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Fig. 1. (a) Crystal structures of monolayer (left) and trilayer (right) WTe,. The black dots in the monolayer structure indicate Caq
screw rotation axes. The trilayer structure does not overlap with its counterpart after Coq operation (shaded) in the second layer,
meaning that bilayer and trilayer WTe, do not possess inversion symmetry. (b) Raman spectra of WTe, with thickness ranging
from 1 to 4 layers, collected at 300 K. The spectral ranges below and above 50 cm ! are measured in the cross (L ) and parallel (//)
polarization configurations, respectively. PO—P9 denote the observed Raman modes. (c), (d) Thickness dependence of the peak fre-
quencies for PO, P1, and P8, obtained by fitting analysis of the data in Figure (b). The solid line in Figure (c) is a fit to

v/1 —cos(n/N) , where N is the layer number.
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Fig. 2. (a)-(c) Temperature dependent Raman scattering intensity maps for monolayer, bilayer, and trilayer (1L-3L) WTe,, measured

in the parallel polarization configuration. (d)—(f) The corresponding spectra between 300 and 460 cm ! at selected temperatures. The

peaks marked by the asterisks are from the sapphire substrate.
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Fig. 3. (a), (b) Polarization angle dependent Raman scattering intensity maps for bilayer WTe,, measured in the parallel and cross

polarization configurations, respectively, at 4 K. (c¢) Polarization angle dependent intensity for each Raman mode. The filled and

empty symbols are experimental data, and the solid lines are fits as described in the text.
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Fig. 4. (a) Optical image of mechanically exfoliated WTe,, with layer numbers marked for the thin regions. The dashed lines represent
the boundaries between regions of different thickness. Scale bar: 5 pm. (b)—(c) SHG intensity maps for the region marked by the
square in (a), obtained in the cross polarization configuration, with the incident polarization angle set to 30° and 90° in (e), re-
spectively. (d)—(e) Polarization angle dependent SHG for monolayer WTe,, measured in the parallel (//) and cross ( 1 ) polariza-
tion configurations, respectively. The solid lines are fits as discussed in the text. All data were obtained at 4 K. (f) The upper part
is a schematic of the commonly adopted 177 structure for monolayer WTe, (same as in Fig. 1(a)), which is centrosymmetric. The
lower part shows a possible structure with broken inversion symmetry!?), referred to as 17 .
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Fig. 5. (a)—(d) Polarization angle dependent SHG at 4 K for WTe, samples of various thickness. The filled and empty symbols rep-

resent data collected in the parallel (//) and cross ( L) polarization configurations, respectively. The solid lines are fits as de-

scribed in the text. (e) Thickness dependence of the SHG, obtained by integrating the cross polarization data in Figure (a)—-(d) from

0° to 360°. The raw data for bilayer 2H-MoS, are not shown.

PEA [m] JEE A o ) 2 L P ik SHG 38 B 0— 360°
EREINAVY, B3E 5(e). BUZFEFE SHG HH:
AEENEESE T ED 1B, =2
() SHG FL B2 FE S 5 T 20 5 4%, UE B JZ [R] 3k S 1
SEREC T HER AR MRS, H 5 177 -MoTe,
EUZMES SHG B3 & TArBUZ M 2L 1oL X
F 2 H AR I 45 8 B AL G P RAR A [] B il
L MoSy ANEA O XTFRME, fEAH RS2 56 5544
W45 H SHG B4 58 B 2 4 BUZ WTe, 19 10 £
XWUZ MoS, FZMMESMKE T ho X Frik, 2
I SHG i se4ig 2%, misemd i FHAE O K
AR BRI, W62 i 509 SHG Wik eIk
e W, SBUTAE TSN SHG 55, 4558
R T 5(e) 1. )2 WTe, B9 SHG 58 & W
JZ MoS, 5 T A5, EPIE T H i A E 555 i e Xt

Kl 6 xR T 1—3 Z2FE 50 SHG FH5 5 B Fif
TR AR Al o B 2 5 = 2R S A TR R AR A B
8B, TOBUZFE AR AR T B 2. T SHG
JEOT R RO R R A R L S e, T K A AR
PEBEZ H O XTFR BB, SUZFESY SHG BTG T+

o 1T B S RARAEG T A A X K e A AR 1 B A
IRT A RFFEAG U2 WTe, B A S IR E & T
350 KWL [&] 6 s oBUZFE & SHG 5% B 1) I BE 4K #51
A ARSI EE AT, =2 WTe, tWgiEH BA
BRe AR AR D91 SR R T SHG {5 54059, A REFE

—~ 3.0
—— 1L, L
= ’ 112000
:j 251 g
3 ;
5 20f 5
2 18000 <
— +
= 151 =
£ Lor {4000 =
z g
-~ 0.5 g
g £
5 oopr—v v . o
4 50 100 150 200 250 300

T/K

Kl 6 SLLAFSN 1—3 2 E SHG 76T E AR T 1Y iR
BEARH, XF R F Ayl 2304545 S 18] 2(b) o U2 AR
P11 iz 0 B 8 E  TRLBE AR, % R T4 ) o il
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Optical study on crystal symmetry of two-dimensional WTe,"
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Abstract

Two-dimensional WTe, possesses a special crystal symmetry, leading to novel properties such as quantum
spin Hall effect and nonlinear Hall effect. Determining the details of its crystal structure is essential for
understanding these interesting properties. Here, we report an optical study on the crystal symmetry of
monolayer, bilayer, and trilayer WTe,, using temperature and polarization dependent Raman spectroscopy and
optical second harmonic generation (SHG). We find that monolayer WTe, is noncentrosymmetric as indicated
by its sizable SHG, in contrast to the commonly believed centrosymmetric 17" structure. The polarization
dependence of the SHG is consistent with the C, point group. Bilayer WTe, exhibits SHG signal more than one
order of magnitude higher than in the monolayer and trilayer samples, with its temperature dependence
reflecting the ferroelectric phase transition, evidencing strong inversion symmetry breaking induced by layer
stacking and interlayer-sliding ferroelectricity. We also observe prominent second-order resonant Raman
scattering peaks only in monolayer and bilayer WTe,, but not in thicker samples, and their temperature
dependence indicates an electronic structure highly sensitive to interlayer coupling. These results will be useful

for further exploring the properties of atomically thin WTe,.
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