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In recent years, T, transition metal dichalcogenides have been
heavily explored for their type-II Weyl topology, gate-tunable su-
perconductivity, and nontrivial edge states in the monolayer limit.
Here, we investigate the Fermi surface characteristics and funda-
mental transport properties of similarly-structured 2M-WSez bulk
single crystals. Our measurements of the angular dependent Shub-
nikov—de Haas oscillations, with support from first-principles cal-
culations, reveal multiple three- and two-dimensional Fermi pock-
ets, one of which exhibits a nontrivial Berry’s phase. In addition,
we show that the electronic properties of 2M-WSey are similar to
those of orthorhombic MoTes and WTes, having a single domi-
nant carrier type at high temperatures that evolves into coexisting

electron and hole pockets with near compensation at temperatures
below 100 K, suggesting the existence of a Lifshitz transition. Alto-
gether, our observations provide evidence towards the topologically
nontrivial electronic properties of 2M-WSe2, and motivate further
investigation on the topological properties of 2M transition metal
dichalcogenides in the atomically thin limit.

1. Introduction

A common structure type for transition metal dichalco-
genides (TMDs) is the hexagonal (2H ) structure which
exhibits semiconducting behavior. 2H-TMDs are
characterized by strong spin-orbit coupling with di-
rect band gaps between 1-2 eV in the monolayer
limit 2. In contrast to S- or Se-based TMDs, TMDs
with heavier chalcogen elements, such as Te, typi-
cally take on orthorhombic (7};) or monoclinic (7")
structures with semimetallic behavior. T,; and T’
structures exhibit a variety of interesting phenom-
ena, including Weyl topology ®4, quantum spin Hall
insulator states®>%7] or superconductivity ®l. While
the T,; and T” structures are not stable for S- and Se-
based TMDs, these compounds can also be forced
into a similar structure, known as “2M” 1011 The
2M crystal structure contains the same intralayer
structure as the 7" and T, crystal structures, but
the interlayer stacking order differs considerably. In
T’ and T} structures, each monolayer is flipped with
respect to adjacent layers. As a result, the 7" and
T, unit cells can break inversion symmetry'? in the
bulk (7y) or few-layer limit (7”). For the 2M struc-
ture, each neighboring monolayer is simply trans-
lated, forming a 113.2° shift between layers and tak-
ing on the centrosymmetric C2/m space group (Fig-
ure la).

For 1T"-MoS, and 2M-WS,, the electronic struc-
ture exhibits a semimetallic behavior '3 with anisotropic
electronic transport "4 and superconductivity at low
temperatures (up to 8.8 K)!. With multiple band
crossings at the Fermi level (Er), 2M-WS, has been
suggested as a topological superconductor 19 while
1T"-MoS, is often employed as electrical contacts
to monolayer 2H-MoS,['%. Though monolayer 2M-
TMDs have been predicted to host quantum spin
Hall states with sufficiently large band gaps to oper-
ate at room temperature®!”, much is still unknown
about their bulk electronic band structures. Under-
standing the bulk electronic band structure is an im-
portant step to determining the predicted correlated
phenomena originating from the narrow overlap be-
tween electron and hole pockets at Er and the influ-

ence of electron-electron interactions8:19:20],
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In this work, we explore the electronic band
structure of 2M-WSey by measuring the temperature-
dependent Shubnikov-de Haas (SdH) oscillations and
carrier densities of bulk single crystals and compare
these measurements to first principles calculations.
We reveal a quasi-2D FS with moderately light ef-
fective mass and a nontrivial Berry’s phase. Over-
all, our results suggest that topological states may
be present near Er and motivate further research in-
vestigating and exploiting these topological states in
the few-layer limit [,

2. Results and Discussion

that the observed SHG intensity is a result of bro-
ken inversion symmetry at the surface®?. In or-
der to correlate the angle of maximum and mini-
mum SHG intensity to that of a particular crystallo-
graphic axis, we performed electron back scattering
diffraction (EBSD) on the same crystal as shown in
Figure la. By carefully comparing the SHG pat-
tern with the Kikuchi pattern obtained from EBSD,
we find that the maximum SHG intensity occurs
along the (001) direction, while the minimum oc-
curs along (010), parallel to the W chain and consis-
tent with reports on WTey and MoTe, 2425, Due to
the anisotropic interatomic bonding strength, 2M-
WSes,, like other 17" structure-based TMDs, is prone

Single crystals of 2M-WSe, were synthesized via potas-to cleaving along the W chain and exfoliation typi-

sium intercalation and de-intercalation using sulfu-
ric acid Y. Successful synthesis of the 2 structure
was initially confirmed by Raman and X-ray Diffrac-
tion (Supplementary Figure S1) concomitant with
the metallic behavior of the temperature-dependent
resistivity (Supplementary Figure S8). As synthe-
sized crystals are commonly bundled together and
are difficult to isolate without deforming by bend-
ing or twisting. In order to circumvent this issue,
all bulk samples (thickness > 15 nm) characterized
in this work were mechanically exfoliated via poly-
dimethylsiloxane, and subsequently dry-transferred
onto pre-patterned contacts??. More details can be
found in the Methods section.

Similar to the 17" and T} crystal structures!?,
the 2M crystal structure has W-chains that run along
the b-axis in a zigzag pattern (perpendicular to the
c-axis), while layers are stacked out-of-plane along
the a-axis. For simplicity of comparing theoreti-
cal calculations to values of the experimentally mea-
sured SAH frequencies, we define a* as the axis per-
pendicular to the b and ¢ axes (Figure la). In or-
der to determine the crystallographic directions of
each sample, we first investigate the exfoliated flakes
by measuring the intensity of the second harmonic
generation (SHG) as a function of polarization an-
gle. Although the crystal structure is centrosym-
metric and, in principle, should not yield any de-
pendence of the SHG intensity with changing polar-
ization angle, we consistently observe an anisotropic
pattern with two-fold rotational symmetry for few-
layer and bulk flakes (see Figure 1b). We have also
observed an enhancement of the SHG intensity with
decreased sample thickness and a quadratic depen-
dence as a function of the laser power, see Sup-
plementary Figure S3a. These observations suggest

cally yields flakes with a rectangular geometry (see
Supplementary Figure S3). Following the orienta-
tions indicated by SHG, we prepared cross-sectional
samples of exfoliated 2M-WSes using focused ion
beam. Using high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM)
along [010], we observe well-ordered interlayer stack-
ing. As shown in Figure 1d, the W and Se columns
fit with the 2M lattice with a well-defined angle of
113.2° between (001) and (100). Using high-angle
annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) along [010], shown in Fig-
ure le, we further confirm the 2M stacking order.
Unlike MoTe,, where considerable stacking disor-
der is observed?® for 2M-WSe, we observe uni-
form stacking over many unit cells. We note that for
2M-WSe,, on occasion we observed Ty-like stacking,
which breaks inversion symmetry, as a form of local
disorder. This disorder may also contribute to the
angle-dependent SHG intensity observed in Figure
1b. Using the correlation between the SHG inten-
sity, flake geometry, and diffraction (indicating the
b-axis is parallel to the long edges), we determine the
direction of pre-patterned devices (Figure 1f).

To determine the Fermi surface topology and topo-

logical nature of 2M-WSe,, we measured the temperature-

and angular-dependent magnetoresistance (MR). Ex-
foliated flakes are measured using a four-terminal
configuration with current biased parallel to the b
axis (offset < 7°, Figure 1f) in combination with
a spring rotator, where 6 is the angle between ap-
plied magnetic field, B, and a* axis (see Figure 1g).
Figure 2a illustrates the change in MR, AMR =
(p(B) — p(0))/p(0), as a function of magnetic field,
B, oriented along the a*, b, or ¢ axes at 300 mK.
With B || a*, the AMR exhibits a quadratic trend
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Figure 1. Crystal structure, optical characterization, and experimental setup of 2M—WSey. a) Top-down view (along
a*=c x b) of the in-plane crystal structure for 2 —WSey (top) and along b axis (bottom). b) Angle-dependent SHG map of
a bulk 2M-WSes device. ¢) EBSD pattern from a 2M-WSe, crystal, with Kikuchi lines indexed to the 2M crystal structure.
d) HAADF-STEM image of 2M-WSe, taken along [010] with the crystal structure overlaid. e) Zoom-out view of d) revealing
the 2M stacking order of our WSey flakes. Red lines indicate [100]. f) Optical image and g) schematic of the device and

experimental setups.

up to 31 T with no sign of saturating (see Supple-
mentary Figure S5), indicative of compensated be-
havior. With B || b or B || ¢, the AMR exhibits a
linear dependence. Both out-of-plane and in-plane
trends of MR are similar to those observed in Ty-
WTey and T;-MoTe, 2728, For the B || a*-dependent
AMR, we subtracted a polynomial background and
extracted the SAH signal as a function of 1/B, as
shown in the inset of Figure 2a. The SdH signal
shows multiple frequencies, indicating multiple elec-
tron or hole pockets. Taking an FFT (Figure 2b) of
the SAH signal for B || a* reveals five frequencies:
F, =50T, Fg =122 T, F, = 184 T, Fs = 380
T, F. = 475 T. To gain an understanding of the
shape of each FS associated with these frequencies,
the angle-dependent SAH signal between the a* and
b axes (as denoted by #) at 300 mK was measured
(Figure 2d). For the « pocket, the frequency re-
mains nearly constant when tilting away from a* and
when rotating from B || ¢ to B || b (see Supple-
mentary Figure S7b), indicating a nearly isotropic
3D FS. To verify the isotropic morphology of the
a pocket, we compare its trend to that of an el-
lipsoidal FS, F(0)=FFy/+/(Fzcos0)? + (F} sin6)?,
where F} is defined as the SdH oscillation frequency
when B || a*, and F; is defined as the SdH oscillation
frequency when B || b.This ellipsoidal fitting yields a
relatively small ratio of the elliptical cross-sectional
areas, 1.38, for the we find that the a pocket; indi-
cating that it is only marginally anisotropic. Simi-

lar morphology is observed for the v and 8 pockets,
though with increased anisotropy, suggesting that
these pockets are more ellipsoidal.

Unlike the «, 8, and v pockets, for the § and €
pockets, the frequency is not as constant with angle,
instead taking on a F' = Fy/cosf (B || a*) trend that
is consistent with quasi-2D FSs. For better compar-
ison, in Figure 2d we present the fittings for ellip-
soidal and quasi-2D FSs for Fs and F.. These fit-
tings clearly show that the § and e pockets are not
3D. We note, that ideally in order to fully describe
the shape of each pocket would require SAdH oscil-
lations for all angular directions. However, we were
unable to observe any oscillations from these pockets
when tilting from c to b axes due to a decrease in the
overall SdH amplitude!.

To determine the topology of 2M-WSe,, we an-
alyzed the amplitude for each SAH frequency as de-
scribed by the Lifshitz-Kosevich (L-K) formula:

F
Ap o< ABY?RiRy cos(27r(§ +~v—9))

where A is a constant, Rr is the thermal damping
factor, Rp is the Dingle damping factor, and v and
0 are phase factors, and extract the Berry’s phase
(®p). The value of § depends on the dimensionality
of the FS from which the SdH frequency originates.
For 3D FSs, 6 = %3 for electron (—) and hole (+)
pockets, and for 2D FSs, 6 = 0. The phase shift
from v can be defined in terms of ®p, with v =
% — ®p. For a topologically trivial state, &5 = 0
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Figure 2. Temperature- and angular-dependent magnetoresistance and SdH oscillations of 2M —WSes. a) AMR for B
parallel to the a*, b, and c axes. Inset: SdH oscillations extracted from p,.(B || a*) as a function of B~! at T = 300 mK. b)
FFT spectra obtained from SdH oscillatory component at various temperatures, with B || a*. Inset: Temperature-dependent
FFT spectra of the SAH oscillations for B || b. The lowest frequency(F<20 T) is attributed to the residual background. c)
FFT peak amplitudes versus temperature for B || ¢* and B || b. Solid (B || a*) and dashed lines (B || b) indicate the fits for
extracting the effective masses. d) Angular dependence of the FFT peak frequencies. Fits for 2D (solid line) and ellipsoidal

(dashed line) FSs are superimposed.

or 27 and for a topologically nontrivial state &g ~
m. For F, and Fi, we find ®p = 1.247 and 0.767,
respectively, close to the nontrivial value of 7. For
all other frequencies, we find a trivial Berry’s phase
near 0 or 27 (see Supplementary Table S1).

To determine the effective mass related to each
pocket, we measured the temperature dependence
of the SAH oscillations. From the L-K formalism,
Rt = \T'/sin(\T), with A\ = 27%kgm*/heB, where
m* denotes the effective mass and 27%kp /e = 14.69
TK™!, we can extract the effective mass for each
FS by fitting Rt for each associated SAH frequency
at different temperatures. Shown in Figure 2c, we
plot the normalized FFT amplitude for each SdH
frequency, as a function of temperature.

For the o pocket, we find effective masses of 0.27mg
(B || a*) and 0.36m, (B || b), in agreement with the

isotropic F'S ascertained from the frequency angle
dependence. These values are also in general agree-

ment with the density functional theory (DFT)-calculated

effective mass of 0.22mq (Table S1). The effective
masses for the other pockets are around the same
value as the a pocket, ranging from 0.27 to 0.39my.

Comparing our experimental findings to theo-
retical calculations, in Figure 3a we show the DFT-
calculated electronic band structure for bulk 2M-
WSe, with spin-orbit coupling included. In agree-
ment with the compensated behavior observed in the
MR (Figure 2a), we find a semimetallic band struc-
ture with electron and hole concentrations of the
same order of magnitude at Fr. Owing to the non-
trivial topology of the electronic band structure, we
observe band crossings very close to Fr. In Figure
3b, we map the FSs at Fr, and find two sets of closed
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Figure 3. Electronic band structure, Fermi surface, and angular-dependent SdH oscillations of 2M—WSes. a) DFT-
calculated electronic band structure of 2M-WSes with the inclusion of spin-orbit coupling. b) Side view of the calculated hole
(magenta) and electron (blue) FSs. ¢) Color map of the FFT amplitude versus frequency and magnetic field orientation with
respect to the 2M-WSey crystallographic directions. Red and green circles represent the DFT-calculated SAH frequencies.

F'Ss, corresponding to hole (pink) and electron (blue)
pockets. Both pockets are located relatively close to
the I' point and are anisotropic. However, the elec-
tron pockets are significantly more anisotropic and
elongated than the hole pockets. This indicates that
the oscillations with frequency F, likely belong to
the more isotropic hole pocket. Using the Onsager
relation, Fy, = ¢oAy/2m2, where ¢g is the quantum
of flux and Aj is the area of the FS cross-section
perpendicular to the applied magnetic field, we cal-
culate the angle-dependent SAH frequencies by ro-
tating magnetic field vector, applying F'S cuts that
are perpendicular to the field vector, and extracting
extremal orbits and corresponding SdH oscillation
frequencies.

Shown in Figure 3c, we map the calculated SdH
frequencies onto an interpolated map of the experi-
mental angle-dependent SAH signal (see Supplemen-
tary Figure S7 for details). Generally, the calcu-
lated frequencies match well with the experimental
frequencies, showing that the lower frequency «, £,
and ~ pockets are hole-like. For the higher theoreti-
cally calculated electron-like frequency, these values
are close to that of the € pocket. However, we instead
associate this electron pocket with the ¢ pocket due
to the anisotropic ellipsoidal shape. For our calcu-
lations, there is no value that accurately captures
the 2D FS of the € pocket. Overall, our analysis
of the SAH oscillations suggests that the a and f3
pockets originate from the hole pockets and the ¢
peak originates from the electron pocket. The cal-

culated FS highlighting these assignments is shown
in Supplementary Figure S13. We note that there
is some slight offset in the frequencies, which we ex-
pect is from a small difference in the position of the
Fermi level between experiment and DFT as detailed
below. Given the Berry’s phase of the € and ~ fre-
quencies and their lower FFT amplitudes, we expect
that these frequencies are related to topologically
nontrivial states. The observation of a topologically
nontrivial F'S is in agreement with the expectations
from recent first-principles calculations and ARPES
studies which propose 2M-WSe; as a weak topolog-
ical insulator with a bulk Dirac point near Ep 9.
In addition to the experimentally extracted non-
trivial Berry phase, we perform first-principles cal-
culations of the Z, topological invariants and sur-
face states using Wannier90” and WannierTools 3!
to investigate the topological nature of bulk 2M-
WSe;. The Z, invariants calculated by the Wannier
charge center method®? were found to be (0;110).
As shown from Supplementary Figure S10, there are
an odd number of Wannier charge center crossings
in the k;=0, 0.5 and k,=0, 0.5 planes but not in
the k3=0, 0.5 planes. These theoretical results sug-
gest that 2M-WSe, is a weak topological insulator,
in agreement with previous results!'*'%. We further
calculated the surface states for the van der Waals
surface of 2M-WSe,; which exhibits an overlap in the
valence and conduction bands with band crossings
near the Fermi level, as seen in Supplementary Fig-
ure S11. These results suggest the weak topological
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insulator nature of bulk 2M-WSe,.

To better compare with DFT electronic struc-
ture calculations, we characterize the temperature-
dependent carrier transport properties of bulk 2M-
WSe, via measurements of the longitudinal (p,,) and
Hall (p,,) resistivities, as shown in Figure 4a,b. For
B =0T, 2M-WSe, exhibits metallic behavior down
to the lowest achievable temperatures of our setup
(2.5 K). At low temperatures, with magnetic field,
we again observe the B? dependence of p,,. This
B? dependence gradually decreases with increasing
temperature, until ~100 K where it completely dis-
appears. From the temperature dependence of the
longitudinal resistance under varying B, we observe
a saturation of the MR at a temperature 7" (see
Supplementary Figure S8). With increasing B, T*
shifts to higher temperatures at a rate of 3.6 KT ™!,
similar to the temperature-dependence of MR in Ty-
MoTe, and Ty;-WTey B34, For p,,, we observe a
nonlinear Hall signal below 50 K, suggesting major
contributions from both electron and hole carriers.
Going from 50 K to 100 K, we observe a significant
change in p,,, evolving into a purely linear Hall sig-
nal with hole-like behavior. Similar magnetic field-
and temperature-dependent behaviors have been ob-
served in bulk Tj;-TMDs[33:3435 - For 2M/-WSe,, the
trend of the carrier density most-closely resembles
that of T;-NbIrTe ) and can be attributed to a
Lifshitz transition resulting from the shift of Er to-
ward the conduction band minima with decreasing
temperature [36],

To better understand the changes in transport be-
havior we further analyze the transverse and longi-
tudinal responses using the two-band semiclassical
model:

1 (nppin + Nefte) + (Mifte + Nefin) pepin B

Pz = E (nh,uh + ne,ue)2 + (nh - ne>2ugN%B2

B (npptj, — nep) + (g — ne )iy B2

e (nnpin + nepe)? + (np — ne)2p2p; B2

where n. and n; are the electron and hole carrier
densities, and . and pp are the electron and hole
carrier mobilities. As shown in Figure 4a,b, p,, is
well-described by the two-carrier model. By combin-
ing data gathered from fitting both p,, and p,, and
extrapolating back from room temperature, where
a single carrier dominates, we are able to get ex-
cellent fits across the entire range of temperatures.
The temperature dependence of n., ny, pe, and uy
obtained from the fittings are shown in Figure 4c,d.
At 200 K, the electron and hole mobilities are nearly

Pzy =

the same, increasing as temperature is lowered and
saturating near 15 K with p, = 1.7 x 10? cm?V~1s7!
and p, = 5.3 x 103 cm?V~1s71 at 2.5 K. Using an
average effective mass of 0.33m, gives a mean scat-
tering time of 7, = 207 fs. For the carrier density,
at high temperature (200 K) hole carriers dominate
with n, = 2.6 x 10%! cm ™3, while the electron carrier
density is four orders of magnitude smaller, consis-
tent with the low magnetoresistance at high temper-
ature due to a lack of carrier compensation.

As temperature decreases below 150 K, n. in-
creases dramatically until it nearly saturates at 50
K and reaches a density of 3.2 x 10?° cm™3 at 2.5 K.
While for holes, the carrier density remains relatively
constant, with a slight decrease to n;, = 1.3 x 10%
cm™? at 2.5 K, giving a n./ny ratio of ~ 2.5. DFT
calculations show that the energy shift of Ep re-
quired to achieve this n./n; ratio is very small (15
meV), easily attainable by defects in the system.
The carrier densities calculated by DFT were on the
order of the experimental result, with n, = 1.0 x 10%
em ™2 and ny, = 4.0 x 10* ecm™3. The compensation
of hole and electron carriers points to the origin of
the nonsaturating magnetoresistance in 2M-WSes,,
while the lower normalized MR at high magnetic
fields (10000%) as compared to similar 7" and T
related materials likely originates from the signif-
icantly lower carrier mobilities and the imbalance
between electron and hole carrier densities.

Finally, to further understand the topology of 2 M-
WSe; and the limiting factors of the SAH amplitudes,
we extract the Dingle damping factor, Rp = e P,
where Tp is the Dingle temperature from fittings of
the SAH oscillations, using the same L-K formalism.
From Tp, we can extract a quantum scattering time,
7, = h/(47?kpTp), of 5.2 fs and a quantum mobil-
ity, pg = er,/(m*), of 270 cm*V~'s™! (see Supple-
mentary Table S1). These values are much smaller
than the values extracted from transport measure-
ments, yielding ratios (7/7,, pt/ptq) of ~5 and ~20
for electrons and holes, respectively. The differences
between the values of 4 and 7 as extracted from the
L-K formalism versus those from transport are not
uncommon in topological semimetals and can be ex-
plained by a variety of mechanisms, such as electron-
phonon scattering 37, chirality-protected backscat-
tering ¥, or charged impurities present in the mate-
rialB%.  The large ratio of 7,/7, observed in 2M-
WSe, likely originates from large-angle scattering
due to charged impurities.

The anisotropy of the scattering can be inferred
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Figure 4. | Temperature-dependent carrier transport of 2/ —WSes. a) and b) Longitudinal (p,,) and Hall conductivity
(pay), respectively, as a function of B for temperature varying from 2.5 K to 200 K. Solid squares denote the experimental
data and red dash lines represent fits based on the two-carrier model. ¢) Carrier mobility for holes (i) and electrons (u.)
as a function of T', extracted from the two-carrier-model fits from p,,. d) Carrier densities for holes (ny) and electrons (n.)

as a function of T' obtained from two-carrier-model analysis of p,,,.

from the correlation length £&. With a Fermi wave
vector k, the ratio 7;/7, depends on both &k and &.
For short range disorder k£ < 1, while for long range
disorder k¢ > 1. We can determine the in-plane ef-
fective Fermi wave vector kj, using the Onsager re-
lation, f = ﬁkﬁ, which yields a value of kjj = 0.799
nm~!. Assuming that the value of ¢ is similar to that
of T;-WTey ) we find that k& > 1 for 2M-WSes.
This indicates that the scattering in our 2M-WSe, is
dominated by long range disorder. Altogether, anal-
ysis of the scattering in 2M-WSe, suggests that sig-
nificant improvement of the crystal quality is needed
in order to improve SAdH amplitudes and unambigu-
ously observe the intrinsic topological features.

3. Conclusions

By performing magnetotransport studies up to 31 T
and comparing these results to first-principles calcu-

compounds. In addition, the drastic change in elec-

tron carrier density as 2M-WSe; is cooled below 100

K suggests a Lifshitz transition, likely due to a shift

in the chemical potential. The existence of this Lif-

shitz transition in 2M-WSe,, along with similar ob-

servations in many other materials with the same in-

tralayer structure 3435364142 " ostablishes this type of

transition as a general phenomenon for the semimetal-
lic transition metal chalcogenide family, even with

different stacking orders. Overall, our observations

support the theoretical calculations and scanning probe
measurements of few-layer 2M-WSe, which propose
the existence of topological states. In the few-layer
limit, these topological states can be electrostatically
tunable*3 and survive to high temperatures!'”, cre-
ating new opportunities to realize topological devices
that could survive even up to room temperature.

4. Methods Section

lations, we have revealed nearly compensated semimetal-

lic behavior in bulk 2M-WSe, and provided exper-
imental evidence for the existence of a topological
state near the Fermi level, similar to Ty-structured

Synthesis:  The single crystal of 2M-WSe, was
obtained by de-intercalation of K from the K, WSe,
by soaking the crystal in HySO,4 (0.01 M) for 48
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hrs. To obtain large size crystals for exfoliation,
thin flakes of 2H-WSe, (0.1 g), grown via salt flux 4,
are used as a precursor and mixed with K with a ra-
tio of 1:0.7 in an argon-filled glove box with Oy and
H;0 <0.1 ppm. The mixture is then loaded in a
Canfield crucible set before sealing in quartz under
vacuum (~ 107° Torr). Subsequently, the sealed am-
poule is heated to 900 °C over 1 day and held at 900
°C for 3 days, before slowly cooling down to 550 °C
at a rate of 3 °C/hr. After reaching 550 °C, the fur-
nace was turned off and the sample naturally cooled
down to room temperature.

Raman Spectroscopy: Raman spectra were mea-
sured using a Horiba LabRAM HR Evolution Con-
focal Raman Microscope with an excitation of 633
nm and fluence of 17 mW.

Powder X-ray Diffraction (PXRD): The crystals
were grounded into powder and dispensed onto a
glass slide. PXRD was measured using a Bruker D8
Discovery X-ray diffractometer with a Cu-K,, source.

Second Harmonic Generation: Second harmonic
generation (SHG) spectra were measured using a
femtosecond pulsed laser cen-tered at 1040 nm with
an 80 MHz repetition rate and ~ 140 fs pulse du-
ration (Chameleon Discovery NX, Coherent). The
excitation light is linearly polarized and focused on
the sample at normal incidence by a 50x long work-
ing distance objective (Mitutoyo). An average power
of 1 mW was applied and the incident polarization
angle was varied by rotating a half-wave plate in
the incident beam path. The 520 nm SHG signal
was isolated using bandpass filters and collected by
a single-photon photomultiplier tube (Hamamatsu).

Electron Back-scattered Diffraction:  The mor-
phology of the samples was imaged in a Zeiss Gemini
300 FESEM. The identification of phases and crys-
tallographic orientations was performed by EBSD
using an Oxford Instruments EBSD detector and
Oxford AZtec software.

Transmission Electron Microscopy:  Crystallo-
graphic orientation of the sample was determined
via diffraction experiments in a Technai TF30 oper-
ated at 300 keV in TEM mode. Three WSe, flakes
were transferred onto a Au-FLAT grid with a PDMS
dry transfer method. The flakes were locally viewed
along their long and short rectangular edges to cor-
relate diffraction vectors with the edge alignment.
Diffraction was performed in a plan-view geometry
(a*) with respect to the flake surface, 23.2° off the
crystal’s a-axis. Cross-sectional samples were pre-
pared via Ga FIB. Liftout and initial thinning were
performed at 30 kV, stepping down in energy until

a final thinning step at 2 kV. Immediately before
characterization, the sample was plasma cleaned for
5m at 18 W in an IBSS group MCA to minimize
contamination. Samples were then transferred into
a Fischione 1040 TEM Ion Mill and further thinned
with Ar at 800 eV to remove extensive surface ox-
idation and quickly transferred into the high vac-
uum TEM column to minimize atmospheric oxida-
tion. STEM characterization was performed on a
ThermoFisher Titan STEM equipped with a CEOS
(Corrected Electron Optical Systems) probe aber-
ration corrector operated at 200 kV. A 23.33 mrad
aperture was used for beam formation, correspond-
ing to a beam current of roughly 22.3 pA. HAADF
imaging was performed at a 160 mm camera length,
corresponding to a 53.9 to 269.5 mrad collection an-
gle range. Nonrigid registration datasets were col-
lected by acquiring an image stack of 100, 512x512
HAADF images with a dwell time of 4 us and pixel
sizes of 0.219 A. Non-rigid registration (NRR) was
performed with pymatchseries software on the image
stacks to minimize image artifacts arising from sam-
ple drift and scanning instabilities 4.

Dewvice Fabrication: 2M-WSe, flakes were exfoli-
ated on to a PDMS stamp and dry-transferred onto
pre-patterned electrodes (Ti/Au, 2/50 nm). Sam-
ples used for measuring SdH oscillations were placed
on a 4-probe pre-pattern, while Hall samples were
placed on a 6-probe pre-pattern. A top layer of
hexagonal boron nitride was then transferred onto
the device as a protection layer. Flake thickness was
measured by atomic force microscopy yielding: 17,
29, and 31 nm for SdH oscillation samples A, B, C
(see Supplementary) and 70 nm for the sample used
for Hall measurements.

Magnetotransport Measurement: High-field mag-
netotransport measurements up to 31 T, with base
temperature of 300 mK, were carried out at the Na-
tional High Magnetic Field Laboratory. Hall mea-
surements were carried out in a Quantum Design
DynaCool system. All transport measurements used
a lock-in preamplifier with a current of 0.5-1 A and
a frequency of 27.777-227 Hz.

First-Principles Calculations:  First-principles
density functional theory (DFT)M647 calculations
were performed using Vienna Ab initio Simulation
Package (VASP) 4849 the projector augmented wave
method (PAW) method®”, the Perdew-Burke-Ernze-
rhof (PBE) exchange-correlation energy functional °!],
and a plane-wave basis with an energy cutoff of 400
eV. The crystal structure of bulk 2M-WSe; was re-
laxed with a maximum residual force of 0.01 eV/A, a
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total energy convergence criterion of 1076 eV. Relax-
ation and self-consistent calculations used a Monkh-
orst-Pack k-point sampling of 3 x 10 x 6 for Bril-
louin zone integration, while the charge carrier den-
sity calculation used a k-point grid of 6 x 20 x 12.
To take into account the interlayer van der Waals
interaction, we employed the optB88 nonlocal van
der Waals density functional®?. Spin-orbit coupling
was included in all calculations except structural op-
timization. The electronic band structure was plot-
ted using pymatgen?. To allow for a more ac-
curate SAH frequency calculation, we interpolated
the electronic structure from the DFT calculation in
a dense grid of 60 x 60 x 60 using the Wannier90
code % with quasiatomic orbital projection®. SdH
frequencies and FS cuts were subsequently calcu-
lated using the Supercell K-space Extremal Area
Finder (SKEAF) package[®! by rotating the B vec-
tor, applying FS cuts that are perpendicular to the
field vector, and extracting extrema orbits and cor-
responding SAH oscillation frequencies. To investi-
gate the topological properties of bulk 2M-WSe,; we
calculated first-principles tight-binding Hamiltonian
by using the Wannier90 code®” and quasiatomic or-
bital projection® for bulk 2//-WSe, in a primitive
cell. The corresponding band structure is shown in
Supplementary Figure S12. We then used this tight-
binding Hamiltonian and the WannierTools pack-
ageBl to calculate the Z, topological invariants us-
ing the Wannier charge center method®? and the
surface states with the semi-infinite Green’s func-
tion method 0.

Supporting Information

Supporting Information is available from the Wi-
ley Online Library or from the author.
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