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The precise control of wrinkles and strain gradients in nanofilm is of significant interest due to their profound

influence on electronic band structures and spin states. Here, we employ ultrafast electron diffraction (UED)

to study the picosecond-scale dynamics of laser-induced bending in 2H-MoTe2 thin films. Owing to the sample

thickness exceeding the laser penetration depth, inhomogeneous excitation leads to the emergence of both fun-

damental (21GHz) and second harmonic (42GHz) acoustic phonons. The experimental and simulation results

demonstrate that the second harmonic directly generates a strain gradient along the 𝑐-axis, which subsequently

transforms into in-plane strain through the Poisson effect. This nonuniform in-plane strain serves as the primary

driving force for film bending. This study not only demonstrates ultrafast laser-based control of internal strain

gradients but also provides new insights into the mechanisms of laser-induced bending mediated by coherent

phonons, particularly the second harmonic.

DOI: 10.1088/0256-307X/42/4/047201 CSTR: 32039.14.0256-307X.42.4.047201

1. Introduction. In materials engineering, wrinkle-

induced strain gradients have emerged as critical design

parameters for advanced functional materials, particularly

in flexoelectric and flexomagnetic systems. [1,2] The inher-

ent asymmetry of wrinkles in thin-film architectures cre-

ates distinct nonuniform strain distributions between up-

per and lower surfaces. Such strain gradients fundamen-

tally disrupt local inversion symmetry within the crystal

lattice, thereby enabling the emergence of novel electronic

states through symmetry-controlled mechanisms. [3–7] For

instance, in graphene, such nonuniform strain can quan-

tize electron orbitals into Landau levels, creating flat bands

and localized electron states. [8] Similarly, in Heusler alloy

films, strain states near wrinkles can drive an antiferro-

magnet to ferri- or ferromagnetic transition. [9] This ability

to modify physical properties through wrinkle engineering

highlights its potential as a versatile tool for designing ad-

vanced functional materials. Consequently, understanding

and harnessing the effects of wrinkles and associated strain

gradients represents a frontier in materials science, offering

new pathways to tailor material responses for technological

applications.

Recent advancements [10,11] in ultrafast strong excita-

tions have introduced innovative approaches for manipu-

lating physical properties, such as through strain or Flo-

quet engineering. [12,13] Particularly, inhomogeneous exci-

tation opens new possibilities for ultrafast material con-

trol through the introduction of strain gradients, [14] such

as the novel electronic state triggered by nonuniform ul-

trafast laser excitation in a charge density wave (CDW)

system. [15] The dynamics of wrinkle formation in thin films

under homogeneous excitation can be regulated by coher-

ent acoustic phonons, accompanied by ultrafast delamina-

tion of the film. [16] However, the effects of inhomogeneous

excitation on wrinkles remain poorly understood, lacking

both experimental observations and mechanistic explana-

tions.

In contrast to homogeneous excitation regimes, [17,18]

inhomogeneous optical driving generates higher-order har-

monic coherent acoustic phonons, [19,20] which mediate the

transition from standing waves to directional propagating

waves along the surface normal. [21] Using ultrafast electron

diffraction with femtosecond temporal resolution, we di-

rectly resolve the laser-induced wrinkle formation dynam-

ics in 2H-MoTe2 thin films. Our measurements reveal syn-

chronized oscillations between wrinkle evolution and dy-

namic lattice reorientation, exhibiting identical frequency

characteristics to the coherent acoustic phonons. Through

the simulations of acoustic waves, we elucidate the sec-

ond harmonic-induced driving force for the film bending,
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providing a new perspective for understanding wrinkle for-

mation on the picosecond timescale under inhomogeneous

excitation in nanofilm.

2. Methods. All ultrafast measurements were carried

out at room temperature (300K) with a laser repetition

rate of 33 kHz. The pump laser has a wavelength of 515 nm

and a pulse width of 300 fs. The fluence of the pump laser

used is 4.4mJ/cm2 with spot size of 50×60µm (FWHM).

The angle of incidence of the pump laser relative to the

horizontal plane is 22.7∘. More details about the ultrafast

transmission electron microscope (UTEM) based on the

pump-probe technique can refer to our previous report. [21]

A multilayer 2H-MoTe2 film was obtained through

mechanical exfoliation from a bulk crystal and subse-

quently transferred onto a carbon nanotube substrate. 2H-

MoTe2 possesses a hexagonal structure with space group

𝑃63/𝑚𝑚𝑐 and a honeycomb-like in-plane structure. [22]

The sample thickness is 63 nm which has been con-

firmed by electron energy loss spectroscopy (EELS)

measurements. [21]

3. Results and Discussion. The experimental

schematic is presented in Fig. 1(a). To obtain out-of-plane

information, the sample is tilted by 26.8∘ around the [100]

axis, positioning the incident photoelectron beam paral-

lel to the [021] zone axis of the crystal. In this arrange-

ment, the angle between the pump laser (515 nm) and the

sample surface is 50.5∘. Figure 1(b) shows the diffrac-

tion pattern of 2H-MoTe2 produced by photoelectrons at

a negative time delay. After laser excitation, out-of-plane

spots [(ℎ𝑘𝑙) with 𝑙 ̸= 0] display intensity oscillations, as

shown in Fig. 1(c). The corresponding Fast Fourier Trans-

form (FFT) spectrum presented in Fig. 1(d) reveals the

excitation of two distinct oscillation modes, exhibiting a

frequency ratio of 1 : 2. To fit the intensity, we employ a

combination of sinusoidal functions with periods of 𝑇𝐼 and

𝑇𝐼/2.

𝐼

𝐼0
=

∑︁2

𝑘=1
𝐴𝐼𝑘 sin

(︂
2𝜋𝑘

𝑇𝐼
𝑡+ 𝜙𝐼𝑘

)︂
, (1)

where 𝐴𝐼 , 𝑇𝐼 and 𝜙𝐼𝑘 represent the amplitude, period and

phase of the intensity oscillation, respectively. The well-

fitted results are depicted as blue curves in Fig. 1(c), which

yield a vibration period (𝑇𝐼) of 47.6 ± 0.5 ps [for (1̄24̄)

peak] and the corresponding frequency of 21GHz. Addi-

tional fitting results can be found in Section S1 of the Sup-

plementary Information. These oscillations indicate the

out-of-plane breathing mode driven by thermoelasticity [23]

and deformation potential (electric stress), [24,25] which has

been confirmed in our previous report. [21] For 2H-MoTe2
films exceeding the critical thickness of 40 nm, [21] inho-

mogeneous excitation induces depth-dependent lattice ex-

pansion along the 𝑐-axis. This strain gradient disrupts

the coherence of electrons scattered by planes with Miller

indices (ℎ𝑘𝑙) where 𝑙 ̸= 0, resulting in damped diffrac-

tion intensity. The presence of fundamental and second

harmonic components under inhomogeneous excitation is

schematically illustrated in Fig. 1(e).

0.6

0.8

1.0

1.2

1.4

1.6

0.8

1.0

1.2

1.4

0.9

1.0

1.1

1.2

2ff
(a) (c) (d)

(e)
(b)

Fitting

[021]

5 nm-1

Breathing mode

Frequency (GHz)

I/
I 0

 (
ar

b
. u

n
it

s)

Photoelectrons

[021] [001]

Te
Mo

l=515 nm

t1
t2
t3

-20 0 20 40 60 80 100

Delay (ps)

2.4

1.2

0
2.2

1.1

0

0.94

0.47

0

A
m

p
li
tu

d
e 

(a
rb

. u
n
it

s)

0 30 60 90 120

f=21 GHz 2f

(236)

(236)

(124)

(124)

(124)

(124)

(012)

(012)

(012)

(012)

(236)

(236)

(236)

(012)
(124)

(200)

Fig. 1. Temporal evolution of diffraction intensity in the 63 nm 2H-MoTe2 thin film. (a) Experimental configuration

with the sample tilted to capture out-of-plane dynamics. (b) Diffraction pattern along the [021] zone axis. (c) Inten-

sity oscillations of several Bragg peaks. The blue lines represent fitting curves using 𝐼
𝐼0

=
∑︀2

𝑘=1 𝐴𝐼𝑘 sin( 2𝜋𝑘
𝑇𝐼

𝑡+ 𝜙𝐼𝑘).

𝑇𝐼 (1̄24̄) = 47.6 ± 0.5 ps. Further details regarding the fitting parameters are provided in Section S1. (d) The Fast

Fourier Transform (FFT) analysis revealing the excitation of two oscillation modes with a frequency ratio of 1 : 2

(21 and 42GHz). (e) Schematic of the fundamental and second harmonic under inhomogeneous excitation.
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Fig. 2. Temporal evolution of Bragg peak positions in 2H-MoTe2 thin film. (a) The positions of Bragg peaks

(red dots) are shown within a time range of −20 ps to 96 ps. The displacements Δ𝑃 of these spots are projected

onto a direction at an angle 𝛼 relative to the 𝑋-axis (Δ𝑃𝛼). The red and blue ellipses in the figure represent the

trajectories of the Bragg peaks at vibration frequencies of 21GHz and 42GHz, respectively. The black dots on the

trajectories indicate the oscillation states at 12 ps. (b) Time-dependent displacements of the Bragg peaks (24̄8),

(12̄4), and (1̄24̄). The black curves revealing the fitting results by Δ𝑃𝛼
𝑅

=
∑︀2

𝑘=1 𝐴p𝑘 sin( 2𝜋𝑘
𝑇p

+ 𝜙p𝑘), revealing two

oscillation periods: 23.9 ps and 47.8 ps (𝑇p, 1̄24̄ = 47.8± 1.5 ps). Further details regarding the fitting parameters are

provided in Section S1. (c) The angular dependence of the amplitudes for the fundamental and second harmonic.

(d) The elliptical trajectories of (1̄24̄) peak after laser excitation. (e) Schematic of the diffraction spot displacement.

After laser excitation, periodic oscillations can also be

found in the peak position. As illustrated in Fig. 2(a),

the red dots denote the positions of (24̄8) spot within

−20 to 96 ps. To enhance visibility, the displacements

Δ𝑃 have been magnified by a factor of 100 in Fig. 1(a).

To analyze this two-dimensional characteristic, we pro-

jected the displacements Δ𝑃 onto a direction at an an-

gle 𝛼 relative to the 𝑋-axis (denoted as Δ𝑃𝛼). Fig-

ure 2(b) visualizes the periodic oscillation of Δ𝑃𝛼/𝑅 at

𝛼 = 0∘ and 𝛼 = 90∘, which is fitted by the same function
Δ𝑃𝛼
𝑅

=
∑︀2

𝑘=1 𝐴p𝑘 sin(
2𝜋𝑘
𝑇𝑝

+ 𝜙p𝑘) as that in intensity oscil-

lation. 𝑅 represents the reciprocal distance between (ℎ𝑘𝑙)

and (000). The fitting result 𝑇p(1̄24̄), 𝛼=0∘ = 47.8 ± 1.5 ps

indicates two oscillation periods with 23.9 ps and 47.8 ps

(almost the same as those in intensity oscillation), corre-

sponding to frequencies of 42GHz (2𝑓) and 21GHz (𝑓),

respectively. Further details regarding the fitting parame-

ters are provided in Section S1. The amplitudes 𝐴p𝑘 of the

fundamental and second harmonic varied with the projec-

tion angle 𝛼 [Fig. 2(c)]. For instance, the amplitude of fun-

damental in the spot (1̄24̄) peaked at 𝛼 = 30∘, while that

of the second harmonic is maximal at 𝛼 = 65∘. The varia-

tion in amplitude across different angles indicates that the

diffraction spots move along elliptical trajectories in recip-

rocal space. The elliptical trajectories of partial diffrac-

tion spots, exhibiting distinct oscillation signals induced

by both fundamental and second harmonic components,

are presented in Fig. 2(a), with the (1̄24̄) peak specifically

highlighted in Fig. 2(d). These trajectories can be under-

stood as the superposition of displacements along the 𝑋-

and 𝑌 -directions. Similar experimental phenomena can

be observed in the work of Flannigan et al., [26] where the

displacements of diffraction spots were projected in polar

coordinates, revealing oscillations in both the axial and ra-

dial directions. However, they did not extensively discuss

the underlying physical implications.

According to kinematical theory of electron

diffraction, [27,28] the position of a diffraction spot is de-

termined by the intersection point of the reciprocal rod

with the Ewald sphere. Changes in interplanar spac-
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ing and lattice tilt can alter this intersection, leading

to displacement of the diffraction spot, as illustrated in

Fig. 2(e). Taking the (24̄8) and (1̄24̄) diffraction spots

as examples, their displacements along the 𝑋-direction

are influenced by both interplanar spacing and sample

orientation, making it challenging to deduce the sample

state solely from 𝑋-direction displacements. Fortunately,

displacements along the 𝑌 -direction are solely affected

by orientation. Thus, by extracting 𝑌 -direction displace-

ments, information about sample tilt can be obtained,

effectively avoiding the influence of lattice expansion. The

black solid line in Fig. 2(b) represents the sinusoidal fitting

results. Through these fitting procedures, the two distinct

oscillation modes of the (24̄8) and (1̄24̄) diffraction spots

along the 𝑌 -direction are successfully extracted and pre-

sented in Fig. 3(e). Figure 3(a) visually demonstrates the

displacements (𝛼 = 90∘) induced by the second harmonic

frequency at 33 ps and 68 ps. Notably, the displacement

vibrations of the Friedel pairs are nearly in-phase, indi-

cating the sample tilt around the 𝑋-axis. In reality, it

is unlikely for the sample to exhibit uniform tilt under

laser irradiation. A more plausible scenario is that the

sample undergoes bending. To validate this, we measured

the full width at half maximum (FWHM) of the diffrac-

tion spots, as shown in Fig. 3(b), which are well-fitted by

sinusoidal functions Δ𝑟
𝑟0

=
∑︀2

𝑘=1 𝐴𝑟𝑘 sin(
2𝜋𝑘
𝑇𝑟

+ 𝜙𝑟𝑘) with

𝑇𝑟, (1̄24̄) = 48.5 ± 1.2 ps and 𝑇𝑟, (24̄8) = 48.3 ± 0.7 ps. The

FWHM exhibits two oscillation modes with frequencies

of 21GHz and 42GHz [Fig. 3(c)]. Figure 3(d) provides a

schematic illustration of the FWHM changes of (24̄8) and

(1̄24̄) spots. The bending of the film induces splitting of

the reciprocal lattice rod, creating multiple intersection

points with the Ewald sphere. This phenomenon mani-

fests as spot broadening and an increased full width at

half maximum (FWHM). The oscillatory profiles fitted in

Fig. 3(b) were systematically analyzed and compared with

the positional oscillations presented in Fig. 3(e). Remark-

ably, all oscillatory curves demonstrate nearly identical

phase relationships. Specifically, the analysis of curves

A and B reveals a direct correlation between the maxi-

mum FWHM of the diffraction spots and the maximum

tilt angle of the thin film. These experimental observa-

tions provide conclusive evidence that film bending is the

primary mechanism responsible for film tilting.
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Fig. 3. Analysis of sample bending and its effects on diffraction spot broadening. (a) Displacements (𝛼 = 90∘)

induced by the second harmonic at 33 ps and 68 ps. The in-phase oscillation of Friedel pairs indicates the sample

tilt around the 𝑋-axis (𝛼 = 0∘). (b) Measurement of the full width at half maximum (FWHM) of the diffraction

spots. The oscillatory curves are well-fitted by sinusoidal function Δ𝑟
𝑟0

=
∑︀2

𝑘=1 𝐴𝑟𝑘 sin( 2𝜋𝑘
𝑇𝑟

+ 𝜙𝑟𝑘), with oscillation

period 𝑇𝑟, (1̄24̄) = 48.5± 1.2 ps and 𝑇𝑟, (24̄8) = 48.3± 0.7 ps. (c) FFT of (b). FWHM oscillations show frequencies of

21GHz and 42GHz. (d) Schematic illustrating how sample bending induces splitting of the reciprocal lattice rod

and its intersection with the Ewald sphere, leading to diffraction spot broadening. (e) Comparison of the oscillations

in FWHM and peak positions. All these curves are extracted from experimental results by sinusoidal fitting. The

amplitudes of the curves can be found in supplementary Tables S2 and S3.
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To clarify the driving force for the film bending, we cal-

culate the layer motion 𝜇 along the 𝑧 direction triggered

by coherent phonons under laser irradiation. The thick-

ness of the film used in the simulation is 63 nm, and the

laser wavelength is 512 nm, as shown in Fig. 4(a). The 2H-

MoTe2 film is regarded as a one-dimensional continuous

elastic medium, and its wave equation can be depicted as

follows:

𝜌
𝜕2𝜇

𝜕𝑡2
= 𝐶𝑖𝑗

𝜕2𝜇

𝜕𝑧2
+ 𝜆

𝜕𝜇

𝜕𝑡
+

𝜕𝜎ext

𝜕𝑧
, (2)

where 𝐶𝑖𝑗 , 𝜆, and 𝜌 represent the components of elastic

modulus matrix, damping constant, and density, respec-

tively. In the calculation of the longitudinal wave, 𝐶𝑖𝑗

is equal to 𝐶33 which represents the out-of-plane Young’s

modulus. [29] The depth 𝑧 is along the normal direction of

the surface. 𝜎ext is the photo-induced stress term that is

mainly composed of thermoelasticity 𝜎𝑇 and deformation

potential 𝜎𝑒. In general,

𝜎ext = 𝜎𝑇 (𝑧, 𝑡) + 𝜎𝑇 (𝑧, 𝑡),

𝜎𝑇 (𝑧, 𝑡) = −𝐶𝑖𝑗𝛽[𝑇 (𝑧, 𝑡)− 𝑇 (𝑧, 0)],

𝜎𝑒(𝑧, 𝑡) = −𝑑𝑒𝑛(𝑧, 𝑡), (3)

where 𝛽 and 𝑑𝑒 represent the linear expansion coefficient

and deformation potential, respectively. The lattice tem-

perature 𝑇 (𝑧, 𝑡) and carrier density 𝑛 (𝑧, 𝑡) are functions

of depth 𝑧 and time delay 𝑡. More details regarding the

simulation can be found in the Supplementary Informa-

tion.

Dynamic simulation of depth-dependent atomic dis-

placements is shown in Fig. 4(b). In the case of the 63 nm

thickness, the sample is inhomogeneously excited, leading

to a traveling wave propagating along the surface normal.

Figure 4(c) plots the atomic displacements in the top and

bottom layers. Under inhomogeneous excitation, these

displacements exhibit asymmetry at different time delays.

The brown curve in Fig. 4(c) represents the summation of

displacements between the upper and lower layers, clearly

showing oscillations with a period of about 24 ps (synchro-

nized with the 2𝑓 oscillation). This displacement asymme-

try directly reflects the difference in the expansion rates

between the upper and lower layers of the thin film. For

materials with a positive Poisson’s ratio, expansion along

the 𝑐-axis induces contraction in the 𝑎–𝑏 plane. The dis-

parity in the expansion rates between the upper and lower

layers leads to different in-plane compressive stresses at the

top and bottom surfaces, ultimately causing film bending,

as illustrated in Fig. 4(d). In contrast, the lattice expan-

sion induced by the fundamental mode maintains inversion

symmetry throughout the film, which theoretically elimi-

nates the possibility of wrinkle formation. However, real

materials often contain numerous lattice defects or pre-

existing strain. [30] These defects can lead to the emergence

of nonlinear phenomena [31] even under homogeneous exci-

tation. Higher harmonic phonons intrinsically possess the

capability to couple with in-plane strain, providing a path-

way for the conversion of out-of-plane phonons to in-plane

phonons and shear strain. [32–34]

0

0.04

-0.04

Top layer

Bottom layer

24 ps

D
is

p
la

ce
m

en
t 

(n
m

)

Displacement (nm)

Thickness=63 nm

512 nm

MoTe2 film

(a)

Top

Bottom

(d)

(b) (c)

Delay (ps) Delay (ps)

Z
 (

n
m

) 

-0.02 0 0.02 0.04

0

16

31

47

62
0 30 60 90 0 30 60 90

Fig. 4. Theoretical modeling and analysis of the driving mechanism underlying film bending (a) Schematic of the

theoretical simulation for the 63 nm 2H-MoTe2 thin film irradiated by 512 nm pump laser. (b) The calculated depth-

dependent atomic displacements along the 𝑧 direction ([001] direction) in the 2H-MoTe2 film. (c) The displacement

asymmetry between the top and bottom layers. The brown curve represents the summation of the red and blue

curves. (d) The disparity in expansion rates between top and bottom layers, which generates in-plane compressive

stresses.

047201-5



Chinese Physics Letters 42, 047201 (2025)

4. Conclusion. We have investigated the picosecond-

scale dynamics of laser-induced bending in 2H-MoTe2 thin

films under inhomogeneous excitation using ultrafast elec-

tron diffraction. Our findings reveal that the interaction

of coherent acoustic phonons, particularly the second har-

monic, with the material generates a strain gradient along

the 𝑐-axis. This strain gradient, through the Poisson ef-

fect, induces a nonuniform in-plane strain, which serves as

the primary driving force for the bending of the film. This

work provides fundamental insights into the critical role

of high-harmonic phonons in ultrafast strain engineering

and wrinkle dynamics, significantly advancing our under-

standing of inhomogeneous excitation mechanisms. These

findings open transformative avenues for quantum mate-

rial design and advanced functional device applications,

particularly in the realms of strain-tunable phenomena.
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