Clearly the polariton
spectrum, which under stationary conditions consists of the
well defined UP and LP resonances �Fig. 1�b��, undergoes
enormous changes when the strain pulse is hitting the QW.
THz modulation of the UP energy �panel �a�� by several meV
occurs. Regardless of the smaller LP modulation amplitude
�panels �b� and �c��, for certain values of delay t0 the LP
spectra show a remarkable, well defined structure with spec-
tral fringes at the flanks of the main resonance. The most
pronounced sidebands with up to three fringes are observed
for high amplitude strain pulses �panel �b�� in the delay in-
tervals t0=10–25 ps and t0=90–105 ps, which correspond
to the linear parts of the strain evolution �lower panel �e� of
Fig. 1�. Figure 2�d� shows the reflectivity spectrum R�t0 ,E�
for a delay t0=17 ps, at which several fringes are clearly
detected.

We associate the experimentally observed spectral side-
bands with the specifics of the nonadiabatic THz optical fre-
quency modulation. To illustrate that this observation is a
general phenomenon we consider a scalar harmonic oscilla-
tor decaying with time �c which can be described by a time-
dependent variable x�t� following the equation of motion:

d2x

dt2 = − �0
2�t�x −

2

�c

dx

dt
+ f�t − t0� , �3�

where �0�t� is its time varying frequency and f�t− t0� is a
short excitation pulse acting on the oscillator at time t= t0. In

our experiments �0�t� and f�t− t0� are associated with the
polariton optical frequency and white light excitation, re-
spectively, where x�t� is the polariton field. The Fourier-
transformed �FT� power spectrum of x�t� for the case when
�0�t� is increasing linearly with t is shown in the contour plot
in Fig. 3�a� as function of t0. We have chosen scales, values,
and initial conditions for solving Eq. �3� in accordance with
the experiments. A high-energy sideband with well resolved
spectral fringes is clearly seen. The sidebands can be also
seen in Fig. 3�b� which shows the spectrum obtained at a
fixed delay of t0=10 ps. Besides these sidebands, the typical
feature in the time-integrated spectra for delay t0 is the shift
in the spectral density maximum to higher energies with re-
spect to �0�t� which is shown in Fig. 3�a� by the dashed
white line. In the case when �0�t� is decreasing with t0 the
spectral density maximum is shifted to lower energies rela-
tive to �0�t� and the sidebands appear on the low-frequency
side of the stationary resonance position.

Figure 3�c� shows the normalized positions
=�c��̃m−�0� of the sideband maxima of the modulated sig-
nal at frequencies �̃m �m=0, 1, 2…� as a function of the
dimensionless parameter w̃=�c

2�d�0 /dt�, which is the ratio of
the frequency shift during the coherence time �c and the half
of the resonance’s spectral width �c

−1. The maxima positions
are seen to be proportional to �w̃�1/2. The symbols indicate
the values of w̃ below which the corresponding fringe does
not show up as a maximum in the spectrum. From Fig. 3�c�
the value should be higher than 0.5 to have at least one
additional maximum. According to the theory the sidebands
in our experiments will become well pronounced if the shift
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FIG. 2. �Color online� Experimental spectral/temporal contour
plots. The modulated UP �a� and LP �b, c� optical signals measured
at high �a, b� and low �c� excitation densities W focused onto the
hypersonic transducer. Panels �b� and �c� have the same intensity
scale, which is shown on the right of �c�. �d� Spectrum measured at
delay t0=17 ps between the arrival of the strain pulse at the MC
and the white light pulse.
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FIG. 3. �Color online� Calculations of the modulated spectrum
of a scalar oscillator excited by a broad band excitation pulse in a
situation when the resonance energy changes linearly with time: �a�
spectral/temporal contour plot of the power Fourier-transformed
time-dependent variable x, �0 �t0� is shown by the dashed line; �b�
oscillator power spectrum for t0=10 ps; �c� normalized positions 
of the sideband maxima as function of the parameter w̃, which
characterizes the modulation rate. Symbols indicate the values be-
low of which the corresponding maximum cannot be observed.
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in a polariton resonance within the coherence time �c ex-
ceeds �� /8=0.0225 meV. Such conditions are obviously
realized in the detected signals shown in Fig. 2.

IV. NUMERICAL ANALYSIS

The model presented above demonstrates the general idea
of the nonadiabatic approach. To become more quantitative,
a specific analysis has been done for the MC studied here.

The strain pulse results in a time-dependent modulation of
the exciton energy EX�t�, which is observed as a shift in the
polariton resonances in the strong-coupling regime. Because
the amplitude of the exciton shift �EX�t� exceeds the polar-
iton Rabi splitting the adequate description cannot be ob-
tained within the single �lower or upper� polariton branch
approximation. Instead direct solution of the Maxwell equa-
tions with a time dependent exciton resonance is necessary.
If the spectral range of interest is narrow compared to the
stop band of the cavity Bragg mirrors the resonant approxi-
mation of cavity electrodynamics can be used.23,24 This ap-
proximation greatly speeds up the calculations while at the
same time providing reasonable accuracy. Within this ap-
proximation the Maxwell equations are reduced to a system
of two coupled equations that describe the dynamics of the
cavity mode electric field at the quantum well EQW�k , t�

�i
d

dt
− EMC�k��EQW�k,t� = ��k�	

i

Pi�k,t� + ��k�Einc�k,t� ,

�4�

and of the resonant exciton polarization, integrated over the
thickness of the quantum well P�k , t�

�i
d

dt
− EX

i �t��Pi�k,t� = AiEQW�k,t� . �5�

Here EMC and EX are the resonance energies with nonzero
imaginary parts due to the decay of the cavity mode and
exciton dephasing, respectively. A is the magnitude of the
quantum well exciton resonance susceptibility, � and � are
the coupling constants of the microcavity electromagnetic
field with the external field and the QW exciton polarization,
respectively. The cavity polariton Rabi splitting ��R� can be
calculated by �R=
A�. The incident pulse far from the mi-
crocavity Einc�k , t�=E�t�exp�−i�inct���k−kinc� is assumed to
have the form of a plane wave with energy �inc and in-plain
wave vector kinc=�inc /c sin �, where � is the angle of inci-
dence, E�t� is the electric field amplitude of the excitation
pulse, which in the calculations is assumed to have a Gauss-
ian shape with a duration of 100 fs. The summing over par-
tial polarization Pi is introduced in Eq. �4� in order to take
into account the inhomogeneous broadening of the exciton
line, which is described by the distribution of Ex

i �t� and Ai.
The cavity resonance energy EMC and coupling constants

� and � are calculated in the scattering matrix formalism23

by solving the Maxwell equations for the particular cavity
geometry and analyzing the poles of the scattering matrix in
the complex energy plane.24 Solution of Eqs. �4� and �5�

gives us the dynamics of the cavity electromagnetic field
EQW�t�, which depends strongly on the delay between the
incident pulse Einc�t� and the exciton resonance modulation
EX�t� by the strain pulse.

The temporal shape of the pulse reflected from the MC,
Erefl�t ,k�, can be found in the same resonant approximation
from
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FIG. 4. �Color online� Theoretical analysis of the polariton side-
bands. �a–c� Spectral/temporal contour plots of the modulated UP
�a� and LP �b, c� optical signals calculated for high �a, b� and low
�c� excitation densities W. Panels �b� and �c� have the same intensity
scale, which is shown on the right of �c�. Insets in �b� are normal-
ized measured �solid lines� and calculated �dashed lines� spectral
profiles obtained for two delay times t1 and t2. �d� Spectral separa-
tion � �bar in Fig. 2�d�� between the first minimum and first maxi-
mum in the sideband spectrum of the LP modulated reflectivity
signal, as measured �closed symbols� and calculated �open symbols�
for t0=20 ps.
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Eref�k,t� =
EQW�k,t� − Tinc�k�Einc�k,t�

Tref�k�
, �6�

with the coefficients Tinc�k� and Tref�k�, which are calculated
from Maxwell equations, depending on the microcavity de-
sign.

The temporal variation in the reflected pulse Eref�t ,k� is
obtained from Eq. �6� for given Einc�t ,k� and EQW�t ,k�,
calculated from Eqs. �4� and �5� for a particular delay
between Einc�t� and EX�t�. The spectra of the reflected and
incident pulses are obtained by Fourier transformation and
the time integrated reflection spectrum is calculated as
�r����2= �Eref��� /Einc����2.

The calculations have been done for the following param-
eters: EMC=1.4513 eV, �E0=EMC−EX

0 =−3.32 meV,
2�R=3.26 meV, and a Gaussian shape of the exciton line
with �nh=0.7 meV as well as the center of the exciton line
modulated in time by the strain pulse. In order to obtain a
better fit of the reflection spectra near the upper polariton
branch an asymmetric shape of the inhomogeneous exciton
line was used: Ai�EX

i ��exp�−��EX
i −EX

0� /�nh�EX
i ��2, with

�nh�EX
i �=�nh�2+th��EX

i −EX
0� /�nh� and �nh=0.7 meV. The

best agreement with experimental results has been obtained
when ã=−20 eV.

Figure 4�a�–4�c� shows the spectra calculated when the
exciton resonance is modulated by strain pulses generated at
W=8 mJ /cm2 �Figs. 4�a� and 4�b�� and W=1 mJ /cm2 �Fig.
4�c��. The inhomogeneously broadened exciton line is
smeared and the spectral peculiarities near the UP branch are
not observed ��Fig. 4�a��. However inhomogeneous broaden-
ing of the UP has nearly no effect on the lower branch
�Fig. 4�b�� and several sidebands accompanying the main
resonance are clearly visible. Most of the calculated side-
bands in the LP modulated spectrum are observed also in
experiment �compare Figs. 2�b� and 4�b� and see insets in
Fig. 4�b��. For quantitative comparison we chose the time
interval 10 ps� t�25 ps where 	�t� changes linearly with
t. To characterize the nonequidistant sideband fringes we
consider the spectral separation � �see the bar in Fig. 2�d��
between the zero-order minimum and first maximum in the
sideband of the reflectivity spectrum at fixed delay t0. Figure
3�d� shows the experimental �closed symbols� and calculated
�open symbols� values of � as function of W. These data are
taken at t0=20 ps where � can be considered almost inde-
pendent of t in the time interval �t0−�c , t0+�c�. Good
agreement between the experimental and calculated values is

seen which underlines that the suggested model of nonadia-
batic optical frequency modulation is appropriate for describ-
ing the underlying physics. The nonmonotonic dependence
of � on W results from the nonlinear strain pulse propagation
in the GaAs substrate.3,10 At small W�3 mJ /cm2 the strain
��t� shows only changes in amplitude while the shape in the
time interval between negative and positive ��t� remains the
same. This should give d��t� /dt�W and correspondingly an
increase of � with W. For higher W�4 mJ /cm2 the dynami-
cal strain pulse consists of an acoustic soliton train at the
front and a dispersive oscillating tail at the end while in the
middle d��t� /dt first saturates and then decreases with in-
creasing W.10

V. CONCLUSIONS

In conclusion we have demonstrated experimentally the
generation of sidebands in the microcavity polariton spec-
trum as a result of ultrafast, high amplitude optical frequency
modulation. The sideband spectra show quasiperiodic fringes
with a period depending on the modulation rate d��t� /dt.
The frequency modulation can be analyzed by a simple
nonadiabatic model, in which the central optical frequency
shifts by an amount larger than the spectral width during a
time shorter than the coherence time of the resonance.

We want to point out that the origin of the detected side-
bands is distinctly different from that of the well-known vi-
bronic sidebands25 or THz radiation induced sidebands26 in
optical spectra near the resonance lines of electron transi-
tions. The sidebands observed in the present work require not
only fast modulation times �a��c but also high modulation
amplitudes �� which exceed the stationary spectral width.
The sidebands can be detected only in the coherent regime
and may be considered as an optical analog of radio fre-
quency signals for which high amplitude frequency modula-
tion is widely used.
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