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Fig. 1. (a) Energy spectrum of the topological insulator, there exist gapless edge states of spin-up (red) and spin-down (blue) con-
necting the conduction and valence band; (b) the one-dimensional (1D) conducting channels are spin polarized and spatially separ-
ated in a quantum spin Hall (QSH) insulator; (c¢) A QSH edge state can be scattered in two possible directions by a nonmagnetic
impurity; clockwise (blue) and counterclockwise (red), accompanied with the spin rotated by m and —m, respectively, a quantum
mechanical phase difference of 2r between the two paths leads to destructive interference, resulting in the suppression of backscat-
tering; (d) the Haldane model of a graphene-like structure, the open and solid circles stand for two sublattices, within which differ-
ent magnetic fluxes (equal but reversal direction) are assumed to passing through regions a and b; in each hexagonal cell, there is no
net magnetic flux; (e) illustration of the band inversion mechanism in a BHZ model, blue and red colors represent bands with op-

posite parities. In the presence of SOC, the topologically trivial bands are in an inverted order and converted into a topological in-

sulator. (a)—(c)!, and (e)Pl.
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Table 1.  Theoretical predictions of two-dimensional topological insulator candidates and the current experimental progress,

only a few systems are supported by experimental observation evidence (most of the results are extracted from Ref. [6] and

the references cited in this paper).

WA F AR FMAERR SRR
Graphene ~peV
Graphene/BiTeX 70—80 meV
5dW )5+ /Graphene 0.2 eV
Graphene/Re/SiC(0001) 0.1eV
A1 BRI B E B4k 1) Ru/Graphene 10 meV
In(T1)/Graphene ~7(20) meV
Bi,ySes/Graphene/BiySes 30—40 meV
SbyTez/Graphene/Sb,yTey 1.5 meV
MoTe,/ Graphene/MoTe, 3.5 meV
HgTe/CdTe ~meV SR
InAs/GaSb/AlSb ~meV SCR)
i
GaN/InN/GaN ~10 meV
GaAs/Ge/GaAs ~15 meV
HZBi(111) 0.2—0.6 eV A
£J2Bi(111)/Si(111) 0.8 eV SCHFM
BifLfh — SRR
ZHE R R ) Bi(110) ~0.1 eV SR
4R ~5 meV
NI L R Sh(111) —
)72 GaAs, BBi, AlBi
ZrTes/HfTe; ~0.1 eV R
AN - — i
Bi,Bry ~0.18 eV
Biy4Rh;l, ~0.2 eV S
Silene (/%) 2 meV
. . Germanene(5) 23.9 meV
HATIIR /TSR i Stanene ()% ) ~0.1 eV S 7]
Bismuthene (54/) 0.67 eV S
LTI R A LT oLV |
1 T-WSe, ~0.1 eV AT
Niy(C5H15Ng)s 16—23 meV
NizCisSio 22.7H19.5 meV
EERI Pb(CgHs)s/Bi(CgHs)s 43718.6 meV
O- AT AR 0.59 meV
182 k-CgNg 5.50F18.27 meV
-F, -Cl, -Br, -1, -OHBM B4 /551 -0.3 eV
T Re R B AR -H, -F, -Cl, -Br, -1, -CH3f&Miff 52 Bi(111) /Sb(111) /3UZPb ~0.3—1eV
-CHEMi ) GaBi 0.65 eV
T NayBi JREURH~0.3 eV | STRFET
CdjAs, JRIERH~0.11 eV | 55
T4 R EAY M ZLaAuO, 0.15 eV
TIBi 56 meV
HEETRLEY TlAs 0.131 eV
TISb 0.268 eV
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Fig. 2. (a) Bulk energy bands of HgTe and CdTe near the I' point. Bellows are schematic illustration for the subbands of

BER T il S8, R FRAEA

CdTe/HgTe quantum well in the normal (d < d,) and inverted regime (d > d,), respectively®. (b) experimentally measured longit-

udinal resistance of various normal (d = 5.5 nm) (I ) and inverted (d = 7.3 nm) (I, M, and IV) devices as a function of gate

voltage. Quantized resistance plateaus are observed due to the perfectly conducting edge states of a QSH insulator, which is regard-

less of the lateral dimensions (L and W)[7.
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Fig. 3. (a) STM image and STS map of 1 BL Bi/Bi,Te; island, showing apparent 1D edge states near the step. The red dashed lines
indicate the location of step edges. The red dots mark the peak position of the edge states. (b) real-space charge density distribu-
tion of the edge states by calculations. (c) the electronic structures of 1 BL Bi/BiyTe;. Calculated density of bands (up), ARPES
spectrum (middle), STS of the step edge and the inner terrace (bottom, blue and red, respectively) are aligned by the Dirac point
“DP” the blue dashed line, “QW” marks the quantum well states. Adapted from [11].
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Fig. 4. (a) Schematics of 1 BL Bi atomic structure with two types of edges. (b) point spectroscopy at the two different types of edge
A (red) and B (blue) and on the surface away from the edges (grey). (¢) STS maps for a hexagonal pit-like defect at +183 meV.
High conductance (red) is observed at every other edge (type A). (d) spectroscopy along the type A step edge. 1D singularity ex-
actly at the edge is observed by approaching the step edge, spectra far from the edges show the 2D surface electronic properties of
Bi(111). (e) 1D Fourier transform of the quasi-particle interference (QPI) within the edge channel. Two QPI branches (¢ and g¢y)
are identified, with the ¢ branch corresponding to the 1D edge state and ¢, branch from the projection of 2D surface states. (f) dis-
persion calculation of the scattering within the 1D edge mode. Considering the spin properties, only scattering between the states of
similar spin (q;) is allowed, while the backscattering channel (¢°) is strongly suppressed. Adapted from [13].

226801-6


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 % 3R Acta Phys. Sin. Vol. 68, No. 22 (2019) 226801

TLRERR. [H2R ISR G SR H)Z Bi(111) 5
PN RS, FEAE = 43 P 4 24K BiyTe,Se 4
JIC_ A5 B S E.

MG, AUR T2 1 Bi JR 7 255 i
SERIHED, ASTR) R J2 R RS 22 (B g T R i R
], 2 T0 B Fh 2 Y () 1 L4, sl 4(a) 19 A,
B 7w, PRIl A5 8 K Z [ A AN [R] 58 52 )
& . Yazdani bF5Y 4 3] S AETE B, Bi 28 UL 2]
XA AR A5 BN (] 4(b), (c)).
RE W BRI TE (zigzag) 4544, 1H A i1
() Bi J A 4 R e, ] AR I & A R A
REMS O B —dE 4R N A2 T B 3546 I AH B
YER#R, Bi(111) MR T A6 = AR s U A4k sk
N, 8 T RS

FATVEE: BT I e s AL, FLAF
Gy PR R T 1 2% Bl T HUR , 2 R
AHE B I B — o A S X8 25 B T 22 (1]
RO T O o5 1 B 0 i 7 52 4 [B) v AR e A7 AR, T
STM HEM 43Hr H Bl it 25 [B] 1 B L HIOC R, E 1
AR T A5 8. N T IESE I 3 ) — 24
AAEEAWINEME, AR STM Ml & 52453 6] fl g i
ROBEE b H 28 %5 B 3 oA (181 4(d)), @ i
B AR ) 2, AR RIERL T RE RS iE (E-k)
K, WA 4(e) Frzn . 35 BEAFAE P Fob 0 A
q A g, Forb g RUE T — 4k FEAS A B TETT 19
HL S Z R AU, g SRR 8RR ErYH%
. A EeIT R R HE— D R, A i —4E
RSN Y N G AR TR A U R
FHTA] L BE A9 AR, AR A TE R SO B TR ]
SRS 1E (AnTE] 4(f)). X FPEEREME R
FRCRAT DR NS A e S sh i aa R iR, Rtk
SR ZLS A Bi(111) J& BRI AR LA 4h
76 Si(111) #PEE FAKA) Bi(111) Wil 19,

Toit & Bi/BiyTey, Bi Hdfhif & Bi/Si(111) ¥
JIE, HR T 225 AR IS VR T, ELIU S ) O
Bi WU FZ. IS AR IRBEAEDE Bi(111) 94 Fh
PET HAEE T A A ane? B2 Bi(111) 2
AR AR PN AR e ? Wang BFSE 4 19 &
P Bi(111) R ERE SOC AR H L2419
RIS (Landau REZR), HH A etk Ly g
A BT AL AS B B2 JE A 388 fin i ek 2% L AR
ok, AESTHE RV Y Bi(111) R BT 8 4
JEFBUZ PR K A P d MHAS , N i kiR

PARFNT A 0L fafn, ARG o4 il Bi(111) v
FEE )22 %50, AL STM I £ & 88 - R fiff )2 5 8 i
9 BL W}, A SRAFAE —HEAL FE B9 M0 S35 17,
T RO S PERY NbSe, /EARIIE, A Bi(111) i
B LAV RE AR, Bl 1 x 1
(zigzag) F1 2 x 1 EHIPF . F R IR 18-S
AR, UEBA W2 R AR EAT )T, I AN
IRBSHI] SRR, 3o W i AR L T 3
filh (ANl 5(a)). SCEG & I, X P AL A A — 4
RN ALES, (E B ASAH [ 1 B 1 Y B A 2 [
P (K 5(b)). XFAFZERN Bi(111) #HE, Jt
W RS R AE, GRAL STS T8 KA S
RET IR LI T XN & 1 (R, H IRl 2R3 in
MRBER T R 8)), ELE AR Bl B (1 5(c)).
XS LE L Bi(111) I A JE R AR i A
AR N B e A e i B AR, N
RECCAR AN M. S 40, DI 25 SR B UF T B
S BAUZ Bi(111) tje b s 2 ik KW
Bi(111) M2 FREAE AR e AR F M BTy T
A ELAEH .

AR, BB FISC IR ¥R B d 489 Bi(111)
R RZWA AT RE R T I 1k, AUAETE
(d-1) AN A, WAATE (d-2) dERh R3S RIRT
WL AN R T —HE ) T REBUA R, =
WM AR T I AR TP RERR, I AERERR
1776 B 78 10 A 25 e 245 191, STME Il 5t s Wi 5% 5]
Bi(111) & B b i) — 4 RS FE Cg BEHE X FR
PE, B, IR AR TWAGEN T B0 1%
HL iz A F DTk 20,

2.2 ZTEIRIMNAGAK

THESR AN SR A T B I R = A 5 A s
PR, = e NG G AR PR EME B (v, 0,
vy, v3), AN vy ANEETF 0, B A TS By BRI Fh 4 2%
TR, FLRTA i B HAT JCREB A A se R A 4
Hovg =0, M0 vy, v, vy AN, WFR S5 F
G, FUA R E U B I A BAT 2K v i 4 1,
H TR ZEA I MEG AR ZIRARL, 24 = 4E5
FAMEGARZ RS g5, WL HEER—&
5 " YEhME G AR ], b RELE AR &
WAL A 1 F R RS, TR M AR 5 [
Ab, S S S A ROR N R A AL, R
PRI DE IR SUR AN DI

226801-7


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. 68, No. 22 (2019) 226801
300 300
(a) (b)
200 200 H "
' -~
> > ” I g
E E o 5
= 100 = 100 4
8 8 5
an] M ~
o~
0 0 / i I z
ge]
L
—100 —100 \
0 10 20 30 40 01 2 3 4 5 6 o0
£ Distance/nm Distance/nm &
E I zigzag (C) 4 — 4 BL. — 9BL 330 + Bulk stat
r — u state
_ 2 gi 10 BY —e— Z edge state
g 0 — 7BL 0 >
g = — 8BL 3 g
— 2 X1 reconstuction 3 3r = =
. . 3
S— : :
0.45 nm 0.45 nm o)
2 2 >l = 2f = 3
= AVANYS {140 = > e
= [
] © © ~
£ 0f : > 1| .
0.5.2 nm 0.38 nm 0
1 2 3 4 —0.150 0.150.300.45 —02 0 02 04
Length/nm Bias/V Bias/V Bilayers

K5 (a) Bi(111) iR L2 B MRS R & Brid A, S8 A I8 S I8, & 20 B STM KB 7R i1 545350 8 zigrag () Fl 2 x
L (L0) WFh S5, RPN R R AT P A5G (b) 1 x 112 x 1 B Fh il FAab 45 A A3 bl R4, TR B R [R] A9 25 1) A g 4
I3A, A AN TR R 25 B A S A () S A, SRS T R A A 2 R B — AR AR S (o) BEE R R RIEE AN (410 BL), ik
EBW L () B FAL (), W AT A 03 16 A% BE 4 U7 M A2 3, RN T B B (F). XKW 1 BLZEJE Bi(111)
TN IR 32 40T I Y JELE T 5 e 071

Fig. 5. (a) Two types of edge structures, zigzag and 2 x 1 reconstructed edge, coexist alternately at the boundaries of 1 BL Bi is-
lands. Displayed from the atomically resolved STM images and line profiles, the two edge show different in-plane lattice constants.
(b) 2 D plot of tunneling spectra across the zigzag and 2 x 1 edge, respectively, exhibiting remarkably different energy and spatial
distributions. Right images are the spectroscopic mapping, showing alternating appearance of edge states for the 2 x 1 edge at
100 mV and zigzag edge at 200 mV. (c) a series of STS spectra recorded on the Bi terrace (left) and at the step edge (middle) from
4 to 10 BL. Spectra are shifted vertically. Right is the energy evolution for the topological edge states with various thicknesses of
underlying Bi substrate. Adapted from [17].
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Fig. 6. (a) STS spectra along a line perpendicular to a monolayer step edge of ZrTe;. Red curves are tunneling spectra measured
near the step edge. The inset shows the STM image of the step?2. (b) calculated density of states of the top monolayer. The inset
shows the edge states along the chain direction??. (c¢) STM topography of the step and the corresponding STS mapping taken at
various bias voltages?”. (d) calculated band dispersions of the edge states of the monolayer along the chain direction??. (e) normal-

ized conductance integral within the gap plotted as a function of the distance from the edge. The exponential fitting gives a decay

length ¢~1.5 nm?2. Inset plots the calculated result with £~1.6 nm ((c) is adapted from [23]).
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N (d) B-BigLy W —2E IR ZE R, TR o 1 ¢ 5 mARAR 25 5) fift B8, 430345 2 (001) A1 (100) R (e) BRI B-Bid, B 4544
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Fig. 7. (a) Atomic model of BijRhsly, containing the normal insulating [BiyIg]* layer and 2 D TI [(BiyRh);I]>* layer. The distance
along the vertical direction is 1.25 nm. (b) STM image with the step edge of [(Bi,Rh);I]** layer (yellow). Inset is the zoomed-in view
of the step edge in a honeycomb lattice. (¢) STS spectra taken at the positions marked in (b) by the corresponding colors. The lin-
early vanishing STS intensity around Ep is attributed to a two-dimensional Coulomb gap. (d) Crystal structure of the 3-Bi,l,,
which is easily cleaved along a and ¢ directions, resulting in the (001) and (100) surfaces. (e) Band inversions of the S-phase with in-
clusion of SOC. The red and blue circles label respectively the even and odd parities for the bulk bands at the M and L points. NI
stands for normal insulator. (f) The topological surface states at the side surface (100) for the weak TI and the strong TI phase
along distinct high-symmetry lines. Up, calculations; down, ARPES data. (a)—(c) are adapted from [26], and (d)—(f) are from [27].
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Fig. 8. (a) Sample growth set-up and the high-resolution STM image of the stanene film. The profile shows that the adjacent Sn

atoms are identical in apparent height, confirming the atomic model of the honeycomb stanene. (b) ARPES spectra of 0.9 ML

stanene along the M-I-K-M, directions. The orange lines outline the energy bands which are contributed mainly by orbitals of Sn.

Other branches come from the Cu(111) substrate. (e) STS spectra taken at the edge and center of the stanene flakes. The green

shadowed regions between —1.2 V and —1.45 V high light the differences of enhanced spectral weight, which is attributed to the edge

states. Adapted from [37].
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Fig. 9. (a) Sketch of a bismuthene layer placed on the SiC(0001) substrate. (b) close-up STM images for the occupied states, con-

firming the formation of Bi honeycombs. (¢) STS spectra at different distances to the edge. A large gap of ~0.8 eV is observed in

bulk bismuthine (black curve). Upon approaching the edge, additional signal of increasing strength emerges that fills the entire gap.

Inset is the measurement locations near the boundary. Adapted from [38].
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Fig. 10. (a) Atomistic structures of three types of monolayer MX,, M stands for (W, Mo) and X stands for (Te, Se, S). (b) band
structure of 1 T’-MoS,. The conduction and valence bands display a camelback shape near I', suggestive of band inversion with a
large inverted gap of ~0.6 eV. E, is the fundamental gap and 26 is the inverted gap. Inset compares the band structures with (red)
and without (black) SOC. (c¢) comparison for the fundamental and inverted gaps of all six 1 T’-MX, materials by different calcula-

tion methods. Adapted from [39)].
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Fig. 11. (a) Typical tunneling spectra measured at the step edge (red curve) and on the inner terrace (black curve). (b) spectroscop-
ic mapping of the 1 T’-WTe, step at selected voltages, showing the spatial distribution residing at an irregular shaped step edge.
(c) STS spectrum and ARPES data acquired in the bulk of monolayer 1 T~-WTe,, which are aligned in energy in a K-doped sample
for proper comparison. (d) STS spectra obtained in the 1 T’ (orange) and 1 H (blue) regions of single-layer WSe,. The former one is
a normal insulator with a large band gap, the latter is a 2D TI. Inset shows an STM image of coexisting 1 T’ and 1 H regions with
a well-ordered interface. () STM topography and experimental STS map (-130 meV) of the 1 T’-1 H interface. Dashed line shows
interface location. High contrast are the edge states along the crystalline phase boundaries. (a)—(b) are adapted from!), (c) are

from [41] and (c)—(d) are from [48].
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Fig. 12. (a) Crystal structure of 2D Bi(110) thin films. Buckling is defined in terms of the height difference (h) between two atoms
of the same monolayer. (b) buckling-dependent energy gap at Dirac point of Bi(110) film. When A is smaller than 0.1A, the Bi(110)
film is converted into a 2D TT with topological nontrivial properties. (¢) STS spectra taken from the edge to inside of the terrace of
2 ML (up) and 4 ML (down) Bi(110) film. The gap size determined far away from the edges is indicated by dash lines on both STS
maps. Adapted from [52].
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Fig. 13. (a) Confinement-induced bulk gap (red dots) and the spin Chern number (green dashed line) as a function of the film thick-
ness, showing a periodic modulation between normal insulator and 2D TI. (b) calculated band structure of 3 ML NasBi with SOC,
showing a s-p band inversion. The including of SOC opens a Dirac gap near I' point. (c) series of STS spectra recorded on NayBi
terraces with different thicknesses (3 — 8 ML), showing a phase transition from a bulk gapless Dirac semimetal to a gapped insulat-
or. All spectra are shifted vertically for clarity. (d) STS spectra in a logarithmic scale recorded near the step edge. Inset is a direct

comparison for the bulk spectra with one at the edge. (a) is adapted from [54], and others are from [55].
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Fig. 14. (a) Variation of energy gap in a NayBi thin film as a function of the vertical field with the gap closing and reopening pro-
cess. A field-induced topological phase transition is predicted between Z, = 0 phase and Z, = 1 phase. (b) Schematic of a STM tip
at distance above the surface of NagBi, with the difference in work function tq;-thx,3 pi generating a localized electric field. (c) Nor-
malized STS spectra taken on 2 ML NasBi at different tip-sample separations, where A, B and C correspond to tip heights (electric
fields) of 1.45 nm (0.83 V-nm '), 1.07 nm (1.12 V-nm ') and 1.02 nm (1.18 V-nm '), respectively. Inset shows the spectra without
offset, highlighting the clear non-zero conductance in a metallic state. (d) Bandgap extracted from STS spectra as a function of elec-
tric field for 1 ML (red squares) and 2 ML (black triangles) NasBi. Topological phase transition occurs at the critical electric field of
Es=0.1 V/A. Insets represent the calculated edge state band structures for the topological nontrivial and trivial states. (a) is ad-
apted from [56], and others are from [57].
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SPECIAL TOPIC—The frontiers and applications of topological physics

Scanning tunneling microscopy study on
two-dimensional topological insulators”
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Abstract

Topological state is a rapidly emerging branch of condensed matter physics in recent years, among which
two-dimensional topological insulators (2D TIs) have attracted wide attentions due to their great potential in
basic research and applications. The 2D TT has insulating bulk state and conductive edge state. Its edge state is
protected by time inversion symmetry and will not be backscattered by weak disordered impurities on the
boundaries, thus forming a dissipationless edge conductive channel. Compared with 3D TIs, the edge state of
2D TIs can only propagate in two directions, meaning stronger anti-interference with robustness, thus is of
great significance for the development of advanced integrated circuits with low energy consumption. Among
many experimental methods for studying two-dimensional materials, scanning tunneling microscopy is a surface-
sensitive tool with high atomic and energy resolution to locally detect the electronic structure of the material
surface. By detecting the edge state of 2D materials in real space, it is particularly suitable for characterizing
their topological properties. This paper traces the research progress of 2D TIs, and illustrates their spectroscopic
evidences to resolve the nontrivial properties of the one-dimensional edge states. Combined with theoretical
calculations, the topological edge states are verified to reside within the bulk energy gap, as well as being
localized in the vicinity of step boundaries with a specific spatial distribution in real space. Finally, we discuss
the tunability and manipulations of 2D topological materials through structural and external fields, which show

promising prospects for applications in future spintronics and energy-saving devices.

Keywords: scanning tunneling microscopy, two-dimensional topological insulators, topological edge states
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