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Coherent acoustic phonons generated by ultrashort terahertz pulses in nanofilms of metals and
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We report the generation of coherent acoustic phonons in materials with terahertz ultrashort pulses. This
is demonstrated in metals and topological insulators by exciting an acoustic eigenmode in nanometric-sized
thin films. The efficiency of the coupling is quadratic in the terahertz electric field strength within the range
of investigation. Owing to a quantitative comparison between terahertz and near-infrared ultrashort pulse
excitations, we show that the process of acoustic phonon generation by terahertz radiation is mainly driven
by thermoelastic stress. While for the near-infrared light excitation the lattice temperature increase comes
from a rapid energy transfer from the hot carriers to the phonon bath during carrier intraband relaxation, the
thermoelastic stress induced by the terahertz electric field is linked to the scattering of the accelerated electrons
leading to an ultrafast Joule effect.

DOI: 10.1103/PhysRevB.101.180102

Intense picosecond terahertz radiation has opened new
opportunities in solid state physics and materials science to
probe and/or to control different degrees of freedom of a
solid by driving electrons, magnons, or phonons at ultrafast
timescales with an intense electric field associated with a
photon energy in the meV range [1–6]. Owing to significant
spectral weight in the terahertz (THz) frequency range and to
the momentum conservation, THz light can couple directly to
infrared active phonon modes [7–10]. While optical phonons
driven by THz pulses have been already explored and dis-
cussed, only a few reports of THz-driven coherent acoustic
phonons exist so far by using momentum and/or energy
conversation of THz radiation [11,12] and only one by using
picosecond THz pulses but lacking a clear demonstration [13].

In nonpiezoelectric and absorbing materials, the photoin-
duced generated strain (i.e., coherent acoustic phonons) is
usually initiated by thermoelasticity or by the deformation
potential stress. The thermoelastic process (�σT ) is related to
a rapid thermal expansion of the lattice after the photoexcited
electron subsystem has transferred its energy to the phonon
subsystem, leading to an increase of the lattice temperature
�TL (i.e., incoherent phonon population) [14–16]. The de-
formation potential photoinduced stress (�σe) is driven by
the modification of the interatomic potential induced by the
photoexcited electrons (i.e., electronic pressure) [14–16]. It
is known that for femtosecond near-infrared (NIR) excitation
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in metals [14–18] such as chromium [19] or aluminum, the
incoherent phonon contribution to the elastic strain, and thus
to the generation of coherent acoustic phonons, prevails on
the electronic contribution for hundreds of gigahertz (GHz)
coherent acoustic phonons [�σT � �σe; see Fig. 1(b) [20]].
This process takes place during hot carrier intraband relax-
ation, leading to a temperature increase (�TL) of the lattice
following direct optical transitions [see Fig. 1(a)]. In contrast,
a pulsed THz electric field accelerates electrons, which un-
dergo multiple collisions and scattering at the Fermi level (few
meV above the Fermi level) contributing to an overall rise
of the lattice temperature inducing thermoelastic stress [Joule
effect; see Fig. 1(a)]. An intense THz electric field can as
well distort the band structure and the electrons’ distribution,
which contributes to the deformation potential stress. Despite
these expectations, conclusive experimental reports on acous-
tic phonon generation and discussions of such mechanisms are
lacking to either confirm or deny these scenarios for the THz
excitation regime.

In this Rapid Communication, we evidence the generation
of coherent acoustic phonons in materials with terahertz ul-
trashort pulses. We show that the process of acoustic phonon
generation by terahertz radiation is mainly driven by ther-
moelastic stress induced by the scattering of the accelerated
electrons leading to an ultrafast Joule effect. From a funda-
mental point of view, this possibility should allow to control
the solid’s macroscopic pressure associated with the acoustic
phonon field, which is not a unit cell strain limited as in the
case of THz-driven optical phonons. Understanding the gen-
eration of acoustic phonons by THz pulses is also important
for THz photonics applications since acoustic phonons can
be a source of noise or decoherence in the field of optome-
chanics. Regarding the technological applications, generating
coherent GHz-THz acoustic phonons with picosecond THz
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FIG. 1. (a) Simplified electronic band structure of the metal and of the degenerated n-doped Bi2Te3. Simple vertical arrows show the
interband optical transition induced by the NIR pulse and double black arrows represent carrier intraband acceleration by the THz electric
field. The blue dashed lines represent the spin-polarized Dirac surface states. (b) Dynamic of the photoinduced stresses originating from
the electrons (�σe) or from the phonons (�σT ) in the case of the prototypical metal aluminum. The NIR light pulse duration is 165 fs, the
absorbed energy is ∼10 J/cm3, and the thickness is 20 nm. (c) Sketch of the femtosecond time-resolved experiment. (d) Temporal trace of the
THz driving field along with its spectrum components (inset).

light should open different perspectives for probing elasticity
and viscoelasticity of soft matter as it does not suffer optical
damage as in the case of visible or NIR light.

In order to investigate the THz-induced coherent acoustic
phonon generation, we carried out THz ultrafast experiments
on prototypical metals (chromium and aluminum) and the
topological insulator bismuth telluride (Bi2Te3) to open differ-
ent perspectives towards correlated materials. Their electronic
band structures are sketched in Fig. 1(a). The metals are thin
films obtained by pulsed-vapor deposition on a transparent
mica substrate with the thicknesses of H = 14 ± 0.5 nm
(Cr) and H = 20 ± 0.5 nm (Al) and were measured by x-
ray reflectivity. Thin Bi2Te3 films with various thicknesses
ranging from 4 to 25 nm were also studied, which were
grown by molecular beam epitaxy on a transparent mica sub-
strate. Details about the preparation can be found in previous
works [21–23]. We remind that Bi2Te3 is a narrow band
gap semiconductor (Eg ∼ 0.2 eV) with spin-polarized Dirac

surface states. However, the system studied here is Te rich
and consequently is an n-doped Bi2Te3 with a Fermi level
in the conduction band [21]. The presence of free carriers
at the Fermi level has been verified with ultraviolet photoe-
mission spectroscopy (see Supplemental Material [24] ). The
experiments make use of an ultrafast THz pump and visible
probe scheme in the transmission geometry as depicted in
Fig. 1(c). The THz pulses are generated by optical rectification
in a LiNbO3 crystal [25,26] and its temporal evolution was
characterized by electro-optic sampling in a 200-μm-thick
GaP crystal [shown along with its frequency components in
Fig. 1(d)]. The maximum focused THz electric field used
in the experiment was estimated to be around 275 kV/cm
[26] (1/e2 radius of ∼615 μm measured by a knife-edge
method), which corresponds to a pulse energy of roughly
1.2 μJ measured by a calibrated pyroelectric detector. The
THz ultrafast experiments were compared to NIR (1.55 eV)
pump/probe measurements. In both experiments (THz and
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FIG. 2. (a) Transient optical transmission obtained with a THz
or NIR pump excitation for a thin Cr film. Dashed lines correspond
to the extracted oscillatory parts of the signals (see text). The pulse
energy of the NIR is ∼0.07 μJ and the THz peak electric field is
∼275 kV/cm. (b) Same as (a) but for a thin 20-nm Al film. The
pulse energy of the NIR pulse is ∼0.04 μJ and the THz peak electric
field is ∼250 kV/cm.

NIR excitations), the probe wavelength has been kept to the
same energy, 3.1 eV (400 nm), in order to avoid spurious
effects due to the detection process. The pump-induced probe
transmission change (δTx/Tx) reflects the structural change of
the samples as a function of the time delay.

The first ultrafast THz pump and visible probe experiment
is performed on a chromium thin film and is shown in black
in Fig. 2(a). The transient consists of a sharp rise of the
probe’s optical transmission subsequent to the THz excitation
followed by a slower decay related to the lattice excess energy
and thus to the lattice temperature elevation (�TL, incoherent
phonons). On top of this thermal background a clear oscilla-
tory feature is present. An iterative fitting procedure allows
us to isolate only the oscillatory component, which has a
temporal period of about 4.2 ps ( fCr ≈ 238 GHz), as well as its
amplitude (δTx/Tx|acoustic) and phase. The period of the oscil-
latory signal is attributed to the acoustic eigenmode (breathing
mode) of the Cr layer whose frequency is fCr = VCr/2H ,
where VCr is the longitudinal sound velocity in chromium

and H is the thickness [27]. From our measurements, we
deduce VCr ≈ 6600 m/s, which is in good agreement with
the literature [19]. The signal obtained with NIR excitation
[in red in Fig. 2(a)] has a similar transient’s general shape
(coherent and incoherent phonons) except for the fast rise
and fall of the probe’s optical transmission at short timescales
(τ < 1 ps) associated with the electron-phonon scattering.
The extracted period and phase of the coherent acoustic mode
are equivalent to the ones measured upon THz excitation.
Similar results have been obtained with a thin aluminum film
[Fig. 2(b)], which, contrary to chromium, has no magnetic
properties, therefore ruling out a possible contribution of the
magnetostriction mechanism. The observed acoustic phonon
mode has a frequency of 139 GHz in accordance with the
measured film thickness and the longitudinal sound velocity
(VAl ≈ 6320 m/s). For both samples and the two different
excitation wavelengths, Brillouin oscillations at a frequency
of 35 GHz were observed in the mica substrate [16].

Figure 3(a) displays the amplitude of the coherent acoustic
phonon mode (δTx/Tx|acoustic) as a function of the THz peak
electric field and is found to vary quadratically [linearly as
a function of the pulse energy; see the inset of Fig. 3(a)].
The measured linearity of δTx/Tx|acoustic as a function of the
THz pulse energy excludes highly nonlinear processes such
as impact ionization or Zener tunneling [28,29]. The same
linear dependence is found for the NIR excitation. From a
microscopic point of view, the long pulse duration and the
low frequency of the THz pulse leads to a time-dependent
absorbed density of energy by the electrons, which can be
expressed as

W THz
Abs. (t ) =

∫ t

−∞
�Eloc(t ′) · �j(t ′)dt ′, (1)

with j(t ′) = ∫ t ′

−∞ σ (t ′ − t ′′)Eloc(t ′′)dt ′′, the current density.
Eloc(t ) and σ (t ) are the local THz electric field acting on
the electrons and the time-dependent electrical conductivity,
respectively. We measured the dielectric function in the THz
frequency range of our samples by time-domain THz spec-
troscopy [30] and extracted a plasma frequency wp ≈ 350
THz and an electronic scattering rate � ≈ 14 THz for the
Cr thin film (see Supplemental Material [24]). These pa-
rameters lead to a nearly-frequency-independent conductivity
σ ≈ 4.5 × 105 � m−1 for our THz frequency range and there-
fore we neglect the retardation effects. As the characteristic
scattering frequency in metals is typically well above the
frequency of our driving THz field, we limit our model to
the stationary drift electron transport regime neglecting any
ballistic transport effect. Moreover, as our samples are much
thinner than the driving field’s wavelength, the local electric
field can be approximated by the electric field inside the
sample Ein(t ). The finite domain time difference method was
then implemented [31,32] to simulate the electric field in the
vacuum, sample, and substrate. It allows us to calculate the
electric field inside the sample by Ein(t ) = sE (t ), with E (t )
the vacuum THz electric field and s ≈ 0.45 the electric field
attenuation coefficient. Using Eq. (1) and the experimental
parameters, the absorbed energy was found to be W THz

Abs. ≈
52 J cm−3 for the highest THz electric field possible in our
experiments [Fig. 3(b)]. This value corresponds to a lattice
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FIG. 3. (a) THz peak electric field and NIR pulse energy de-
pendence of the acoustic phonon signal for the Cr thin film. The
blue circles indicate the transients shown in Fig. 2(a). Inset: Coher-
ent acoustic phonon amplitude vs THz pulse energy. (b) Acoustic
phonon amplitude as a function of the absorbed density energy for
the Cr sample. The THz absorbed energy was calculated by using
Eq. (1). The blue circles indicate the transients shown in Fig. 2(a).

temperature elevation of �T THz
L ∼ 17 K [33]. In contrast,

direct optical transitions induced by NIR excitation lead to
an absorbed energy expressed by W NIR

Abs. = ANhνNIR/V , with A
the absorption coefficient, N the number of photons of energy
hνNIR, and V the excited volume [34]. Remarkably, we obtain
an equivalent coherent acoustic phonon amplitude with NIR
excitation compared to THz excitation with a similar absorbed
energy of W NIR

Abs. ≈ 53 J cm−3. Moreover, this evidence is
verified over the entire absorbed energy range [Fig. 3(b)].

Considering that the generation of hundreds of GHz acous-
tic phonons in metals with NIR light pulse is known to
originate from thermoelastic stress [16] [see Fig. 1(b)], the
comparable contribution of the coherent acoustic phonons and
the incoherent phonons to the experimental signal for THz
excitation with similar absorbed energy strongly suggests that
thermoelastic stress is the main physical mechanism for the

acoustic phonon generation (�σ THz
T > �σ THz

e ). This confirms
our modeling of dissipation of the electrons’ kinetic energy
driven by the THz electric field via ultrafast scattering leading
to an increase of the incoherent phonon population. Even if the
THz and NIR excitations involve different relaxation mecha-
nisms, the characteristic time of incoherent phonon population
increase (i.e., lattice heating) is similar in both cases (THz
electric field duration and electron-phonon coupling time) and
is much smaller that the measured coherent acoustic phonon
period. As such, we cannot discriminate between the two
electronic relaxation channels contrary to the rapid rise-and-
fall signal in the early stage of excitation for NIR and THz
observed in Fig. 2(a).

We extended our experiments to n-doped Bi2Te3, as shown
in Figs. 4(a)–4(d), with a Fermi level in the conduction band
well above the Dirac cones (see Supplemental Material [24]).
Considering the light penetration depth in Bi2Te3, the optical
techniques used in this study are not specifically sensitive to
Dirac surface states contrary to angle-resolved photoemission
spectroscopy [36,37]. Therefore all the interpretations will be
reasonably done without taking into account these surface
states. In Fig. 4(a), the signal of the Bi2Te3 layer is shown
with the THz and NIR pump pulse energy fixed at 1.2 μJ and
51 nJ, respectively. In both types of excitations, the transient
optical transmission δTx/Tx shows a sharp variation after the
initial excitation and a fast recovery followed by a slower
decaying signal linked to the thermal background. The fast
recovery signal is related to the relaxation of hot carriers and
is characterized by a decay time constant of about 1.8 ps
in accordance with previous ultrafast optical spectroscopy
experiments [36,38,39]. On top of these signals, two frequen-
cies are clearly evidenced: a fast oscillatory component at
around 1.8 THz, which is attributed to the Raman active A(1)

1g
optical phonon (already studied in Bi2Se3 [8] and will not
be discussed in this Rapid Communication) and a slower of
acoustic nature at 85 GHz. The amplitude of the acoustic
coherent phonons scales linearly with the THz pulse energy
[Fig. 4(b)]. We have tuned the thickness of the Bi2Te3 films
and the corresponding signals are shown in Figs. 4(c) and
4(d). We clearly observe the thickness dependence of the
GHz mode, which perfectly confirms that it is a longitudinal
acoustic eigenmode as we observed for the thin metallic films.
The highest coherent acoustic phonon frequency was found
to be ∼250 GHz for our thinnest sample. The estimated
sound velocity of roughly 2700 m/s is in agreement with
previous reports [22,23]. Similar results are obtained with
NIR excitation (not shown). The linear pump pulse energy de-
pendence of the acoustic phonon amplitude [Fig. 4(b)] shows
that highly nonlinear field effects such as impact ionization
or the Zener tunneling effect [28,29] may be ruled out as
in the case of metals. The same long-term residual signal
for the THz and NIR excitation indicates that the process
of coherent acoustic phonon generation might be the same
for both kinds of excitation. Moreover, the evolution of the
phase of the coherent acoustic phonons as a function of the
samples’ thicknesses [inset of Fig. 4(d)] might indicate a
change in the excitation process [40] or a change in the elec-
tronic band structure [23,39]. At this stage, we cannot con-
clude about the physical origin of the light-induced coherent
acoustic phonon generation in n-doped topological insulators.
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FIG. 4. (a) Transient optical transmission obtained with a THz or NIR pump excitation for a 15-nm Bi2Te3 thin film with 51 nJ and 1.2
μJ for NIR and THz excitation, respectively. Inset: Oscillatory part of the signal. (b) THz pulse energy dependence of the acoustic phonon
amplitude for the 15-nm thin film. (c) Thickness dependence of the coherent acoustic phonon signal generated by THz excitation. (d) Coherent
acoustic phonon oscillation period vs the film thickness. Inset: Phase of the coherent acoustic phonon respect to a cosine function as a function
of the samples’ thicknesses.

Contrary to metals, the existence of long-lived carriers due to
the band gap (even small) and the large deformation potential
constant [22,23] could benefit a nonthermal process such as
photoinduced deformation potential stress (�σe). In addition,
preliminary first-principles calculations also reveal a possible
contribution to the coherent acoustic phonon generation from
the electrostriction mechanism, which depends linearly on
the pump energy [14–16]. At this stage, more experimental
work with various carrier dopings and controlled Fermi levels
would help to disentangle the different generation mecha-
nisms involved. For example, low-temperature ultrafast THz
investigations can be carried out as they will reduce the
amount of thermally activated carriers in the conduction band
due to the small band gap of our samples (Eg ∼ 0.2 eV).

In conclusion, we have evidenced the generation of coher-
ent acoustic phonons in metallic and topological insulator thin
films with an ultrashort THz light pulse. The efficiency of the
coupling is quadratic in the THz electric field strength (linear
with the pulse energy) within the range of investigation. A
direct comparison with a NIR femtosecond excitation permits
us to demonstrate that the thermoelastic process is the driving
mechanism for metals but with a distinguished microscopic
mechanism. While for NIR excitation the ultrafast lattice
heating is achieved by intraband hot electron relaxation,
THz-induced near Fermi multiple electron-phonon scattering

processes are responsible for the lattice temperature increase
(ultrafast Joule effect). Although the relaxation channels are
different, we demonstrate that they do not have an impact
on the coherent acoustic phonon generation for the relatively
low-frequency range of interest. Studying higher acoustic
frequencies should permit us to reveal the very different nature
of heating based either on intraband relaxation or by multiple
electron scattering at the Fermi level, which could be done by
investigating nanoparticles with various sizes [18]. In topolog-
ical insulator nanofilms, experimental evidence indicates that
the generation process might be the same for both kinds of
excitation due to the presence of free carriers. The generation
of coherent acoustic phonons by an ultrashort THz pulse
could open other fundamental opportunities for controlling
the solid’s macroscopic pressure as well as different techno-
logical interests for probing elasticity or viscoelasticity in soft
matter.
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