Giant photoelasticity of polaritons for detection of coherent phonons in a superlattice
with quantum sensitivity
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The functionality of phonon-based quantum devices largely depends on the efficiency of interaction
of phonons with other excitations. For phonon frequencies above 20 GHz, generation and detection
of the phonon quanta can be monitored through photons. The photon-phonon interaction can be
enormously strengthened by involving an intermediate resonant quasiparticle, e.g. an exciton, with
which a photon forms a polariton. In this work, we discover a giant photoelasticity of exciton-
polaritons in a short-period superlattice and exploit it for detecting propagating acoustic phonons.
We demonstrate that 42 GHz coherent phonons can be detected with extremely high sensitivity
in the time domain Brillouin oscillations by probing with photons in the spectral vicinity of the

polariton resonance.

Recently coherent acoustic phonons with frequencies
much higher than 1 GHz have been demonstrated to be
prospective in quantum technologies and nanophonon-
ics [1-6] due to their small wavelength which is com-
parable to the size of quantum nanodevices. Single lo-
calized phonon quanta are generated and detected us-
ing suspended nanostructures [1, 7-12] and propagat-
ing coherent phonons are suggested to become a logistic
element in quantum computer networks [13-16]. Co-
herent phonons with frequency higher than 20 GHz can
be excited and detected exclusively using optical tech-
niques exploiting the photon-phonon interaction which
governs the conversion of phonon to photon and vice
versa. Its strength is the key factor determining the ef-
ficiency and energy consumption for interconversion into
coherent phonons. There are already significant achieve-
ments in the efficient generation and detection of local-
ized coherent phonons using non-suspended optomechan-
ical nanoresonators [17-22]. However, for propagat-
ing phonons the sensitivity of optical methods has re-
mained far from being able to count phonon quanta. The
strength of photon-phonon coupling may be increased in
non-cavity nanostructures hosting polariton resonances
and possessing increased photoelasticity. An example is
a short period semiconductor superlattice (SL) [23, 24]
in which excitons and photons form a coupled state [25]
in analogy with the exciton-polaritons in bulk semicon-
ductors [26].

In the present Letter, we perform picosecond pump-
probe experiments, in which we exploit an exciton-
polariton resonance for detection of propagating coher-
ent phonons with frequencies of ~ 42 GHz. The coherent
phonon wavepacket propagating through a short-period
SL is probed by measuring the reflectivity of picosecond

optical pulses with photon energy in the vicinity of the
polariton resonance. The measurements show that po-
laritons possess giant photoelasticity and provide a three
orders of magnitude higher sensitivity for detection of
propagating coherent phonons than when probing apart
from the polariton resonance. We show that the giant
sensitivity of optical reflection to phonon associated dy-
namical strain owned by the polariton resonance is suf-
ficient for detection of single phonon quanta in pump-
probe setups.

The scheme of the experiment is presented in Fig.1(a).
The studied SL grown on a GaAs substrate consists of
30 periods of GaAs and AlAs layers with thicknesses of
12 and 14.2 nm, respectively. The reflectivity spectrum
Ry (hw) [solid line in in Fig. 1(b)] clearly shows the polari-
ton resonance centered at fiwg = 1.55 eV. A wavepacket
of coherent acoustic phonons is generated using pulsed
optical excitation of the Al film deposited on the sub-
strate backside. The film is excited by the pump laser
pulses from a Ti-Sapphire regenerative amplifier (100-
kHz repetition rate, pulse duration of 200 fs, and cen-
tral photon energy of 1.55 eV). The film expands due
to the optically-induced heating, and a coherent phonon
wavepacket in form of a bipolar strain pulse with ~ 10 ps
duration and amplitude 7 is injected into the GaAs sub-
strate [27, 28]. The typical simulated temporal profile
for the used experimental scheme and materials [29], is
shown in Fig. 1(c). The strain pulse, (¢, z), propagates
through the GaAs substrate with the velocity of longitu-
dinal sound v = 4800 m/s. It contains a broad spectrum
of coherent longitudinal acoustic (LA) phonons, which
can be obtained by fast Fourier transform of the strain
temporal profile. For the pulse shown in Fig. 1(c), it
has a maximum at the frequency f ~ 20 GHz. The ex-
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FIG. 1. (a) Experimental scheme. (b) Reflectivity spectrum
in the vicinity of the polariton resonance (blue curve). The
broadband nonmonotonic background is subtracted. Dashed
red curve shows the spectrum of the spectrally narrow probe
pulse centered at the polariton resonance.(c) Simulated spa-
tial profile of the strain pulse injected into the GaAs substrate
from the Al phonon generator. (d) TDBS signal measured
with the probe pulses of 200-fs duration. Time ¢t = 0 cor-
responds to the arrival of the phonon wavepacket center at
the free surface with SL (2=0). (e) Folded phonon disper-
sion of the studied superlattice (upper panel) and the fast
Fourier transform of the transient reflectivity signal shown in
(d) (lower panel).

periments are performed at temperature 7' = 5 K and
phonons generated in the Al film reach the SL without
attenuation. The coherent phonons are detected in the
SL by measuring the reflectivity changes AR(t) of an op-
tical probe pulse originating from the same laser.

First, we present AR(t) measured by the probe pulse
taken straightforward from the laser system. The laser
pulse with duration 7, = 200 has the spectral width of
20 meV, which covers completely the spectrum around
the polariton resonance. The detected transient signal
is shown in Fig. 1(d). It possesses the oscillatory be-
havior that is known as time domain Brillouin scattering
(TDBS) [30-32]. In the time interval -150 ps < t <
150 ps, where the oscillations have a large amplitude,
coherent phonons propagate through the SL toward the
free surface, and after reflection at ¢ = 0 ps in the op-
posite direction towards the substrate. The fast Fourier
transform (FFT) of AR(t) shown in the lower panel of
Fig. 1(e) demonstrates an intense line at fp = 42 GHz

and low intensity spectral lines with frequencies up to 450
GHz. The FFT spectrum agrees with the selection rule
for TDBS ¢ = 2k; (¢ and ky are the phonon and pho-
ton wave vectors in the SL, respectively) for normal inci-
dence. The corresponding compliance is demonstrated in
Fig.1(e), where the upper panel shows the folded disper-
sion relations in the studied SL [33]. The TDBS signal in
our SL is governed by phonons which frequencies are far
from the SL stop bands. Therefore, phonon localization
effects in the SL [33] will not be considered further.

To study the effect of the SL polariton resonance on the
TDBS signal we extend the duration of the probe pulse
up to 7y = 1.35 ps with a corresponding narrowing of
its spectral width down to 1.4 meV by using a tunable
filter and measure the TDBS signal AR(t) for different
central photon energy hw. The spectrum of the extended
probe pulse for fiw = hwy is shown in Fig. 1(b) by the
dashed red line. The value of iw is varied in the vicinity
of the polariton resonance between 1.544 and 1.556 eV.
In order to avoid nonlinear exciton effects [34, 35], we
keep the probe fluence on the surface with the SL to less
than 300 nJ/cm?.

Figure 2(a) shows the detected signal for a number of
detuning values fw — hwg. It is seen that the amplitude
of the oscillations strongly depends on the probe pulse
photon energy. Within the time interval when coherent
phonons propagate in the SL, the measured signal can
be fit with high precision by rising (¢t < 0) and decay-
ing (¢ > 0) harmonic oscillations of single frequency, fg,
amplitude, Ap, phase, pg, and rise or decay rates, 75,
respectively. The dependences of these parameters are
presented by the symbols in Figs. 2(b) and 2(c): open
symbols for phonons propagating toward the free surface
(anti-Stokes) and filled symbols for phonons propagating
in the opposite direction after reflection (Stokes). The
dependences are symmetric for Ag and 75! and anti-
symmetric for fg and pp relatively to hwy. This leads
us to the conclusion that the TDBS signals and depen-
dences Ag, 75 ! fg and pg are governed by the polariton
resonance when probing with Aw close to fwg.

The exciting experimental result is the observation of
the huge amplitude of the TDBS signal. When probing
coherent phonouns at the polariton resonance (fiw = hwy),
the relative changes AR/Ry are ~ 1072 for the used
pump fluence J ~ 0.1 mJ/cm?. The measurements of
TDBS in a material without a narrow optical resonances
for a similar wavepacket of coherent phonons would give
AR/Ry ~ 1075 [33, 36] which is three orders of magni-
tude smaller than measured for the detection at the po-
lariton resonance in the present work. This result means
that our experiments reveal a giant photoelasticity of po-
laritons and extremely high sensitivity to propagating co-
herent phonons.

For a qualitative description of the detected signals,
we use a simplified model in which the spectral width
of the probe pulse is much smaller than the width of the
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FIG. 2. (a) TDBS signals measured by the spectrally nar-
rowed probe pulses for several fiw. (b,c) Dependences of the
specific properties of the TDBS signals on the probe photon
energy: amplitude Ag (b), frequency fz (c), decay rate 74 '
[lower insert in (c)], and a shift of the phase pg relatively to
the signal measured at the resonant conditions [upper insert
in (c)]. Enlarged colored symbols in (b) correspond to the
transient signals shown by the same color in (a). (d,e) Calcu-
lated spectral dependences of the real and imaginary part of
refractive index and their derivatives in the vicinity of the po-
lariton resonance. (f) Spectral-spatial density of phonons in
the coherent phonon wavepacket for J = 0.5 mJ/ cm?. Shaded
area shows the spectral range of detected phonons.

polariton resonance (the full theoretical analysis does not
include this assumption). The amplitude of the TDBS
signal, in this simple model, can be estimated from the
following equation [37]:

AR(t) 1 -1 dhky 2iki 2
R 2Re |i e /n(z,t)e dz (1)
0

where k1 = 27n/\ and 72 and A are the complex re-
fractive index in the SL and the wavelength of the probe
light in vacuum, respectively, ro; = (1 —n)/(1 +n) and
n(z,t) = n(z £ vt) is the time-spatial profile of the strain
pulse propagating in the SL along z (z = 0 at the free
surface of SL) toward the free surface (+) and backwards
(-). The crucial parameter in Eq. (1) which governs the

sensitivity of detection is the derivative of k; on strain n
which is defined by the strain dependence of the effective
dielectric function in the SL with the polariton resonance
given by [38]:

eet(W) = &b [1 +

wrr } @)
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where €y, is the background dielectric constant, wrr and
I" are the longitudinal-transverse splitting defined by the
interaction of the excitons with light and the nonradiative
decay rate of the polaritons, respectively. The deforma-
tion potential mechanism is the main one responsible for
the phonon-induced changes of e.g(w): the strain asso-
ciated with coherent phonons induces the energy shift of
the polariton resonance, i.e. fiwg [39]. If this shift is
much smaller than I" we get

dky _ 1 k1 Edeeg (3)
Ay 2eeg h dwpy

where = = —10 eV is the deformation potential for exci-
tons in GaAs [40].

The presented model explains the measured TDBS
signals and dependences presented in Fig. 2(b) and
2(c). The explanation comes from the dependences of
the real (n) and imaginary (k) parts of the refractive in-
dex n = \/eexr and their derivatives on strain. They are
shown in Figs. 2(d) and 2(e) for the polariton parame-
ters, which fit our experimental data: fuwg = 1.550 eV,
wrr = 0.13 meV and I' = 0.7 meV. It is seen that at

hw = hwy = 1.55 €V, ’fﬁ‘ ~ 4 x 10% possesses an ex-
tremum which results in the maximum for Ag(hw) [Fig.
2(b)]. Tuning hw away from the polariton resonance leads

to the decrease of fl—z
crease of the TDBS signal amplitude observed experi-
mentally. The dependence of fg in Fig. 2(c) qualitatively
follows n(hw), in full agreement with the wavevector se-
lection rule ¢ = 2k; for the phonon-polariton interaction
which governs the TDBS signal. The measured depen-
dence of the rise/decay rate 75 ' of the TDBS oscillations
shown in the lower inset in Fig. 2(c) is similar to the
dependence k(hw), and the phase of the oscillations pp
changes by 7 in the vicinity of the polariton resonance
[the upper inset in Fig. 2(c)], following the sign of dx/dw.

For a quantitative analysis, we developed a comprehen-
sive theoretical approach [41], which takes into account
the spectral width of the probe pulse and the Stokes/anti-
Stokes energy shift of the reflected light. The solid curves
in Figs. 2(b) and 2(c) are the results of calculations for
the parameters given above. Excellent agreement be-
tween the measured and calculated dependences is seen.

Now we turn to the discussion of phonon quantum sen-
sitivity of polaritons. The number of phonons, Ng, re-
sponsible for the TDBS is determined by their spectral
density N in the phonon wavepacket around the Brillouin

which obviously leads to the de-



frequency fg. It is determined by the spatial-temporal
shape of the generated phonon wavepacket n(z,t). Fig.
2(f) is an example of the phonon spectral density [42] for
the strain pulse shown in Fig. 1(c) with the amplitude
no = 3 x 107°, which corresponds to J = 0.5 mJ/cm?
[36]. The shaded area centered at the frequency fp = 42
GHz indicates the spectral range of phonons detected at
hw = hwgy. The finite spectral width, Afg, is due to the
finite size of the SL and the penetration depth of light,
which determines the rise/decay rate of the TDBS sig-
nal. For Tgl =12ns"!, Afg = 4 GHz and the estimated
density of detected phonons N ~ 10* ym~2 per pulse.
Figure 3(a) shows the power dependence of the TDBS
amplitude Ag(J) measured at fuw = hwg. The minimal
number of detected phonons, which is proportional to J2,
is ~ 102 pm~?2 and corresponds to the pump fluence, at
which the TDBS amplitude exceeds the noise level. The
statistical and fit errors of the measured Ag do not ex-
ceed the size of the symbols. In the experiments with
a high repetition rate laser, the sensitivity limit can be
easily lowered to Ng ~ 1072 ym~=2 (A ~ 1075). This
enables the detection of phonon wavepackets with one
phonon quantum at the Brillouin frequency emitted by a
nanodevice, e.g. a semiconductor quantum dot [43, 44].

The experimental results and theoretical considera-
tion presented above concern a small number of coherent
phonons where the phonon-induced shift of the exciton
resonances in the SL quantum wells is negligibly small. In
this regime, the amplitude Apg of the TDBS oscillations
depends linearly on J. This consideration is likely not
valid for high pump fluence when the maximum strain
7o in the coherent phonon wavepacket induces the exci-
ton shift Ahw = o= by a value comparable to the width
T" of the polariton resonance. Then % given by Eq.
(3) becomes dependent on time and coordinate. Qualita-
tively, at high J the polariton resonance broadens and at
hw = hwq the sensitivity to phonons of the Brillouin fre-
quency decreases. Indeed, the dependence Ag(J) shown
in Fig. 3(a) saturates at J ~ 2 mJ/cm?, and a further
increase of J results in a decrease of Ag. The measured
dependence perfectly agrees with the theoretical simula-
tions [solid line in Fig. 3(a)] for the strain pulse shape
shown in Fig. 1(c). We have checked that the observed
nonlinearity is not related to nonlinear acoustic effects
[45, 46] which start to become pronounced in our exper-
iment at J > 3 mJ/cm?.

Nonlinear photoelastic effects emerge also in the exper-
imental and theoretical dependences Ag(fw) for high J
as shown in Figs. 3(b) and 3(c). It is seen that at mod-
erate J = 2 mJ/cm?, and high J = 3 mJ/cm? fluence
the experimentally measured spectral shape of Ap(hw)
[Fig. 3(b)] shifts by 1 meV relative to fuwy and this
shift has opposite signs for the Stokes and Anti Stokes
signals. The maxima in the theoretical curves [Fig. 3(c)]
also shifts, but the curves are the same for the Stokes
and Anti Stokes cases contrary to the experimental re-
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FIG. 3. (a) Dependence of the TDBS signal amplitude on
the optical excitation density (experimental data, symbols)
and the strain pulse amplitude (theoretical calculations, solid
line). The experiential errors do not exceed the size of the
symbols. The dashed lines indicate the estimated number of
detected phonons per pulse per square micron, Ng, for the
corresponding strain amplitudes. (b,c) Measured (b) and cal-
culated (c) dependences of the TDBS signal amplitude on the
probe photon energy for three values of J and 7o, respectively.
The dependences are normalized to the values at the maxima.

sults. This difference between experiment and theory
can be explained by the asymmetric temporal shape of
the strain pulse with a predominant compressive com-
ponent [29, 47]. In this case, the phonons propagating
towards the free surface of the SL (Anti Stokes) induce
a blue shift of the exciton resonance. After reflection at
the free surface the tensile component of the strain pulse
becomes dominant inducing a red shift of the exciton res-
onance. In the theoretical simulations this asymmetry
is not included and the calculated dependence Ap(hw)
demonstrates a spectral shape independent of the phonon
propagation direction.

In conclusion, we have demonstrated the effect of giant
polariton photoelasticity for detecting propagating co-
herent phonons by time domain Brillouin scattering. The
strong dispersion of the permittivity in the visible range
in the vicinity of the polariton resonance results in a huge
ultrafast response of the optical properties to dynamical
strain which accompanies the coherent phonons. We have
developed a quantitative theoretical model which allows
us to predict the absolute values for the optical reflec-



tivity change induced by the propagating phonons with
Brillouin frequency. We have demonstrated that nonlin-
ear effects for a boosted density of phonon flux suppress
the sensitivity, in full agreement with the deformation
potential model for exciton-phonon interactions used in
treating the observed phenomena.

The frequency of detected phonons in our experiment
is determined by the velocity of sound and the refrac-
tive index of the SL at the probe photon energy, which
is set by the spectral position of the exciton resonance.
Fine-tuning of this value can be realized by adjusting
the widths of the GaAs/AlAs layers, e.g. in a wedge-
shaped SL, while a more significant shift can be achieved
by using alternative combinations of materials, such as
nitrides [48] or II-VI semiconductors [49]. Moreover, the
folded phonon dispersion in the SL extends the spectrum
of detected phonons by discrete values at higher frequen-
cies. Such a discrete spectrum is similar to the sensitivity
spectrum of a superconducting transmon qubit [13], but
for much higher frequencies and wider dynamical range.
In our experiment, the frequency of detected phonons
reaches 0.5 THz [see Fig. 1(e)] despite their extremely
low number for the used excitation densities, and can be
extended further.

The discovery of the giant photoelasticity effect in the
present work paves a way for manipulating phonons on
the quantum level and for widely varying applications
in phononics with extremely low-density phonon fluxes.
The technique could be used for the detection of phonons
emitted from single nanoobjects, like nanoparticles and
nanowires, atomic monolayers (e.g. graphene), quantum
dots, electronic nanodevices in the Coulomb blockade
regime, single photon and phonon emitters, supercon-
ducting tunnel junctions, and other nanoobjects which
emit weak phonon fluxes during operation. Nowadays
phonon imaging is exploited for the nanoscopy of such
delicate nanoobjects as biological cells [50] which can
stand only very low excitation densities. The proposed
technique could be used to measure weak phonon fluxes
reflected from or transmitted through the biological tis-
sue.

We are grateful to Ilya Akimov, Nikolay Gippius, Mark
Afman and Christine Silberhorn for fruitful discussions.
The work was supported by the Deutsche Forschungsge-
meinschaft (Grant No. TRR 142 project A06 and Grant
No. TRR160 project A01). The cooperation between
TU Dortmund, the Lashkaryov Institute, and the Ioffe
Institute was supported by the Volkswagen Foundation
(grant no. 97758).

[1] K. J. Satzinger, Y. P. Zhong, H.-S. Chang, G. A. Peairs,
A. Bienfait, M.-H. Chou, A. Y. Cleland, C. R. Conner, E
Dumur, J. Grebel, I. Gutierrez, B. H. November, R. G.

Povey, S. J. Whiteley, D. D. Awschalom, D. I. Schuster,
and A. N. Cleland, Nature 563, 661 (2018).

[2] S. Volz, J. Ordonez-Miranda, A. Shchepetov, M. Prun-
nila, J. Ahopelto, T. Pezeril, G. Vaudel, V. Gusev, P.
Ruello, E. M. Weig et al., Eur. Phys. J. B 89, 15 (2016).

[3] W. H. Renninger, P. Kharel, R. O. Behunin, and P. T.
Rakich, Nat. Phys. 14, 601 (2018).

[4] C. T. Hann, C.-L. Zou, Y. Zhang, Y. Chu, R. J.
Schoelkopf, S. M. Girvin, and L. Jiang, Phys. Rev. Lett.
123, 250501 (2019).

[5] P. Delsing, A. N. Cleland, M. J. A. Schuetz, J. Knorzer,
G. Giedke, J. I. Cirac, K Srinivasan, M. Wu, K. C. Bal-
ram, C Bauerle et al., J. Phys. D: Appl. Phys. 52, 353001
(2019).

[6] A. A. Clerk, K. W. Lehnert, P. Bertet, and J. R. Petta,
Y. Nakamura, Nature Phys. 16, 257 (2020).

[7] A. D. O’Connell, M. Hofheinz, M. Ansmann, Radoslaw
C. Bialczak, M. Lenander, Erik Lucero, M. Neeley, D.
Sank, H. Wang, M. Weides, J. Wenner, J. M. Martinis,
A. N. Cleland, Nature 464, 697 (2010).

[8] J. D. Cohen, S. M. Meenehan, G. S. MacCabe, S.
Gréblacher, A. H. Safavi-Naeini, F. Marsili, M. D. Shaw,
and O. Painter, Nature 520,522 (2015).

[9] A. Noguchi, R. Yamazaki, Y. Tabuchi, and Y. Nakamura,
Phys. Rev. Lett. 119, 180505 (2017).

[10] Y. Chu, P. Kharel, T. Yoon, L. Frunzio, P. T. Rakich,
and R. J. Schoelkopf, Nature 563, 666 (2018).

[11] L. R. Sletten, B. A. Moores, J. J. Viennot, and K. W.
Lehnert, Phys. REv. X 9, 021056 (2019).

[12] G. Enzian, J. J. Price, L. Freisem, J. Nunn, J. Janousek,
B. C. Buchler, P. K. Lam, and M. R. Vanner, Phys. Rev.
Lett. 126, 033601 (2021).

[13] M. V. Gustafsson, T. Aref, A. F. Kockum, M. K. Ek-
strom, G. Johansson, and P. Delsing, Science 346, 207
(2014).

[14] M. J. A. Schuetz, E. M. Kessler, G. Giedke, L. M. K.
Vandersypen, M. D. Lukin, and J. I. Cirac, Phys. Rev.
X. 5, 031031 (2015).

[15] M.-A. Lemonde, S. Meesala, A. Sipahigil, M. J. A.
Schuetz, M. D. Lukin, M. Loncar, P. Rabl, Phys. Rev.
Lett 120, 213603 (2018).

[16] A. Bienfait, K. J. Satzinger, Y. P. Zhong, H.-S. Chang,
M.-H. Chou, C. R. Conner, E. Dumur, J. Grebel, G. A.
Peairs, R. G. Povey, and A. N. Cleland, Science 364, 368
(2019).

[17] W. Chen, Y. Lu, H. J. Maris, G. Xiao, Phys. Rev. B 50,
14506 (1994).

[18] A. Bartels, T. Dekorsy, H. Kurz, and K. Kohler, Phys.
Rev. Lett. 82, 1044 (1999).

[19] A. Huynh, N. D. Lanzillotti-Kimura, B. Jusserand, B.
Perrin, A. Fainstein, M. F. Pascual-Winter, E. Peronne,
and A. Lemaitre, Phys. Rev. Lett. 97, 115502 (2006).

[20] N. D. Lanzillotti-Kimura, A. Fainstein, A. Huynh, B.
Perrin, B. Jusserand, A. Miard, and A. Lemaitre, Phys.
Rev. Lett. 99, 217405 (2007).

[21] A. Fainstein, N. D. Lanzillotti-Kimura, B. Jusserand, and
B. Perrin, Phys. Rev. Lett. 110, 037403 (2013).

[22] S. Anguiano, A. E. Bruchhausen, B. Jusserand, I. Favero,
F. R. Lamberti, L. Lanco, I. Sagnes, A. Lemaitre, N. D.
Lanzillotti-Kimura, P. Senellart, and A. Fainstein, Phys.
Rev. Lett. 118, 263901 (2017).

[23] A. N. Poddubny, A. V. Poshakinskiy, B. Jusserand, and
A. Lemaitre, Phys. Rev. B 89, 235313 (2014).



[24] B. Jusserand, A. N. Poddubny, A. V. Poshakinskiy, A.
Fainstein, and A. Lemaitre, Phys. Rev. Lett. 115, 267402
(2015).

[25] E. L. Ivchenko and G. E. Pikus, Superlattices and other
heterostructures, symmetry and optical phenomena. 2nd
ed. (Springer, Berlin Heidelberg, 1997).

[26] Exzcitons, ed. by E.I. Rashba, M.D. Sturge (North-
Holland, Amsterdam 1982).

[27] C. Thomsen, H. T. Grahn, H. J. Maris, J. Tauc, Phys.
Rev. B 34, 4129 (1986).

[28] O. Matsuda, M. C. Larciprete, R. Li. Voti, O. B. Wright,
Ultrasonics 56, 3 (2015).

[29] D. Moss, A. V. Akimov, R. P. Campion, M. Henini, C.
T. Foxon, L. Eaves, A. J. Kent, and B. A. Glavin, Phys.
Rev. B 83, 245303 (2011).

[30] C. Thomsen, H. T. Grahn, H. J. Maris, and J. Tauc,
Optics Commun. 60, 55 (1986).

[31] H. Lin, R. Stoner, H. Maris and J. Tauc, J. Appl. Phys.
69, 3816 (1991).

[32] O. B. Wright, J. Appl. Phys. 71, 1617 (1992).

[33] A. Huynh, B. Perrin, N. D. Lanzillotti-Kimura, B.
Jusserand, A. Fainstein, and A. Lemaitre, Phys. Rev.
B 78, 233302 (2008).

[34] J. Oudar, J. Dubard, F. Alexandre, D. Hulin, A. Migus,
and A. Antonetti, J.de Phys. Colloq. 48, C5-511 (1987).

[35] G. R. Hayes, J. L. Staehli, U. QOesterle, B. Deveaud, R. T.
Phillips, and C. Ciuti, Phys. Rev. Lett. 83, 2837 (1999).

[36] A. V. Scherbakov, M. Bombeck, J. V. Jager, A. S.
Salasyuk, T. L. Linnik, V. E. Gusev, D. R. Yakovlev,
A. V. Akimov, and M. Bayer, Opt. Express 21, 16473
(2013).

[37] V. Gusev, Acustica Acta Acustica 82, S37 (1996).

[38] V. A. Kosobukin, Sov. Phys. Solid State 34, 1662 (1992).

[39] A. V. Akimov, A. V. Scherbakov, D. R. Yakovlev, C. T.
Foxon, and M. Bayer, Phys. Rev. Lett 97, 037401 (2006).

[40] F. H. Pollak and M. Cardona, Phys. Rev. 172, 816
(1968).

[41] See Supplemental Material at... for a detailed derivation

of the simplified model, an analysis of the dependence
of the TDBS signal on the phonon wavepacket spatial-
temporal shape, and for a comprehensive theoretical ap-
proach used for calculations.

[42] The spectral density of phonons was calculated by nor-
malizing the phonon spectral power density obtained by
fast Fourier transform of n(z, t) by the total energy of the
strain pulse: U = %ch(?f) ~ 1071 J, where V = mr?l
is the strain pulse total volume (r = 27 pm is the pump
spot diameter and [ = 200 nm is the strain pulse spa-
tial size along the z-axis), c11 = 119 GPa is the GaAs
elastic constant and the averaged strain amplitude (n?)
is 3.25 x 1071 for J = 0.5 mJ/cm? [36].

[43] S. Liiker, T. Kuhn, and D. E. Reiter, Phys. Rev. B 96,
245306 (2017).

[44] D. Wigger, V. Karakhanyan, C. Schneider, M. Kamp,
S. Hofling, P. Machnikowski, T. Kuhn, and J. Kasprzak,
Optica 45, 919 (2020).

[45] H.-Y. Hao and H. J. Maris, Phys. Rev. B 64, 064302
(2001).

[46] E. Peronne, N. Chuecos, L. Thevenard, and B. Perrin,
Phys. Rev. B 95, 064306 (2017).

[47] O. B. Wright, B. Perrin, O. Matsuda, and V. E. Gusev,
Phys. Rev. B 64, 081202 (2001).

[48] S. Christopoulos, G. Baldassarri Hoger von Hogersthal,
A. J. D. Grundy, P. G. Lagoudakis, A. V. Kavokin, J.
J. Baumberg, G. Christmann, R. Butté, E. Feltin, J.-F.
Carlin, and N. Grandjean, Phys. Rev. Lett. 98, 126405
(2007).

[49] L. S. Dang, D. Heger, R. André, F. Boeuf, and R. Romes-
tain, Phys. Rev. Lett. 81, 3920 (1998).

[50] F. Pérez-Cotal, R. Fuentes-Dominguez, S. La Cavera, W.
Hardiman, M. Yao, K. Setchfield, E. Moradi, S. Naznin,
A. Wright, K. F. Webb, A. Huett, C. Friel, V. Sottile, H.
M. Elsheikha, R. J. Smith, and M. Clark, J. Appl. Phys.
128, 160902 (2020).



