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The field of optical detection and manipulation of transient states with ultrafast lasers is rapidly growing and
shows great promise. In this field, new states can be generated through photodoping or optical-induced strain.
However, traditional ultrafast measurements have been plagued by the challenge of inhomogeneous excitation,
which is difficult to avoid. Nevertheless, recent developments suggest that this situation might change and open
up more possibilities for the ultrafast manipulation of materials. One such possibility involves introducing
nonuniform order parameter fields, like carrier density gradients. In this study, we demonstrate the potential
to manipulate the coherent photoacoustic wave in 2H-MoTe2 by adjusting the homogeneity of laser excitation,
which is closely linked to the thickness of the flake. Our ultrafast electron diffraction experiments reveal that, as
the flake thickness increases, the photoacoustic wave transforms from a standing wave with breathing motions to
a solitonlike traveling wave. This transformation is characterized by distinct diffraction intensity oscillations. For
flake thicknesses below the critical value of approximately 40 nm, homogeneous excitation results in out of phase
intensity oscillations of the Friedel pairs, and only a fundamental frequency component is detected. On the other
hand, in thicker flakes, inhomogeneous excitation leads to in-phase intensity oscillations and the emergence of
a second harmonic component. Overall, our findings highlight the unique aspects of inhomogeneous excitation
and its implications for the optical control of exotic properties in strain-related transient states.

DOI: 10.1103/PhysRevB.108.245426

I. INTRODUCTION

Ultrafast measurements with weak perturbations have pro-
vided valuable tools for characterizing the intrinsic properties
of materials and disentangling complex degrees of freedom
in the time domain [1,2]. Typically, these measurements re-
quire uniform excitation in the three-dimensional profile of
the probe beam. However, a widespread challenge arises
from the penetration depth mismatch [3,4] between the pump
and probe beams in optical-pump and electron-, THz-, or
x-ray-probe schemes. This mismatch often necessitates so-
phisticated simulations [5,6] for result interpretation, even
with special designs such as grazing incidence [7] or the use
of very thin films [8].

On the other hand, ultrafast strong excitations have
emerged as novel techniques for manipulating and control-
ling the physical properties of quantum materials through
photoinduced doping, strain, or Floquet engineering [9,10].
Recently, a novel ordered state was discovered in a charge
density wave (CDW) system using nonuniform ultrafast laser
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excitation, resulting in the creation of macroscopic domain
walls separating normal and inverted CDW regions [11].
These domain walls may even exhibit superconductivity [12].
Inhomogeneous excitation presents an avenue for ultrafast
material control through strain or domain manipulation.

Coherent phonons generated by optical excitation have
been extensively studied for their potential application in
changing or manipulating the fascinating properties [13–15]
of low-dimensional electronic materials, which is of sig-
nificant importance for accelerating the functionalization
of two-dimensional materials in electronic device applica-
tions [16], and detecting coherent phonons has gradually
matured with the development of various ultrafast experi-
mental methods, including spectroscopic techniques [17,18],
x-ray diffraction [19], and transmission electron microscopy
[20–22]. Previous studies have elaborated on the generation
mechanisms, such as deformation potential and thermoelas-
ticity, of both coherent optical phonons (COPs) and coherent
acoustic phonons (CAPs) [23,24]. In the context of CAPs,
homogeneous optical excitation is typically observed when
the penetration depth of the pump beam exceeds the sample
thickness [25–27]. Conversely, inhomogeneous excitation of-
ten occurs in samples with thicknesses much greater than the
optical penetration depth [28]. Both excitation methods can be
utilized to manipulate the coherent strain wave.
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FIG. 1. Schematic of the time-resolved experiment and signals of the measured transients in 27 nm 2H-MoTe2 film. (a) Schematic of
UTEM. (b) Experimental setup. The dimension of the pump laser is 50 × 60μm (FWHM) with 11 mJ/cm2 fluence. (c) Diffraction pattern
along the [021] zone axis. (d) Fast contraction and relaxation of lattice constant c. Red line: simulation of atomic displacement by solving
wave equation. (e) Temporal response of Brag peaks (12̄4), (1̄24̄), and (200). The intensity drop of (200) caused by the Debye-Waller effect is
fitted by an exponential function with time constant τ = 5.8 ps. The period of intensity oscillation in (12̄4) and (1̄24̄) determined by sinusoidal
fitting is 20.3 ± 0.1 ps. (f) Fast Fourier transformation of intensity oscillation.

In the field of ultrafast transmission electron microscopy
(UTEM), several techniques with high spatial and tempo-
ral resolution, including selected-area electron diffraction
(SAED) [29,30], bright (or dark) field imaging [31,32], and
convergent-beam diffraction (CBED) [33,34], have proven
to be powerful tools for detecting strain waves due to their
high sensitivity to lattice order and crystal orientation. In
this study, we focus on a 2H-MoTe2 film, which remains
relatively stable under ambient conditions. However, under
excess Te deficiency, electric field, strain, or laser excitation,
it can transform into the 1T′ phase due to the extremely low-
energy barrier with 1T′-MoTe2 [35,36]. Recently, an electric
field induced transient state between the semiconducting 2H
phase and the metallic 1T′ phase was reported [37]. This
polymorphism greatly benefits electronic applications in os-
cillators and sensors [38,39]. In this work, we employ ultrafast
SAED to investigate the dynamics of laser-induced longitudi-
nal acoustic phonons in the 2H-MoTe2 film. Our experimental
and simulation results demonstrate that the inhomogeneous
laser excitation can induce the second harmonic component
of the strain wave. The observed acoustic phonons and their
modulation of atomic rearrangement contribute to a refined
understanding of the dynamical response of 2H-MoTe2 under
photoexcitation.

II. METHODS

Figure 1(a) illustrates the schematic of UTEM based on
the pump-probe technique. The probe laser is generated by
frequency quadrupling a 257 nm laser and the pump laser
is generated by frequency doubling a 515 nm laser, both
derived from a fundamental laser beam (1030 nm, 190 fs).
A multilayer 2H-MoTe2 film is obtained through mechanical

exfoliation from a bulk crystal and subsequently transferred
onto a carbon nanotube substrate. To capture out of plane
information, the sample is tilted by 26.8◦ around the [100]
direction, aligning the incident photoelectron beam parallel to
the [021] zone axis of the crystal, as depicted in Fig. 1(b).
Under this configuration, the angle between the pump laser
and the sample surface is 50.5◦.

The probing area has a diameter of 5.2 µm [see inset of
Fig. 1(c)], while the pump laser has a size of 50 × 60μm
[full width at half maximum (FWHM)]. The fluence of the
pump laser is set to 11 mJ/cm2 for the 27 nm sample and
4.4 mJ/cm2 for the 63 nm sample. The determination of
the sample thickness is based on the acoustic wave velocity
and the detected oscillation period of the fundamental mode,
which is further discussed in the main text, and is supported by
electron energy loss spectroscopy (EELS) measurements (see
Supplemental Material, Sec. 1 [40]; also see Refs. [41–45]).
All ultrafast SAED measurements were carried out at room
temperature (300 K) with a laser repetition rate of 33 kHz.
By adjusting the time delay, a series of structural evolutions
under nonequilibrium conditions were captured within a time
window of 120 ps. 2H-MoTe2 possesses a hexagonal structure
with space group P63/mmc and a honeycomblike in-plane
structure [46] (refer to Fig. S2(a) in the Supplemental Material
[40]). Moreover, 2H-MoTe2 is an indirect band gap semicon-
ductor with a band gap of 0.9 eV [47]. However, when thinned
down to a monolayer, it undergoes a transition to a direct band
gap semiconductor with a band gap of 1.1 eV [48].

III. RESULTS AND DISCUSSION

The UTEM setup and experimental schematic are pre-
sented in Figs. 1(a) and 1(b), respectively. For a more detailed
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description of the experimental methods, please refer to the
Methods section. Figure 1(c) displays a typical SAED pattern
of 2H-MoTe2 generated by photoelectrons at a negative time
delay. The inset of Fig. 1(c) depicts the transmission electron
microscopy (TEM) image of the exfoliated 2H-MoTe2 sam-
ple with a thickness of 27 nm. The oscillation of the lattice
constant c, as shown in Fig. 1(d), indicates the presence of
out of plane longitudinal acoustic phonons (breathing mode)
in the film following laser excitation. This breathing mode is
confirmed by the intensity variation of an in-plane peak (200)
in Fig. 1(e), which exhibits a drop in intensity caused by the
Debye-Waller effect [49] with a time constant of τ = 5.8 ps.
To gain further insight, we conducted time-resolved electron
diffraction measurements along the [001] zone axis using the
same experimental setup. However, no significant intensity
oscillations were observed (see Supplemental Fig. S2(b) [40]).

We now focus on investigating the generation mechanism
of CAPs in our experiment. In semiconductors, CAPs can
be generated through thermoelasticity, deformation potential,
and inverse piezoelectric processes following laser excitation
[23]. In the case of 2H-MoTe2, the absence of a piezoelectric
response can simplify the photoinduced strain generation due
to its centrosymmetric structure. The distribution of electrons
and lattice temperature can be altered by the generation, re-
distribution, and recombination of photogenerated carriers,
leading to changes in interatomic forces and a new equilib-
rium atomic position. Consequently, the lattice either expands
or contracts toward this new equilibrium position, and due
to overshoot, the atoms undergo periodic oscillations akin to
resonators.

The deformation potential parameter along the c direction
of 2H-MoTe2 is approximately −1.12 × 10−24 C33 J [50] (C33

represents Young’s modulus). This value suggests that carri-
ers induce lattice contraction, while thermoelasticity causes
lattice expansion. Thus, the lattice constant c exhibits rapid
contraction during the time interval of 0–3.7 ps, followed by
expansion toward the new equilibrium position [Fig. 1(d)].
The red line in Fig. 1(d) represents the simulation results
obtained by solving the wave equation (3) considering ther-
moelasticity and deformation potential. Further details about
the calculation can be found in the following discussion and
Sec. S6 of the Supplemental Material [40].

Figure 1(e) illustrates the intensity oscillation of out of
plane Friedel pairs, which exhibit an out of phase character-
istic. This behavior has been extensively reported and can be
effectively described by the geometrical theory of diffraction
[29,32,51]. The sinusoidal fitting of the intensity oscillation
and the corresponding fast Fourier transform (FFT) results
reveal a period of 20.3 ps, corresponding to a frequency of
49.3 GHz. The linear chain model has been shown to accu-
rately describe out of plane acoustic phonons in van der Waals
materials [52], providing a simple dispersion relation between
frequency ( f ) and wavenumber k

f = 1

π

√
K

μ
sin

(
kdz

2

)
, (1)

where μ, dz, and K are the mass per unit area, out of plane
periodicity of the layers, and the interlayer elastic constant
per unit area, respectively. The long wavelength limit (or

continuous medium) provides f =
√

K
μ

kdz

2π
= υ

λ
. Thus, the

wave velocity

υ =
√

K

μ
dz =

√
C33

ρ
. (2)

The out of plane longitudinal elastic modulus (C33) of
2H-MoTe2 is reported to be 54 GPa [53], and its density (ρ) is
7.7 g/cm3, resulting in a longitudinal acoustic wave velocity
(v) of 2.65 km/s. The period of acoustic wave in the free-
standing film can be determined using the relationship T = 2d

v
,

where d represents the sample thickness. Thus, based on the
measured period of the acoustic wave, the sample thickness is
estimated to be 27 nm.

In contrast, the ultrafast response of a 63 nm film exhibits
more complex characteristics. Following laser excitation, both
the in-plane and out of plane peaks display oscillations.
Figure 2(a) presents the intensity oscillation of partial spots,
and the corresponding FFT in Fig. 2(b) indicates the excitation
of two vibration modes with a frequency ratio of 1:2. To
fit the intensity, we employ a combination of sine functions
with periods of T and T/2 [ I

I0
= ∑2

k=1 ak sin( 2πk
T t + ϕk )]. The

well-fitted results are depicted as blue curves in Fig. 2(a),
which yield a vibration period (T) of 47.6 ± 0.5 ps and the
corresponding frequency ( f ) of 21 ± 0.2 GHz.

We performed further analysis of the phases associated
with the two frequencies and presented them in Fig. 2(c).
Remarkably, the phases exhibit distinct characteristics in the
Friedel pairs. The 21 GHz components predominantly display
an out of phase characteristic, whereas the 42 GHz com-
ponents show dominant in-phase oscillations. Additionally,
concerning the 42 GHz components, there is a difference in
the oscillation phase between the in-plane and out of plane
peaks. For peaks with indices (h00), the oscillation phase
is approximately zero, whereas for peaks with indices (hkl),
where l �= 0, the phase is π . These symmetrical or anti-
symmetrical characteristics distributed on both sides of the
direction [100] are visually evident in the two-dimensional
phase mapping in reciprocal space depicted in Figs. 2(d)
and 2(e). Previous observations of intensity oscillations in
electron diffraction [32,54] were attributed to small zone-axis
tilts resulting from shear or breathing modes. However, these
explanations cannot account for the in-phase oscillations ob-
served in Figs. 2(c) and 2(e).

It is worth mentioning that for peaks with indices (hk0), the
diffraction amplitude remains unchanged for the longitudinal
wave propagating along the c direction within the framework
of kinematical theory. Thus, only Debye-Waller effect can
be observed in Bragg peaks (hk0) obtained along the [001]
direction (refer to the Supplemental Material [40], Fig. S2).
As labeled in Fig. 2(d), all the diffraction peaks after No.
10 locate on the a∗ − b∗ plane and can be indexed as (h00).
These in-plane peaks (h00) and even (000) all show oscilla-
tion behavior (Fig. 2 and Fig. S3 in Supplemental Material
[40]) when the sample is tilted to the [021] zone axis, whose
phase is opposite to that of the out of plane points. This phe-
nomenon indicates that the dynamic diffraction effect should
be taken into consideration for these peaks. For example, in
the multislice method simulation, the intensity of the incident
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FIG. 2. Intensity oscillation of Friedel pairs in 2H-MoTe2 with 63 nm thickness. (a) Time dependence of diffraction intensity of ten
typical spots obtained along the [021] zone axis. The blue curves represent the fitting results of the function I

I0
= ∑2

k=1 ak sin( 2πk
T t + ϕk );

each sinusoidal function describes a different oscillation frequency. (b) Fast Fourier transformation (FFT) amplitude of intensity oscillation
in (a). Two dominant frequencies exist in the oscillation, corresponding to f and 2 f , respectively; f = 21 GHz. (c) Phases of the f and 2 f
components of the Friedel pairs. Axis x represents the number assigned to each diffraction peak shown in (d). Friedel pairs show different
features in two different frequencies. Pink region: out of phase oscillation of Friedel pairs with frequency of 21 GHz (out of phase). Yellow
region: in-phase oscillation of Friedel pairs with frequency of 42 GHz (in phase). The peaks (hkl) with l �= 0 and l = 0 have inverted tendency
for 42 GHz. (d,e) show the phase mapping in reciprocal space.

beam of a slice is always affected by the scattering process that
happened in the former slice. Thus, the intensity oscillations
of out of plane peaks would lead to the oscillation of in-plane
peaks, including the central beam, and normally the intensity
changes are opposite for the two types of diffraction peak,
evidenced by the π phase jump observed in the lower panel
in Fig. 2(c).

IV. ATOMIC DISPLACEMENT UNDER
LASER EXCITATION

To obtain the layer motion μ induced by coherent phonons,
the 2H-MoTe2 film is treated as a continuous elastic medium.
The one-dimensional (1D) elastodynamic wave equation can
be described as follows:

ρ
∂2μ

∂t2
= Ci j

∂2μ

∂z2
+ λ

∂μ

∂t
+ ∂σext

∂z
, (3)

where Ci j , λ, and ρ represent the components of the elastic
moduli matrix, damping constant, and density, respectively.
Components C33 and C44 correspond to the breathing and
shear modes, respectively. Depth z is along the normal direc-
tion of the surface. σext is the photoinduced stress term that
is mainly composed of thermoelasticity σT and deformation

potential σe. Positive values of ∂σext
∂z correspond to expansion

of the lattice. In general,

σext = σT (z, t ) + σe(z, t ),

σT (z, t ) = −Ci jβ[T (z, t ) − T (z, 0)], (4)

σe(z, t ) = −den(z, t ).

The simulation utilizes coefficients β and de, representing
the linear expansion coefficient and deformation potential,
respectively. The specific values of these coefficients used
in the simulation can be found in Supplemental Table S1
[40], and the time-dependent variation of σext is detailed in
Supplemental Sec. S6 [40]. The lattice temperature T (z, t )
and carrier density n(z, t ) are functions of depth z and time de-
lay t , and their profiles may exhibit inhomogeneity along the
depth direction due to the limited optical penetration depth.

Typically, when light interacts with a semiconductor
with a band gap Eg (approximately 0.9 eV in the case
of 2H-MoTe2), electron-hole pairs are initially excited
with excess energy of hν − Eg. This excess energy
can be released to the lattice through nonradiative
recombination of carriers [55,56]. The rising lattice
temperature induced by electron-phonon coupling is
described by a two-temperature model. The intensity
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FIG. 3. Simulation of strain wave and kinematical diffraction intensity under varied thicknesses with laser fluence of 4.4 mJ/cm2.
(a) Profile of depth-dependent electric field within samples with a thickness of 20, 30, 50, and 80 nm. (b)–(d) Dynamic simulation of
depth-dependent atomic displacement with a sample thickness of 30, 50, and 80 nm, respectively. (e) Thickness-dependent amplitude of
simulated intensity oscillations. (f)–(h) Kinematic simulation of intensity change of Bragg peak (1̄24̄) with a sample thickness of 30, 50, and
80 nm, respectively. The total intensity is decomposed into in-phase and out of phase components.

change resulting from the Debye-Waller effect, which is
directly related to the lattice temperature, can be evaluated
using a single or double exponential function. As an
approximation, we fit the intensity variation of peak (002)
depicted in Fig. 1(e) to extract the temporal evolution of the
lattice temperature [57]. This analysis yields a time constant
of τ = 5.8 ± 0.4 ps. Thus the lattice temperature can be
expressed as follows:

T (z, t ) = T (z)[1 − exp(−t/τ )], (5)

where T (z) represents the maximum lattice temperature
attained after the electron-phonon coupling and Auger recom-
bination processes. The value of T(z) is dependent on the
absorbed laser energy E (z), which exhibits inhomogeneity
along the depth z when the sample thickness is much greater
than the optical penetration depth. The distribution of the
maximum lattice carrier density after laser excitation is de-
scribed by n(z), which can be calculated using the laser energy
distribution E (z). The carrier density n(z, t ) takes the form

n(z, t ) = g(t )n(z), (6)

where g(t ) describes the carrier excitation and recombination
processes. It is important to note that Eqs. (5) and (6) do
not consider thermal diffusion and carrier diffusion, which is
reasonable within a timescale of tens of picoseconds for tran-
sition metal dichalcogenides. Further information regarding
the temporal evolution of thermoelasticity σT and deformation
potential σe can be found in Supplemental Sec. S6 [40].

To calculate the distribution of absorbed laser energy E (z),
we solve the Maxwell equations with boundary conditions
determined by the incidence geometry of the pump laser,
following previous works [58,59]. Detailed calculations of E
(z), T (z, t), and n (z, t) can be found in the Supplemental
Material [40] (Sec. S7). Figure 3(a) illustrates the calculated
| εz

εinc
|2 in 2H-MoTe2 films with varying thicknesses. Here, εinc

represents the incident electric field, and εz represents the
electric field at depth z. This result demonstrates that as the

thickness increases, the inhomogeneity of the electric field
inside the film becomes more pronounced.

We solve the elastodynamic wave equation using the fi-
nite difference method under these electric field profiles for
thicknesses ranging from 10 to 80 nm. The initial and free
boundary conditions are applied:

μ(z, 0) = 0,

∂μ

∂t

∣∣∣∣(z, 0) = 0,

∂μ

∂z

∣∣∣∣(0, t ) = 0,

∂μ

∂z

∣∣∣∣(d, t ) = 0. (7)

Figures 3(b)–3(d) display the calculated atomic displace-
ments for each layer in 30, 50, and 80 nm films, respectively,
with a laser fluence of 4.4 mJ/cm2. In the case of the 30 nm
thickness, the sample is approximately homogeneously ex-
cited, leading to the dominant excitation of a typical standing
wave. However, for the 50 nm thickness, in addition to the
standing wave, a traveling wave propagating along the surface
normal becomes evident. This traveling wave is even more
pronounced in the 80 nm film.

V. APPEARANCE OF SECOND HARMONIC UNDER
INHOMOGENEOUS EXCITATION

The inhomogeneous distribution of atomic displacements
along the c direction gives rise to nonzero mean lattice con-
stant difference c = ∑

i(
ci
nz

) (ci represents the change
of lattice constant in the ith layer, and the standard devia-

tion Sc =
√∑

i
(ci−c)

2

nz
becomes nonzero, where nz is the

total number of lattice layers in the film. In the simulations
of diffraction intensity (kinematical diffraction calculation
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considering the modulation of the acoustic wave; further de-
tails are described in the Supplemental Material, Sec. S3 [40]),
the entire sample can be regarded as a superlattice, and the
nonzero Sc reflects the disorder of atomic arrangements. An
increase in Sc results in a decrease in the diffraction inten-
sities of spots (hkl ) with l �= 0. To aid understanding, we
describe the change in diffraction intensity using the classical
reciprocal bar analogy. After laser excitation, the nonzero c
causes the translation of the reciprocal bar along the reciprocal
lattice vector c∗, while the change in Sc decreases the overall
amplitude of the reciprocal bar.

In the diffraction patterns along the zone axis, the initial
deviation parameters sz of the Friedel pairs both have positive
values. Thus, the intensity oscillations caused by c and
Sc exhibit in-phase and out of phase features, respectively.
We calculated the mean lattice constant difference c and
the standard deviation Sc for a 63 nm film, as shown in
Supplemental Fig. S4(a) [40]. The mean difference c ex-
hibits an oscillation with a frequency of 21 GHz, while the
standard deviation Sc exhibits a 42 GHz oscillation. This indi-
cates that the in-phase and out of phase oscillations observed
in Fig. 2 stem from the position shift and intensity change
of the reciprocal bars, respectively. The combination of these
two factors gives rise to the complexity in the diffraction
intensity oscillations. Supplemental Figs. S4(b)–S4(d) [40]
provide schematics to aid in understanding the origin of the
in-phase and out of phase oscillations.

The temporal evolution of the diffraction intensity of Bragg
peaks can be obtained by introducing the time-dependent
atomic motions shown in Figs. 3(b)–3(d) to the kinematic
intensity Eq. (8):

I (s, t ) = I0(s, t )exp[−4π2|K|2(〈μ2〉T − 〈μ2〉T0
)], (8)

where K = ha∗ + kb∗ + lc∗+ s , and s is the deviation
parameter. I0(s, t ) is expressed as

I0(s, t ) ∝ |A|2 = sin2(πNxK · a)

sin2(πK · a)

sin2(πNyK · b)

sin2(πK · b)

×
∣∣∣∣∣∣
∑

nz

Fnz exp[2π iK · (rn+μnz
)]

∣∣∣∣∣∣
2

. (9)

Further details regarding the temporal intensity evolution of
the Bragg peak (1̄24̄) for sample thicknesses of 30, 50, and
80 nm can be found in Supplemental Sec. S5 [40]. The cal-
culated temporal intensity evolution of the Bragg peak (1̄24̄)
for sample thicknesses of 30, 50, and 80 nm are individually
shown in Figs. 3(f)–3(h), respectively. To examine the effect
of thickness on coherent intensity oscillation, the calculated
diffraction intensity can be decomposed into in-phase and
out of phase components (see Supplemental Sec. S4 [40]:
Mechanisms of in-phase and out of phase oscillation). The
results reveal that out of phase oscillation dominates in thin
films. However, as the thickness increases, the inhomoge-
neous excitation becomes more prominent, leading to more
pronounced in-phase oscillations. The amplitudes of these two
types of oscillations are plotted in Fig. 3(e), which displays
a critical thickness of approximately 40 nm, indicating the
occurrence of inhomogeneous excitation. This value is ap-
proximately equal to the thickness (42.6 nm in the case of

FIG. 4. Comparison of the frequencies of atomic displacement
and intensity oscillation. Black line: FFT of the calculated atomic
displacement at the top surface. Blue line: FFT of simulated out
of phase intensity oscillation in Bragg peak (1̄24̄). Red line: FFT
of simulated in-phase intensity oscillation in Bragg peak (1̄24̄).
(a), (b) correspond to 30 and 50 nm film, respectively.

2H-MoTe2, calculated by the absorption coefficient listed in
Table S1 [40]) at which the laser energy density decays to Einc

e2

(where Einc is the energy density of the incident laser, and e is
Euler’s number). These simulation results provide a satisfac-
tory explanation for the experimentally observed in-phase and
out of phase oscillations in the 27 and 63 nm films.

The oscillation frequency of the acoustic resonance mode
satisfies f j = jv

2d , ( j = 1, 2, 3, . . .), representing acoustic
phonons with different momentum. As previously reported
[28,51], under homogeneous excitation, only the resonance
modes with odd j values can be observed. However, under
completely inhomogeneous excitation conditions, both even
and odd resonance modes can be excited. The FFT of the
simulated atomic displacement at the top surface of the film
(z = 0) shown in Figs. 3(b) and 3(c) is represented by black
lines in Figs. 4(a) and 4(b). The red and blue lines repre-
sent the FFT of the diffraction intensity oscillation shown
in Figs. 3(f) and 3(g), respectively. In the case of homoge-
neous excitation in the 30 nm film, both the atomic motion
and diffraction intensity primarily exhibit the fundamental
oscillation with frequency f1, indicating that the fundamen-
tal oscillation of atomic positions does not contribute to the
appearance of higher harmonics in the diffraction intensity.
Therefore, the second harmonic observed in the in-phase os-
cillation [Fig. 4(b), 50 nm film] originates from the atomic
oscillation with frequency f2. Comparing Figs. 3(a) and 4(b),
it can be observed that the experimentally observed in-phase
oscillation is a direct reflection of the higher harmonics in-
duced by phonons with different momentum.

VI. AMPLIFICATION EFFECT ON THE SECOND
HARMONIC OF WRINKLES

It has been mentioned that the initial boundary condition
used in the calculation assumes μ(z,0) = 0. However, in
materials obtained by mechanical exfoliation, this initial con-
dition is inaccurate due to the presence of wrinkles. It has
been previously reported that the presence of wrinkles can
alter the structure and properties of the film [60]. To account
for this, we introduce a simplified geometric configuration of
wrinkles into the simulation. The left panel in Fig. 5(a) shows
the geometric configuration, while the right panel provides a
simplified schematic in which the wrinkle is approximated
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FIG. 5. Simulation of diffraction intensity oscillations in the presence of wrinkles. (a) Simplified geometric configuration of wrinkles.
(b) Comparison of experimental data and diffraction simulation under varied strain σtop. Red circles: experimentally measured intensity change
of Bragg peak (1̄24̄). Solid lines: simulation results of (1̄24̄). σtop denotes the out of plane longitudinal strain at the upper surface.

as an arc shape. In a bending film, in-plane compressive or
tensile strain σx leads to an out of plane strain distribution σz.
The strains at a distance dz (dz = d

2 − z) from the neutral axis
can be expressed as σx=–C44dz/r, σz = –vσx = vC44dz/r,
where r represents the radius of the arc (depression: r > 0;
bulge: r < 0) and v is the out of plane Poisson ratio. When a
depression appears, the maximum out of plane compressive
and tensile strains occur on the upper and lower surfaces,
respectively. This wrinkle-induced longitudinal strain gradient
results in a nonzero initial atomic displacement along the
surface normal.

Given the relation σz = C33
∂μ

∂z , the initial condition of
μ(z, 0) can be expressed by the strain at the upper surface
σtop (σtop = vdC44/2r),

μ(z, 0) = −vC44d2
z

2rC33
= −σtopd2

z

dC33
. (10)

We have solved wave Eq. (3) with the new initial condition
in the 63 nm film and performed corresponding diffraction
simulations of the Bragg peak (1̄24̄) using the calculated
atomic motion. A comparison of the experimental and sim-
ulated results under varied strain (corresponding to different
bending angles θ ) is shown in Fig. 5(b). The positive and
negative values of σtop correspond to depression and bulge ge-
ometry, respectively. When σtop = −0.43 GPa, the simulated
and experimental results are essentially consistent. However,
it should be noted that the actual geometry of the film is a
complex combination of wrinkles with various shapes. There-
fore, the simulation results in Fig. 5(b) only indicate that,
on average, the film appears as a bulge. Stress due to the
presence of wrinkles in the film breaks the symmetry of the
crystallographic spacing distribution along the c direction,
which enhances the response of the diffracted intensity to the
second harmonic [Fig. 5(b)].

VII. CONCLUSION

In this study, we have investigated the inhomogeneous
excitation of coherent longitudinal phonons in 2H-MoTe2

using ultrafast electron diffraction and electron diffraction
simulations combined with finite element analysis. Our ex-
perimental results revealed the presence of high harmonics
resulting from inhomogeneous excitation in thick samples.

We successfully decoupled the experimentally observed in-
phase and out of phase oscillations of diffraction intensity
to understand the effect of higher harmonics on the crystal
structure. The out of phase signals, which represent homoge-
neous excitation, primarily exhibit the lowest-order coherent
phonon modes and can be described as simple harmonic os-
cillations of the lattice constant c. We identified a critical
thickness of approximately 40 nm, above which the effect of
inhomogeneous excitation becomes increasingly pronounced.
The induced higher harmonics, as reflected by the in-phase
signals, indicate the presence of crystal disorder. Our ana-
lytical approach, incorporating the presence of wrinkles in
the sample, allows for a clear correspondence between elec-
tron diffraction and coherent phonons. This provides valuable
methodological guidance for studying nonequilibrium states
and the structural modulation induced by acoustic phonons in
inhomogeneous conditions.
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