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TR (RYEM BRI FHEFT T
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AR NG KER kA T

(AUt E TR 24 R I 5 T2 B, Rt T45H S8 F TR E A IR =, Jbat 100081)
(2022 4F 1 A 13 BUE]; 2022 4F 3 A 3 BYEIENH)

T AR R AR AT AE T AR AR R AT 2 A MR O AR BUR e A 2014 4F AR
WS 2 LT A I & R G & W= — JOR 8L 4k it A e /R e x4k o, LIS JZE 1 T-WTe, Jy
R A RMA R BAT R T SRR E | AT B 03 SRR 5 T R P S5V 22 IR A A0, )R Zh R e T
FEPE R AT B R L. AR SO TR 1 T-WTe, 765050 I (Y OB ik & | A 8 3 F 00 FAHAME A K 1Y)
AR 6, HRIGE i SR 2 B RN B H X i S O WA R, B2 L R A T BOAE BUR 1 T-WTey Wi S 1087 45 i 1-4)
B WX R 1T-WTe, AR Al BER N AT S 2E47 TR 2.

KR IR 1T-WTey, THIMEGAR, HE1 [ HER/RR, BRIEN F 25

PACS: 73.20. 1, 73.43.Nq, 73.50.-h, 75.47. m DOI: 10.7498 /aps.71.20220100
(a) Quantum Hall state (b) Quantum spin Hall state
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Fig. 2. Detection and modulation of quantum spin Hall effect in monolayer 17-WTe,.

MR R . S, B ZAT7E InAs/GaSbP-12
1 InAs/GalnSbl'3 14 45 i F B4 & ot I 2] T
T FBERR RN, H A2 i e A P T 3
R, X R b R T A F e 254
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R N FH A v T A o A R R 48 S AR R
2014 4F, SEERRA BT 2B Qian 55 9 HilE, DI
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H, HR 1T-WTe, H T HA 5 Tifil 5 | 74t
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AP 16201 B15E T SRR E R AT T2 .

HHT, P2 1 T-WTe, 28 0 52514 RE Fe 4
) " dE i A e R AR 2 —, g e A8
I A S A o POEH T RERE (angle-
resolved photoemission spectroscopy, ARPES).
ARG W /A BRI S (scanning tunneling
microscopy /spectroscopy, STM/STS). f{ i BH it
WHE (microwave impedance microscopy, MIM) .
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TERE IR Ya AR
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(b)
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Fig. 3. Atomic structures of monolayer TMD MX,/": (a) 1H-MX,!1%; (b) 1T-MX,!"); (c) 1T"-MX,".
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W78 T FRFN AR AR A 7R IR BB AY S 5% 5 BUH I 1
ARG AL S FR MR EAR, B -0 A A R0 AT A —
A0 B 52 e A Y TRT I BE AR R 0. (b) B2 1T-TMD 9 g
i £ 1)

Fig. 4. Band structures of monolayer 17-TMD: (a) Schem-
atic of band evolution from a topologically trivial phase to a
nontrivial phase. Band inversion causes the band changing
from topologically trivial to topologically nontrivial®®;
(b) band structure of monolayer 1T-TMDU.
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. BT W EFH Te JEFAEAHRIRE T W25
JRAAAE B 5 M 22 5, 5280 b — sl W RF-F1 Te
BT B HRR L 20 R 1:20, #F R IR B FE I AE 200—
250 C JulE N, TR 2 & B 1 52 1T-WTe,
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3.2 FIRANMREHEARRSEE 1T -WTe,
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ik g b, | e AL S SO AL i (chemical
vapor transport, CVT) 55 J7 e SE BN 5 it 1w B A
1 T-WTe, 1yl 55 10 SRFTE AW A TEH
AR B 1 T-WTe, B A2 1T
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I W B AR, SEB L 1 T-WTe, HIBFIN;
BT TR HOR, I R R R 2 1T
WTe, ## 2 HARRHE L, SF M 520 H s 251
I H, 2 PR B R AiE 7001 AR ik o AR
R (pulsed laser deposition, PLD) i J& 4= 4 & it
A ME IR T B, A SN o e R
A 1 T-WTe, Iy T4 il g5 0159
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Bl 5 BRJE1T-WTe, Bl % 5 %ML (a) FIH MBE $# AR
R HE 1T -WTe, 1978 B E B (b) 78 41 8847 2 i 4= K B
J2 1T-WTe, J& 1 RHEED [ B, H b i @ %7 3k %5k A
BLG/SiC(0001) £ Ji¢ 19 4% 80, T 4L €4 & 3k R om >k A 512
LT-WTe, 1) 3 45 REBE 7 17 1 4 8L BY; () B2 1T-WTe,
FYJEF 43 BF STM [ P4 (d) )2 1 T-WTe, i A5 HLI X [&] B4
Fig. 5. Preparation and characterization of the monolayer
1T-WTe,: (a) Schematic of sample preparation of monolay-
er 1T-WTe, via an MBE method®. (b) RHEED pattern of
monolayer 1T-WTe,. The blue arrow marks the streaks
from the BLG/SiC(0001) substrate, while the red arrows
represent the ones from WTe, domains of three equivalent
orientations®. (c) Atomic-resolution STM image of mono-
layer 1T-WTe,’4. (d) Brillouin zone of monolayer 17'-
WTe,54.

3.3 XEE1T-WTe, WEHRIE

FIH 5 =8 g B F A7 9 (veflection high-
energy electron diffraction, RHEED) 1] X 1.2
1 T-WTe, # i I AE R SRR AT AL RAE. 18] 5(b)

HTEA BRI AR R)Z 1 T-WTe, J5#) RHEED
Pl 01, 33 3y B A ) RS R 2.47 ARG HfE, T A
HUZ 1T-WTe, Kl (o fll) 1M HECH 6.3 A +
0.2 APT. [l 5(c) 44 T2 1T-WTe, 19 JEF 4>
HESTM [, E )52 s thde 21 Te JF DTk,
HFHZ 1T-WTe, #XF T 1 T-WTe, ££7E H & 1Y
ey e el 1) = A ey [ M s U
5 0% JE R ZE 48, I AR Rl 5 1) 1% Bl — 2 )l 1 75
JRF5E. W R T 1 s B AR i — 25 G 8 )2 Te
JRF AL T F—FH AN, FIL7E STM Erhak
P B Y 25, W 5(c) s BYL ] 5(d)
KB 1 T-WTe, FSE—AH HLIHIX.

4 BE1T-WTe, WET HRE /R

4.1 % ARPES iRl E 1T-WTe, HJ
N

ARPES & 2 b4 BHA 2 G871 4544 1) 2L F
Bt 6 2FH ARPES I BA 2 1 T-WTe, 545
AWK X J7 1) R IRRE 4544 . ATLAE ),
T HIE-HUER S, TEREH B SFTIFIEREM, H
ZREBRAE S ) L ANS 56 L S T ik ARPES
R A (R R B, SEEG b R AR R
A K RFIHH T2 P73, n] LUK, YA
FIEFENF, T A BE-FUE RS T IF 00 I BE BT 1%
AR EAE. ZSERAE R, R 1 T-WTe,
T A LB G S R EBURREBR YT TIT.

0.1r(a) " (b) =
x Monolayer
__________________ ] PR AR

—0.1t [ty
% =
~—-0.2 ®
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| —0.3F
R

—0.4}

—-0.6 : .
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Kl 6 )2 1T-WTe, IWIKRET 454 (a) I ARPES #4
MR 1 T-WTe, # & 12X 77 1] Y PR REA 4549 157); (b) A1
PR Z 1 T-WTe, (4 BEHF 25 1 )

Fig. 6. Band structure of monolayer 17-WTe,: (a) Band
structure of monolayer 17-WTe, acquired by ARPES along
the I X direction; (b) calculated band structure of mono-

layer 1T"-WTe, along the I X direction by first-principles®.
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4.2 FIASTM#HRNUEERE 1T-WTe, B RE

i [T R A G AR BRI R B 4 2 4
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], BB A STM 4530 — 4k 11 F A /5 15

Kl 7(a) B 1T-WTe, 2 G B4R STM A,
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J2 1T-WTe, & NTBHY STS 1%, & 75 2 K i B 3T
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BT, X ERE R 1 T-WTe, fE1E—4EH S
HL I B 27, 8] 7(c) i STS i AE 5 id 1 T-WTe,
HEG W AR A . T LAA B, SOk
LA W AR R RS RAFAEF 1 T-WTe,
M ZE G BYAL, FURTER S RSE AR & B i 2
FRRBE IO, XU IR K, 1 T-WTe, [
A BARNMET R .

4.3 FIA MIM HUEE 1 T-WTe, B#aFH
MRE

MIM FE A 13 I 8 5 A L A S A il =2 1)

FR BT, AT LA BIRE G iYm il (5, i

S 23 ) A3 A5 1 L TE R 1 RS SR T AT Y LA

PR 256-591 Forpr ) MIM {55 B HEFF (MIM-Im) S i

FE ST Ao FL A A B O, R 1 LB
RPEARET, MIM-Im B {55 58 B2 SR 3 . 81k
FIFH MIM-Tm 0] DL BRI A i ) Jedal i

2019 4, Shi 45 B2 A1 H fL 37 845 9 MIM SR
TXTHZ 1T-WTe, H¥RFMAFEMM . & 8(a)
g5 TR DG BRI, R 1 T-WTe, it
HUA R B e 56 7 5] Si0,/Si i |, IF7E F i
B3 T 10 nm JEH) hBN, B 1EFE 5 #ET5 Ge ol 28 .
[ 8(b)—(d) AERE T 1 MIM-Im &, 5351 %] L
& 8(a) H 3 MFRIERY X B, ATAKBL, )2 1T
WTe, &8 MIM-Im {5 5 5% & 5 Si0,/Si 4} i
MZEA K, UL SLAR R A8 2 0. SR, #E )2
1 T-WTe, W51 FHALAFFE A B Y 522k, H A2 4™ 4%
S FE A I 2%, R S G IR TG, ULEH
L 1 T-WTe, (i ZAFAE—YERY 2 HLIE I8

FIH HL SR ) MIM ] DAt — AR S i% — 2
SHIEIE M TR, B L, —ER S
R TRREHT B9 S R A IO, DR i RS L
ANZ ORI A, BT RE 25 M SR R &5
0 1 A S A% AMEK T 2 OK T Y RE
I, 3 — A RS BE SR RE R A8k, AT DA
S P AR PN . /] 8(e) A EREY T A ad B
2 1T-WTe, i1 5 () MIM-Im 15 5 BEMY . 15 7Y
ARG, AT AR B, 7EFOK T E)ZE 1 T-WTe,
) SR REBR A 2 AR A eh, Y 2K
AbFRBERR IS, 31 2% Ak i — 2 5 B 3 T — ELAPAE .
BB T H)Z 1T-WTey, A Z MR
) — 24 5 LS
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(a) 1T-WTe, H1JZ G B9 STM [H; (b) 1T-WTe, NFB (BRLR)

BZ BB GAL (LL40) B9 STS 15 (c) 25 18] 2 BRI STS #%, B AL bR /R #R I A 3] 1T7-WTe, PR GBI MR, 2= 0 nm 24 17"

WTe, (132 5 B

Fig. 7. STM detection of edge states in 1T-WTe, monolayer step: (a) STM image of 17-WTe, monolayer step®; (b) typical STS
spectra recorded at the step edge (red curve) and at a location at the inner terrace (black curve) of 1T-WTe,?: (c) spatial-re-

solved STS spectra recorded perpendicular to the 17-WTe, monolayer step. The position = 0 nm is at the monolayer step/2.

127308-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 12 (2022) 127308

Optical image
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E 8  FIH MIM £ )2 1T-WTe, M1 AP (a) B & B2 B IMEE IR, B2 1 T-WTe, #7% #2 3] Si0,/Si 41K I, 78 &
10 nm JEAY hBN; (b)—(d) Bl (a) AR X85 9 Z 8% T MIM-Im [&; (e) %3t 2 1 T-WTe, i1 R F W T MIM-Im {55
Fiti B A B R A AR AR A B, e Egae = —15 V RE SO B () 5 )2 1T-WTey B 19 B = 9 T F MIM-Im 15 5 KA %
oL R AR A L

Fig. 8. Detection of edge states in monolayer 17-WTe, via an MIM technique: (a) Optical image of monolayer 17-WTe, exfoli-
ated onto Si0,/Si substrate and covered with a 10-nm-thick hBNF2. (b)—(d) MIM-Im images of the regions marked in panel (a) [*2.
(e) MIM-Im images obtained across the edge of monolayer 17-WTe, as a function of gate voltage Egue under B = 0 TBJ. The
charge neutral point is located at Eg,, = —15 VB2, (f) MIM-Im images obtained across the edge of monolayer 1T-WTe, as a func-

tion of gate voltage Eq,, under B = 9 TB2.

FI 43708 42 i MIM A] Lt — 4 3iF 52 80 2
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Fig. 9. Observation of quantum spin Hall effect up to 100 K in monolayer 17-WTe, via transport measurements?®!: (a) Schematic
of monolayer 17-WTe, encapsulated with hBN. Graphite is applied for the top gate, eight contact electrodes are applied to minim-
ize the effect of contact resistance, and a series of in-channel local bottom gates are applied to study the length-dependent feature.
(b) AR versus V, for the gate with the width of 60, 70, and 100 nm. (c¢) Length dependence of AR. In the short-channel limit, the
AR, values approach a minimum of h/(2¢€?), in agreement with quantum spin Hall effect. (d) Gg versus V, under perpendicular mag-
netic fields for a 100-nm-width gate. (e) Gg versus B at specific V.. The saturation or not of Gg depends on the Fermi energy.
(f) -In(Gs/ Gy) versus ugB/(kgT). The black line is a linear fit. Inset: Temperature dependence of Gg versus B for the non-saturat-

ing curves. (g) Temperature dependence of the edge conductance. Inset: gate dependence of AR at various temperatures.
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Fig. 10. STS evidence of the physical origin of the bulk insulator in monolayer 1T-WTe,*: (a) Spatially resolved low-energy STS
spectra recorded in the bulk of monolayer 17-WTe,. The Coulomb gap and the minimum of local density of states are marked by
the red and blue arrows, respectively. (b) The fast Fourier transform (FFT) image of the STS maps at different energies. (¢) Band
structures of monolayer 17"-WTe, along the direction of Y-I-Y in the reciprocal space. The corresponding scattering channels of are
the intra-band scattering of the conduction band (¢;), the inter-conduction band scattering (g;), the inter-band scattering between
the valence and conduction bands (g3), and the intra-band scattering of the valence band (gy). (d) Energy-momentum dispersion
along the Y-I-Y direction. The black lines schematically illustrate the band dispersion of g, g3, and g4. (e) STS spectra taken on the

1T"-WTe, surface with different potassium coverage. The Coulomb gap is located at the Fermi energy.
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Fig. 11. Realization of phase transition between two-dimensional topological insulating states and superconductivity in monolayer
1T-WTe, %) (a) Optical image and schematic device structure of monolayer 17-WTe, with encapsulated hBN dielectric layers and
two graphite gates. (b) R,, as a function of electrostatic doping n, under different temperatures. (c¢) experimental phase diagram of
phase transition between two-dimensional topological insulating states and superconductivity in monolayer 17-WTe,. (d) R,, as a
function of temperature under different n,. (e) R,, as a function of perpendicular magnetic field at the highest n, value. Inset: T/,
as a function of temperature, as well as By, as a function of perpendicular magnetic field. (f) R,, as a function of parallel magnetic
field at the highest n, value. Inset: T}/, as a function of parallel magnetic field. The Pauli limit Bp, assuming g factor of 2, is indic-
ated by the dashed line. (g) Conductance as a function of n, under different temperatures and perpendicular magnetic field. Schem-
atics indicate the state of edge and bulk conduction of monolayer 17-WTe, at different points. The bulk is colored to match the

phase diagram, and red indicates a conducting edge state.
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Fig. 12. Strain tunable phase transition between topological insulator and semimetal insulator in monolayer 17-WTe,: (a)—
(c) Atomically resolved STM images and corresponding STS spectra in monolayer 17-WTe, under strain. (d), (e) Energy gap as a
function of strains along the a or b directions in monolayer 1T-WTe,. (f) Phase diagram of monolayer 1T-WTe, as a function of
lattice constants a and b. Strain conditions acquired from the experimental data are marked by black circles. (g) Calculated edge
states along the A edge with the lattice constants a = 6.33 A, b = 3.54 A. (h) Spatially resolved STS spectra recorded across the A
edge. One-dimensional edge states can be clearly identified.
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SPECIAL TOPIC—Novel properties of low-dimensional materials

Research progress of two-dimensional quantum spin Hall
insulator in monolayer 1 T'-WTe,"

Jia Liang-Guang  Liu Meng  Chen Yao-Yao  Zhang Yu’ Wang Ye-Liang!

(School of Integrated Circuits and Electronics, MIIT Key Laboratory for Low-Dimensional Quantum
Structure and Devices, Beijing Institute of Technology, Beijing 100081, China)

( Received 13 January 2022; revised manuscript received 3 March 2022 )

Abstract

Quantum spin Hall effect, usually existing in two-dimensional (2D) topological insulators, has topologically
protected helical edge states. In the year 2014, there was raised a theoretical prediction that monolayer
transition metal dichalcogenides (TMDs) with 17" phase are expected to be a new class of 2D quantum spin
Hall insulators. The monolayer 17-WTe, has attracted much attention, because it has various excellent
characteristics such as stable atomic structures, an obvious bandgap opening in the bulk of monolayer 17-
WTe,, and tunable topological properties, which paves the way for realizing a new generation of spintronic
devices. In this review, we mainly summarize the recent experimental progress of the 2D quantum spin Hall
insulators in monolayer 17-WTe,, including the sample preparation via a molecular beam epitaxy technique,
the detection of helical edge states and their response on external magnetic fields, as well as the modulation of
more rich and novel quantum states under electron doping or strain. Finally, we also prospect the future
applications based on monolayer 17-WTe,.

Keywords: monolayer 1T-WTe,, topological insulator, quantum spin Hall effect, helical edge state
PACS: 73.20.—r, 73.43.Nq, 73.50.-h, 75.47.—m DOI: 10.7498/aps.71.20220100
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