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Phase-change alloys have seen widespread use, from rewritable optical disks to current interest in their
use in emerging neuromorphic computing architectures. In spite of this enormous commercial interest,
the physics of the carriers in these materials is still not fully understood. Here, we describe the time and
space dependence of the coupling between photoexcited carriers and the lattice in both the amorphous and
crystalline states of one phase-change material, GeTe. We study this material using a time-resolved optical
technique called the picosecond acoustic method to investigate the in situ thermally assisted amorphous-to-
crystalline phase transformation in GeTe. Our work reveals a clear evolution of electron-phonon coupling
during the phase transformation, as the spectra of photoexcited acoustic phonons in the amorphous (a-
GeTe) and crystalline (α-GeTe) phases are different. In particular, and surprisingly, our analysis of the
photoinduced acoustic pulse duration in crystalline GeTe suggests that part of the energy deposited during
the photoexcitation process takes place over a distance that clearly exceeds that defined by the skin depth
of the pump light. Alternatively, the photoexcitation process remains localized within that skin depth in
the amorphous state. We then demonstrate that this is due to supersonic diffusion of photoexcited electron-
hole plasma in the crystalline state. Consequently, these findings prove the existence of the nonthermal
transport of energy, which is much faster than lattice heat diffusion.

DOI: 10.1103/PhysRevApplied.16.014055

I. INTRODUCTION

Phase-change materials (PCMs) have become a critical
aspect of advanced computing architectures [1], ranging
from arithmetic operations [2–4] to neuromorphic comput-
ing [5–7] and, more recently, matrix-vector multiplications
for machine-learning and artificial-intelligence applica-
tions [8–10]. In spite of their large deployment in industry
and products, and a wealth of studies [11–13], the physics
of the dynamics of phase transformation is still under
intense study [14]. These technologies are underpinned
by a reversible phase transformation from an amorphous-
to-crystalline phase that is thermally, optically, or electri-
cally assisted [11–14]. The need for fast writing-erasing
processes in emerging GHz-THz information technolo-
gies will benefit from ultrafast photoinduced transforma-
tion. However, this is presently not possible, and mas-
tering this technology requires a better understanding of
electron and phonon dynamics at short time- and space
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scales in nonequilibrium states, e.g., after a photoexcitation
process [12–16]. While phase transformation was ini-
tially described as a thermally assisted process, recent
debate about the crucial role of photoexcited carriers in
the amorphization process (α-GeTe to a-GeTe) has raised
the question of a potentially complex nonthermal process
[12,16,17], which calls for clarification. In this photoin-
duced transformation process, the photoexcited carriers are
suspected to modify the interatomic potential in a non-
thermal way, leading, under some circumstances, to lattice
instability [12,16,17]. Photoexcited carrier-lattice coupling
is at the core of the crucial mechanism for the transfor-
mation of light energy into lattice energy and represents
the necessary step for phase transformation. Contradictory
assumptions of the characteristic spatial extension of cou-
pling between photoexcited carriers and phonons currently
exist. It is considered that the photoexcited carrier-lattice
coupling in PCMs is restricted to the optical skin depth
(light penetration) [12,16–20], while another report sug-
gests a possible ballistic electron effect [21], without any
clear and direct conclusion related to this crucial phys-
ical phenomenon. Using a time-resolved optical method
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[22–24], we demonstrate that photocarriers supersonically
diffuse in the crystalline phase α-GeTe over a distance that
is around 7 times the optical skin depth, i.e., the photoex-
cited carriers transport energy via a nonthermal process
around 7 times deeper than the depth of light absorp-
tion. However, we show that this supersonic electron-hole
plasma expansion is not effective in the amorphous state
a-GeTe. This technique, called the picosecond acoustic
method, enables depth profiling of the coupling between
photoexcited carriers and the lattice. Such a method has
already been used to show how photoexcited carriers
rapidly diffuse nonthermally out of the optical skin in
GaAs [25,26] or Ge [27] semiconductors. It has also been
employed to reveal ultrafast nonlocal heating in metals
[28–30]. Time-resolved optical techniques, such as coher-
ent optical-phonon spectroscopy, have already been used
to probe the amorphous-to-crystalline phase transforma-
tion, but this method is only sensitive to optical phonons
(i.e., unit cell) and cannot map photoexcited carrier dif-
fusion [31,32]. Photoinduced strain studies have already
been reported in Ge2Sb2Te5 compounds [17,18,33]. Some
differences in the acousto-optic signals have been reported
[18,33], but this nonthermal supersonic electronic diffu-
sion contribution to acoustic pulse broadening was not
discussed or observed. The crucial parameter in this study,
besides the high sensitivity of optical measurements, is the
choice of the PCM thin-film thickness. Most previous stud-
ies [16–21] concern thin films, the thicknesses of which
are typically of the same order as the optical-pump light-
penetration depth (∼30 nm) in the crystalline PCM. These
thin thicknesses are usually chosen for necessary experi-
mental constraints associated with time-resolved x-ray or
electron-diffraction [16,17,19–21]. For such thin layers,
there is a natural in-depth confinement of the photoex-
cited electron-hole plasma, preventing the electron-hole
plasma from expanding. Here, we perform in situ pump-
probe experiments on a much thicker film, with a GeTe
film having a thickness of 380 nm, to let the electron-hole
plasma expand over a distance of around 200–400 nm, as
we will show. We then provide evidence of ultrafast non-
thermal transport of energy that is much faster than the
ballistic acoustic phonon propagation, which sets a limit
for phonon thermal transport.

II. EXPERIMENTAL METHODS

The principle of the pump-probe experiments described
here is shown in Fig. 1(a), where the light-matter inter-
action leads to the generation of the longitudinal acoustic
phonon (LA), the spectrum (pulse duration) of which pro-
vides information about the photoexcited carrier dynamics,
in particular, about the hot-carrier diffusion. A descrip-
tion of the nanostructure under investigation is shown in
Fig. 1(b). The GeTe sample is grown through a phys-
ical deposition method (rf sputtering). The sample has

a thickness of around 380 nm (±10 nm). It is covered
by a protecting thin (10 nm) transparent ITO layer. The
stoichiometry of GeTe is 50:50 and it is deposited on Si
substrate with a SiO2 buffer layer. The pump-probe method
is based on a Ti:sapphire femtosecond laser that delivers nJ
pulses of around 200 fs in duration. The repetition rate is
80 MHz. The experiments are conducted with a two-color
pump-probe scheme with pump laser radiation centered at
830 nm (1.5 eV) or at its second harmonic, 415 nm (3
eV), obtained by optical second-harmonic generation in a
BBO crystal (Beta Barium Borate). The probe-beam wave-
length is always fixed at 583 nm (2.12 eV). The focusing
diameter of the pump and probe beams is about 14 and
8 μm. The pump and probe are focused on the GeTe
surface with a quasinormal incidence. 830 nm is the fun-
damental wavelength of a Ti:sapphire oscillator, while the
probe-beam wavelength is controlled thanks to an optical
parametric oscillator. For picosecond acoustic experiments
versus temperature, a Linkam furnace is used to realize in
situ temperature-dependence measurements.

In this experiment, light energy is absorbed and dis-
tributed over a characteristic distance, which leads to the
generation of a strain pulse. The latter travels back and
forth (after reflection on the substrate) through the layer
and periodic acoustic echoes are detected at times t1 and
t2, as indicated in Fig. 1(c). Our goal is to probe how
energy absorbed by the electronic subsystem after fem-
tosecond excitation is transferred to the phonon subsystem
via electron-phonon coupling in the amorphous and crys-
talline states. Investigations are then conducted within
the perturbative approach, i.e., we aim to investigate the
change in physical properties under a thermally assisted
phase transformation and not under light-induced phase
transformation. As a consequence, careful measurements
are done by selecting the proper pump and probe fluences
to prevent any transformation of GeTe under light excita-
tion. It is known that a photoassisted excitation process can
transform the amorphous phase into the crystalline phase
and vice versa [16,34]. To ensure that we do not induce the
amorphous-to-crystalline phase transformation (and the
reverse one) under the action of the pump beam, we cali-
brate our measurements, as described in Note S1 within the
Supplemental Material [35]. We show that working with
pump fluences ranging from 2.5 to 5 mW, i.e., 60 μJ/cm−2

(for our laser repetition rate of 80 MHz), allows us to
remain below the optical threshold (see Figs. 1 and 2 in
Note S1 within the Supplemental Material [35]).

III. RESULTS

A typical transient-optical-reflectivity signal is shown
in Fig. 1(c) for the case of amorphous GeTe. We iden-
tify first a sharp variation just after pump excitation (time
t0), corresponding to excitation of the electronic subsystem
followed by rapid electron-hole-phonon thermalization.
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FIG. 1. (a) Sketch of photoexcitation of GeTe in the amorphous and crystalline phases, where the photoinduced acoustic phonon
pulses have strong differences related to the electronic properties of the material. (b) Description of the 380-nm-thick thin GeTe film
studied with time-resolved optical measurements. Femtosecond-laser pump pulse generates a strain pulse near the surface that travels
back and forth in the film, as depicted by arrows. These acoustic pulses are monitored in the time domain thanks to a delayed probe
pulse. (c) Typical transient-optical-reflectivity signals obtained with pump radiation at 415 nm and probed at 583 nm in the amorphous
phase, revealing clearly three acoustic also shown in insets.

Slight modulation of the transient-optical-reflectivity sig-
nal is observed over the time range (∼0–50 ps), with more
clearly pronounced oscillations at around 300, 600, and
900 ps. The periodic nature of these features (t2 ≈ 2t1 and
t3 ≈ 3t1) typically indicates that they correspond to acous-
tic echoes which come from an acoustic pulse that travels
back and forth in the thin film, consistent with our previous
description of the phenomenon in Fig. 1(b). As seen in the
following (Fig. 2), a drastic change to the transient reflec-
tivity signal is revealed when we thermally induce the
amorphous-to-crystalline phase transition. We start with
the amorphous GeTe film, and the temperature is increased
to 300 ◦C at a rate of 5 K/s to achieve the amorphous-
to-crystalline transformation. An optical contrast change
is observed, as expected, after the transformation and
shown in Fig. 2(a). The thermally induced amorphous-to-
crystalline phase transformation is verified in parallel using
Raman spectroscopy. Raman spectra are recorded with a

T64000 Jobin-Yvon spectrometer under a microscope with
an objective of 50×. The laser wavelength is 647.1 nm.
The incident power on the sample is 0.2 mW. The results
are shown in Fig. 2(b). The characteristic bands of the
amorphous phase are indicated by letters ii, iii and iv, and
are consistent with the literature [36,37]. When GeTe is
heated to 300 ◦C (above the crystallization temperature),
the characteristic band of the crystalline phase [band i] is
revealed and is consistent with prior reports in the litera-
ture [36,37]. Notably, heating the sample at 400 ◦C makes
bands iii and iv reappear, which could correspond to partial
melting followed by the amorphous phase formation after
cooling down the sample. The time-resolved signals are
shown in Figs. 2(c) and 2(d). Up to 150 ◦C, the transient-
optical-reflectivity signal does not evolve significantly, as
witnessed by the nearly unchanged shape of the acoustic
echo [Fig. 2(c)]. Above this temperature, the signal drasti-
cally evolves up to the studied maximum of 300 ◦C. We
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FIG. 2. (a) Image with a white-light source showing optical contrast between amorphous and crystalline GeTe. (b) Raman spectra
recorded as a function of temperature. (c) Transient-optical-reflectivity signals versus temperature during the amorphous-to-crystalline
phase transformation (pump @830 nm). (d) Comparison of transient-optical-reflectivity signals obtained with two pump photon ener-
gies, 830 nm (1.5 eV) and 415 nm (3 eV), for both amorphous (at room temperature only) and crystalline phases (at room temperature
and at 300 ◦C). Inset shows acoustic echoes only. (e) Fast Fourier transform (FFT) of acoustic signals shown in inset of (d). FFT of the
first acoustic echo (envelope of the signal depicted with dashed lines) compared with FFT of the full signal (solid lines).
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observe a significant change in the shape of the acous-
tic phonon signal with temperature, which is also a clear
signature of a phase transformation [Figs. 2(c) and 2(d)],
as already shown for various structural phase transitions
[38,39]. With this measurement, we also find evidence
of a clear evolution of the photoexcited carrier-relaxation
time [Figs. 3(a) and 3(b) within the Supplemental Material
[35] ], as usually observed during a phase transformation
[40,41] and discussed in Note S2 within the Supplemen-
tal Material [35]. Finally, once crystallization is thermally
achieved above 300 ◦C, we cool the sample and repeat
the time-resolved experiments over the range 20–300 ◦C
to confirm the stability of the crystalline phase [see Fig.
3(c) within the Supplemental Material [35] ]. Experiments
are also conducted at room temperature with both states of
GeTe with a pump energy of 3 eV. The transient-optical-
reflectivity signals obtained for both pump energies are
shown in Fig. 2(d). For comparison, we also show the
signal obtained at 300 ◦C for α-GeTe. Coherent acoustic
phonons are shown in the inset of Fig. 2(d) once the base-
line is removed, and the spectrum of acoustic phonons
obtained with a fast Fourier transform (FFT) is presented in
Fig. 2(e). The signals obtained with a pump photon of 3 eV
confirm the drastic evolution of the acoustic pulse shape
when the material becomes crystalline. Less pronounced is
the pump photon-energy dependence of the acoustic pulse
shape either in the amorphous or in the crystalline state.
The striking point we notice about the Fourier components
of coherent acoustic phonon signals [Fig. 2(e)] is the red-
shift of the main component of the spectrum in the case of
the crystalline state comparatively to the amorphous state:
while centered at around 25 GHz for the amorphous state,
it redshifts down to around 10 GHz for the crystalline state.
The spectrum for the signal obtained at 300 ◦C is similar to
that obtained at room temperature, with only a slight atten-
uation of the highest-frequency components, but the acous-
tic pulse duration remains unchanged. The sequence of
periodic peaks appearing in the spectrum of the full signal
is because the FFT is realized with successive echoes, so
that the spectrum is the result of a convolution of the spec-
trum of a single acoustic echo [envelope of the spectrum
shown as dashed lines in Fig. 2(e)], with the spectrum of a
periodic signal associated with the back and forth travel of
acoustic phonons. The repetition in time of these acoustic
signals gives rise in the frequency domain to a sequence
of frequencies, fn, with fn = nV/2H (n = 1, 2, . . .), where
V is the velocity of sound and H is the thickness of GeTe.
This sequence allows us to estimate, with good precision,
the velocity of sound in the amorphous (Va ≈ 2400 m/s)
and in the crystalline (Vα ≈ 2500 m/s) state (see Note
S3 and Fig. 4 within the Supplemental Material [35]).
Considering the bulk-modulus values for α-GeTe either
calculated (T = 0 K), with B ≈ 46 GPa [42] and B ≈ 44.3
GPa [43], or measured (T = 300 K), B ∼ 49.9 GPa [44],
the longitudinal velocity of sound becomes included in

the range V ≈ √
B/ρ ≈ 2680–2850 m s−1 (mass density

ρ = 6140 kg m−3), which is in reasonable agreement with
our measurements. However, it is worth mentioning that a
much smaller value of 1900 m s−1 is measured by nuclear
inelastic scattering methods for α-GeTe [45]. We believe
that the large discrepancies might come from different
microstructures of the samples.

In the following, we discuss the acoustic echo duration
and shape to demonstrate that the signals can be under-
stood only if we consider nonthermal transport of energy
achieved by hot carriers in the crystalline phase, due to
supersonic electron-hole plasma expansion.

IV. DISCUSSION

In a semi-infinite solid, when light impinges on the
free surface and leads to photoinduced stress with the
in-depth profile defined by pump-light penetration (i.e.,
by skin depth ξpump), the existence of the mechanically
free surface leads to emission of an acoustic strain pulse,
η(z, t), with a bipolar shape and η(z, t) = −η0sgn(z −
VSt) exp(− | z − VSt | /ξ) [this bipolar pulse is shown in
Fig. 1(b)]. As discussed in Fig. 1(b), this strain pulse η(z, t)
travels back and forth through the thin film. This strain
field is not directly detected, since in the time domain there
is a temporal convolution of this strain pulse, with the in-
depth distribution of the electric field of the probe beam
represented by e2ik0ñGeTez in following Eq. 1 [22,23,25].
The theoretical transient-optical reflectivity is �R/R =
2Re(δr/r) with [22,23,25]

δr/r � ρ + iδφ � −2ik0δz + 4ik0ñGeTe

(1 − ñ2
GeTe)

dñGeTe

dη

×
∫ ∞

0
η(z, t)e2ik0ñGeTezdz, (1)

where k0 = 2π/λ is the probe wave vector in air, η(z, t)
is the coherent acoustic-phonon-strain field propagating
perpendicularly to the surface of the sample, ñGeTe is the
complex refractive index of GeTe [13,46], and dñGeTe/dη

is the photoelastic coefficient. In this model, we neglect the
very thin transparent layer of ITO, so z = 0 corresponds to
the air-GeTe interface. Considering the longitudinal veloc-
ity of sound of 6500 m s−1 in ITO [47], the back and forth
traveling of the acoustic pulse inside this thin layer con-
tributes only to a delay of about 3 ps, which is much shorter
than the detected pulse duration of hundreds of picosec-
onds. In other words, the presence of the capping layer
does not noticeably broaden the photogenerated acoustic
pulses because the ITO layer thickness is much smaller
than the characteristic in-depth distribution of the photoin-
duced strain field and the velocity of sound in the ITO layer
is higher than that in GeTe. In Eq. (1), the first term cor-
responds to the contribution of the surface displacement
(δz) of the film at z = 0. The second term of Eq. (1) is

014055-5



R. GU et al. PHYS. REV. APPLIED 16, 014055 (2021)

the photoelastic contribution (due to modification of the
refractive index of the GeTe material induced by the strain
field of the coherent acoustic phonons). The upper limit
of integration is taken to be infinite, which is justified,
since the optical-probe penetration is much less than the
film thickness. The photoelastic coefficient is estimated
according to dñGeTe/dη = (dñGeTe/dE)(dE/dη), with E
as the energy at which the detection process is realized.
dñGeTe/dE is estimated on the basis of tabulated data (see
Fig. 5 in Note S4 within the Supplemental Material [35]),
and dE/dη is the deformation-potential parameter. We cur-
rently do not know dE/dη, so, in this simulation, we can

simulate the shape and acoustic pulse duration of the sig-
nal but not the absolute value for the magnitude of �R/R.
The calculation is shown in Fig. 3(a). It shows that the
detected acoustic phonon signal in the amorphous phase
is reasonably reproduced within that model. Our calcula-
tion does not perfectly reproduce the shape of the acoustic
echo, probably because the photoelastic coefficients are
slightly different from our estimation. Despite the discrep-
ancies concerning the acoustic echo shape, we are able
to see that the pulse duration in the amorphous state is
reasonably reproduced. This indicates that the assumption
of the photoinduced-strain in-depth distribution described
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FIG. 3. Calculation of coherent acoustic phonon signals in amorphous (a) and crystalline (b) states, when the strain pulse is defined
by the optical skin depth of pump radiation [see Eq. (1) in the main text]. (c) Sketch of the spatial distribution of photoexcited carriers
in the a-GeTe and α-GeTe phases. While in the amorphous state, photoexcited carriers couple to the lattice within the skin depth of
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by the optical-pump penetration is acceptable. In other
words, this strongly suggests a local electron-hole-lattice
coupling in the amorphous phase. We carry out the same
calculation for the crystalline phase, using the same pro-
cedure and employing the optical properties provided by
the same Refs. [13,46] [see Fig. 3(b)]. For this crystalline
state, we immediately see a large discrepancy between
calculation and experimental measurements, for both the
415- and 830-nm pump wavelengths. Due to reduction
of the band gap from Eg ∼ 0.8 eV (amorphous) to Eg ∼
0.2–0.3 eV (crystalline), the imaginary part of the refrac-
tive index significantly increases in the crystalline state. As
a consequence, using Eq. (1), if the strain profile is solely
defined by the in-depth penetration of the pump light, we
predict a much shorter pulse duration than the experimen-
tal one. The fact that the experimental pulse duration is
much longer than that calculated (i.e., shift of the phonon
spectrum towards the low-frequency range) suggests that
strain is induced over a distance exceeding that of pump-
light penetration, i.e., it is nonlocal in nature. Considering
the frequency of the emitted coherent acoustic phonon
[<10 GHz, see Fig. 2(e)], this broadening effect cannot be
associated with rapid heat diffusion out of the skin layer.
If a light-induced heating effect is responsible, this would
mean that the generation of strain would be driven by a
thermal process, i.e., by a thermoelastic process [22–24].
We note that such thermoelastic processes, well known in
metals [22,23], are based on a rapid heating of the lattice
induced by light absorption. Such heating leads to lattice
expansion and, consequently, to strain-pulse generation. It
is important to know the spatial scale at which this process
takes place. For that, it is necessary to evaluate the phonon
heat flow in α-GeTe and to see whether lattice heating
takes place only within the optical skin depth of the pump
laser or if phonon heat transport can occur over a distance
larger than the pump skin depth, ξpump, and hence, extend
the strain field over the skin depth. Within this thermoe-
lastic process, typical times for acoustic phonons to leave
the region where the pump light is absorbed are defined
by τ ≈ 2ξpump/VS. During time τ , incoherent phonons can
diffuse over a typical distance of Lth ≈ √

Dheatτ , where
Dheat is the heat-diffusion coefficient. As a consequence,
the ratio between the characteristic thermal diffusion length
and the optical skin depth of pump radiation becomes
Lth/ξpump ≈ √

2Dheat/(ξpumpVS). For α-GeTe we have, at
room temperature, Dheat = 2 × 10−6 m2 s−1 [48,49], and
taking VS as ≈ 2500 m/s we obtain Lth/ξpump ≈ 0.2 < 1.
This means that heat does not have time to escape the
skin-depth region characterized by ξpump before longitudi-
nal acoustic phonons leave the same region (we can say
that heat diffusion is subsonic). Thus, incoherent phonon
heat diffusion cannot explain our observed acoustic pulse
broadening. A spatial broadening of the traveling acoustic
pulse induced by acoustic phonon dispersion can also
be ruled out. In the case where the acoustic pulse is

emitted only at the skin depth, the characteristic width of
the coherent acoustic-pulse-frequency spectrum would be
given by f ≈ V/ξ ≈ 100 GHz. Considering the dispersion
curves found in Ref. [42], we see that, even at a high-
frequency component (100 GHz), the phase velocity is
nearly the same as the one we can deduce at the lowest
frequency (Brillouin zone center). Consequently, the dis-
persion effect, i.e., the difference in the propagation time
between the highest- and lowest-frequency components,
over the relevant propagation distance (less than 1 μm)
can potentially broaden the coherent acoustic pulse only
by a few picoseconds, which is much shorter than the dura-
tion of the detected acoustic pulse approaching 200 ps [see
inset of Fig. 2(d)]. Moreover, analysis of successive echoes
shows that the acoustic pulse duration does not drastically
change over time at the considered propagation distances
[see Fig. 2(d)], demonstrating that attenuation also plays a
minor role in controlling the acoustic pulse duration at such
short propagation distances and relatively low frequencies.
We also note that the acoustic pulse obtained for the signal
measured at 300 ◦C [see Fig. 2(d)] has a similar duration
to that measured at room temperature, confirming that the
contribution of temperature (i.e., phonon-phonon collision
dynamics) to this broad coherent acoustic-phonon-pulse
spectrum is not predominant and does not even exist.
Finally, we can also show that nonlinear acoustic effects
have a negligible effect on pulse broadening, since the dis-
tance of propagation of the photogenerated acoustic pulse
in our experiment is shorter than the characteristic dis-
tance over which the nonlinear effects develop (see Note
S5 within the Supplemental Material [35]).

Having excluded thermal, dispersion, attenuation, and
nonlinear acoustic effects, it is important to remember
that the transport of energy, in particular, for photoex-
cited materials, is not achieved only by incoherent phonons
(heat). Some photoexcited carriers can contribute to this
transport of energy. Such a phenomenon has already been
observed in the semiconductors GaAs [25,26] and Ge [27]
and is attributed to a supersonic expansion of electron-hole
plasma. In this case, the photoexcited carriers rapidly dif-
fuse over the conduction and valence bands and couple to
the lattice over a distance longer than the pump skin depth.
In the particular case of these semiconductors, GaAs and
Ge, the coherent acoustic phonons are generated through
the electron–hole–acoustic-phonon deformation-potential
coupling mechanism (nonthermal process). This mecha-
nism is possible only if the photoexcited carriers do not
recombine before they diffuse out of the skin depth. In
this scenario, the characteristic acoustic phonon pulsation
driven by this rapid plasma expansion is given by ω ≈
V2

S/De-h, where De-h (h, hole; e, electron) is the carrier-
diffusion coefficient [23,50]. In our case, if we assume this
process to be the driving one, this characteristic frequency
is given by the inverse of the duration of the acous-
tic pulse, i.e., ω ≈ 1/�t ≈ 10 GHz [this characteristic
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frequency corresponds to the maximum of the spectrum
of a single acoustic echo, as shown in Fig. 2(e)]. Conse-
quently, we deduce from our measurements a photoexcited
carrier-diffusion coefficient of De-h ≈ 0.6 × 10−3 m2 s−1.
This value is characteristic for electron and hole diffu-
sion in semiconductors [51]. To show that this value is
actually relevant for crystalline GeTe, and if we assume
the Einstein relation to be valid, then we can also eval-
uate the expected diffusion coefficient, De-h, in α-GeTe
from the electrical mobility tabulated in the literature
(μh,e ≈ 100–200 cm2 V−1 s−1) [52]. It is worth mention-
ing that this mobility is 4 orders of magnitude larger
than in the amorphous phase, where a typical value of
μh,e ≈ 0.1–0.2 cm2 V−1 s−1 is found [53]. Using such an
approach, we arrive at a value for De-h ≈ μh,ekBT/q ≈
0.2–0.4 × 10−3 m2 s−1 at T = 300 K (kB and q are the
Boltzmann constant and the elementary charge of a carrier,
respectively). Interestingly, this value is consistent with
that deduced from the analysis of the diffusive origin of
acoustic echo broadening. Thus, our observation strongly
supports that photoinduced stress is governed by rapid
(supersonic) photoexcited carriers in crystalline α-GeTe.
A sketch is shown in Fig. 3(b), whereas the photoexcited
electrons and holes are confined within the skin depth for
the amorphous phase (and recombine nonradiatively to
produce heat), the photoexcited carriers rapidly diffuse out
of the skin depth with a characteristic diffusion coefficient,
De-h, in the crystalline state. This supersonic diffusion takes
place over a typical distance of LD ≈ √

De-h�t ≈ 200 nm,
if we take De-h ≈ 0.6 × 10−3 m2 s−1. This means that pho-
toexcited carriers can diffuse over a significant distance
and are responsible for nonthermal transport energy in
crystalline GeTe, as we sketch in Figs. 1(a) and 3(b). As
a final element for discussion, we would like to focus our
attention on the asymmetry of the detected pulse, as under-
lined by the dashed area in Fig. 3(b). As demonstrated
in previous works (Chapters 2–4 in Refs. [23–27]), the
initially rapid (supersonic) diffusion of photoexcited car-
riers from the free surface gives rise to an asymmetric
strain pulse, as we sketch in Fig. 1(a), and then leads to
an asymmetry in the detected pulse, in accordance with
our observations. In contrast, when the photoinduced stress
field is restricted to the pump skin depth, due to slow (sub-
sonic) diffusion of the initially photoexcited carriers, the
emitted strain pulse is a bipolar strain pulse (as detailed
at the beginning of this section) and leads to a symmetri-
cally detected pulse, which is also in accordance with the
amorphous-state signal.

V. SUMMARY AND PERSPECTIVES

Thus, by using a photoacoustic method, we find
evidence of a drastic dependence of the spectrum of
photoinduced strain on the crystalline state of the phase-
change alloy. Analysis of the photoinduced strain pro-
file provides insights into coupling between photoexcited

carriers and the lattice. In effect, it remains localized
within the photoexcited volume in amorphous a-GeTe,
indicating that photoexcited carriers release their energy
to the lattice within the volume of light absorption. How-
ever, in the crystalline α-GeTe phase, the photoinduced
strain is not local, i.e., not limited to the volume of light
absorption. Surprisingly, part of the energy is transported
over a distance around 7 times longer than the initial
penetration depth of light. Our analysis shows that this
effect can be attributed to supersonic diffusion of photoex-
cited carriers. These results demonstrate that the transport
of energy is faster than would be expected if it were
solely controlled by heat-transfer processes. This non-
thermal transport of energy in GeTe at the picosecond
timescale provides important insights into the complex
out-of-equilibrium properties of photoexcited crystalline
GeTe, which are under debate [12,16,17]. The existence
of this channel for the transport of energy driven by pho-
toexcited carriers might have important implications for
the ultrafast photoassisted amorphization process, the elec-
tronic contributions (i.e., nonthermal processes) of which,
versus the thermal effect, have not been evaluated to date
[16]. Furthermore, PCMs have recently been used in active
plasmonic devices [54] and in metamaterials and metal-
enses [55,56] with, for the latter case, PCM nanostructure
dimensions ranging from hundreds of nanometers to sub-
micrometers. Such optical metamaterial efficiency greatly
depends on the dielectric function of PCMs. Our find-
ings have a direct consequence on these submicrometer
devices, since they show that energy deposited within a
typical picosecond timescale after the light-matter inter-
action is not limited to the optical skin depth (20–30
nm) but takes place over hundreds of nanometers, i.e.,
similar to the submicrometer dimensions of these meta-
materials. This might affect the imaginary and real parts
of the dielectric constant of such hybrid devices, when
driven by light and when interactions with plasmonic
antenna take place [56]. Moreover, optical losses are
an important issue for PCM-based optical metamateri-
als. Part of these losses is governed by electron-phonon
collision. Showing that photoexcited carriers can diffuse
quite efficiently in crystalline GeTe is an indication of
a clear reduction of electron-phonon coupling in crys-
talline GeTe compared with the amorphous phase. This
information can be useful for the development of these
optical metamaterials. Finally, considering the picosec-
ond dynamics of this superdiffusive process, our find-
ings could have real implications for the development of
sub-THz or THz switching technologies and, in particu-
lar, for ultrafast processes in phase-change-material-based
technologies.
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