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Stacking variations in quasi-two-dimensional materials can have an important influence on mate-
rial properties, such as changing the topology of the band structure. Unfortunately, the weakness
of van der Waals interactions makes it difficult to compute the stacking dependence of properties,
and even in a material as simple as graphite the stacking energetics remain unclear. Moj_; W Tes
is a material in which three differently-stacked phases are conveniently accessible by temperature
changes: 17", T);, and the reported Weyl semimetal phase T,;. The transitions proceed via layer
sliding, and the corresponding interlayer shear mode (ISM) is relevant not just for the stacking
energetics, but for understanding the relationship between the Weyl physics and structural changes.
However, the interlayer interactions of Moi_, W, Tes are not well understood, with wide variation
in computed properties. We report inelastic neutron scattering of the ISM in a Mog.91 Wo.09 Te2
crystal. The ISM energies are generally consistent with the linear chain model (LCM), as expected
given the weak interlayer interaction, though there are some discrepancies from predicted intensities.
However, the interlayer force constants K, in the T); and 17" phases are substantially weaker than
that of T4, at 75(3)% and 83(3)%, respectively. Considering that the relative positioning of atoms
in neighboring layers is approximately the same regardless of overall stacking, our results suggest
that longer-range influences, such as stacking-induced electronic band structure changes, may be
responsible for the substantial change in the interlayer vibrational coupling and, thus, the Css elastic
constant. These findings should elucidate the stacking energetics of Moi_,W;Tes and other van

der Waals layered materials.

I. INTRODUCTION

Variations in the layer stacking of quasi-two-
dimensional (quasi-2D) materials can sometimes have im-
portant effects on material properties. For example, the
chromium trihalides CrX3 (X=Cl, Br, I) have interlayer
magnetic coupling that changes with layer stacking [TH3],
and MoTes is reported to be a Weyl semimetal in its low-
temperature T, phase but not in its higher-temperature
17" phase [4,[5]. These materials are also examples where
stacking changes can be conveniently induced by modi-
fying an external parameter such as temperature [0, [7].
Unfortunately, theoretical investigation of these transi-
tions and the stacking dependence of properties is hin-
dered by the weakness of the interlayer van der Waals
(vdW) interactions, which results in small energy differ-
ences between stacking variations and increases the pre-
cision needed for calculations. Even in a material as sim-
ple and as frequently studied as graphite, there have been
scant experimental and contradictory theoretical studies
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on whether the rhombohedral or Bernal stacking has a
lower free energy at room temperature [8]. Experiments
where properties are measured across stacking variations
could provide much needed insight into interlayer inter-
actions and stacking energetics.

In MoTes, one can switch between three different layer
stacking orders by changes in temperature [9,[10]. MoTes
crystallizes in the monoclinic 17" phase, which can be
preserved at room temperature over the more stable 2H
phase by quenching [6]. On cooling 17" below ~280
K, disordered stacking appears, with a gradual tran-
sition into the orthorhombic Ty phase. On warming
above ~260 K, T; abruptly transitions into the pseudo-
orthorhombic T); phase, and further warming results in
disordered stacking with a gradual transition back into
the 17" phase. W substitution up to & ~ 0.2 results in
increased transition temperatures but similar transitions

[10].

The interlayer interaction between neighboring layers
can be thought of as a double-well potential [I1], where
the minima correspond to two stacking options, which
we label “A” and “B”, that are accessible by layer slid-
ing along the a-axis (Fig. [Ifa,b)). The multitude of
stacking configurations accessible from 17" via tempera-
ture changes are all constructible by an A/B sequence of
stacking operations [10,[12]. For example, repeated AA...
stacking yields Ty, AABB... yields T;, and AB... yields
17". Performing an inversion operation reverses the A /B
stacking sequence while swapping every “A” with “B”
and vice versa; for example, inversion of the T, twin
with AA... stacking results in the other Ty twin, which
has BB... stacking. Thus, for Ty, the A and B stacking
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operations are symmetry-equivalent, and this statement
can be extended to all A/B stacking sequences under
the assumption of identical and centrosymmetric layers
[10]. (This assumption is justified by the fact that dif-
ferences in the intralayer positioning of atoms between,
e.g., 1T"-MoTey and Ty;-MoTe, are < 0.5% of the lat-
tice constants, as seen from reported coordinates in, e.g.,
Ref. [11].) Thus, to a first approximation, we should ex-
pect interlayer vibrational coupling between neighboring
layers to be similar regardless of overall stacking.

The a-axis interlayer shear mode (ISM) has been stud-
ied for its relevance in identifying the T, phase and in
modulating its Weyl semimetal properties. These stud-
ies include Raman spectroscopy in MoTey [I3HI7] and
WTe, [18420], and various ultrafast spectroscopy tech-
niques in MoTey [21H24] and WTey [23] 25H30]. Raman
spectroscopy, however, is limited to measuring the zone-
center energy fiw,, (i.e., the maximum of the ISM dis-
persion), and only in the T, phase (for bulk samples)
is this mode Raman-active. The ultrafast spectroscopy
techniques involve firing a femtosecond light pulse at the
sample, then measuring the picosecond-scale changes in
the intensity of electron diffraction, reflectivity, second
harmonic generation, angle-resolved photoemission spec-
troscopy (ARPES), etc., frequently in the form of oscil-
lations of angular frequency w,,. These techniques have
provided much insight into the connection between the
electronic topology and the structure; for instance, mod-
ulations in electronic states near the Weyl node locations
with the oscillation of the interlayer shear mode in MoTe,
have been observed via ARPES [27], and a link between
the Weyl fermions and relaxation dynamics of this mode
has been suggested [28]. However, ultrafast spectroscopy
techniques may have complications such as the fluence-
and pump-frequency-dependence of observed mode fre-
quencies [30].

Meanwhile, theoretical studies on MoTe; and WTes
have had wide discrepancies on properties relevant to the
interlayer interactions, such as values of w,, or the a-axis
displacement between the A /B stacking options. Experi-
mentally, hiw,, for MoTes has been reported from Raman
spectroscopy as 1.61 meV (10 K, Ty) [14] or 1.56 meV (78
K, T,;) [15], and from ultrafast spectroscopy as 1.61 meV
(300 K, 17") [22] and 1.74 meV (< 240 K, Ty) [21]. Den-
sity functional theory (DFT) calculations, on the other
hand, have resulted in much wider variation, with val-
ues of 1.40 meV [II], 1.28 meV [I4], and 1.14 meV [I5]
for Ty-MoTey, and 1.09 meV [I4] and 1.90 meV [I5] for
1T"-MoTe,. The elastic constant Css describes the re-
sistance to shear strain in the long-wavelength limit of
the ISM. For T;-MoTe,y, Cs5 has been calculated as 24.3
GPa [3I] and 3.9 GPa [32], and for 17"-MoTes as 2.9
GPa [32], which imply (via the linear chain model, to
be discussed below) hw,, values of 3.34 meV, 1.34 meV,
and 1.15 meV, respectively. The layer-sliding distance e
between the A/B stacking options also tends to be un-
derestimated in DFT calculations (e.g., the calculated g
angles of 17"-MoTey and 17"-WTe, in Ref. [33] are lower

than the experimental values [6l 34].) Inelastic neutron
scattering (INS) is uniquely useful as a probe of phonons
across a range of momentum transfers, and can yield in-
sights on the interlayer phonons of Mo;_, W, Te; beyond
that estimated via DFT or reported in Raman or ultra-
fast spectroscopy measurements.

We present inelastic neutron scattering measurements
on a Mog.g1 Wo.o9Tes crystal, measuring the ISM mode
in the Ty, T, and 17" phases. The phonon energies are
consistent with a linear chain model (LCM), but the in-
terlayer force constants for T; and 17" are, respectively,
about 75(3)% and 83(3)% that of the Ty phase. The
large change in the force constants for different stacking
orders, in contrast to the minimal change in the relative
positioning of neighboring layers regardless of stacking,
suggests that stacking-induced electronic band structure
changes may play a substantial role in the interlayer vi-
brational coupling.

II. EXPERIMENTAL DETAILS

Inelastic neutron scattering was performed on a ~0.6 g
Mog.91 Wo.09Tes crystal, labeled “MWT1” and measured
in previous neutron scattering studies [0, [I0]. The W
fraction in Mo; _, W, Tey was estimated to be z = 0.09(1)
from the interlayer spacing obtained from the position
of the (004) peak in neutron scattering measurements,
roughly consistent with the z = 0.06(1) value obtained
via energy-dispersive x-ray spectroscopy measurements
of the surface. A second ~0.1 g crystal, labeled MT2 and
having composition Mo;_, W, Tes with x < 0.01 [9] [10],
was used for a single measurement. MWT1 and MT2
were grown from a Te flux; details can be found in Ref.
[9, [10].

Cold-neutron triple axis spectrometer measurements
were performed at the CTAX instrument at the High
Flux Isotope Reactor of Oak Ridge National Labora-
tory, and on the SPINS instrument at the NIST Cen-
ter for Neutron Research at the National Institute of
Standards and Technology. Final neutron energy was
fixed at 4.5 meV and 5.0 meV for CTAX and SPINS,
respectively. The collimations were 48'-40'-S-40’-120" for
CTAX and open-80’-S-80/-open for SPINS. For CTAX, a
Be filter was used after the sample. For SPINS, Be filters
were used before and after the sample. For all analyzer
and monochromator crystals, the (002) plane of pyrolytic
graphite was used.

For simplicity, we present all data in the T -phase re-
ciprocal space coordinates based on an orthorhombic unit
cell with a ~ 6.3 A, b~ 3.47 A, and ¢ ~ 13.8 A, regard-
less of the phase being measured. The intensities for the
data from a particular instrument share the same arbi-
trary units.
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Figure 1. (a) Crystal structure of Mo1_,W,Tez, with A/B
stacking options displayed. (b) Diagram of interlayer inter-
action energy as a function of relative displacement of neigh-
boring layers along the a-axis. (c) A depiction of the dis-
persion along (2,0, L) for the a-axis interlayer shear mode
based on the linear chain model for a four-layer unit cell (i.e.,
T7). One sub-branch of the LCM dispersion is made bold.
The sets of blue circles, red squares, and green triangles each
mark a particular vibrational mode on the LCM curve, and
are accompanied by diagrams of the polarization of the inter-
layer vibrations, depicting the relative phases (..., 1,1,1,1,...),
(e, 1,—2,—1,4,...), and (...,1,—1,1,—1,...), respectively.

III. RESULTS

The linear chain model is often used in studying inter-
layer vibrational modes of quasi-2D materials, especially
in the context of Raman spectroscopy measurements on
few-layer crystals [36]. The LCM represents interlayer vi-
brational coupling as if the layers were particles coupled
by springs to their neighbors. For an infinite chain, the
dispersion is given by

K,
hwg = 2hy | —
u

where ¢ is the LCM wavevector (scaled such that ¢ = 1
at the BZ boundary, with ¢ in the same r.l.u. as L), fiw,
is the phonon energy, K, is the interlayer force constant
for the ISM, p is the areal mass density per layer, and 7 is
Planck’s constant divided by 27r. The only free parameter
in this model is the ratio K, /pu.

The LCM dispersion measured by neutron scattering
has complications over the |sin%q| form due to layers
having differing orientation and in-plane positioning. To
illustrate, Fig. [I] depicts the dispersion for the four-layer
unit cell of T); along (2,0, L), in which the |sin %| dis-
persion is “folded back” every half-integer L, resulting in
four different sub-branches repeated every half-integer L.
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Figure 2.  Calculated inelastic neutron scattering intensity
for each phase as determined by the LCM, setting T' = 270
K and Aw,, to the values for each phase listed in Table @
Intensity convoluted with an energy FWHM of 0.3 meV. The
left (right) shows the intensity for the Tj; /1T’ twin fractions
derived from elastic scans taken on the SPINS (CTAX) instru-
ment. The blue and pink bars denote scans taken on CTAX
and SPINS, respectively. The letters refer to the data sets in

Fig.
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Figure 3. (a-h) Scans of inelastic neutron scattering inten-

sity vs. fiw taken on (a-d) CTAX and (e-h) SPINS, as labeled
in Fig. 2l Blue and magenta curves are resolution-convoluted
S(Q, w) calculations. For the blue curves, intensity, twin frac-
tion, and hAw., were allowed to vary. For magenta curves, in-
tensities in (b-d) and (f-h) were constrained by the LCM and
fitted intensities of (a) and (e); twin fractions were set to val-
ues consistent with elastic (2,0, L) scans; and hiw,, was set to
the average values for each phase listed in Table [[I] Dashed
lines are background. Gray points are data not included in
fit. See Supplemental Materials [35] for additional fitting de-
tails. Error bars represent a standard deviation of statistical
uncertainty.

(This dispersion can also be interpreted as joined acous-
tic/optic branches.) To compute the expected phonon
intensity for T);, we employ our core LCM assumption,
which is that the polarization vectors are uniform within
each layer, are aligned exclusively along the a-axis, and
have the LCM phases LNe_"’qu = LNe_i”l(L_LO), where
l =0,...,N —1is the layer index, N is the number of
layers in the unit cell, and Ly is a multiple of 1/2 cor-
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Figure 4. Comparison of linear chain model with

Moo.91 Wo.09 Tez neutron scattering data. The data points are
hwm sin( 5 q) plotted against ¢, where ¢ is the LCM wavevec-
tor Correspondlng to the branch that dominates the contri-
bution to the intensity, and fiw., (see Table [I) are the aver-
ages of the values obtained from fits. The LCM curves are
hw = hwy, sin % q for each phase, with hw,, given by the val-
ues in Table |I_ﬁ The side curves show changes in the LCM
curve by a standard deviation in Aw,,. Inset shows the center
region in more detail. Error bars denote a standard deviation
of statistical uncertainty.

responding to a T; Bragg peak location (2,0, Ly). The
integrated intensity of a phonon peak in a constant-Q
scan for hiw > 0 at temperature 7T is proportional to
LIF(Q)*(n(w,T) + 1) [37]. The quantity n(w,T) is the
Bose factor, and F'(Q) is the dynamic structure factor,
given by

Q=Y ;;Tj@ £l ()

The index j runs over each atom in the unit cell; b; are
the nuclear scattering lengths; m; and d; are the masses
and positions for atom j; s labels a sub-branch; and £; are
the phonon polarization vectors. (We neglect the Debye-
Waller factor, which is ~1 in the region of interest.) The
expected LCM-derived INS intensity for the Ty, T}, and
1T phases is shown in Fig.|[2| The Ty and 17" phases fold
back every integer L away from their Bragg peaks due to
their two-layer unit cells, but 17" has the additional com-
plication that the intensity for each twin is shifted along
L by +2¢ due to its monoclinic symmetry, with € (~ 0.147
at 320 K [10]) being the a-axis displacement between the
two stacking options. The 7T phase also has differing
INS intensity for each twin, though the dispersion over-
laps since the structure is pseudo-orthorhombic. For T},
meanwhile, both twins produce identical INS intensity.
We conducted scans of neutron scattering intensity
along energy transfer hw at various points L along
(2,0,L), as shown in Fig. (A few additional scans
at different temperatures and on the MT2 crystal are

Table 1. Values of hw,, obtained from fitting. “Label” corre-
sponds to one of the data sets in Fig. 3] except for “MT2”
which denotes the data set corresponding to the M'T2 sample.
Nominal coordinates, phase, temperature, and the instrument
used are also tabulated.

label coordinates phase T (K) inst. hwn, (meV)
() (2,0,1.47)  Ta 272 CTAX L.71(3)
(2,0,1.46) Ty 194  CTAX 1.76(6)
MT2 (2,0,1.49) Tq 232 CTAX 1.77(9)
(b) (20,125 Ty 260 CTAX 1.73(5)
()  (20,-1.53) Ty 270  SPINS 1.694(29)
0 (20,300 1, 285  SPINS 1.49(4)
()  (2,0-25) T 285  SPINS 1.48(6)
(c)  (2,0,1.0) 177 326 CTAX 157(3)
(d)  (200.79) 17" 326  CTAX 1.512(20)
(h)  (2,02.23) 17 320  SPINS 1.55(3)
(2,0,-2.23) 17’ 500 SPINS  1.472(21)
(2,0-2.23) 17" 600  SPINS 1.422(14)

Table II. Values of hw,, for each phase, obtained from aver-
aging within each phase the values of hiwn, listed in Table [[}
Interlayer force constants K, and the ratios KI/K;}Fd are also
included.

phase  hwn, (meV) K, (10 N/m®)  K,/Ki?
Ty 1.709(22) 0.919(24)

T 1.486(26) 0.694(25) 75(3)%
17’ 1.554(25) 0.760(24) 83(3)%

shown in the Supplemental Materials [35)].) Elastic scans
along (2,0, L) [35] were taken before or after the inelastic
scans to account for errors due to thermal expansion or
changes in alignment. The curves in Fig. [3| show calcu-
lated S(Q,w) convoluted with the instrument resolution.
The blue curves are the result of fits where the over-
all intensity, 17”/T); twin fraction, and dispersion maxi-
mum fw,, were allowed to vary, except for (c), in which
the twin fraction was set to 100% of the BA-stacked 17"
twin. There is no obvious sign of broadening along en-
ergy transfer beyond the instrument resolution after ac-
counting for the in-plane sample mosaic, suggesting that
damping is not a significant factor. (In these calculations,
we relied on computed elastic constants [31] to estimate
the dispersion of the ISM perpendicular to the (2,0, L)
line. We also estimated the in-plane sample mosaic from
an analysis of our elastic (2,0, L) scans. Inaccuracies in
these assumptions could introduce systematic errors in
the fitted hw,, values, though the ratios of hw,, between
the phases is largely unchanged. See the Supplemental
Materials for these and other fitting details, as well as
why the layer breathing longitudinal acoustic mode can
be neglected [35].)

The fitted Aw,, values are shown in Table |I|, and show
remarkable consistency within each phase. This consis-
tency can be better seen in the plot of hwy, sin(%t) vs. ¢
in Fig. 4l where ¢ is the LCM wavevector from the LCM
sub-branch with the dominant contribution to the inten-



sity. The two T, points near ¢ = 0.53 (corresponding
to data sets (a) and (e)) overlap, and the point near
g = 0.25 (from (b)) is also consistent with the LCM
curve. The two T} scans result in overlapping points near
g = 0.5, and the three 17" points are all consistent with
the same curve. Averages within each phase of the fitted
Fiwn, values are shown in Table [[1} with fiw,, = 1.709(22)
meV, 1.486(26) meV, and 1.554(25) meV for the Ty, T},
and 17" phases, respectively. The nearly-undoped crystal
MT?2 in its T; phase has a value of fiw,,, = 1.77(9) meV,
consistent with T;-MWT1. (The W-fraction dependence
of hwy, can be estimated assuming a linear relation from
reported values on MoTe; and WTey [14], yielding an
expected decrease of ~0.06 meV from MoTe; to MWTI,
consistent with observations.) The interlayer force con-
stants K, are also listed, and we see that the 7); and 17"
phases have values of K, which are, respectively, ~76%
and 83% that of Ty. Thus, the vibrational coupling of
the ISM is substantially weaker in T; and 17" than in
Ty. This is remarkable considering that the a-axis dis-
placement € between the two stacking options is almost
unchanged between Ty and 177 (as can be seen from the
discussion of the parameter § = (e + 1)/2 parameter in
Ref. [10).)

Some temperature-induced phonon softening can be
seen in our data, but the rate is far too low to ac-
count for the changes in fiw,, between the phases. From
the decrease in hw,, on warming from 320 K to 600 K
(in the 17" phase) for data taken near (2,0, —2.23), we
can estimate the softening rate to be -3.3(7)-107% K—1.
Softening of the interlayer phonons is expected due to
the known anharmonicity of the interlayer interaction
[11], and would be consistent with the gradual reduc-
tion with warming in the spacing between the local min-
ima (i.e., in €) [I0]. Softening of the ISM modes has
also been observed in WTey, where the relative change
in w,, per Kelvin is roughly —4 - 107* K~! within the
range 0 < 7' < 300 K [25], a magnitude comparable to
that in our data on 17"-Mog.g1 Wo.09Tes. Interestingly,
a substantially greater softening was seen for the layer-
breathing longitudinal acoustic mode in thin film MoTes,
at —2.0(1)-1073 K~1 [24]. In any case, a softening rate of
the magnitude seen from 320 K to 600 K is insufficient to
explain the energy difference in the phonons between the
Ty and T} phases. If the rate were, say, —4-1074 K1, we
would only expect hw,, to decrease by about —0.006 meV
from 270 K to 285 K, or —0.02 meV from 270 K to 320 K,
far less than the 0.16 meV and 0.22 meV differences seen
between T,; and the other two phases. Thus, it is clear
that the large changes in the interlayer force constant are
due to changes in stacking. Such abrupt changes in hiw,,
can also be seen in Raman spectroscopy data on 22 nm
and 155 nm thick MoTe, crystals [16]. (We note that, for
the 17 phase, two interlayer force constants are allowed
by symmetry in the LCM, but we expect little difference
in intensity from a single-spring-constant model with an
average value K, = \/K1K2, even if K} and K2 differed
by ~20%; see Supplemental Materials for details [35].)

While the energies are largely consistent with the
LCM, the LCM-calculated intensities are not fully consis-
tent with the data, which is especially evident for the 17"
phase. The magenta curves in Fig. [3| are the ideal LCM
S(Q,w), in which the intensity for each instrument was
set to the value determined from the Ty measurements in
sets (a) and (e), and kept fixed for the remaining data sets
in (b-d) and (f-h). The twin fractions were set according
to an analysis of elastic (2,0, L) scan intensity [35], and
hw,, was set for each phase to the values listed in Table|TI]
For the T7; data, predicted intensities in the fitting ranges
are somewhat greater than observed, though changes in
the sample mosaic between phases could plausibly ex-
plain an overall decrease in intensity. There is a signif-
icant difference between the effective T); twin fractions
needed to reproduce the (f) and (g) data (54(5)% and
84(8)% of the AABB twin, respectively), and the 70%
fraction that is consistent with the elastic data. However,
for 17", the effective twin fractions needed to reproduce
the inelastic intensity (~100%, 70(6)%, and 81(3)% of
the BA twin for data sets (c), (d), and (h), respectively)
are much different from the twin fractions consistent with
the elastic data (25%, 25%, and 65%), suggesting a sub-
stantial deviation from the linear chain model. Such a
deviation may be especially clear in 17" due to the twins
of that phase having distinct peaks in much of the in-
elastic data, as opposed to the overlapping intensities of
the T} twins. Regardless, such a large deviation suggests
that the polarization vectors deviate from our assump-
tion of uniformity within each layer, with a significant
degree of intralayer vibrational motion, even if the mode
energies remain consistent with the linear chain model.

IV. DISCUSSION

In a way, the structure of Moy _, W, Te, is simple: Each
layer is positioned above its neighbor with either A- or
B-type stacking, both of which have (ideally, assuming
identical and centrosymmetric layers) the same relative
positioning of atoms. Differences in intralayer positioning
when comparing layers in different stacking environments
are small (<0.5% of the lattice constants, as mentioned
in the Introduction), and the interlayer positioning, pa-
rameterized by § = (e — 1)/2, appears to be practically
unchanged between T; and 17" after accounting for an
overall continuous decrease in § (or €) on warming [10].

Nevertheless, our results indicate a large (~20%)
change in the interlayer shear vibrational coupling K,
between Ty and the other two phases. Presumably, while
steric short-range interactions determine the relative a-
axis displacement of the layers, the vibrational coupling
depends strongly on the overall stacking of the layers,
possibly through changes in the electronic band struc-
ture. (There may be an interesting correlation between
the interlayer vibrational coupling and the resistivity.
The (in-plane) resistivity appears to jump during the
Tq—T} transition, while being largely unchanged on fur-



ther warming into 17" [9], which mimics the trends in
K,.) The possibility of the band structure determining
the interlayer vibrational coupling has implications for
the stacking energetics. The free energy is a function
of the vibrational and electronic band structure. How-
ever, if the interlayer vibrational coupling can be mod-
ified by ~20% by stacking changes, then the effect of
stacking-dependent changes in the band structure may
need to be carefully considered (i.e., with calculations
precise enough to compute realistic values of hiw,,) be-
fore the vibrational contribution to the free energy can
be properly evaluated.

Of course, with our use of the linear chain model, we
have made some assumptions that should be investigated
further. First, are the layers essentially identical, or are
deviations in intralayer atomic positions between the lay-
ers important for the stacking energetics or other prop-
erties? Are the intralayer vibrations that may comple-
ment the LCM modes the same in every layer? Second,
our results may hold in the bulk, but how do the prop-
erties of surface layers and thin films of Moj_, W, Tes
differ from bulk samples? It is known that the transition
of MoTe, is broadened or suppressed for thin samples
[16] 38, [39]. There is some evidence for weaker interlayer
vibrational coupling for few-layer samples; the interlayer
force constants K, from Raman measurements on <8-
layer MoTey are 0.673(11)-10*° N/m? and 0.604(15)-101°
N/m? for Ty- and 1T'-MoTey, respectively [17], both sub-
stantially smaller than our values of 0.919(24)-10' N /m3
and 0.760(15)-10'? N/m? for bulk Mog.g; W¢.g9Tez. Also,
bilayer WTes shows signs of a transition above ~340 K
(in the disappearance of a second harmonic generation
signal [40]); if the intralayer positions are unchanged,
then the only explanation for the arrival of inversion sym-
metry in a bilayer structure would be a structure with
d = 0.5 (analogous to the hypothetical T; phase discussed
in Ref. [41]), which would require a substantial change of
interlayer vibrational coupling compared to bulk sam-
ples. (A transition from T; to 17" in bulk WTey has
been observed near ~560 K and 613 K [34] [42], but the
0 parameter is largely unchanged across this transition
[34].) Of course, the tendency for the transition to be
suppressed due to insufficient thickness, and the gradual
suppression of stacking-related diffuse scattering on ei-
ther warming into 17" or cooling into T} [9], further indi-
cates the importance of long-range interlayer interactions
to the stacking energetics. Another assumption we have
made is that stacking disorder was negligible in our mea-
surements. We note that stacking disorder is expected
to be present in typical Mo;_, W, Te, crystals, as seen
directly via transmission electron microscopy [41] and in-
ferred from the gradual reduction of diffuse scattering on
warming into 17”7 or cooling into Ty [9]. In principle,
stacking defects could affect material properties in unex-
pected ways; nontrivial electronic states may be present
at twin boundaries [41], and in an intermediate phase be-
tween Ty and 17”7 in the pressure-temperature phase di-
agram (which presumably had disordered stacking), un-

usual quantum oscillations were reported [43]. Neverthe-
less, an analysis of the diffuse scattering in the Ty and
17" phases (i.e., of the elastic data taken directly before
or after our inelastic measurements; see Supplemental
Materials [35]) suggests an upper limit on the density of
stacking defects of a few percent. Thus, we believe the
influence of these stacking defects is negligible and the
inelastic data are representative of the behavior of the
Tu, T, and 17" phases.

Stacking energetics are of prime importance for many
quasi-2D materials, but they are still poorly understood.
Ideally, we could obtain insight from studies on graphite,
which is another layered semimetal that can have multi-
ple stacking variations, and where the relative position-
ing of neighboring layers is the same regardless of over-
all stacking. It is curious how Bernal-stacked graphite
is dominant in nature, despite the weakness of the in-
terlayer interactions. However, despite the attention
that graphite/graphene has received and the simplicity
of its structure, the energy differences between differ-
ent stacking possibilities in graphite are not well un-
derstood. For example, DFT calculations have been in-
consistent on whether Bernal or rhombohedral graphite
has the lower free energy at room temperature [ [44}-
47]. There has been some focus on how changes in
the electronic structure affect the free energy, with elec-
tronic temperature argued to be essential to determining
which graphite stacking is preferred at a certain tem-
perature [§]. Meanwhile, the vibrational contribution to
the stacking-dependence of the free energy in graphite
tends to be neglected. There is some evidence that the
interlayer modes of trilayer graphene are ~1-2% softer
for rhombohedral-like than Bernal-like stacking [48], so it
would be interesting to see how changes in the vibrational
spectra with stacking effect the free energy in graphite.
Indeed, our results show that the interlayer vibrational
coupling of a van der Waals layered material can change
substantially between phases of different stacking.

The possible connection between the band structure
and interlayer vibrational coupling may yield insight into
how the transitions in Mo;_, W, Tes are effected by opti-
cal or electronic means; such means include pulses of light
in ultrafast spectroscopy [30], an electron beam [41], and
an applied electric field (for few-layer WTeo) [18,[40]. Ad-
ditionally, there are other materials that exhibit stacking
transitions in few-layer films even when not seen in the
bulk; such transitions can be induced with an applied
electric field on bilayer hexagonal boron nitride [49], and
with laser irradiation on trilayer graphene [50]. Given
the difficulty of calculating properties that depend on the
weak interlayer interactions, our finding that the inter-
layer vibrational coupling can change by ~20% between
differently-stacked phases should provide insight into how
stacking transitions may occur in a wide range of other
systems.

It seems unusual that there is such a large change
in an elastic constant (namely, Cs; = K,t, where t is
the interlayer spacing [51]) between phases. Compara-



ble changes have been seen in NiTi in the vicinity of
its martensitic transition [52], and graphite does have a
greatly increased Css constant after irradiation [53], but
Mo;_,W,Tes may be unique in being a van der Waals
layered system with reversible changes in Cy5 of the mag-
nitude observed. Furthermore, since a sufficiently strong
applied electric field can induce stacking changes in few-
layer WTe, [I8] [40], it may be worth investigating if a
smaller electric field can modulate the interlayer vibra-
tional coupling, which would open an avenue of research
into whether elastic properties can be modulated by elec-
trical means. Additionally, if changes in the band struc-
ture are responsible for the changes in the elastic con-
stant Cs55, then it may, conversely, be possible to mod-
ify the Weyl dispersion by applying a shear stress to
Moj_,W,Tey. Our results suggest a coupling between
the elastic/vibrational properties and the interlayer elec-
tronic structure which should prove a fruitful avenue for
future exploration.

V. CONCLUSION

We performed inelastic neutron scattering measure-
ments to observe the a-axis interlayer shear mode

phonons in the Ty, T;, and 17" phases. The phonon peak
positions were consistent with the linear chain model,
though there is a substantial difference in the interlayer
force constants between the phases, with the K, values
of Ty and 17" about 75(3)% and 83(3)% that of Ty. The
large change in K, in contrast to the small changes
in the § (or €) parameters or the intralayer positions,
suggests that stacking-induced changes in the electronic
band structure may be responsible for the change in vi-
brational properties.

ACKNOWLEDGEMENTS

This work has been partially supported by the Depart-
ment of Energy, Grant number DE-FG02-01ER45927.
A portion of this research used resources at the High
Flux Isotope Reactor and the Spallation Neutron Source,
which are DOE Office of Science User Facilities operated
by Oak Ridge National Laboratory. We acknowledge the
support of the National Institute of Standards and Tech-
nology, US Department of Commerce, in providing neu-
tron research facilities used in this work.

[1] Dahlia R. Klein, David MacNeill, Qian Song, Daniel T.
Larson, Shiang Fang, Mingyu Xu, R. A. Ribeiro, P. C.
Canfield, Efthimios Kaxiras, Riccardo Comin, and Pablo
Jarillo-Herrero, “Enhancement of interlayer exchange in
an ultrathin two-dimensional magnet,” Nature Physics
15, 1255-1260 (2019).

Weijong Chen, Zeyuan Sun, Zhongjie Wang, Lehua Gu,
Xiaodong Xu, Shiwei Wu, and Chunlei Gao, “Direct ob-
servation of van der Waals stacking-dependent interlayer
magnetism,” Science 366, 983—987 (2019).

Tingxin Li, Shengwei Jiang, Nikhil Sivadas, Zefang
Wang, Yang Xu, Daniel Weber, Joshua E. Goldberger,
Kenji Watanabe, Takashi Taniguchi, Craig J. Fennie,
Kin Fai Mak, and Jie Shan, “Pressure-controlled inter-
layer magnetism in atomically thin Crls,” Nature Mate-
rials 18, 1303-1308 (2019)k

Yan Sun, Shu-Chun Wu, Mazhar N. Ali, Claudia Felser,
and Binghai Yan, “Prediction of Weyl semimetal in
orthorhombic MoTes,” Physical Review B 92, 161107
(2015).

Ke Deng, Guoliang Wan, Peng Deng, Kenan Zhang, Shi-
jie Ding, Eryin Wang, Mingzhe Yan, Huaqing Huang,
Hongyun Zhang, Zhilin Xu, Jonathan Denlinger, Alexei
Fedorov, Haitao Yang, Wenhui Duan, Hong Yao, Yang
Wau, Shoushan Fan, Haijun Zhang, Xi Chen, and Shuyun
Zhou, “Experimental observation of topological Fermi
arcs in type-II Weyl semimetal MoTez,” Nature Physics
12, 1105-1110 (2016).

R. Clarke, E. Marseglia, and H. P. Hughes, “A low-
temperature structural phase transition in [-MoTes,”
Philosophical Magazine Part B 38, 121-126 (1978)!

S

=

=

=

=

[7] Michael A. McGuire, “Crystal and Magnetic Structures
in Layered, Transition Metal Dihalides and Trihalides,”
Crystals 7, 121 (2017).

Jean Paul Nery, Matteo Calandra, and Francesco

Mauri, “Ab-initio energetics of graphite and multilayer

graphene: stability of Bernal versus rhombohedral stack-

ing,” 2D Materials 8, 035006 (2021).

Yu Tao, John A. Schneeloch, Chunruo Duan, Masaaki

Matsuda, Sachith E. Dissanayake, Adam A. Aczel,

Jaime A. Fernandez-Baca, Feng Ye, and Despina Louca,

“Appearance of a T phase across the Ty-1T’ phase

boundary in the Weyl semimetal MoTes,” [Physical Re-

view B 100, 100101 (2019).

[10] John A. Schneeloch, Yu Tao, Chunruo Duan, Masaaki
Matsuda, Adam A. Aczel, Jaime A. Fernandez-Baca,
Guangyong Xu, Jorg C. Neuefeind, Junjie Yang, and
Despina Louca, “Evolution of the structural transition in
Mo, W, Tez,” |Physical Review B 102, 054105 (2020).

[11] Colin Heikes, I-Lin Liu, Tristin Metz, Chris Eck-
berg, Paul Neves, Yan Wu, Linda Hung, Phil Piccoli,
Huibo Cao, Juscelino Leao, Johnpierre Paglione, Taner
Yildirim, Nicholas P. Butch, and William Ratcliff, “Me-
chanical control of crystal symmetry and superconduc-
tivity in Weyl semimetal MoTez,” Physical Review Ma-
terials 2, 074202 (2018).

[12] John A. Schneeloch, Chunruo Duan, Junjie Yang, Jun
Liu, Xiaoping Wang, and Despina Louca, “Emergence
of topologically protected states in the MoTes Weyl
semimetal with layer-stacking order,” Physical Review
B 99, 161105 (2019).

[13] Kenan Zhang, Changhua Bao, Qiangqgiang Gu, Xiao Ren,
Haoxiong Zhang, Ke Deng, Yang Wu, Yuan Li, Ji Feng,

8

[9


http://dx.doi.org/ 10.1038/s41567-019-0651-0
http://dx.doi.org/ 10.1038/s41567-019-0651-0
http://dx.doi.org/10.1126/science.aav1937
http://dx.doi.org/10.1038/s41563-019-0506-1
http://dx.doi.org/10.1038/s41563-019-0506-1
http://dx.doi.org/10.1103/PhysRevB.92.161107
http://dx.doi.org/10.1103/PhysRevB.92.161107
http://dx.doi.org/ 10.1038/nphys3871
http://dx.doi.org/ 10.1038/nphys3871
http://dx.doi.org/ 10.1080/13642817808245670
http://dx.doi.org/10.3390/cryst7050121
http://dx.doi.org/ 10.1088/2053-1583/abec23
http://dx.doi.org/10.1103/PhysRevB.100.100101
http://dx.doi.org/10.1103/PhysRevB.100.100101
http://dx.doi.org/10.1103/PhysRevB.102.054105
http://dx.doi.org/ 10.1103/PhysRevMaterials.2.074202
http://dx.doi.org/ 10.1103/PhysRevMaterials.2.074202
http://dx.doi.org/10.1103/PhysRevB.99.161105
http://dx.doi.org/10.1103/PhysRevB.99.161105

[14

(15]

(16]

[17

(18]

(22]

23

and Shuyun Zhou, “Raman signatures of inversion sym-
metry breaking and structural phase transition in type-
II Weyl semimetal MoTes,” Nature Communications 7,
13552 (2016).

Xiaoli Ma, Pengjie Guo, Changjiang Yi, Qiaohe Yu, An-
min Zhang, Jianting Ji, Yong Tian, Feng Jin, Yiyan
Wang, Kai Liu, Tianlong Xia, Youguo Shi, and
Qingming Zhang, “Raman scattering in the transition-
metal dichalcogenides of 1T'-MoTes, Ty-MoTez, and Ty-
WTes,” Physical Review B 94, 214105 (2016).

Shao-Yu Chen, Thomas Goldstein, Dhandapani
Venkataraman, Ashwin Ramasubramaniam, and
Jun Yan, “Activation of New Raman Modes by Inver-
sion Symmetry Breaking in Type II Weyl Semimetal
Candidate T’-MoTe2,” Nano Letters 16, 5852-5860
(2016).

Chuanwu Cao, Xin Liu, Xiao Ren, Xianzhe Zeng, Kenan
Zhang, Dong Sun, Shuyun Zhou, Yang Wu, Yuan Li,
and Jian-Hao Chen, “Barkhausen effect in the first or-
der structural phase transition in type-II Weyl semimetal
MoTez,” 2D Materials 5, 044003 (2018).

Yeryun Cheon, Soo Yeon Lim, Kangwon Kim, and
Hyeonsik Cheong, “Structural Phase Transition and In-
terlayer Coupling in Few-Layer 1T’ and Tq MoTes,” ACS
Nano 15, 2962-2970 (2021).

Jun Xiao, Ying Wang, Hua Wang, C. D. Pemmaraju, Siqi
Wang, Philipp Muscher, Edbert J. Sie, Clara M. Nyby,
Thomas P. Devereaux, Xiaofeng Qian, Xiang Zhang, and
Aaron M. Lindenberg, “Berry curvature memory through
electrically driven stacking transitions,” Nature Physics
16, 1028-1034 (2020).

Minjung Kim, Songhee Han, Jung Hwa Kim, Jae-Ung
Lee, Zonghoon Lee, and Hyeonsik Cheong, “Determina-
tion of the thickness and orientation of few-layer tungsten
ditelluride using polarized Raman spectroscopy,” 2D Ma-
terials 3, 034004 (2016).

Y. C. Jiang, J. Gao, and L. Wang, “Raman fingerprint
for semi-metal WTey evolving from bulk to monolayer,”
Scientific Reports 6, 19624 (2016).

M. Y. Zhang, Z. X. Wang, Y. N. Li, L. Y. Shi, D. Wu,
T. Lin, S. J. Zhang, Y. Q. Liu, Q. M. Liu, J. Wang,
T. Dong, and N. L. Wang, “Light-Induced Subpicosec-
ond Lattice Symmetry Switch in MoTes,” [Physical Re-
view X 9, 021036 (2019).

Takumi Fukuda, Kotaro Makino, Yuta Saito, Paul Fons,
Alexander V. Kolobov, Keiji Ueno, and Muneaki Hase,
“Ultrafast dynamics of the low frequency shear phonon
in 17'-MoTez,” Applied Physics Letters 116, 093103
(2020).

Yingpeng Qi, Mengxue Guan, Daniela Zahn, Thomas
Vasileiadis, Helene Seiler, Yoav William Windsor, Hui
Zhao, Sheng Meng, and Ralph Ernstorfer, “Pho-
toinduced concurrent intralayer and interlayer struc-
tural transitions and associated topological transitions
in MTe; (M=Mo, W),” arXiv:2105.14175 [cond-mat]
(2021).

Nicolas Rivas, Shazhou Zhong, Tina Dekker, Meixin
Cheng, Patrick Gicala, Fangchu Chen, Xuan Luo, Yuping
Sun, Ariel A. Petruk, Kostyantyn Pichugin, Adam W.
Tsen, and Germn Sciaini, “Generation and detection
of coherent longitudinal acoustic waves in ultrathin 17"-
MoTes,” |Applied Physics Letters 115, 223103 (2019).
Bin He, Chunfeng Zhang, Weida Zhu, Yufeng Li,
Shenghua Liu, Xiyu Zhu, Xuewei Wu, Xiaoyong Wang,

[26]

27]

28]

29]

(30]

31]

32]

(33]

34]

(35]

(36]

37]

(38]

Hai-hu Wen, and Min Xiao, “Coherent optical phonon
oscillation and possible electronic softening in WTes crys-
tals,” |Scientific Reports 6, srep30487 (2016).

Davide Soranzio, Maria Peressi, Robert J. Cava, Fulvio
Parmigiani, and Federico Cilento, “Ultrafast broadband
optical spectroscopy for quantifying subpicometric coher-
ent atomic displacements in WTez,” |Physical Review Re-
search 1, 032033 (2019).

Petra Hein, Stephan Jauernik, Hermann Erk, Lexian
Yang, Yanpeng Qi, Yan Sun, Claudia Felser, and
Michael Bauer, “Mode-resolved reciprocal space mapping
of electron-phonon interaction in the Weyl semimetal
candidate Tg-WTez,” Nature Communications 11, 2613
(2020).

Elizabeth Drueke, Junjie Yang, and Liuyan Zhao, “Ob-
servation of strong and anisotropic nonlinear optical ef-
fects through polarization-resolved optical spectroscopy
in the type-II Weyl semimetal Tyg-WTez,” Physical Re-
view B 104, 064304 (2021).

Shaozheng Ji, Oscar Grns, and Jonas Weissenrieder,
“Manipulation of Stacking Order in Tq-WTes by Ultra-
fast Optical Excitation,” ACS Nano (2021), 10.1021/ac-
snano.lc01301.

Edbert J. Sie, Clara M. Nyby, C. D. Pemmaraju, Su Ji
Park, Xiaozhe Shen, Jie Yang, Matthias C. Hoffmann,
B. K. Ofori-Okai, Renkai Li, Alexander H. Reid, Stephen
Weathersby, Ehren Mannebach, Nathan Finney, Daniel
Rhodes, Daniel Chenet, Abhinandan Antony, Luis Bali-
cas, James Hone, Thomas P. Devereaux, Tony F. Heinz,
Xijie Wang, and Aaron M. Lindenberg, “An ultrafast
symmetry switch in a Weyl semimetal,” Nature 565, 61—
66 (2019).

B. Rahman Rano, Ishtiaque M. Syed, and S. H. Naqib,
“Ab initio approach to the elastic, electronic, and op-
tical properties of MoTes topological Weyl semimetal,”
Journal of Alloys and Compounds 829, 154522 (2020).
Sobhit Singh, Jinwoong Kim, Karin M. Rabe, and
David Vanderbilt, “Engineering Weyl Phases and Nonlin-
ear Hall Effects in Ty-MoTes,” Physical Review Letters
125, 046402 (2020).

Hyun-Jung Kim, Seoung-Hun Kang, Ikutaro Hamada,
and Young-Woo Son, “Origins of the structural phase
transitions in MoTez and WTes,” Physical Review B 95,
180101 (2017).

Yu Tao, John A. Schneeloch, Adam A. Aczel, and De-
spina Louca, “Ty to 17" structural phase transition in the
WTez Weyl semimetal,” [Physical Review B 102, 060103
(2020).

See Supplemental Material at [URL will be inserted by
the production group] for additional data, fitting details,
a discussion of alternatives to the linear chain model with
a single spring constant, and an estimate of stacking de-
fects from the diffuse scattering.

Liangbo Liang, Jun Zhang, Bobby G. Sumpter, Qing-
Hai Tan, Ping-Heng Tan, and Vincent Meunier, “Low-
Frequency Shear and Layer-Breathing Modes in Raman
Scattering of Two-Dimensional Materials,” ACS Nano
11, 11777-11802 (2017).

Gen Shirane, Stephen M. Shapiro, and John M. Tran-
quada, Neutron Scattering with a Triple-Azis Spectrom-
eter (Cambridge University Press, 2002).

Rui He, Shazhou Zhong, Hyun Ho Kim, Gaihua Ye,
Zhipeng Ye, Logan Winford, Daniel McHaffie, Ivana
Rilak, Fangchu Chen, Xuan Luo, Yuping Sun, and


http://dx.doi.org/10.1038/ncomms13552
http://dx.doi.org/10.1038/ncomms13552
http://dx.doi.org/ 10.1103/PhysRevB.94.214105
http://dx.doi.org/10.1021/acs.nanolett.6b02666
http://dx.doi.org/10.1021/acs.nanolett.6b02666
http://dx.doi.org/10.1088/2053-1583/aae0de
http://dx.doi.org/10.1021/acsnano.0c09162
http://dx.doi.org/10.1021/acsnano.0c09162
http://dx.doi.org/10.1038/s41567-020-0947-0
http://dx.doi.org/10.1038/s41567-020-0947-0
http://dx.doi.org/10.1088/2053-1583/3/3/034004
http://dx.doi.org/10.1088/2053-1583/3/3/034004
http://dx.doi.org/ 10.1038/srep19624
http://dx.doi.org/10.1103/PhysRevX.9.021036
http://dx.doi.org/10.1103/PhysRevX.9.021036
http://dx.doi.org/10.1063/1.5143485
http://dx.doi.org/10.1063/1.5143485
http://arxiv.org/abs/2105.14175
http://arxiv.org/abs/2105.14175
http://dx.doi.org/10.1063/1.5125862
http://dx.doi.org/10.1038/srep30487
http://dx.doi.org/ 10.1103/PhysRevResearch.1.032033
http://dx.doi.org/ 10.1103/PhysRevResearch.1.032033
http://dx.doi.org/10.1038/s41467-020-16076-0
http://dx.doi.org/10.1038/s41467-020-16076-0
http://dx.doi.org/10.1103/PhysRevB.104.064304
http://dx.doi.org/10.1103/PhysRevB.104.064304
http://dx.doi.org/10.1021/acsnano.1c01301
http://dx.doi.org/10.1021/acsnano.1c01301
http://dx.doi.org/10.1103/PhysRevB.95.180101
http://dx.doi.org/10.1103/PhysRevB.95.180101
http://dx.doi.org/10.1103/PhysRevB.102.060103
http://dx.doi.org/10.1103/PhysRevB.102.060103
http://dx.doi.org/10.1021/acsnano.7b06551
http://dx.doi.org/10.1021/acsnano.7b06551

(40]

42]

[46]

Adam W. Tsen, “Dimensionality-driven orthorhombic
MoTesz at room temperature,” Physical Review B 97,
041410 (2018).

Suvodeep Paul, Saheb Karak, Manasi Mandal, Ankita
Ram, Sourav Marik, R. P. Singh, and Surajit Saha, “Tai-
loring the phase transition and electron-phonon coupling
in 17'-MoTes by charge doping: A Raman study,” Phys-
ical Review B 102, 054103 (2020).

Zaiyao Fei, Wenjin Zhao, Tauno A. Palomaki, Bosong
Sun, Moira K. Miller, Zhiying Zhao, Jiagiang Yan, Xi-
aodong Xu, and David H. Cobden, “Ferroelectric switch-
ing of a two-dimensional metal,” Nature 560, 336-339
(2018).

Fei-Ting Huang, Seong Joon Lim, Sobhit Singh, Jin-
woong Kim, Lunyong Zhang, Jae-Wook Kim, Ming-Wen
Chu, Karin M. Rabe, David Vanderbilt, and Sang-Wook
Cheong, “Polar and phase domain walls with conducting
interfacial states in a Weyl semimetal MoTe2,” Nature
Communications 10, 1-9 (2019).

R. Dahal, L. Z. Deng, N. Poudel, M. Gooch, Z. Wu, H. C.
Wu, H. D. Yang, C. K. Chang, and C. W. Chu, “Tunable
structural phase transition and superconductivity in the
Weyl semimetal Mo;_, W, Tes,” Physical Review B 101,
140505 (2020).

I.-Lin Liu, Colin Heikes, Taner Yildirim, Chris Eckberg,
Tristin Metz, Hyunsoo Kim, Sheng Ran, William D. Rat-
cliff, Johnpierre Paglione, and Nicholas P. Butch, “Quan-
tum oscillations from networked topological interfaces in
a Weyl semimetal,” npj Quantum Materials 5, 62 (2020).
J. C. Charlier, X. Gonze, and J. P. Michenaud, “First-
principles study of the stacking effect on the electronic
properties of graphite(s),” Carbon 32, 289-299 (1994).
P. Anees, M. C. Valsakumar, Sharat Chandra, and B. K.
Panigrahi, “Ab initio study on stacking sequences, free
energy, dynamical stability and potential energy surfaces
of graphite structures,” Modelling and Simulation in Ma-
terials Science and Engineering 22, 035016 (2014).

G. Savini, Y. J. Dappe, S. berg, J. C. Charlier, M. 1.
Katsnelson, and A. Fasolino, “Bending modes, elastic
constants and mechanical stability of graphitic systems,”

(47]

(48]

(49]

[50]

[51]

[52]

[53]

[54]
[55]
[56]

Carbon 49, 62-69 (2011).

M. Taut, K. Koepernik, and M. Richter, “Electronic
structure of stacking faults in hexagonal graphite,” Phys-
ical Review B 88, 205411 (2013).

Chun Hung Lui, Zhipeng Ye, Courtney Keiser, Ed-
uardo B. Barros, and Rui He, “Stacking-dependent shear
modes in trilayer graphene,” |Applied Physics Letters
106, 041904 (2015).

Kenji Yasuda, Xirui Wang, Kenji Watanabe, Takashi
Taniguchi, and Pablo Jarillo-Herrero, “Stacking-
engineered ferroelectricity in bilayer boron nitride,” Sci-
ence 372, 1458-1462 (2021).

Jianyu Zhang, Jinsen Han, Gang Peng, Xi Yang, Xi-
aoming Yuan, Yongjun Li, Jianing Chen, Wei Xu, Ken
Liu, Zhihong Zhu, Weiqi Cao, Zheng Han, Jiayu Dali,
Mengjian Zhu, Shigiao Qin, and Kostya S. Novoselov,
“Light-induced irreversible structural phase transition in
trilayer graphene,” Light: Science & Applications 9, 174
(2020).

M. Grzeszczyk, K. Gotasa, M. Zinkiewicz, K. Nogajew-
ski, M. R. Molas, M. Potemski, A. Wysmolek, and
A. Babinski, “Raman scattering of few-layers MoTes,”
2D Materials 3, 025010 (2016).

Tomas Grabec, Petr Sedlédk, Kristyna Zoubkova, Mar-
tin Sevéik, Michaela Janovskd, Pavla Stoklasovd, and
Hanus$ Seiner, “Evolution of elastic constants of the NiTi
shape memory alloy during a stress-induced martensitic
transformation,” Acta Materialia 208, 116718 (2021).
J. B. Ayasse, C. Ayache, B. Jager, E. Bonjour, and I. L.
Spain, “On the softening of the elastic constant, Caq,
in graphite,” Solid State Communications 29, 659-662
(1979).

David Fobes, |“NEUTRONPY 2.0.0,” | (2020).

Andrey Zheludev, |“RESLIB 3.4c,” | (2007).

M. J. Cooper and R. Nathans, “The resolution func-
tion in neutron diffractometry. I. The resolution func-
tion of a neutron diffractometer and its application to
phonon measurements,” Acta Crystallographica 23, 357—
367 (1967).


http://dx.doi.org/10.1038/s41586-018-0336-3
http://dx.doi.org/10.1038/s41586-018-0336-3
http://dx.doi.org/ 10.1038/s41467-019-11949-5
http://dx.doi.org/ 10.1038/s41467-019-11949-5
http://dx.doi.org/10.1016/0008-6223(94)90192-9
http://dx.doi.org/ 10.1088/0965-0393/22/3/035016
http://dx.doi.org/ 10.1088/0965-0393/22/3/035016
http://dx.doi.org/10.1016/j.carbon.2010.08.042
http://dx.doi.org/ 10.1103/PhysRevB.88.205411
http://dx.doi.org/ 10.1103/PhysRevB.88.205411
http://dx.doi.org/10.1063/1.4906579
http://dx.doi.org/10.1063/1.4906579
https://neutronpy.github.io/
https://neutron.ethz.ch/Methods/reslib.html

	Large change of interlayer vibrational coupling with stacking in Mo1-xWxTe2
	Abstract
	Introduction
	Experimental Details
	Results
	Discussion
	Conclusion
	Acknowledgements
	References


