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1. Introduction

Intrinsic effect of interfacial coupling on the
high-frequency intralayer modes in twisted
multilayer MoTe,t

Yu-Chen Leng,?® Miao-Ling Lin, ©2 Yu Zhou,® Jiang-Bin Wu,? Da Meng,®
Xin Cong,®® Hai Li © € and Ping-Heng Tan & *bd

The interfacial coupling at the interface makes the van der Waals heterostructures (vdWHs) exhibit many
unique properties that cannot be realized in its constituents. Such a study usually starts with a twisted
stack of two flakes exfoliated from the same layered materials to form twisted multilayers, in which the
impact of interfacial coupling on the low-frequency interlayer modes had been well understood.
However, it is not clear how interfacial coupling affects the high-frequency intralayer modes of twisted
multilayers. Herein, we perform high-resolution resonance Raman spectroscopy of the high-frequency
intralayer modes in twisted multilayer MoTe, (tMLM). All the Davydov entities of the out-of-plane intra-
layer mode are observed and distinguished at 4 K. It is found that the out-of-plane intralayer modes in
tMLM are sensitive to its interfacial layer-breathing coupling so that the out-of-plane intralayer modes in
tMLM do not show a direct relationship with those of the two constituents. However, the case is quite
different for the in-plane intralayer modes in tMLM, whose spectral profile can be fitted by those of the
corresponding modes of its constituents. This indicates that the in-plane intralayer modes are localized
within the constituents in tMLM because of its negligible interfacial shear coupling at the interface. All the
results can be well understood using the vdW model in which only the nearest neighbor interlayer/inter-
facial interaction is taken into account. This work directly builds the relationship between the Davydov
splitting of the high-frequency intralayer vibrations and the low-frequency interlayer vibrations in tMLM,
which can be further extended to other twisted materials and the related vdWHs.

Davydov splitting of the intralayer modes in 2H-MoS,.* In
principle, there are N Davydov entities of the high-frequency

The atoms within each layer in two-dimensional transition
metal dichalcogenide (TMD) flakes are joined together by
covalent bonds, while the interlayer coupling of van der Waals
(vdW) interactions keeps the layers together. The vdW inter-
actions dominate the interlayer modes' in TMD flakes, which
serve as persuasive fingerprints for their interlayer coupling.>
The interlayer interaction also leads to the observation of
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intralayer mode in 2H-stacked N-layer (N > 1) flakes.*® The
force constant model* and vdW model® had been proposed to
explain frequency evolution of the intralayer modes with N.
The force constant model was used to calculate the frequency
of each Davydov component of TMD flakes,**® in which
interactions up to the second nearest neighbor and surface
effects were included. The force constants per unit area are
obtained by fitting the experimental frequencies of the A7,
(or A}) modes at ~172 cm™'. However, the small splitting
(~1 em™) of the Aj, (or A7) modes at ~290 cm™' in N-layer
MoTe, were attributed to the surface effects, but not Davydov
splitting. The surface effects were also claimed to dominate
the small splitting of the E, (or E') modes at 235 cm™".* In
fact, the frequency of the intralayer modes in N-layer TMD
flakes is not only dominated by the interlayer and intralayer
force constants, but also by the long-range Coulomb inter-
action and short-range multipolar interactions.>>%'® This is
why each kind of TMD flake exhibits specific N-dependent fre-
quency difference between A7, (or Aj) and E, (or E) modes,
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such as MoS,, WS,, WSe,, MoTe, and MoSe,.*”''™*3 For the
vdW model, the interlayer coupling is considered as a first-
order perturbation, which is responsible for the Davydov split-
ting between Davydov entities in N-layer flakes, while other
factors, such as long-range Coulomb interactions and short-
range multipolar interactions, may result in the frequency
difference between uncoupled entities, e.g., the lowest-fre-
quency A7, (or Aj) modes in each N-layer flake. The vdW
model bridges the relationship between the Davydov splitting
of the intralayer modes and the frequency of the interlayer
modes,” and well reproduces the Davydov splitting of Davydov
entities in MoTe, flakes,” which had been extended to other
TMD flakes, such as MoSe, and MoS, flakes."® To date, the
two models have been widely used to understand the fre-
quency of high-frequency intralayer modes in TMD flakes and
other two-dimensional flakes although their physical origins
are quite different. Therefore, it is an essential issue to
further uncover the nature of interlayer coupling in TMD
flakes.

In comparison with the 2H-stacked N-layer TMD flakes,
twisted TMD flakes assembled by vertically stacking two TMD
flakes together with a twist angle provide multiple degrees of
freedom, such as layer thickness and twist angle at the inter-
face, to engineer their optical and electronic properties. The
effects of interfacial coupling on the interlayer modes have
been clearly demonstrated, where the negligible interfacial
shear (S) coupling leads to the localization of the S modes
within its constituents and the significant layer-breathing (LB)
coupling gives rise to collective vibration of all the stacking
layers for the LB modes.'*™® Frequency shift had been
observed in twisted TMD flakes.'” However, Davydov entities of
the intralayer modes in twisted TMD flakes have not been
explored yet. Revealing the effect of interlayer/interfacial coup-
ling on intralayer vibrations in twisted TMD flakes will funda-
mentally enrich our understanding of the properties of the
intralayer modes in these systems.

Because the Davydov splitting in 2H-stacked N-layer MoTe,
flakes had been well studied, here, we performed high-resolu-
tion resonance Raman spectroscopy of twisted multilayered
MoTe, (tMLM) at low temperature to reveal the effect of inter-
facial coupling on its Davydov splitting. Under these experi-
mental conditions, all the Davydov entities of the out-of-plane
intralayer modes in tMLM and the corresponding 2H-stacked
N-layer MoTe, (NLM, N > 1) were observed. The Davydov split-
ting of the intralayer modes in tMLM is well reproduced by
the vdW model. The smaller Davydov splitting of the out-of-
plane intralayer modes in tMLM is attributed to its weaker
interfacial LB coupling than the interlayer LB coupling within
NLM. In addition, the spectral profile of the in-plane intra-
layer modes in tMLM is the sum of those from the corres-
ponding constituents due to its negligible interfacial S coup-
ling. The results show that without any fitting parameters, the
observed Davydov splitting of the two out-of-plane intralayer
modes in tMLM can be quantitatively described by the vdW
model based on the frequencies of the corresponding LB
modes.
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2. Experimental
Sample preparation

The t(m+n)LM are prepared by assembling m-layer MoTe,
(mLM, m > 1) and nLM (n > 1) together via a wet transfer
method.'® The nLM flakes were prepared on 90 nm SiO,/Si
substrates by the mechanical exfoliation method. The number
of layers of the nLM flake was measured by low-frequency
Raman spectroscopy. Then 3.0 wt% polymethyl methacrylate
(PMMA) in dichloromethane solution was spin-coated on the
mLM flake at 3000 rpm to generate the PMMA film, which was
sequentially covered by a polydimethylsiloxane (PDMS) film.
After this, the PDMS/PMMA/nLM film was separated from the
substrate with a drop of water and then stacked on top of other
mLM flakes by using a micromanipulator under an optical
microscope to obtain the PDMS/PMMA/nLM/mLM structure.
The PDMS film was peeled off with a hot plate at 50 °C to form
the PMMA/nLM/mLM structure, and then the PMMA film was
removed with anhydrous dichloromethane at 50 °C. Finally,
the nLM/mLM (t(m+n)LM) sample was annealed at 200 °C
under an Ar atmosphere for one hour.

SHG measurements

The SHG measurement was performed in a reflection geometry
using normal incidence excitation. The pump radiation of
880 nm was supplied by a fs-Ti:Sapphire Laser operating at an
80 MHz repetition rate. The pulse is of 140 + 20 fs duration. A
polarizer was placed in the incident path, and an analyzer was
allocated before the spectrometer to select the polarization com-
ponents of the SHG radiation lying parallel to the polarization
of the pump beam. The samples were placed on a rotating plat-
form and rotated to obtain the orientational dependence of the
SHG response. The signal was detected using a liquid-nitrogen-
cooled charge-coupled device (CCD). The average laser power
was kept below 150 pW to avoid sample heating.

Raman measurements

Raman spectra were measured using 647 nm excitation from a
Kr" laser at room temperature (RT) and 4 K in a helium-cooled
cryostat (Montana Instruments), with Raman signal collected
by a Jobin-Yvon HR800 micro-Raman system equipped with a
liquid-nitrogen-cooled CCD and a 50x objective (numerical
aperture = 0.45). A 2400 lines per mm grating was used in the
Raman measurements, where the corresponding spectral
resolution is 0.17 ecm ™" per CCD pixel. The laser plasma lines
were removed by Bragg-volume-grating based bandpass filters
from OptiGrate Corp. Measurement down to 5 cm™' was
achieved using three BragGrate notch filters from OptiGrate
Corp. with an optical density of 3 and with a full width at half
maximum of 5-10 cm™'. The laser power was kept below
150 pW to avoid sample heating.

3. Results and discussion

By vertically assembling a 2H-stacked mLM and nLM flakes
together, an (mtn)-layer system is formed. Hereafter, we
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denote it as t(m+n)LM. Because of the three-fold rotational
symmetry of the lattice structure and the lack of centrosymme-
try,"® odd N-layer MoTe, (ONLM) exhibits an evident second
harmonic response dependent on the crystallographic orien-
tation. Therefore, the twist angle of t(m+n)LM can be deter-
mined by the orientational dependence of the second-harmo-
nic generation (SHG) of its two ONLM constituents (see
Experimental). Because of the small Davydov splitting of the
out-of-plane intralayer modes in NLM, a Raman system with
~0.17 em ™" per CCD pixel at 647 nm is used to obtain high-
resolution Raman spectra of NLM and t(m+n)LM at 4 K and RT
(see Experimental), where the 647 nm excitation is utilized to
excite the corresponding resonance Raman spectroscopy with
the B’ exciton.>?°

We firstly performed Raman measurement on 4LM, t(1+3)LM
and its constituents (1ILM and 3LM). The optical image of
the t(1+3)LM is depicted in Fig. 1(a). The twist angle between
the 1LM and 3LM constituents in t(1+3)LM is 9.4°, as indi-
cated in Fig. 1(b). The resonance Raman spectra of 1LM, 3LM,
41LM and t(1+3)LM at RT are plotted in Fig. 1(c). In principle,
there are N — 1 LB and N — 1 doubly degenerate S modes in
NLM (N > 1), which can be denoted as the LBy y—; and Sy n-;
modes® (j =N — 1, N — 2, ..., 1), respectively. The LBy, and
Sy,1 modes are the LB and S modes with the highest frequen-
cies, respectively. No interlayer mode is observed in 1LM.
According to the symmetry analysis of NLM,>" the Raman-
active modes can be identified, S;; and LB;, in 3LM, S, 1,
LB;,; and LB,; in 4LM. All the modes are experimentally
observed, as shown in Fig. 1(c).

In t(1+3)LM, four Raman peaks are observed in the low-fre-
quency region. According to their frequencies and peak
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widths, the sharp peak at 23 cm™" corresponds to the Sz,
modes of its 3LM constituent, but not the S modes of 4LM
that has the same number of layers as t(1+3)LM. This indicates
that the interfacial S coupling at the twist interface of
t(1+3)LM is so weak that its S mode is localized within its 3LM
constituent. The other three peaks belong to the LB modes
according to their broader profiles, and are assigned to LB, ;,
LB, and LB, ; with increasing peak positions. Indeed, the fre-
quency of the corresponding modes (LB, ;) and o(LB,;) in
t(1+3)LM is slightly different from those of the corresponding
modes in 4LM. The LB,, mode, Raman inactive in 4LM, is
observed in t(1+3)LM due to its low lattice symmetry. The fre-
quencies of the LB modes in TMD flakes and the corres-
ponding vdW heterostructures (vdWHs) can be well described
by the linear chain model (LCM)."'>'®?*?> Here, we apply the
LCM to t(1+3)LM and a™(I) can be treated as a fitting para-
meter. w(LB,3) and w(LB,,) in t(1+3)LM at RT can be well
fitted by a(I) = 5.06 x 10'® N m~*, which is strong enough to
generate the collective vibrations of all the stacking layers in
t(1+3)LM, similar to other twisted 2DMs.'**>??

In the high-frequency region, there are four optical modes
in 1LM,?' ie., A} at ~290 cm ', E' at ~235 cm ', A} at
~172 em ™" and E” at ~119 cm™", where the A% mode is Raman
inactive and cannot be observed in the Raman spectra, and
other three modes are Raman active.”” The E’ and A; modes
are observed in 1LM excited by a 647 nm laser, as shown in
Fig. 1(c). The E” mode is too weak to be observed here and can
only be observed at specific laser wavelengths.*

In NLM, the in-phase (out-of-phase) atomic displacement of
the nearest chalcogen atoms between the adjacent layers
makes the adjacent layers uncoupled (coupled). In general, the
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Fig. 1

(a) Optical images of the 1LM, 3LM, 4LM and t(1+3)LM. (b) The crystallographic—orientation dependent SHG intensity of 1LM (blue circle) and

3LM (red circle). (c) Raman spectra of 1LM, 3LM, 4LM and t(1+3)LM at RT. The vertical dashed lines are guides to eyes. Raman spectra are offset for
clarity. (d) Schematic diagrams for the atomic displacements associated with the intralayer phonons at I' point in t(1+3)LM, where the irreducible

representations are indicated.
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interlayer coupling leads to the splitting of each optical mode
in 1LM into a set of N near-degenerate optical modes in NLM,
i.e., N Davydov entities in NLM corresponding to the phonon
mode in 1LM.*>®> Among the N Davydov entities, one mode
involves all the uncoupled layers, which is named the
uncoupled entity. The presence of coupled layers makes the
frequency of other N — 1 coupled entities higher than that of
the uncoupled one. The same is true for the case in tMLM.
Indeed, the Davydov entities in 3LM, 4LM and t(1+3)LM
corresponding to the Aj mode in 1LM are clearly observed in
Fig. 1(c). The lattice symmetry of 3LM, 4LM and t(1+3)LM is
different, resulting in different denotations for the corres-
ponding Davydov entities. For example, the A] mode in 1LM
gives rise to the A7 (R) and A% (IR) modes in 3LM and the Aj,
(R) and A,, (IR) modes in 4LM, in which R and IR indicate the
Raman and infrared activity. The A’? modes in 3LM and the
A%, mode in 4LM exhibit obvious Davydov splitting. For simpli-
city, hereafter we denote the Davydov entities in NLM and
t(m+n)LM corresponding to the A%, E', A; and E” modes in
1LM as the Aj-like, E-like, Aj-like and E"-like modes, respect-
ively. In this case, the Aj-like modes in ONLM include Y1
Ai(R) modes and *1 A5(IR) modes, and those in even N-layer
MoTe, (ENLM) include § A;,(R) modes and § A, (IR) modes,
where A] and A;, modes are observed in Fig. 1(c). No evident
splitting of the E'-like mode in 3LM and 4LM is observed. The
Aj-like modes in 3LM and 4LM are observed in spite of the
absence of the Raman-inactive A mode in 1LM.

The existence of a twist interface in tMLM leads to a
lower lattice symmetry than its constituents. The phonons
at I in t(m+m)LM and t(m+n)LM (m+#n) can be expressed by
the irreducible representation of D; and C; point groups,
respectively, i.e., ['(D;) = A;(R) + A,(IR) + E(R) and I'(C;3) =
A(R) + E(R). Based on the C; symmetry of t(1+3)LM, its
Aj-like and A%-like modes can be assigned to the A*> and A’
modes, respectively. Meanwhile, the E'-like mode is
assigned to the E mode. The schematic diagrams of atomic
displacements of the out-of-plane and in-plane intralayer
modes in t(1+3)LM are depicted in Fig. 1(d) based on the
diatomic linear chain model (DCM) (see the ESIT).'® As indi-
cated by the fitting shown in Fig. 1(c), the Aj-like modes of
t(1+3)LM exhibit four Davydov entities. This implies that its
twist interface leads to different electron-phonon coupling
from its constituents due to the modified interlayer coup-
ling at the interface and the change of lattice symmetry in
t(1+3)LM. In addition, the Aj5-like mode in t(1+3)LM exhi-
bits spectral broadening in comparison with the corres-
ponding modes in NLM.

As the Raman peaks of TMD flakes are expected to exhibit a
smaller full width half maximum (FWHM) at low temperature
than at RT,** allowing us to obtain more details of the spectral
profile, we subsequently performed resonance Raman spec-
troscopy measurements at 4 K. Before we give insights into
peak positions of the intralayer modes of t(m+n)LM and their
correlation with interfacial coupling between its constituents,
we first focus on their interlayer S and LB modes which are
directly linked to the interlayer and interfacial coupling in
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t(m+n)LM. The twist angles of t(1+1)LM and t(1+3)LM were
characterized by the orientational dependence of the SHG of
their two ONLM constituents, as indicated in Fig. S4 (see the
ESIT) and Fig. 1(b), respectively. Fig. 2(a) shows the low-fre-
quency Raman spectra of several t(m+n)LM and the corres-
ponding NLM (N = m + n) at 4 K. The S mode in 3LM is
observed at the same peak position in t(1+3)LM and t(2+3)LM.
This suggests that the interfacial S coupling in t(m+n)LM is
negligible at its twist interface, similar to the case of twisted
multilayer graphenes'* and related vdWHs."®** The S mode in
2LM is too weak to be observed in t(1+2)LM and t(2+3)LM.
Several LB modes are observed in t(m+n)LM and NLM, as
labeled in Fig. 2(a), which exhibit broader spectral profiles
than the S mode. w(LB) of t(m+n)LM shows a redshift relative
to that of the corresponding NLM, as indicated by the dashed
lines in Fig. 2(a). The experimental frequencies of LBy, n_;
modes of t(m+n)LM and NLM are summarized in Fig. 2(b),
which can be well fitted by the LCM">"®*? with the interlayer
coupling of a*(M) = 7.91 x 10" N m™ and a weaker interfacial
coupling a'(I). The weaker a'(I) of 5.14 x 10" N m™,
4.75x10° Nm™, 5.85 x 10" Nm™, and 5.32 x 10 Nm ™ in
t(1+1)LM, t(1+2)LM, t(1+3)LM and t(2+3)LM, respectively, lead
to smaller o(LB) in t(m+n)LM than that of the corresponding
NLM.

Based on the obtained interlayer and interfacial coupling in
t(m+n)LM, now we turn to understand the Davydov splitting of
its out-of-plane intralayer modes at 4 K. Fig. 3(a) shows Raman
spectra of the Ai-like modes in t(m+n)LM and NLM. The
dashed lines indicate the fitted Davydov entities, which were
labeled according to their irreducible representation based on
lattice symmetry. The Davydov entities in t(m+n)LM exhibit
different frequencies from the corresponding entities in NLM.
For example, the A3 mode in t(1+1)LM shows a slight blueshift
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Fig. 2 (a) Raman spectra of t(m+n)LM and corresponding NLM (N = m
+ n) at 4 K in the region of 0-50 cm™™. (b) The calculated frequencies in
2LM-5LM (blue open squares) and corresponding t(m+n)LM (red open
diamonds) based on LCM. The experimental ones of the LB modes are
also shown as crosses.
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Fig. 3 (a) The Raman spectra of Aj-like modes in t(m+n)LM and corres-
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(gray crosses) and the corresponding fitting results (dashed lines).
Raman spectra are offset for clarity. The corresponding experimental
(black crosses) and calculated (open squares) frequency differences
between each Davydov entity and the uncoupled one in 2LM-5LM
(b) and t(m+n)LM (c).

relative to the A,, mode in 2LM; however, the A}
mode in t(1+1)LM shows a significant redshift with respect to
the Al, mode in 2LM. This indicates that the Aj-like modes
in t(m+n)LM and corresponding (m+n)LM exhibit different
Davydov splitting, which may result from the interfacial LB
coupling in t(m+n)LM different from the interlayer LB coupling
in (m+n)LM.

As shown in Fig. 3(a), the observed Davydov splitting of the
intralayer modes in t(m+n)LM and (m+n)LM is small and on
the order of 1.0 cm™", which results from a small perturbation
of the intralayer modes by the weak interlayer interaction.” The
square of the interlayer mode frequency is directly pro-
portional to the interlayer force constant. The interlayer mode
is a direct signature for the interlayer interaction. In the case
of first order approximation, the relation of the frequencies of
the /™ coupled entity (@), the /™ interlayer mode (Aw;) and
uncoupled entity (w,) is as follows:

wg® = 0 + (Aw))?, (1)

where j = 1, 2,... and N — 1. For the out-of-plane intralayer
modes in t(m+n)LM or NLM, Aw; = o(LBy,y—;). Based on the
DCM," for the j™ coupled entity, atomic displacements of
the nearest Te atoms between the adjacent layers is similar
to that of the LBy y_; mode. The so-called vdW model’® has
been successfully used to understand the Davydov splitting
of the Aj-like modes in NLM at RT. In contrast to the results
measured at RT,” all the N Davydov entities of NLM (N = 2, 3,
4, 5) are clearly distinguished at 4 K regardless of their
Raman or infrared activity, as shown in Fig. 3(a). This may
be due to the complex exciton resonance behavior.® Based on
the vdW model and all the calculated w(LB) of t(m+n)LM and
NLM in Fig. 2(b), the frequencies of the Davydov entities of
the corresponding Aj-like modes can be calculated for both
t(m+n)LM and NLM. The calculated frequency difference

9736 | Nanoscale, 2021,13, 9732-9739

Nanoscale

(8w;) between the coupled entities (w.;) and uncoupled entity
(wo) in t(m+n)LM and NLM is depicted in Fig. 3(b) and (c),
respectively. The calculated 8w; in t(m+n)LM and (m+n)LM
agree with the experimental results. Based on the vdW
model,

dwj ~ (w(LByn-;))’/2wy. (2)

The larger the w(LByy-;), the larger the Sw; Because
o(LBy,n—;) in t(m+n)LM is smaller than that in (m+n)LM, dw; in
t(m+n)LM should be smaller than that in (m+1n)LM. Indeed, in
t(1+3)LM, the experimental 8w,, 8w, and Sw; are 1.12 cm™,
2.34 ecm™" and 3.36 cm™, respectively, exhibiting an obvious
decrease in comparison with those (8w; = 1.36 cm™, 8w, =
2.67 cm™" and 8w; = 3.63 cm™ ') in (m+n)LM.

Because w(A%) is larger than w(A{) in 1LM, Davydov splitting
of the A%-like modes is much smaller than that of the Aj-like
modes in NLM. Moreover, Raman peaks of NLM at RT are
expected to be much broader than those at low temperature.>*
The two factors make it difficult to distinguish the Davydov
entities of the A’%-like modes in NLM at RT. Therefore, unre-
solved spectral profiles were observed for the A%-like modes in
NLM in previous reports, which are simply ascribed to the
425 However, at
4 K, the resonance Raman spectra of the Aj-like modes show
evident splitting in NLM and t(m+n)LM, as indicated in
Fig. 4(a). In particular, two and three Davydov entities are
clearly distinguished in 2LM and 3LM, respectively, which is
similar to the case of the corresponding Aj-like modes. The A’-
like modes in 4LM and 5LM also exhibit complex spectral pro-
files. Similar results are observed in t(m+n)LM. We use N
Lorentzian peaks with similar FWHM to fit the A%-like modes
in t(m+n)LM and NLM (N = m + n), as indicated by the dashed
lines in Fig. 4(a). Only one peak is observed in t(1+1)LM. The
absence of the A%-like mode at a lower frequency in t(1+1)LM

surface effects rather than Davydov splitting.
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2LM  3LM 4LM  5LM

(a) |"I T T o | T _' T T T (b) T T
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o
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HA+1)LM t(1+2)LM t(1+3)LM t(2+3)LM

Raman Shift (cm-1) Raman Shift (cm-1) t(m+n)LM

Fig. 4
corresponding NLM (N = m + n) at 4 K in the region of 285-300 cm
(gray crosses) and the corresponding fitting results (dashed lines).
Raman spectra are offset for clarity. The corresponding experimental
(black crosses) and calculated (open squares) frequency differences
between each Davydov entity and the uncoupled one in 2LM-5LM
(b) and t(m+n)LM (c).

(@) The Raman spectra of Aj3-like modes in t(m+n)LM and
-1
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may be due to its weak electron-phonon coupling. The dw; in
NLM and t(m+n)LM are calculated by using the vdW model, as
summarized in Fig. 4(b) and (c), respectively. Good agreement
between the calculated and experimental dw; implies the
splitting components of the Aj-like modes in t(m+n)LM and
(m+n)LM are actually the Davydov entities. Similar to the Aj-like
modes, the A’%-like modes in t(m+n)LM exhibit smaller
Davydov splitting than in (m+n)LM, implying a weaker inter-
facial coupling between the constituents of t(m+n)LM than the
interlayer coupling in (m+n)LM. It is worth noting that the
Davydov splitting of the Aj-like modes (Fig. 4(b and c)) is
always smaller than the corresponding Davydov splitting of the
Aj-like modes (Fig. 3(b and c)) in the same sample, no matter
in NLM or t(m+n)LM, indeed, as expected by eqn (2) because
the frequency of the A’%-like modes is higher than that of the
Aj-like modes.

Based on the knowledge of the impact of the interfacial
coupling on the Davydov splitting of the out-of-plane intralayer
modes in t(m+n)LM, now we turn to the influence of the weak
interfacial S coupling on the in-plane intralayer modes, i.e.,
the E'-like mode (~235 cm™"). The frequency of the E-like
mode in NLM decreases with increasing layer numbers,
similar to the case of other N-layer TMD flakes.'" The broad
peak at ~247 cm™' appears in all the spectra of t(m+n)LM,
mLM and nLM and can be attributed to the second-order
Raman scattering of A;,(M) + LA(M),?® as marked by asterisks
in Fig. 5(a). Different from obvious Davydov splitting in Aj-like
and Aj-like modes, even at 4 K, Davydov entities of the E'-like
mode cannot be resolved in the Raman spectra of all the
samples. t(2+3)LM exhibits the smallest FWHM while t(1+3)LM
exhibits the largest FWHM among all the samples, which
cannot be understood by the unresolved Davydov entities in
these samples. The frequency of the E-like mode in t(1+1)LM
is identical to that of the corresponding mode in 1LM. To
understand this peculiar property of the in-plane intralayer
modes in t(1+1)LM, we apply the vdW model described by

Paper

eqn (1). Because the intralayer S coupling between nLM and
mLM is negligible in t(m+n)LM as discussed above, the E'-like
mode in t(m+n)LM can be considered as the sum of the corres-
ponding modes in its constituents, ie., mLM and nLM.
Indeed, the spectral profile of the E'-like mode in t(m+n)LM
can be fitted by those of the corresponding modes in nLM and
mLM. This leads to the largest FWHM (~2.8 cm™") of the E'-
like mode in t(1+3)LM among all the samples since the fre-
quency difference of the E'-like modes between mLM and nLM
reaches its maximum in t(1+3)LM, as shown in Fig. 5(a). The
above results suggest that the in-plane intralayer modes in
t(m+n)LM are localized within its constituents, similar to the
case of the corresponding interlayer S modes (Fig. 1(c)).

From the above analysis, it is found that the interfacial
coupling in t(m+n)LM dominates the spectral profile or
Davydov splitting of the intralayer modes in t(m+n)LM. In
twisted TMD multilayers, the twist angle is another important
degree of freedom to manipulate the interfacial coupling,
especially when the twist angle is close to the magic
angle."”?”* To investigate how the twist angle beyond the
magic angle would modify the interfacial coupling and the
intralayer modes in t(m+n)LM, we also measured the reso-
nance Raman spectra of t(1+3)LM with different twist angles
in the range of 9°-20° (see Fig. S5 in the ESI}), as plotted in
Fig. 5(b). The LB, ; modes in all t(1+3)LM exhibit almost the
same frequency, which indicates that interfacial LB coupling is
independent on the twist angle in this range. Meanwhile,
there is also no obvious frequency shift in any Davydov com-
ponent of the Aj-like modes, which further confirms the iden-
tical interfacial coupling among these samples. However, the
relative Raman intensity between different Davydov entities
significantly varies with the twist angle, which can be ascribed
to the modulation of the electron-phonon coupling by the
twist angle. Further investigations need to figure out the
physics behind this interesting phenomenon, which is beyond
the scope of this work.
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1LM

/L
T T T T T T T T7/°1

T, T T
t(1+3)LM Ar-like

x50 : 20.79°
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Raman Shift (cm-1) Raman Shift (cm-1)

0 20 40 170 172

Raman Shift (cm-1)

Fig. 5 (a) The Raman spectra of E'-like modes in t(m+n)LM and its constituents mLM and nLM at 4 K in the region of 225-265 cm™ (gray crosses)
and the fitting results (dashed lines). Raman spectra are offset for clarity. (b) Raman spectra of t(1+3)LM with different twist angles at 4 K in the ultra-

low-frequency region (0-50 cm™) and 170-176 cm™™.
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4. Conclusions

In summary, the interlayer and intralayer modes of NLM and
tMLM are investigated by high-resolution resonance Raman
spectroscopy at a low temperature of 4 K. All the N Davydov
entities of the Aj-like and A%-like modes in NLM and tMLM are
observed. On the other hand, the spectral profile of the E'-like
modes in tMLM is the sum of those from the corresponding
constituents. All the spectral features can be well understood
using the vdW model. The frequency differences between the
Davydov entities of the Aj-like and A%-like modes can be repro-
duced once the interlayer LB coupling in NLM and interfacial
LB coupling in tMLM are considered, while the E'-like mode in
tMLM is localized within its constituents due to its negligible
interfacial S coupling. This study promotes the understanding
of the effect of interlayer/interfacial coupling on the in-plane
and out-of-plane intralayer modes in twisted TMD multilayers
and will motivate related studies of Davydov splitting in other
twisted materials and the related vdWHs.
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Intrinsic effect of interfacial coupling on the high-frequency intralayer modes
in twisted multilayer MoTe;

Yu-Chen Leng,* Miao-Ling Lin,* Yu Zhou,¢ Jiang-Bin Wu,* Da Meng,“ Xin Cong,* Hai Li,© and Ping-Heng Tan**¢

Diatomic Chain Model for out-of-plane intralayer mode in N-layer MoTe,

The schematic diagrams of atomic displacements of the out-of-plane intralayer modes in N-layer MoTe, (NLM) are ob-
tained based on the diatomic linear chain model (DCM)X. Two force constants, ., and « ,are needed to describe the
vibration modes in NLM. o, represents the force constant per unit area between the nearest Mo and Te planes within
a MoTe, layer and o, represents the force constant per unit area between two nearest Te planes in two adjacent layers.
Since the Mo and Te atoms in the A/ -like and A}-like modes vibrate perpendicular to the basal plane, only the perpendic-
ular components of the force constants need to be considered. For simplicity, all the following «,,, and o, represent the
perpendicular components of the corresponding force constants. o = 7.91 x 10'°N/m? can be obtained by the frequency
of the layer-breathing (LB) modes, as described in main text. a,, can be calculated from the frequency of the A mode in
1LM:

The vibrations of the three atoms in 1LM can be described by the following equations,

m1eUtel = — 0 Utel + O Unmo
myoUMo = Ot UTe1 — 200 Uno + O Ute2 (1)
mteUte2 = Oy Unmio — O Ute2

where m1. and my, represent the mass of Te and Mo atoms, respectively. Uy, and Uy, represent the displacements of
the Te and Mo atoms relative to their corresponding equilibrium positions, respectively, subscripts 1 and 2 are used to
distinguish the two different Te atoms in one layer. The solution of the above equations of motion is obtained by using the
following substitution,

U=uxe (52)

where u is the amplitude of displacement of one atom, and @ represent its vibration frequency. After the substitution, the
following equations are obtained,

2 Oyt Ot
W~ UTe] = — UTel + UMo
mTe MTe
o, o Q
2 mt mt mt
O " umo = UTe] — 2 UMo + UTe2 (83)
MMo MMo MMo
2 amt aml
W~ UTe2 = UMo — UTe2
mTe mTe
which can be expressed in a matrix form as,
®*u=Du. (S4)
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This equation is equivalent to

212 w*u’ =Du’ (S5)

where ¢ = 3 x 10® m/s is the speed of light, u’ is the column vector of displacement and D is a force constant matrix:

_ O Ot 0
(XIJTe HT& o
— ot ) Ymt Yomr
D - Hmo 2 Hmo Hmo : (86)
0 Ot _ Ot
Hre Hre

Here, ut. = 2.03 x 107% kg/m? and o = 1.53 x 107° kg/m? are the mass of Te and Mo atoms per unit area, respectively.
For the A| mode of 1LM, the Mo atom do not vibrate, giving w(A}) = lem-’ /%.1 We measure @(A}) ~ 172.8 cm™! in
1LM. This gives ,, = 2.15 x 10! N/m?.

For NLM, the corresponding force constant matrix can be given by a similar method. For example, the force constant
matrix D for 2LM can be written as:

_ O Ot
a.uTe /JT& ao 0 0 O
Bt N Ymt St
Hmo %‘HMO o Hmo o O(C) O O
Dome. Y _ Y Lt
D — O Hre Hre Hre Hre 0 O (87)
0 0 O _ Oy _ O Oyt 0 ’
Hte .UT%C HTe IJT& a
—mt_ 0 Yt Homt
O O O Hmo iﬂMo /Jl\éo
Zmt — Zmt
0 O O 0 Hte Hre

Then the displacement of each atom in A}-like and A-like modes can be obtained by solving u in Eq. . The results
are summarized in Fig/S1]and

Notes and references
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Fig. S1 Calculated atom displacements for the A}-like modes(~172 cm~!) in 1LM-5LM by DCM. The frequencies of the modes in each layer increase
from left to right. The irreducible representation of each modes with Raman activity(black) and infrared activity(gray) are indicated. The directions and
lengths of the arrows represent the directions and amplitudes of the atomic vibration, respectively.
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Fig. S4 (a) Optical image of the 7(1+1)LM. (b) The crystallographic-orientation dependent SHG intensity of two 1LM constituents (blue circle and red
circle).
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Fig. S5 (a1-d1) Optical image of four #(1+3)LM samples with different twist angles and (a2-d2) the crystallographic-orientation dependent SHG intensity
of their 1LM (blue circle) and 3LM (red circle) constituents.
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