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ABSTRACT: Manipulation of the stacking order between
layers in two-dimensional layered van der Waals materials
provides a fascinating platform for exploring exotic phenomena.
Femtosecond laser offers the capability to instantaneously
modulate the lattice structure and even stacking order of
layered materials, and vice versa, changes in stacking order may
affect ultrafast structural dynamics. Here, we use ultrafast
electron microscopy (UEM) to investigate the laser-excited
lattice dynamics in T′ and Td phases of octahedral MoTe2. Two
crystal plane-dependent acoustic phonon modes in the room
temperature T′ phase are identified by ultrafast selected-area
electron diffraction (SAED) in reciprocal space and confirmed
by ultrafast real-space imaging, which are attributed to the breathing mode and shear mode, respectively. Temperature-
dependent ultrafast SAED results directly indicate that the acoustic shear mode switches to the optical shear mode when the
stacking order is changed by crossing the phase transition temperature. Based on simple model derivations, shear acoustic
waves in principle can be excited by the thermal elastic effect in low-symmetric 2D layered materials. However, incorporating
numerical calculations and model analysis, we speculate that the laser-induced inverse piezoelectric effect plays a key role in
the large-amplitude shear phonons observed in T′-MoTe2. Our research demonstrates examples of stacking sequence
identification using coherent phonons revealed by UEM, as well as the regulation of coherent shear phonons and topology
switching via stacking order.
KEYWORDS: ultrafast electron microscopy, MoTe2, shear mode, coherent phonon, stacking order, polarization bond

In two-dimensional layered van der Waals (vdW) materials,
electronic properties can be modified by controlling the
stacking sequence1,2 or twist angle between layers, which

gives rise to a variety of novel quantum phenomena. Typical
examples include unconventional superconductivity in twisted
bilayer graphene,3 pressure tuning of magnetic order in CrI3,

4

emergent ferroelectricity in hexagonal boron nitride,5,6 and
stacking-dependent topological phase.1,7,8 It is intriguing to
utilize external perturbations to achieve stacking order
switching, such as electric field,2 optical field,9,10 and
mechanical force.11 Using femtosecond laser pulses to induce
lattice strain and generate coherent phonons in nanofilms,
including coherent optical phonons (COPs) and coherent
acoustic phonons (CAPs),12−14 provides an important means
to achieve ultrafast control of physical properties related to
stacking order.15

COPs primarily promote the relative motion of atoms within
a unit cell, inducing the precursor of a phase transition or

directly switching the topological state. The frequency range of
optical phonons covers ∼0.1−10 THz and is typically
characterized using Raman spectroscopy.16,17 In contrast,
CAPs are associated with the collective motion of atoms
across unit cells, where the phonons vibrate at frequencies in
the gigahertz range and can be observed using ultrafast pump−
probe techniques.18−21 In this paper, only CAPs propagating
along the surface normal direction (i.e., c* direction) of a film
are considered, which are resonantly enhanced and manifest as
a standing wave due to constructive interference between the
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top and bottom surface reflected waves.14 Based on their
polarization direction, the CAPs propagating along the c*
direction can be categorized into two distinct modes: the out-
of-plane breathing mode (longitudinal acoustic, LA),22 which
is polarized along the c* direction and can be conventionally
excited in thin films, and the in-plane shear mode (transverse
acoustic, TA)23 polarized along the a-axis or b-axis, whose
excitation conditions are relatively strict. The excitation of TA
shear mode remains challenging in high-symmetry sys-
tems24−26 and has only been demonstrated in very few low-
symmetry systems.19,27−29

Due to rich physical properties, in particular the diverse
topological phases related to stacking sequence, transition-
metal dichalcogenide (TMD) MoTe2 have attracted great
attention.1,9,15,16,21,30−38 Compared with the trigonal prismatic
2H phase, distorted octahedral MoTe2 undergoes a first-order
structural phase transition from the centrosymmetric mono-
clinic T′ to a noncentrosymmetric orthorhombic Td phase at a
transition temperature (Tc) of ∼250 K.39 Figure 1a illustrates
the atomic structure diagram of MoTe2 in the bc-plane. The
left side is the T′ phase with a monoclinic angle α of 93.75° (in
this paper, we define a = 3.47 Å, b = 6.34 Å), and the right side
is the Td phase. It can be seen from the figure that the in-plane
monolayer Mo atomic chains display a Peierls distortion,
driving the out-of-plane folding of Te atoms. The T′ and Td
phases exhibit distinct interlayer slip along the b axis

corresponding to different stacking orders. The Te atoms in
each layer slip in a single direction in the T′ phase (blue
arrow), while alternately changing direction in the Td phase
(blue and orange arrows). Subtle changes in structure related
to stacking order have been achieved by ultrafast laser
excitation over a wide range of wavelength, realizing a
topological electronic transition from Weyl semimetal (Td
phase) to topological trivial state31 through interlayer shear
displacements across a metastable intermediate T*
state,9,15,33,34 offering great potential for ultrafast topological
control15,32 and optoelectronic switching. Furthermore, under-
standing the dynamic behavior of the T′ phase under laser
excitation, which is also governed by interlayer slip, and
exploring the similarities in the dynamic processes of the two
phases could advance the development of slidetronics.

We have observed laser-excited coherent strain waves in
high-symmetry 2H-MoTe2 by ultrafast selected-area electron
diffraction (SAED) in our previous work.26 Only the breathing
mode with a single oscillation frequency was found in the very
thin flake, while the high harmonics started to emerge beyond
a critical thickness of ∼40 nm due to the inhomogeneous
excitation along the depth direction. Here, we use ultrafast
electron microscopy (UEM) to determine the response of
coherent shear phonons in distorted octahedral MoTe2 under
ultrafast laser excitation. The existence of acoustic shear
phonons in room temperature monoclinic T′-MoTe2 was

Figure 1. Temperature-driven structural phase transition of MoTe2 and schematic of a cryogenic UEM. (a) Schematics of MoTe2 crystal
structure in the monoclinic T′ phase and orthorhombic Td phase. The two phases have the same in-plane structure but different vertical
stacking sequence. (b) Cross-sectional atomic-resolution STEM imaging of T′-MoTe2 at room temperature, overlaid with the schematic
diagram of atomic structure. The black lines connect the Te−Te atom pairs of the two layers, while the blue arrows indicate the
displacement between the adjacent monolayers. (c) SAED patterns along [101] acquired at 97 (left) and 297 K (right) display an angle
difference of about 1.5° between the (010) and (101 ̅) diffraction peaks. (d) Temperature-dependent intensity evolution of low-frequency
Raman peak (∼12 cm−1). Inset shows two typical Raman spectrum at 200 and 300 K. (e) Schematic diagram of cryogenic UEM setup,
showing both the imaging mode and diffraction mode with green and purple encoded electron beam traces, respectively.
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confirmed by both ultrafast SAED and ultrafast dark-field (DF)
imaging, with the evidence that the acoustic phonon mode was
related to specific crystal plane indices. The temperature
dependence of the coherent shear phonon modes was directly
observed by temperature-dependent ultrafast SAED experi-
ments, and the results show that the acoustic shear mode and
optical shear mode along the same direction exist in the T′ and
Td phases, respectively. Combined with the quantitative
determination of shear wave amplitude and numerical
simulation of elastic wave equation, within the framework of
the interlayer bond polarizability model, we speculate that the
key driving force of acoustic shear phonon modes was stacking
order-related inverse piezoelectric effect.

RESULTS AND DISCUSSION
Stacking Order of MoTe2 and Temperature-Driven

Structural Transition. In order to directly determine the
stacking order and atomic structure of our MoTe2 sample, we
performed room temperature high-angle annular dark-field
(HAADF) scanning transmission electron microscopy
(STEM) imaging of cross-sectional samples (bc-plane)
prepared by using focused ion beam (FIB). The STEM
image with the overlaid crystal structure diagram shown in
Figure 1b directly demonstrates the Mo atom dimerization, Te
atom folding, and monoclinic structure of MoTe2, where the
blue arrow represents the direction of slip between adjacent
layers. Further analysis of the T′- MoTe2 interlayer stacking
structure shows that the interlayer slip direction can have a
twin variant,35 as shown in Figure S1c,e. The monoclinic angle
would be extracted directly from the electron diffraction
pattern in the bc-plane (see Figure S1b,d), which is the most
suitable parameter for monitoring the temperature-driven
structural phase transition. However, the observed monoclinic

angle did not change when the sample was cooled to far below
the reported Tc. A similar situation has been encountered in
the previous report using the same preparation method,1 which
was attributed to the mechanical restriction of layer sliding by
the outer amorphous layer created during the sample
preparation.

We further performed temperature-dependent SAED along
the [101] direction in mechanically exfoliated ab-plane thin
flakes by tilting the sample ∼14° away from the surface normal.
The SAED patterns (Figure 1c) at low temperature (97 K) and
room temperature (297 K) show an angular change of
approximately 1.5° between the (010) and (101̅) diffraction
peaks, indicating that a structural phase transition occurred in
the exfoliated sample. Temperature-dependent Raman scatter-
ing measurements were also conducted to confirm the
interlayer stacking structural phase transition. The inset of
Figure 1d shows two Raman spectra acquired at 300 and 200
K. A new peak located at 12 cm−1 (corresponding to the 0.37
THz interlayer shear mode) emerged at 200 K due to the
inversion symmetry breaking.36,37 The intensity of this
characteristic peak was used to quantify the phase changes,
showing a transition near the temperature of 265 K with a
hysteresis range of ∼15 K (more details can be found in
Section 2 of the Supporting Information).

Excitation of Coherent Shear Phonon Revealed by
Ultrafast SAED. The sample used for ultrafast SAED is placed
on a 2000 mesh copper grid using a mechanical exfoliation
technique, and the thickness was measured to be 18.6 ± 3.7
nm (see Figure S3, area #1). A typical SAED pattern of T′-
MoTe2 at room temperature is shown in Figure 2a. A 300 fs,
0.55 mJ/cm2 laser with a wavelength of 520 nm was employed
to excite a free-standing thin flake, which was tilted to a specific
zone axis. The intensity changes as a function of time for each

Figure 2. Identification of different phonon modes by ultrafast electron diffraction. (a) SAED of MoTe2 in the room temperature (∼297 K)
T′ phase along the [0kl] zone axis. (b, c) Laser-induced intensity changes (b) and corresponded fast Fourier transformation (FFT)
amplitudes (c) of diffraction peaks as color coded in (a). (HK0), (H0L), and (HKL) correspond to (1 ̅2 ̅0), (204 ̅) and (112 ̅), respectively. The
two crystal plane-dependent frequency components were attributed to acoustic breathing mode (38.2 GHz) and shear mode (13.5 GHz). (e)
SAED difference map of MoTe2 in the low-temperature (∼97 K) Td phase along the [001] zone axis, i.e., a plot of the difference between the
peak and valley time delay. (f, g) Laser-induced intensity changes (f) and corresponding FFT amplitudes of oscillations (g) of diffraction
peaks as color coded in (e). The ∼0.37 THz oscillation reflects the optical shear phonon mode. (d, h) Schematic diagram of acoustic (d) and
optical (h) shear phonons. Experiments were conducted on area #1 with a pump fluence of 0.5 mJ/cm2.
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diffraction peak are shown in Figure 2b, and two oscillation
frequencies can be distinguished from these intensity
oscillations (Figure 2c). The extracted frequency was found
to be ∼13.5 GHz for the Bragg peaks with Miller index
containing the K-component (black curve in Figure 2b,c) and
∼38.2 GHz for the one containing the L-component (red
curve in Figure 2b,c). Diffraction peaks containing K and L
components show coupled oscillations (blue curves in Figure
2b,c). Several more samples with variable thickness and
substrate have been checked. The two frequency components
have been observed for all of the samples, with slightly different
values for each component but almost the same ratio (∼2.8)
between higher and lower frequencies (Table S1). Recently,
two vibration modes have been reported in Bi2Se3 by ultrafast
X-ray diffraction.40 The frequencies of both components
display thickness dependency. The higher frequency is
attributed to the breathing mode, while the lower frequency
mode is attributed to the interface mode caused by the weak
interaction between the film and substrate.41 However, the
lower frequency we observed in T′-MoTe2 cannot be
attributed to the interface mode due to the fact that it has
been found in both suspended and substrate samples.

In the continuous medium approximation, the fundamental
oscillating frequency of standing acoustic waves can be
calculated by f = υ/2d, where d is the sample thickness and
υ is the acoustic wave velocity. Following the general definition
of the elastic moduli matrix, we can relate acoustic phonon
branch velocities to corresponding Cij components by C = ρv2,

where ρ is the mass density.42 According to the elastic modulus
of T′-MoTe2,

43 the wave velocity for each acoustic branch is

c a l c u l a t e d t o b e v 1.76 km/LA
C

001
33 =[ ] ,

v 1.9 km/TA
C

100
55= =[ ] , a n d

v 0.62 km/TA
C

010
44 =[ ] . We note that the ratio

(∼2.84) of the sound velocity of vLA[001] and vTA[010] is
consistent with that of the observed oscillation frequency.
Recall the dependence of oscillation frequency on the crystal
plane Miller index; we can naturally attribute the oscillation
frequency of 38.2 GHz to the breathing mode and the one of
13.5 GHz to the in-plane shear mode along the b axis
(monoclinic direction, as shown in Figure 2d). The acoustic
shear wave has also been observed in VTe2, which is associated
with optically induced CDW dissolution and displays a
threshold effect.44 However, the fluence dependence data in
T′-MoTe2 (Figure S4a−d) show a linear relationship, implying
a different excitation mechanism.

When the sample was cooled to 97 K, the acoustic shear
modes disappeared; in the meantime, intensity oscillation of all
Bragg peaks with a frequency of ∼0.37 THz was detected. The
oscillation curves of two typical Bragg peaks (120) and (130)
are shown in Figure 2f. The extracted frequency in Figure 2g is
consistent with the measured Raman peak (12 cm−1, Figure 1d
and Figure S2) and previous reported interlayer optical shear
phonons,15,32,45,46 in which atoms in the same layer move in

Figure 3. Direct observation of the acoustic standing wave by ultrafast DF imaging. (a) Laser-induced bend contour movement in DF images
(right column), which were formed by selection of different diffraction peaks. Each color map is constructed by the line scan along the long
side of the red rectangle at different time delays. The red open circle on the top of color map is obtained by Gaussian fitting the line scan of
bend contour at each time delay, and the red solid line is the fitted curve by sine wave function. (b) FFT amplitudes of the corresponded
oscillating data in (a). (c, d) Schematic diagram showing how the shear (c) and breathing (d) motions can affect the bend contour position
in DF images. Experiments were conducted on area #2 with a pump fluence of 0.5 mJ/cm2.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c17877
ACS Nano 2025, 19, 19622−19634

19625

https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c17877/suppl_file/nn4c17877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c17877/suppl_file/nn4c17877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c17877/suppl_file/nn4c17877_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c17877?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c17877?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c17877?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c17877?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c17877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the same direction along the b axis (monoclinic direction),
while atoms in adjacent layers move in the opposite direction,
as illustrated in Figure 2h. The topological properties of the
Td-phase MoTe2 can be changed by the optical shear phonons,
and the material will undergo an electronic phase transition
from topological to a trivial semimetal, realizing the photo-
induced topological switch.15,32 The generation of 0.37 THz
optical shear phonon in Td-MoTe2 has been attributed to the
mechanism of displacive excitation of coherent phonons9,47

(DECP), which alter the intensity of the diffraction peak
primarily by modifying the structure factor within the unit cell.
This can be verified from the difference in the diffraction
pattern between the peak and valley time delay, as shown in
Figure 2e. The Bragg peaks with the same K components have
the same black or white color, indicating that their intensities

oscillate with the same phase. This optical shear mode was
significantly softened when using higher pump fluence (see
Figures S4e,f and S9c).

Direct Visualization of Acoustic Standing Wave by
Ultrafast DF Imaging. In addition to the averaged atomic
structure displacement obtained by ultrafast SAED in
reciprocal space, the localized structure movement with spatial
variation can be directly ascertained through the utilization of
UEM imaging mode in real space with an adequate level of
magnification, which may reflect such as anisotropic
morphological dynamics48 and the impaction of defects on
the generation and propagation of strain waves.49−51 The DF
imaging in UEM (DF-UEM), which uses scattered electrons
with specific vectors through the objective aperture to form an
image, can facilitate a more convenient verification of the

Figure 4. Quantitative characterization of acoustic motion. (a, d) Experimental diffraction patterns along the [001] and [011 ̅] zone axis;
inset is the difference map between delay points of peak and valley for the corresponding mode. (b, e) Intensity changes of color-coded
Bragg peaks in (a, d). The solid and dashed vertical lines mark the delay points for the difference map. (c, f) Rocking curve of Friedel pairs
by tilting the sample along the b axis. The ultrafast experiments were performed at the tilt angle marked by the black dashed vertical line.
The arrow indicates the virtue tilting direction caused by acoustic phonon as depicted in (g) and (h). The lower and upper panels of (g) and
(h) schematically illustrate the atomic displacements and associated reciprocal space tilt, respectively. The blue dot represents the initial
position and the orange dot represents the position after laser exaction considering only one acoustic mode. The sample was supported on a
30 nm-thick Si3N4 window to obtain a relatively flat surface. Experiments were conducted on area #3 with a pump fluence of 1.3 mJ/cm2.
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dependence of acoustic waves on a certain crystal plane index.
The DF-UEM has been used to image vibrational dynamics of
nanoparticles52 and order parameter evolution of light-induced
CDW phase transition.53 Although the real-space imaging is
better suited to investigate the spatial heterogeneity impact on
phonon dynamics, here we use DF-UEM to focus on the
distinguishing acoustic wave dynamics associated with specific
Bragg peaks to confirm the identification of shear and
breathing modes.

The sample used for DF-UEM is suspended on a 2000 mesh
copper grid and naturally has a relatively large curved shape.
The thickness was 23.1 ± 4.6 nm (see Figure S3, area #2). We
selected different diffraction peaks in the same region on the
free-standing sample to generate the DF image, as shown in the
right panel of Figure 3a and Figure S5. The left panel of Figure
3a plots the bend contour shift with respect to the time delay
after pump laser excitation (see Videos S2−S5), integrated
along the long side of the red rectangle in the right panel of
Figure 3a. The red circle overlaid on the top of the 2D map
represents the fitted center position of the bend contour, which
also demonstrates the Miller index-dependent oscillation
similar to diffraction intensity. The corresponding FFT results
are shown in Figure 3b, where the extracted frequency consists
of the oscillation frequency of diffraction intensity revealed by
ultrafast SAED (Figure S6). It can be seen that the bend
contour with K ≠ 0 (150 and 12̅2) has an oscillation with 11.2
GHz component, the one with L ≠ 0 (2̅04 and 12̅2) has a 32.5
GHz component, whereas the one with K, L = 0 (200) shows
no oscillation. This further confirms the dependence of
different coherent acoustic modes on specific crystal plane
indices.

Before pump laser excitation, the electron beam is scattered
by crystal planes satisfying specific Bragg diffraction, and forms
a bright bend contour on the detector through the selection of
the objective lens aperture54 (as shown on the left panel of
Figure 3c,d). Both the acoustic shear phonon and breathing
phonon can cause the oscillation of the bend contour position,
but the underlying mechanism is different. The standing wave

of acoustic shear phonon causes the top layer and bottom layer
move transversely (along in-plane direction) in the opposite
direction, and the acoustic breathing phonons mainly regulate
the top layer and bottom layer expand or contract vertically
(along out-of-plane direction) in the opposite direction, as
marked by the blue arrows in the right panel of Figure 3c,d
respectively, resulting in a change of the spatial position where
the crystal plane satisfies Bragg diffraction, and thus the curved
contour fringe on the detector moves accordingly. It is worth
noting that the curved shape of the thin flake significantly
magnifies the real atomic movement, as encoded in the bend
contour shift.

Quantitative Determination of Shear Strain. Ultrafast
DF imaging data from curved samples demonstrate the
visualization of the acoustic phonons with a fantastic signal-
to-noise ratio, but it is a challenge to quantify the amplitude of
phonons through the bend contour movement due to their
high sensitivity to the local curvature, which is very difficult to
determine. In order to obtain the movement direction and
amplitude of coherent acoustic phonons, we further performed
ultrafast SAED experiments on a rather flat sample supported
by Si3N4 substrate (see Figure S3, area #3), under an excitation
fluence of 1.3 mJ/cm2. The diffraction intensity evolutions of
Friedel pairs under different zone axes were quantitatively
analyzed and compared with the rocking curve of the
corresponding peaks.

Figure 4 shows the ultrafast SAED data acquired at the
[001] and [011̅] zone axes (see more data at other zone axes in
Figure S7). The diffraction intensity of (030) and (03̅0) in
Figure 4b displays an antiphase oscillation after time zero. As is
well-known, the coherent acoustic phonons facilitate the
collective movement of atoms across unit cells in the film,
which subsequently alters the intersection position between
the reciprocal rod and the Ewald sphere.27 This is ultimately
manifested in the change of the diffraction peak intensity.55

The sign and amplitude of the change highly depend on the
deviation of the incidence direction and zone axis, which is
related to the tilt angle. If the sample is under zone axis

Figure 5. Temperature-dependent shear mode transition. (a, c) Laser-induced intensity oscillations of (130) (a) and (1 ̅2 ̅0) (c) peaks
acquired at different temperatures. The oscillations in (a) and (c) correspond to optical and acoustic shear phonons with the frequency of
0.37 THz and 13.5 GHz, respectively. (b) Oscillation amplitudes of optical and acoustic shear phonons as a function of temperature,
displaying a clear transition temperature around 250 K which overlaps well with the electrical transport data (inset). Curves in parts (a) and
(c) are vertically offset for visual clarity. Experiments were conducted on area #1 with a pump fluence of 0.5 mJ/cm2.
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excitation, which is our experimental condition, the intensity of
Friedel pairs will change oppositely under the modulation of
acoustic phonons (Figure 4g,h). As we can see in the difference
map between the oscillation peak and valley delay points (inset
of Figure 4a), the intensity changes of almost all Friedel pairs
manifest opposite trends, where the left part became stronger,
and the right part became weaker. The symmetry of the
difference map reflects that the virtual tilt of reciprocal space
caused by the acoustic phonons is along the b direction. The
sample is then rotated so that the tilt direction of goniometer is
along the b axis, and the rocking curve of certain Bragg Peak is
obtained by extracting the diffraction intensity of a series of
continuously tilted diffraction pattern, as shown in Figure 4c.
By comparison of the intensity change in ultrafast data and
rocking curves of (030) and (03̅0), indicated by the yellow
arrows in Figure 4b,c, we can speculate that the acoustic shear
phonon caused a virtual tilt of δθ[001]shear = δθs = 0.164° toward
a more orthogonal direction. Through the triangular relation-
ship, we can get the shear amplitude of b

c s
sin
cos2

s
= × is

∼2.9‰, where θs = −4.4° is the angle between the view
direction (electron beam incident) and c* direction (more
details can be found in Section 8 of the Supporting
Information).

In order to extract the breathing amplitude, we perform
ultrafast SAED experiments under the [011̅] zone axis and

analyze the diffraction intensity of (044) and (04̅4̅) shown in
Figure 4e, exhibiting coupled oscillations related to both
breathing and shear acoustic phonons. By looking into the
difference map and rocking curves, we can see that the virtual
tilt direction caused by shear and breathing phonons is
opposite. The cartoon in Figure 4h explains the reverse tilt
direction caused by two types of layer motion. The breathing
amplitude is calculated to be c

c B
2

sin 2 B
= × = 3.2‰

toward expansion direction, where δθ[011̅]breathing = δθB =
0.060° is the virtual tilt angle by breathing mode, θB = 70° is
the angle between view direction and b axis.

Temperature Dependence of Shear Modes. In ultrafast
SAED experiments, we already demonstrated that optical shear
phonons with a characteristic frequency of about 0.37 THz are
generated in MoTe2 under low-temperature laser excitation,
whereas acoustic shear phonons in the GHz range are mainly
generated at room temperature. To explore the relationship
between these two modes, temperature-dependent ultrafast
SAED experiments were performed. Figure 5a (light-colored
circles) illustrates the intensity oscillations of (130) peaks
acquired at different temperatures, showing that the oscillation
amplitude of optical shear phonon mode progressively
diminishes with increasing temperature, accompanied by the
emergence of other low-frequency oscillations at 240 K.
Notably, the high-frequency optical shear phonons exhibit

Figure 6. Schematic diagram of phonon scattering paths and simulated atomic displacements. (a) Illustration of the dominant intralayer
optical to interlayer TO (then to LA, blue arrow) or TA scattering pathways below (orange arrow) and above (red arrow) the transition
temperature. The schematic on the left shows two acoustic phonons with opposite wave vectors couple together to form standing wave at the
Γ point. (b, c) Schematic of the interlayer polarization bond and related shear motion. The orange shaded area in the right panel represents
the electric dipole due to the charge accumulated in the weak interlayer covalent bonds. The central panel shows an exaggerated view of the
interlayer bond orientations between different layers and demonstrates the collective motion of the layers along the directions indicated by
the arrows, driven by the dipole moments under laser excitation. This motion manifests as the atomic displacements associated with the two
phonon modes depicted in the left panel. (d, e) Simulation of atomic displacement in a 22 nm-thick free-standing sample with laser fluence
of 1.3 mJ/cm2, showing the propagating of shear mode (d) and breathing mode (e) phonons along the z (r3) direction.
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discernible frequency shifts and lifetime variations at 97 and
200 K. Quantitative analysis using damped sine function fitting
(solid curves in Figure 5a) yields key parameters including
oscillation amplitudes (blue points in Figure 5b), frequency
shifts, and damping constants (Figure S9). The observed
progressive frequency softening originates from thermally
activated phonon decay processes, where optical phonons
decay into more phonon modes, thereby enhancing lattice
anharmonicity and inducing frequency reduction.56 Further-
more, the accelerated frequency softening near 250 K
correlates with the progressive disappearance of optical
phonon modes. Concurrently, the vibration amplitude and
damping constant of optical shear phonons exhibit trends
similar to those observed in frequency, providing additional
evidence for the disappearance of these phonons near 250 K.
In contrast, the (1̅2̅0) diffraction peak analysis (Figure 5c, light
circles) reveals that as the temperature further increases, the
acoustic shear phonons emerge and gradually reach saturation
at around 300 K. The amplitude of the acoustic shear
oscillation (red points in Figure 5b) was extracted from the
fitted sine function (solid curves in Figure 5c). Ultimately, the
oscillation amplitudes of these shear phonon modes as a
function of temperature are summarized in Figure 5b. A clear
transition between the two phonon modes occurs around 250
K, which coincides with the transition temperature of the
resistance curve and is consistent with the reported Tc in
previous literature.36,39 This strong correlation between the
shear phonon mode and the transition temperature provides a
reliable fingerprint for characterizing the structural phase
transition in MoTe2. The results indicate that temperature
drives a change in the interlayer stacking sequence of the
octahedral MoTe2, subsequently altering the photoinduced
coherent shear phonon modes. This highlights the fundamen-
tal role of shear phonons in tracking structural dynamics
during phase transitions.

Possible Driving Force of Acoustic Shear Wave. The
above experimental results clearly demonstrated that acoustic
shear phonons were excited in the high-temperature T′ phase,
while optical shear phonons were excited in the low-
temperature Td phase, and both of them shear along the
monoclinic direction. Recently, Cheon et al.37 observed
interlayer shear phonon modes with opposite trends of layer-
dependent frequency evolution in few-layer Td- and T′-
MoTe2, respectively, through low-frequency Raman spectros-
copy. The multiple low-frequency interlayer Raman modes,
including shear and breathing modes, were extensively
reported in few-layer two-dimensional materials, which have
been used for determining layer numbers and even stacking
order.

A simple linear chain model (LCM) was proposed to explain
the multiple-layer-dependent Raman modes, which considers
each layer as a rigid ball and interlayer coupling as a harmonic
spring. The Eigenmodes of LCM57 are u cosn

n
N

(2 1)
2

and

the corresponding phonon frequencies f sin
m N

1
2

= ,

where β is the interlayer force constant per unit area, m is
the mass per unit area of each layer, n denotes the n-th layer,
and α = 1,2, ···, N − 1. When the layer number N is
determined, the α = N − 1 mode corresponds to the acoustic
phonon close to the first Brillouin zone boundary, which can
be folded back to the zone center as optical phonon when
considering two layers in one unit cell (see the orange dots and

solid lines in Figure 6a),23 and α = 1 mode corresponds to the
acoustic phonon near the Γ point (as shown in Figure 6a, the
red spot close to the Γ point). When N is very large, f1 can be

approximated as f
m N

t
m t Nt

C
d d1

1
2 /

1
2

1
2 2
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The standing waves with the frequency f1 are formed by two
propagating waves with the same frequency but opposite wave
vectors coupling to the Γ point, as shown in the upper left inset
of Figure 6a. The more than two orders of magnitude
difference in frequency that we observed for the interlayer
shear mode can then be unified by LCM with two extreme
conditions. The low-temperature optical shear mode corre-
sponds to the α = N − 1 mode, where adjacent layer shear
reversely, while the high-temperature acoustic shear mode
corresponds to the α = 1 mode, where the half cycle of one
shear wave propagates across the whole film. The mechanisms
of their arising in different types of MoTe2 still need to be
elucidated.

The reported Raman intensities of interlayer shear modes in
few-layer films exhibit quite different trends depending on
complex stacking sequences. As a general rule, the lowest
frequency mode of AB-stacked sample (2H-TMD, NbSe2, AB-
stacked graphene) has the strongest Raman intensity and blue
shift with increasing layer numbers, while the opposite trend is
true for ABC-stacked sample (3R-TMD, Bi2Se3, ABC-stacked
graphene), which is consistent with recent studies on MoTe2.

37

An interlayer bond polarizability model57,58 has been proposed
to explain and predict the stacking-dependent Raman intensity
of low-frequency interlayer shear mode in layered materials,
where the stacking sequence of nonperpendicular weak
covalent character of interlayer interactions plays a key role.
The charge accumulated in the weak covalent bond (see the
orange area on the right panel of Figure 6b,c) produces dipole
moments in the presence of the electric field of the pumping
laser or the transient electric field created by the image
potential state,59 and further promotes interlayer vibrations.
The interlayer polarization bond model can be understood as
the reorientation of transient dipole moments in layered
materials with weakly covalent character, driven by the electric
fields of photocarriers. This mechanism is especially prominent
in octahedrally distorted MoTe2, which exhibits a relatively
long lifetime of photocarriers.60,61 The middle part of Figure
6b,c enlarges the orientation of the electric dipole moments
between adjacent layers in different phases of MoTe2, and
demonstrates the collective motion of each layer in the
direction indicated by the arrow under the drive of the dipole
moment with laser excitation. Based on transient dipole
reorientation, MoTe2 will transit toward a higher-symmetry T*
phase along the direction of the transient electric field:
adjacent layers should shear completely out-of-phase for Td-
MoTe2 (α = N − 1 mode), while the whole film should be
stretched out for T′-MoTe2 (α = 1 mode), as shown in the left
inset of Figure 6b,c. In short, the phonon mode number α with
the strongest vibration amplitude is directly linked to the
stacking sequence, where the T′ phase (ABC stacked) has the
strongest intensity for the mode that α = 1 (acoustic shear
phonon), while the Td phase (AB stacked) has the strongest
intensity for the mode that α = N − 1 (optical shear phonon).
In addition, the recently emerged sliding ferroelectricity62 in
layered vdW materials, such as 1T′-ReS2,

63 WTe2,
64 and 3R-

MoS2,
65 highlights the close relationship between interlayer

electron cloud transfer and interlayer sliding, which is
consistent with the interlayer bond polarizability model.
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Figure 6a summarizes the schematic phonon scattering paths
following laser excitation. Upon laser excitation, valence
electrons are instantaneously excited to the conduction band,
initiating a cascade of electron−electron and electron−phonon
interactions. Below Tc, the AB stacking sequence characteristic
of the Td phase facilitates the scattering of intralayer optical
phonons into interlayer optical shear phonons, which further
decay into acoustic breathing phonons. When temperature
(Figure 5a) or fluence (Figure S4e,f) increases, intralayer
optical phonons tend to directly decay into the acoustic
breathing phonons. Conversely, above Tc, the ABC stacking
sequence of the T′ phase drives the scattering of intralayer
optical shear phonons into interlayer acoustic shear phonons.

In order to get a quantitative estimation of the shear and
breathing amplitude to further clarify the possible driving force,
the elastic wave equation is numerically solved to extract the
atomic displacement (see Section 10 of the Supporting
Information). The generation mechanisms of coherent
acoustic phonons are well-documented12 and primarily include
the thermoelastic effect, lattice deformation potential, and
inverse piezoelectric effect. Among these, the thermoelastic
effect and lattice deformation potential are present in nearly all
samples, but the latter exists for only a very short period of
time (∼ps). In the following simulation, the T′-MoTe2 film is
regarded as a one-dimensional continuous elastic medium, and
only the photothermo stress due to thermoelastic effect is
taken into account as the external source term. Then, the wave
equation can be described as follows:

u
t r

i x y z, 1, 2, 3 or , ,i

j

ij

j

2

2
1,2,3

= =
= (1)

C T( )ij
k l

ijkl kl kl
, 1,2,3

= ×
= (2)

where ρ is the mass density, ui is the ith component of the
atomic displacement vector, Cijkl is the elastic moduli matrix, σij
is the stress tensor that is mainly composed of thermoelasticity,
εkl is the strain tensor, βkl is the thermal expansion tensor, and
ΔT is the laser-induced temperature change. Considering the
monochromatic plane wave propagating along the surface
normal direction in the monoclinic thin film, all the partial
differentials of ui along r1 (x) and r2 (y) equal 0 (see Section 10
of the Supporting Information for details). We can see that
there is no external driving force for u1, while the nonzero off-
diagonal term of elastic modules and thermal expansion
coefficient (TEC) provides the external force that can drive
both u2 and u3 oscillations. So the acoustic shear wave can, in
principle, be excited in any monoclinic system. Qian et al.20

reported two frequency oscillations in GaTe revealed by
ultrafast electron diffraction; the low frequency, which was not
explained clearly, is very likely the shear mode as predicted by
the above equation. However, the excited acoustic shear modes
are not guaranteed to be detectable, which still depend
critically on the material properties, particularly the magni-
tudes of the nonzero off-diagonal terms of the elastic moduli
and TEC. Furthermore, in low-symmetry systems, detected
acoustic shear waves may arise not solely from thermoelastic
effects but also involve nonthermal mechanisms, such as
inverse piezoelectric effects in BiFeO3

66 or ultrafast demagnet-
ization in FePS3.

27 Figure 6d,e displays the calculated atomic
displacement in a 22 nm film at a pumping fluence of 1.3 mJ/
cm2. The results demonstrate that the external force generated

by thermal elastic stress can produce both commonly observed
acoustic breathing phonons and unusual acoustic shear
phonons. However, the amplitude of the shear phonon is
about half the experimental value, indicating that other driving
forces should be involved in the generation of the acoustic
phonon. Recent studies have demonstrated the existence of a
ferroelectric phase in Td-MoTe2,

67 and one ultrafast experi-
ment reported the light-induced ultrafast ferroelectric order-
ing59 in T′-MoTe2, which is induced by photoexcited image
potential state electrons. Meanwhile, in ferroelectric polarized
materials, the anomalous response driven by electric fields of
photocarriers (inverse piezoelectric effect) is a well-accepted
mechanism for large-amplitude structural change under laser
excitation.68,69 Therefore, based on the reorientation effect of
dipoles in ferroelectric polarized materials, we reasonably
speculate that, alongside the thermoelastic effect, the inverse
piezoelectric effect contributed by the nonperpendicular weak
covalent bond and laser-induced surface charge plays a
significant role in the generation of coherent shear phonons.

CONCLUSIONS
In summary, we have investigated ultrafast laser-excited
coherent phonons in distorted octahedral MoTe2 by UEM,
focusing on the dependence of phonon modes on the stacking
order. Combining ultrafast SAED and DF imaging, we verified
the existence of two types of crystal plane-related acoustic
phonon modes in T′-MoTe2. Along with the consistency
between the acoustic velocity ratio and the oscillation
frequency ratio of the two acoustic phonon modes, we
identified them as the breathing mode and shear mode
propagating along the surface normal direction, respectively.
The temperature-dependent ultrafast SAED results verified the
switching of the shear modes from a high-temperature acoustic
phonon to a low-temperature optical phonon, regulated by the
temperature-driven stacking order change. Both the acoustic
and optical shear modes involve the interlayer movement along
the monoclinic direction and were unified within the
framework of the LCM. Through quantitative experimental
measurement of strain wave amplitude and numerical
simulation, we speculate that the laser-induced inverse
piezoelectric effect originating from interlayer polarization
bonds associated with the stacking sequence is an important
driving force for the coherent shear phonon mode. Our
experimental results not only demonstrate a paradigm that
stacking sequences regulate coherent shear phonons and
topological transitions but also provide an efficient method
to characterize stacking sequence-related structural phase
transitions in two-dimensional layered materials.

MATERIALS AND METHODS
Sample Preparation and Static Characterization. Bulk

MoTe2 crystals were purchased from HQ Graphene. The bc-plane
cross-sectional sample was fabricated by using a FIB system (Helios
NanoLab 600i DualBeam, FEI Inc.). The stacking order was observed
from the atomically resolved imaging acquired with HAADF-STEM
on an aberration-corrected TEM (ARM-200F, JEOL). The samples
we used for the UEM experiments were mechanically exfoliated in-
plane (ab-plane) thin flakes with a thickness of 20−30 nm via the
conventional mechanical exfoliation technique, placed on 2000 mesh
copper grid (areas #1, #2, and #4) or 30 nm-thick Si3N4 film (area
#3). The thickness of the free-standing MoTe2 flakes was determined
by the electron energy loss spectroscopy (EELS) log-ratio method
using a simulated inelastic mean free path70 (IMFP) of ∼74.4 nm for
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a 200 keV electron beam. For the flake on the Si3N4 substrate, atomic
force microscopy (AFM) was used to determine the thickness.

Temperature-dependent resistivity measurements were performed
using a standard four-probe method in a commercial physical
properties measurement system (PPMS-16, Quantum Design).
Confocal micro-Raman measurements with a backscattering config-
uration were performed by using a Jobin Yvon HR-Evolution system
with a 632.8 nm HeNe laser as the excitation source. An
attoDRY2100 closed-cycle cryostat was used to achieve temper-
ature-dependent Raman measurement.

UEM Experiments. The ultrafast experiments were conducted at a
new home-built ultrafast transmission electron microscope, which is a
part of an ultrafast electron microscope station at the Synergetic
Extreme Condition User Facility (SECUF). Figure 1e illustrates the
schematic of the UEM based on the pump−probe technique. The
UEM used in the experiments was modified based on a thermionic
emission TEM (JEM-2100Plus, JEOL) with multiple imaging modes.
The pump laser with a wavelength of 520 nm was employed to excite
the sample by focusing it onto a spot with a full width at half-
maximum (fwhm) diameter of ∼40 μm. The probe laser with a
wavelength of 260 nm was employed to excite the LaB6 photocathode,
thereby generating a photoelectron beam. The repetition rate for all
the ultrafast measurements is set to 50 kHz. The pump and probe
lasers are generated from a fundamental 1040 nm laser (Spirit1040−4,
Spectra-Physics) with a pulse duration of 300 fs (fwhm) using a β-
barium borate crystal. The time delay between them is regulated by
controlling the optical path difference through a translation stage
(DDS600, Thorlabs). The main experimental data in this study were
collected at the selected-area electron diffraction (SAED) mode or the
dark-field (DF) imaging mode. The in-plane information on the
samples was obtained by incidence of the electron beam along the
sample [001] direction. In order to obtain the out-of-plane
information, the samples were tilted by 21° along the [011̅] direction
(other tilt angle was also used), allowing for the diffraction pattern to
contain information about the three crystal axes. The temperature-
dependent experiments were performed using a double-tilt liquid
nitrogen cooling sample holder (Model 636, Gatan). Unless otherwise
stated, experiments were conducted at room temperature using a
double-tilted or rotation sample holder.

Calculation Method. The Christoffel equation was used to
determine the sound velocity and polarization vector of acoustic
phonon modes propagating along the surface normal direction. The
elastic modulus of T′-MoTe2, which are the coefficients of the
Christoffel equation, was adopted from the Supporting Information of
ref 43 and checked by first-principles calculations. Due to the small
value of C34, the calculated LA mode and b-axis TA mode are almost
independent. The elastic wave equation with laser-added external
force (photothermo stress) was solved by the finite difference method
to get the atomic displacement. To get the stress distribution along
the sample slab depth, we solve the Maxwell equations in the T′-
MoTe2 thin film with boundary conditions. The specific values of the
coefficients of the elastic wave equation used in the simulation can be
found in Table S2, and the detailed calculation process can be found
in Section 10 of the Supporting Information.
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