Kitaev H BT E o-RuCLEI R K B F B 5 ik 20 Sk
2, A 2, KRR 13T
D destETEREREAU il Abst, 100193 HrE)
2> AETRHE R FA R AR FU B i e S5 B4 e B3, 100083 H[E)D
3) CEMHBEM R EE R P ERBES LGRS 5 E B EART T

b, 200050 HED

WE

BT HRBE BRI R D RBEEUE FHIH TR TS, Kitaev BT
B RBAR R & AR, B F 53R IR Majorana HIETBUK, BA
HHETHERROTRAER. KLRGLER Kitaev B B KIZEF Moty
EE-5 Majorana HE T TRRFEAHARE. HENA Kitaev BT HE
BAES TSR E T B RBAA K XA, DARIRIMRES 2 BALER LS,
Bl o-RuCLEB R TR LB, HARAM SRR SN, BE R-HIEH
&5 Mott AN, EtE TR R E06HE . BRI LN IR
EBABORRMERES, HHEBRAR. BT HRSEFRSEREEIFAE
FW. MEERERETRFLEY, THEEAMBER MG/ AMBELE
Majorana H eI AN 71, MEBIEBER TS 5 ie-mifBB-R&
PRREFHLH], B4 o-RuCLERFRER RS 4R HOBME . HEMERFIE
AEHETEREGISFERLBSER . BEOITHRIMERIE. BEERILEES
TSRS, REELHREBHERE. ZHGHREES RO PR FRE,
KA Majorana #UR EEWEFIERHIR R A, A Kitaev B FEHA K LI I6E
SR E 7R B A .



KW Kitaev =1 HIEHIA, Majorana HiE T, HFREFIE, R4
(LS

PACS: 75.10.Kt , 05.30.Pr, 73.23.HK, 68.37.Ef

HE: HFETREARARGIEITR (2023ZD0300500) ;£ & B % 4ok 4 E
BB LI = OR AL (SKLIC-K2025-05)

IEIAEZE, E-mail: zhengxh@bagis.ac.cn

¥ —1E#, E-mail: m202421602@xs.ustb.edu.cn



mailto:zhengxh@baqis.ac.cn
mailto:m202421602@xs.ustb.edu.cn

1. 5|
=1 A4 (quantum spin liquid-QSL)/& 8 Sk HLF-/4 & — IS B [ e FH
P 5 o kR B R 25, BEAELEXT AR T AL BRI RAKTE M
JR 3O FRPE B R BB B B T AU X IR R B RS B R P WL
Anderson #£ T ILIR1 (Resonating valence bond, RVB) FRiGHRN, R 7144
BB X PR APEA Gk VS 70 2EHEZR, DR SRASY PR M 1437 B4, [ Jie FH A4
A& QSL fFLLSEILIIZ ORISR, OB IRy E s R P ag il AR 2
BI A7 E A LR AN AR AL, AN AR TE AT A7) 20 S 1 e ) 2L R A8 [ B A3 /N i A 58 BB 1
HHELAR F &, S 1T T B3 s 2 T (M R B AR IR T, BROR b BOR 1 7Bk T T 2
FRAE BH P4 0 P B YR 5 SEIRALA, AT e D LA R (g e ) S5& 1
PHA (N ZZE TR WRAZ 0, ZFH R R T QSL 7t H I 4% 8
NS 5 TR FR AT Horr, JUARTPHAA A B A R Ge A AT E e B AR S 3 7 =X
HCBEA R0 56 AV T S 1 T U PR b 25k, B B 3 B, TE =AM 8 H
(Kagome) « GeZkA 5FdE =) FESLTRABHAR Fa s b, i sl (B A7 7RI AR 45 17) [F]
P SRR AZ AR ELAE T itk B0 20 TR AT 4 5 BUM AR AZ S B0 B B 1) F £ 7R
TP I AT B — A E e AT RN 2 5 A I 48 B e BAPAT FES I e B i A1
FLR, AAFAEATATE L EAT 7R B b A 3 20 4 B ) e 00k ) Rl Al /M o XK
BH A 22 i F R PR A LN SR AR, 58 FIKVE oo TARIER B & 7 ikve <
RHE— DR SRS IR, TR RE KRR #E7 1Y) RVB A QSL JE &L,
QSL {55 — A% Uobr B HERFAE , A& 3R ORIPE AN R B~ (9 FRLAT 5 1 e 1T B 4
B, HAHEAF A T 55 (Mot AZAYEL: fEsfl T XBERA T, WiTH
H FERE SR IAE S A A% fL b AR RATIT 588 Mott BERRIE AL T e &



VORI T AT SR, TE 5 BkVE I IR BN N R PR AR SRR, I fdifk
R IR e B 56 4% H L TR PRI T BEOR £ 5 o Pl FLAT - 1 2 18 A £ A 7
REFETE R 7 B HERL T WOR . — R IR TKGeih . #5705 A e 1/2 # Rk
MIHERLF— A ET (spinon) ; 5 —J&RIH B G0, #5Hr B il 1 HEAT A1 0
1 B fIHERLT—FRAH 7 (chargon/holon) (91, HiF [ i T 7K %k T QSL 1R A X (4%
OYIEE S, UETERAT QSL WISkl SEBHEFL, K2 S H T & UK R
M RIT

AR T FIRKEE S kg S LA Hh Fh SE I 22 ML BH A1) RVB A QSL, BB 22 5K
Alexei Kitaev T 2006 F7E “4ERE T S b, kB ARASD iy B2 % [ e PR B o
(Ising) H WEACHAEFH, $2H T —J80] FRROR MR S=1/2 FHEPHMAERL, SN
HAIEFRHBINTH QSL, X {H/E3% 441 Kitaev QSL BRI, LAY ) 4% 00 5
BRSBTS R Y P9 B EREL, 5 LT BRI B 1 AR A Xy
1 FIoR, 5SS AR B oy B, AAFAES LT PE A, SR Kitaey #5751 2 81
TR P T PEL P . S B A = AN RS (R 1S3 5N A B
s B HAM LR (x#: o5, y it 00, 28 o) o FLRMEIEE
G, S B v (R IR s, DRI T AR 3 4 R IR 3o A i B0t 5 2R 1)
WA, 2 RGIH T, HIEERT )%, = MNEFRFREAXN S, —1 8
JRE T2 [FV I S = AN 7 AR RS, AR T & 8 HA B AR AN L I e I 2B
[ i i B H AR B IME o X FRPE I T A UR T E BRI AEXT S, B X R,
HAZ O IRS) )BTk, DB Jy 1 BEL P o 1204 2R 1) 50 B M i i ) R

H=J. Y afai+)y, ) ola’+], ) ofof

<>y <ij>y <ij>,



RGUHA 1 AR AR AR R

BT JUATBH A QSL, &1 FHA% Y Kitaev QSL A% LB I £E - ml 7™
SRR : PR AR R AN Oy — B B 244748 (Majorana) 50K THAF 5REH Z
My CnlE 2, FEWbE S 7S KRR T A9 5 AR DURSHAN P B
FARBEWOR SR 32 ARSI AERT DURAE R 7 ——RECX Majorana K1 518
BRI E G XA DURMER 7 9 SRR A R s, RIAA
F AR, EENE EONIRINE TE B A S A E T BRI SEELR I T 5E SR
Prst A . IR, Kitaev QSL A7 [ $2 i KA 52 2SR AP BE U )2
RUE, EUCK QSL HYHEAHIT 7T 5 R Ph & 1 S A N A A = EFRIR SR E . 570
Ko 7R R RN 8 SORFARR DURAE R T AR SR A L, Kitaev AR T4 H 2k
TRk B ek R, RAE &AL, WosERIMRI K FE
Majorana H25 A547 B/ B e AR B F SR Be  . FEAHIX — SRR, Kitaev
QSL BN T #1#% QSL BT S 5L KM% LAy, NS ER R <
o WAL RN AN E TR R BT, 32400 7 BOuimE v
HIE IR A

Kitaev 8 50N FIHSITR BRI,  IHGER HA IR T LR AR
Ve VAR RAESC R D BACIR S ZHVEH A ARRERUK 075 Majorana H i
TEESBACHERLT, HIi% Kitaev QSL 454 2.8 &7 Heilifh; 24 RE
A LKA R TGN DRFE A3 PN o ] 78 SR R B R 2200 AL T OB RS &
I EERT DURAE BT HOR—IR IR AL R 4G 1K) Majorana FFHERL; 368 FL & 7™ 4% W] fif
P, ORI AN R U R R ENE BT S SEIR SR PR A RS HEHE B A BB HE SR . & 2b

ZeH T Kitaev BAZUEE =577 PO & R BE AL AOAR I . o A ADONATRERSAH, L



IR REUR i X 23 K% AR B DURAE R T B MIOEREREM, 43I ANSMESs . T8
R IR NS, BB F A TA) SO AR I B a] B s Bt Jm TR TEfE

N\

BRI R 23T RN RERR,  [RIBS P2 AR 3R vison 1Y Z A5 T0IUK » LI R
WM 2B T H AR AR N FAEE T B iR, Hid A sk ia A EY Z.
Va7 (vison) WA AT F AR B X Majorana 2 GEA; 1% W 4 23 /2 AERT DL/R 81,

AR 5 9 L3R A o] TR A AR SR K PR $h BT LR

B 1. (a) Kitaev 1§ &ARFRE S, BM& AN 172 BE: (b) EEEDH A
1=/ H itk & 0. Reprinted from Ref").
Figure 1. (a) Kitaev honeycomb lattice structure, with each lattice point having a

spin of 1/2; (b) Three spin coupling terms connecting each lattice point. Reprinted from

Ref)
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Figure 2. (a) In the Kitaev QSL model, a spin is represented by an itinerant
Majorana and three local Majorana operators, and a Z» gauge field appears in the system.
(b) Based on the phase diagram of the Kitaev coupling strengths in the x, y, and z
directions, there is a spin excitation energy gap in phase A, while there is no spin

excitation energy gap in phase B. Reprinted from Ref ),
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Figure 3. The band structure of a-RuCls is shown in the figure. Under the action
of the octahedral crystal field, the 44° electrons of Ru atoms experience splitting of their
d orbitals into high-energy eg empty orbitals and low-energy £, orbitals. All five
electrons are filled in the #, orbitals in a low-spin configuration. Subsequently, under
the strong spin-orbit coupling effect, the #, orbitals further split to form half-filled
orbitals with an effective spin of 1/2. At this time, the interaction direction between
adjacent spins is restricted to the crystal bonding direction, thus exhibiting anisotropic
Ising-type coupling. Meanwhile, the Coulomb repulsion between electrons causes the

half-filled orbitals to further split into upper and lower Hubbard bands.
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Figure 4. (a) Phase diagram of the evolution of spin dynamics in o - RuCls with
temperature: When the temperature is below 7 K, the system enters an

antiferromagnetic ordered state with a zigzag spin order; when the temperature is above

about 110 K, the system enters a paramagnetic correlation phase; in the intermediate -



temperature range of 7-110 K, the system exhibits a Kitaev quantum paramagnetic state
with short - range Ising spin coupling. (b) The momentum and temperature dependence
of the neutron scattering continuum spectrum shows that the continuum excitation
spectrum has the strongest proportion at intermediate temperatures. The excitation
spectrum of magnetic order appears in the antiferromagnetic temperature region, and
the continuum spectrum gradually weakens as the temperature rises. Reprinted from
Ref B33 with permission. (c¢) Through the measurements of magnetic susceptibility and
neutron diffraction, the evolution law of antiferromagnetic order when a magnetic field
is applied along the reciprocal [110] direction of a-RuCls is presented, confirming that
the magnetic field can effectively suppress the magnetic order; (d) The evolution of the
continuum excitation spectrum with the magnetic field and temperature during inelastic
neutron scattering measurements verifies its close association with spin frustration in

the Kitaev phase. Reprinted from Ref.34.
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Figure 5. Raman spectra of a-RuCls exhibit a series of discrete phonon modes in
two channels. The Eg channel shows a broad continuum extending to 20-25 meV, while
the A1 channel displays quasielastic scattering. Raman spectra measured at room
temperature (295 K, panel a) and low temperature (5 K, panel b) reveal that the low-
energy continuum characteristic of fractionalized excitations only appears at 5 K (panel
¢). Reprinted from Ref.1*%! with permission. Panels (d)—(f) show the evolution of low-
temperature Raman spectra with magnetic field. At low fields (d), both a magnetic
excitation peak (M1) from antiferromagnetic order and a low-energy continuum from
fractionalized excitations are observed. At intermediate fields (e), the antiferromagnetic
order is suppressed, the M1 peak vanishes, yet the continuum remains distinguishable,
corresponding to the field-induced Kitaev QSL phase. At high fields (f), the spin-
polarized spin liquid phase disappears and the system transitions to a spin-polarized
magnetic excitation spectrum. Reprinted from Ref. *?]. Panels (g) and (h) show the
temperature evolution of Raman spectra in the two-dimensional limit (2L-a-RuCls).
The results in (h) confirm that the low-energy continuum in 2L-a-RuCls is more

pronounced than in the bulk. Reprinted from Ref**],
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Figure 6. (a) Temperature dependence of xy,/T for bulk a-RuCls at various
magnetic fields. A pronounced positive thermal Hall conductivity is observed between
7 and 80 K. The right-hand scale corresponds to (kzy /T)/(kg/h), where k%3 = Kyyd
(d = 5.72 A is the interlayer spacing). The purple dashed line denotes the theoretical
value for the quantized thermal Hall effect: (x5 /T)/(kj/h) = m/12: Reprinted from

Ref P4 with permission. (b)Schematic H-T phase diagram of 0<RuCls with a magnetic
field applied parallel to the a axis. The gray shaded area denotes the zigzag
antiferromagnetic ordered phase. The pink region indicates the regime where the half-
integer quantized thermal Hall effect is observed; xxy exhibits a quantized plateau
between Hqi and Hq2. The blue shaded area represents the regime where xxy vanishes.
The hatched region denotes the field—temperature window where the thermal Hall effect
could not be measured. (c) xxy at 4.8 K vs. magnetic field along in-plane —a (red circles)
and b (blue circles) axes. Gray (antiferromagnetic state) and yellow (Kitaev

paramagnetic state) shaded regions; clear half-integer quantized thermal conductivity
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appears at ~10—11 T. (d) Thermal conductivity under tilted magnetic fields (4.3 K, heat
current along a axis): left, xxy vs. field at 6 = —60° (red) and 60° (blue) in ac plane (H*
= 7.0 T is antiferromagnetic transition field); right, high-field spin liquid data; inset,
topological Chern number variation. Reprinted from Ref-°% with permission (¢) Color
bars: magnetic field ranges of half-integer quantized thermal Hall plateau for different
samples (left axis). Solid lines: pure Kitaev model (black) and Majorana gap |AM| vs.
field angle under non-Kitaev interactions (light blue, pink). Reprinted from Ref:5" with
permission. (f) Schematic band dispersion of itinerant Majorana spinons in Kitaev QSL:
red/blue curves (Chern numbers +1/-1); £ < 0 (dashed, redundant). AM opens for

Hlla/—a, closes for H||b; field rotation induces zero-energy topological band crossing

[59]

near b axis. Reprinted from Ref:>"! with permission.
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Reprinted from Ref3* with permission.

Figure 7. (a) Optical micrograph of a four-layer Crls tunneling device. The
dashed line outlines the tunneling junction region. Graphite contact electrodes are
electrically connected in a four-probe configuration via Au/Cr leads. Electrons tunnel
between two graphite layers separated by the magnetic Crls tunneling barrier, with the
entire heterostructure stack encapsulated by hBN; (b) Schematic band structure of a
metal/ferromagnetic insulator/metal (MFM) tunnel junction. The red and blue lines in
the barrier region represent the tunneling barriers for spin-up and spin-down electrons,
respectively. Electrons with spin-up encounter a lower energy barrier, giving rise to a
spin-polarized tunneling effect and thus reducing the device resistance associated with
the ferromagnetic barrier; (c) Temperature dependence of the zero-bias junction
resistance as the tunneling device is cooled with (purple line) and without (black line)
an external magnetic field. The two curves start to deviate near the bulk Curie
temperature (61 K), confirming the formation of magnetic orderin the Crls barrier and
the existence of spin-polarized tunneling; (d) Inelastic tunneling spectroscopy. Top
panel: Differential conductance (dI/dV) as a function of DC bias voltage for a bilayer
Crls barrier device under zero external magnetic field. Bottom panel: Absolute value of
the numerically differentiated second derivative of the current d?7/dV? as a function of
DC bias voltage, derived from the data in the top panel. According to inelastic tunneling

spectroscopy theory, the peak positions in the d?l/dV? curves correspond to phonon or
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magnon excitations in the barrier or electrode materials. Reprinted from Ref3* with

permission.
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HvHy =H;+Hy, + Hyp» H'5 Ho 73 WIR RLRBTEE T A HL AR ) HE T
MRS, Hw NP A o-RuCLEEPEZAE S 2 BT 20 E Bela B Wi s Hun TR F R
SRR 22 18] e R B 28 1 A2 R s B, R ORI AR T LTI AT N S
Wl 2 B S 1 R A% O 2 o 2 AR @ M 8 AR I bR 2 R S I, %
L (RS o I AR S REYE Z ) B RS BRGRE , A AR TR S
BN H g i Bl 7 B A% 0 - IR

2
— o« ImQ(q, w)

dv?
Hh3mQ(q,w) FahEFHFERARSGHE T, HYBEAR S E ERME N E
HRK —NBEN g BEEN o BTN T RIS E SHAMR. ETX—H
JREAR A I B 2 AR S LA, FETAE B A SR R T) O o7 BRAT 0 SR PR BE B e e
W, [FIIKE) a-RuCl 6545 Majorana H Jig 17 A ) H e AR O 177 42 5 i
K, XL RS T a5 5 RE RS HE MU AR 2 B e IO AL RS P U AZ oA PRAR YA o
Z LRSS e 5 2 At N ENAS, RS T AR RS o
RuCLzh & B S5 71 € oSl A& SEIL 1 RE 7 35 S 21 H e 4 7>
HACTEOR BV EAEBR , 2K R0 )5 Bes2 30 FU B8 1 %0 BRIR LGB . 5 itk[A]
i}, Valerio Peri 55 \BSUHE[R] ¥ BY {7 224 /0-RuCls/ A7 85 47 3 FLBE 28 45 ae fF A5
M, T ETE B8 (Quantum twisting microscope -QTM) 861 — 4k
Kitaev QSL #7558 o A O EIFTE T+, 18 2 s 0 B iR 1) AR N 1L
FSRILRE 7 o T BB R R 18 5 IR, O T ARSI R TR A S A SN
A H RS MR 7 B E BRI, SEBIL TR 4 B AR o B O I Bh R - e

X RN, Elio J. Konig 58 N — B4 o-RuCLR RS, RGiMHE |5
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i YRR E R A4S . —4E Pincher MM BE 5 45 . F4E STM dfihal =285
BT 4)E- QSL -4 )8 (M-QSL-M) BEZ45 LA (WA 8a-c fin) . %
AR IR DL A 1 bR 5 R IO g A% 0, i T S e o 2 S R v ol 1 R
WK Majorana H & MPENLE], 45 H T AE LR LR 73 B O 1 R AE
MR = 5925 e bre Cnp 8d-0) , AJE ST ARIRE 5 45 s T8
POt T HIL R IZF A FIRHIESS, T4E STM AU BTG 75 il % = 2= 11
AN BT A5 4, S BE 9 8] 3 HEee 70, AT A TR ST Kitaev 7R R 1K
LM, JEHAZE Majorana G5 5 BRI £ Majorana ZAERE (Majorana
zero mode, MZM) [FIFEHEDI &, N Kitaev 1A F sPER UURAT 27 ORI 5
T BRI RE T 48 A2,

1D pincher gate . .
@) 2D planar ®) " P 9 (c) 0D STM junction

LA
"4 J_VP / "R e /
L
p R ! l ) > E v%

— Im[C(x, x 0] |
— Zdm [CH(x, ¥, w)]

B 8. (a) 4k HIFEIE S L5 4 B R B HU LR R T B R RL
FEWNAD ZHES R R, Blanasl; (b) —4ERWiikaity; R8T A e
PRBUIR A AR TR A 7] GERRIE 25 454 o S I Rtohn i s, SR HiAR BEAE & 1
HUBA R 5 Y BB 2R X, DAMARON — R IE S 425 (o) STM #HRE T et
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JRZ IR FYEREIE S, 2RI SEE R E T HIGRIAEMEL. (d) - () 15
BRINRFEBSFER T drav #: (o) SR-5T B ERIrk-S 8 450 R b
EERER AR R B LS IRIEY o R ey, hnr DU RIE Y Jx 1
RS IERE T, R T B R A 0 B B e B B AR AR B IR EUN . ()
BRT Kitaev BT HENIHRIRIRESN 125 1 Wehk 1% K 0B DA Kitaew 51
S A — AL AR (R AR, #B7R TR RIET Z B vison BURIIALE
HERERT, LA RERRE LA L itk A2 1) Majorana H fig &S IE X — &
T B IRIRAR A% D22 F8 8L, Reprinted from Ref U with permission.

Figure 8. (a) Schematic of a two-dimensional planar tunneling device. A
monolayer or few-layer QSL material is sandwiched between two 2D metallic
electrodes, such as graphene; (b) Schematic of a one-dimensional pinched-gate
structure. A lateral one-dimensional tunnel junction is fabricated on top of a bulk QSL
crystal. By applying a gate voltage, the pinched gate can induce an electrically
insulating region in an appropriate electrode material, which acts as a 1D tunneling
barrier; (c) Zero-dimensional tunnel junction between an STM tip-and a conducting
substrate supporting a monolayer QSL material; (d)—(f) Calculated dI/dV spectra for the
different tunneling structures; (g) Schematic of relevant tunneling processes in a metal—
QSL—metal structure. Electrons can tunnel elastically with amplitude #, or inelastically
with amplitude Jx via spin-flip scattering off the fractionalized spin degrees of freedom
of the QSL; (h) Imaginary part of the short-range dynamical spin susceptibility of the
Kitaev QSL plotted against frequency normalized by the Kitaev interaction strength. It
reveals the intrinsic spin gap originating from Z gauge field (vison) excitations, as well

as the continuous Majorana spinon excitation spectrum above the gap from spin
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fractionalization—both are characteristic spectroscopic fingerprints of the QSL state.
Reprinted from Ref:"® with permission.

3.2. ZTF STM/STS B 5T Kitaev 1 R FIH B3R
3.2.1.  STM/STS ME 9 e 7 RE 27 i

STM/STS A HALE WSS T2 (8] 7y #i e )1« B E D FrR 59K R
JRSAR IR, FESRRE . BB W 5 A5 R B AL ARRT DR MZM 540 4h Tkl
GASHWIRGHELRIN J7 1, I 2 ARAE T B ik U i L 35 . B T I — %0
Rebk, R K B TAERSE STM/STS Xt Kitaev QSL 14 R FIAAE M PR 7
ZRIFRGH T, B @R H IR FRHESL, SRR R IR T RS UE
A gL BAR TR 51 57 R it . W. Kao AU BRRIEE | “STM 4H4:-Kitaev
QSL -&JE st | EEF FMLELEH, W7 Kitaev QSL A R EIN—E K
FE M EREYE B e 250, SEILT RS MZM AT #5145 5 5 S48, @ik 9a Fios.
HURTHRR BT, BANERRINE B R R BOLE E 3 ANNTr o E A Y 12 1B
IO, JF BRI o BRI (& 9b REXED  BEmE AL
AETE AR AN R R R AL MZM. 7 STM B SR R IR ERE 20 #2 b,
% 2 L T I AR RS ORI R I K T —RI MZM R R R 2 K
FROBOR : TZX SRR RN B A R (K 32 e R Ik bR B B e
AEAVERE 7 I H S SRR R B A IE G AR o B TR — WL, MZM
HRBEXL B oK TR S AE S o3 S 1% P TR B AL P v 25 i [ PR 06, e 2% SR T
L MZM R F 2 S IR o 2 AR 3 o) EEBEAR TH A 3 AN [F) J 1A
PR 2T L DGR BR BB A R R (I A A, e B IRERIN S AT T SR A
MEIGAIE, WP 9c-k BTz, N Kitaev QSL H 538 MZM [ SEEG PR IFR AL T 1A

A EALVE L) STM B8 7% . /5, Shang-Shun Zhang %5 A381 F¥E T /E#E—
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ARG TR GRS 8 MZM #h £ % Kitaev QSL HHANFIEILARZ, R T
AHT B RS B BRI ML) o BRI, Kitaev QSL 12 5 A DA] 7 % Bl &5 40 (1) a8
2 P HUE E BN ) Majorana B8 K1 JCIE SE BUBCRTEE K, 11T TE PR Fh IR R 1Y
# i Majorana IO 235 ; SN v IR 2R B 5 1A R PSSR AR,
FEAE TS STM ELEEARIN ) JR B2 E eSS W Bl FHAEAS 5 . 1207 R B
TG RPN e, 7 RHBUN TS 5t 54 4h Majorana Hiia Dkt AR RS
AT S A, BRI T A 2 e LR )43 I SR AL TP Kitaev QSL
W, R T E MRS AERAE T B S A RBR, T Kitaev QSL SELR:
B UE AR A T BA HE Al P 0 8 8 PR R S5 R B I Y 52 58 % 4% . Johannes
Feldmeier 25 AU (B8 TAERE— 0 51 N A NG HHRIAERE, REHRT T A etk
A H5 % 38 553485 (spin-polarized STM, SP-STM ) iX — F e B8 1) JR s 0 - B,
FE e AR s PR SR AN G I E P BN T . W FRER B, I AR
5 ¥ R H E Be bR AC AR A B, AT e R TBOR R € H i UK AE 5 , 7 A
ANEOR S5, 0HIIE B AR SUE S, A EARRES 1 B P B REOR R AETE R
FIGIEM I AL, SE X R R AR SR AN L R R R B R T, A B
X 43 FERGHE AN MR T4 4 . Kitaev QSL HIF1E MZM 5 Z.FV@E & 5
BB, #—2 N "4k 5 &1 B IR R R ARE PERAIE, $R4t T

L e 955 J 54 23 TR 23 A (0 2 B ml I s 085 26
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(a) ' STM tip (b) Bound-flux sector
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B 9. (a)ifiik STM/STS HrAE58 % L B %7 S2 56 ¥ B 4RI Kitaev QSL H iz

HJF 3 ) Majorana ZRERK SR I8 R R . ()51 N3 Kitaev A5 2 o 1 S 46 1
A, HAHMEHREEAMEE W=l (HD) 5 We=1 Rt KRELE. HEE
N EA RGN, X IRy W=—1 KoM PIERGER: (o) B ALkt
e A% 8 FOR P B IR, RTINS B 3Kk Th), BRI Sk TR A
TV 125 0 1 5 (35 % B Majorana 5. (d) 2337 55301 1B 1 e S 0%tk = iblc;
XA A BEREANRE 2 A, 7E STM/STS Hill #] Majorana F 455 (e) A A4S
POREETS, BEoF S S e B R G, WIREIECR T 1.5-4.0 eV/ X
1] 45 5 5(h) A (e) B P B R HCR X s ()70 71 1535 B s 1 i 5 Bk o 0 B i
IR, WIREDA TGS A 15 55 ()0 PIRRE X EECR s (g) BT
135 ) R R SRR R K e AR AR AL, R IR G T e AR T e A
s ()M FIRAEKIREBOR : (O EEWR AR T ¢ SERERICKT b

%
TR TR = . Reprinted from Ref"% with permission.
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Figure 9. (a) Schematic illustration of probing the localized MZM induced by
vacancies in the Kitaev QSL via IETS in STM/STS; (b) Bound flux phase in the hole-
doped Kitaev model, characterized by flux eigenvalues W,=+1 (white) and Wy=—1
(gray). Bold lines denote bonds carrying gauge fields, connecting pairs of unit cells

with W,=—1; (c) At a vacancy, the local spin is removed and original bonds are broken,

giving rise to unpaired dangling-bond fermions EC{. These couple to bulk fermions and

form vacancy-induced nearly zero-energy Majorana modes; (d) The dangling spin near
the vacancy fractionalizes as 6({ = il;icj. This dangling spin can couple to tunneling

electrons, allowing Majorana zero modes to be detected in STM/STS; (e) Derivative of
tunneling conductance versus bias voltage at different vacancy concentrations. The
inset magnifies the signal in the 1.5-4.0 eV/J range; (h) Magnified low-voltage region
of panel (e); (f) Disorder-averaged bulk spin correlation function versus energy transfer.
The inset shows the signal in the vacancy-free model; (i) Magnified low-energy region
of panel (f); (g) Disorder-averaged dangling-spin correlation function versus energy
transfer. The inset compares the signal in the vacancy-free model; (j) Magnified low-

energy region of panel (g); (k) Schematic quadratic fermion spectrum including matter

fermions ¢j and dangling-bond fermions b.,. Reprinted from Ref."% with permission.

322. HTRFPHEESES

b, BRICREIRTVERE AR AN, BE S LTS Kitaev 78 51 H HESRIEK
A S A B2 AAIE FL T35 2 (AN AFAE ELIE I I 5C 31, N B IBOR R 12 £
TR0 E. F1E 2011 4, David F. Mross 5 T. Senthil f#7£ 364 T
YRR TR B 75 B AT F e BEAA 1 55 0CE Mott 4820k, 8 B 1 2R K [ 22 5] Mot
BEARTE G, AR R AT AR AR B SRR B v v e M S - R B oK THT s e T 2
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KT 2k PR AL W N 77 S, oxilind [ e 5 SR mr 2 L N SR S5 2
HUATEIE, 530 Mott 4%k b % A7 s BRI 1 FRL - P 7 A 43 1) 18 D ) P 4
Friedel #ik¥7, Hiiky #1764 i E e 7 9 KB 2k WRRTE . JU NIRRT,
%K Friedel #7723 [ 70 ATRFAE AT E S STM/STS HJR ¥~ 257 18] 43 3l 8 S 3
EEI, N e 2K T A7 AR SR A EDUL I S 30 E 4

TSR, QSL Hh bk B iE 170 B UK 5 B8 28 HAr 15 5 O SR IBRL
i, CTEJUAMBHA M =AM ks QSL AR P T HIR 5 RGERIE. 5
B AR STM/STS SRAE, WFFLEEHZ 1T-TaSe —4E = di i Mott 48 2¢ {4,
IS o 45 SR %, H R Hubbard 5 BEX I3 5 HIS TS &% — 3. HE
Jig ¥ S oK TH R A1 T IR FEL AT A TR A S A, JELIN 3 T TSR PR Y A i T 5
JRIRERE (REMEZ T AAAE T (Kondo) FEHRAE 51000, AR TR0 i fikiE,
B EN 1T-TaSeo 5 2 R AE ATe-—HAar 22 8, S aie T 57, JHE
BEZF IR RN BT 2 & o AR AR, AT IT-TaSe N EBH) H ig 1= 5 R L
B HIET RO, S B B & 5 1% 1R B e 7 IR EE S . Bk,
010 L7 S AR PR 8 LM AR 3 (FFT) I ep, al LS Z2 2 il [ e T
FORTEHRBN BT 51 R ARAEE SIS 5 o Z S G BT S 1 A e 1 2K
T a5 5 F AT A R A 45 SR D & BT XX R e T oK U ()RR
T EBERAA, JaEEWR T RGO T TR A QSL MMMz ORF R 3
—, EE-FRART Ay B R A S FE B R s L, AR AR T AE SR T

=

M QSL 53 B e 71 B RS oL s [RIET 25 T X 2 9K U(D) 2 QSL
5F#EM 2. QSL. Dirac 2 QSL. frHf &t SEIe A PR, AESLIG Ty,

{E 1T-TaSe 3R HUTA G Co J& T, FIH STM/STS TERE 77 H S b B 200 31
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HWWUE B BT POk T SRR B 51 K BB IRIEP . ER g S
S5 L FIESE, Gl I f - BE 2 iR 2 1 v A b B T AT N B RTAT
BeAt, SRS ARAE R R 1T-NbSexfk = h, AMUEIL T Hubbard 7 HEIX )
e 5L R AT A T ), SR T A ) I B SR, BRI B B TS B E e
T RERSRFAE LRI, SE R T I BARAE SR () G B SEAR PR, i — B iIE T k2R
AR U E T H e A S,

AR, BA ZWINTF AL Kitaev QSL, H HIETHEA Dirac
RS R, AMAER BT TORIPY, H5RTSCHTiR R U 5K &1 H g g
FEAEA X G o F150F i 1 0 U AR FMBOR SO RS 2 FHLAE A5 5 ¥ 9 BEOGTE bA
Fe P AR INBUOR AAEAT BT AL, 2 5 CE IR R HIT R T RS HERT 7
R. G. Pereira 55 Reinhold Egger $M IR ST PN, M Kitaev RS B 1) 2 5
18 Hubbard-Kanamori %4 1, FF e T — RAIFFAIPEBL IR TAET77395), e
T HERT DR Kitaev QSL H1 H JiE- & I R 450 5 o) 3ok LA 2 38 20 A1 1) 58 IR %
£ AZRITAERET Mott BeR LA BRREX 8], J= T 7 K2 BE 28 RO 28 1R
AR T RE R A HE R PR SR AN EOR 5 AT I TE R S X . FTRAE IRAERR EAEIR
7t Kitaev QSL 1, W4 | MZM 1] Zoiwlie (RIfRF-EAERET) , STEELEEES
HH T B LN 14 Ji 3 A 2 5 FL A 5 FBE A3 A 5 1253 A LI e 0 R i R AR 1] %17
AP, BEZIACER RS fe I Friedel BURTAHFAL, 1EZ BI04 HE ity X 3 B4R H0=
W, AFFREBAAF. FIRRKIEHES E 1 I A03 Fh Z O 1) o7 i B
FHIE, BT IX— 0 R, IS H T FH STM/AFM 88 3% AR BT HoR SLIL B =
T A PRI 2 R ) e BB U 58 3@k STMY/STS HIf7) Fi S AR

A BRI Za e S LR T G0 H R (0 B A S B0 A S R IR R S0 S B
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JIE ¥ 5 2% [B)AE 1 52 0 5 FR ANAUR 1 BB . 2 R s TR i R 01 AR R G0 T
A MZM {5 5 SRV 5 3 10 PSR AR 7 R A 11 5 22 57, s BIX 4y
SANEPJRROR 5 A% R 5 5 11 AR A T A E M B R

I, Jahin 2 ANUUERRT Kitaev QSL AR R I T HERL T (quasiparticle
interference, QPD) [ RAFLBHI L. % TAEE L T HT7F Mott REBR LA I BBk
FHEN QSL J& 1 A Jie- B far 2 B B IR, TERSIERE STM BE 28 il o) L 5 i
fif ¥ 5 Majorana FJEF RIS EWER, ST T NBSES P EERE
THIE RS Dirac sUAFERIARELSII T 5. AT UL R AT Mott RERR
JRidk Majorana ZEAE PRI A R 5 TAE, AT FE R 1 A% GeR BRI 2 11 A PR
i, SEHL T IR A BIHOR [ B RAE s FLADH AR RERRE S 5T
FEALN QPL BRI A% OO, BT L BB HE S T4 2 226 QSL 1A R, [
i B4 QSL ARAR I A HRMIAE /7, N Kitaev QSL MISLEGIIFFEAE T 5 A&
Ve 5 AR VE TR AR R AR

it BR R TR, Bl P oW S Kitaev QSL
I B BR AS R A N SRR A, BEMTSEEL Kitaev QSL AR MER)SEIGHRI: 45
— RN R I R, B T 42 5 Majorana FJE T LAK Z iR 4
[ MZM KA REREACH:, RS 2 1 b RIURRIERE ESUR RS (B 102) ¢ H 2K
IR, B 5 F T HEN Kitaev 7K R 5, TEAK R F JiE- LA 20 85 I ARAEARF 14 SCRE
FRATEACIE S Majorana FE 15 AT, BRATEHSI ENE A AR
AN, Z R A SONRRR- A R AR (B 10b) , HBE g E R
SR T AT RIS B A TG s 8 I e Bk 2 vl 5 s 2 ) o P 2 PR 4

o, FTEERWENTHH Majorana. H ig 1 A& AT S ALK AT N . BB
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O BEZEHLE], R STM/STS Hi AR Kitaev & WG I A YT 5T
PRAL TIEMT. SRR EIRHESE, YA H A BRI B 4 Majorana 7354k
BORTFRE T A8 i S5y 0

B2 g8 F Ay e MRS B 52 e F RO AR AR
87 5Majoranaf B4 (Majorana+chargon)5&€4&

(b)

) ir;cident
i gelectron .
&,

s

B 10. H7FE % Kitaev (K R AHLE, (a)F 75 Kitaev /& R8T HK
FIAESR RS 2 (b)H T HE Kitaev 7K 2 J5 52 < BEAE F %% Y Majorana spinon. 5
chargon, P& FEZFH Kitaev AR, HERTS5HEM T NESREANET, 1
i FEKs H 7 A 5 Majorana spinon 7= AE R A .

Figure 10. Two mechanisms of electron tunneling in Kitaev systems. (a) Inelastic
tunneling between electrons and quantum excitations in the Kitaev system; (b) An
electron, upon entering the Kitaev system, is decoupled into a Majorana spinon and a
chargon via strong correlations. As the electron tunnels out of the system, the spinon

and chargon recombine into a single electron, coupling the electronic state to the

Majorana spinon during the process.

3.3. T STM/STS L5 K a-RuCLHF 7T Bk @
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REHRZEH RGP 7T STM/STS #89] Kitaev QSL HI% Lo #EHL
i, SR T 2B A& RE M R IE T SR, RIE BRI s b, R
STM/STS JIJi€ Kitaev QSL 44 Z AL (-4 AR WU AT T s 77 2 P 1 AR b 2 5 )
PRkt . HAZ OGS T Kitaev QSL IG5 2 A HA 58 Mott H i 1) 525G IR
Uk, RAEM SR EBHAS T STM £F0- 5 i [0 A 20 7 B% 2 I8 E 1
Mg, BORBRS] TR ESHERILSMERTESM, REM. M SE
Kitaev QSL & &[] STM/STS WA HEEAME R I, LA a-RuCl WK 1 FELEZ
RUEIERPRE,  H e IR T 82D R IR S AMY AT 3@ o 78 B 2 A & B K AR
M & 4k Kitaev 16 55 A B 700 (O FRAB DB 250k, oM S B 5 AR STl e
Mt STM/STS ISt 13RI A A &

Ziatdinov ZFUTERL 1A o-RuCLAA R ¥ H IR T 4250 #F STM/STS R &Gi1E:

FAE. Z L@ EA NIRRT T o-RuCLIJE 72 B AR B, H i TFE

5

e AR R, DA AR SR N OT R 1IN, H BRI 21 ) e B 98 P 4

\

0.25eV, BIXRMHETBFMEAE T ZIE T a-RuCLERERKFE;  [FIEiE

]Hl

P STM Bif%, WLINEf Ru-Cl-Ru 48 _E FLT 046 25 1] 57 1 15 S A (V3x3) R30°H,
A PRSI, RIL T =M S SRR M far FRAE R RS AR R A, ELRGIE
ST BRI 4% 1) SR VA AR AR IR R A R E A AE s BAh, 1 AR ES A4
IEHS TR (STEM) RAL, 487 1 R i i A2 5 2% 1 25 I i Py B2
K. FfE, Jo & ANPT 78 78 K FHFJ& STM/STS RAE, M3 HIRER % E 21N 1.5
eV, 5 LREIRIELE BEALEER, SRR K — L%, Bdh
VS THEE5 2%, WTHEARRIR a-RuCls — 4k 55 SR S5 RTIR T, SCOLBERR
(RS, PIISREE, HRERBRMR 1.5 eV ELLINAEE 0.9 eV BEM— P EBIE,
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TR RZIR R A LGSR, R BARFFAGE N ARIERFE . R RLRER AL
WABTE A HF T REWE (ARPES) SEIG R BI85 5 RE 5 46 2% 14k 2 L
Mott AL I35 A4 RAESAANE], AH G BN B AT A4S 20 & B R . 2022
., 5 H K Z. Wang Z5 N\ P 100EL 7)1 JUA1ME(Molecular Beam Epitaxy, MBE)
R, FEA SR LI a-RuCLIE R 11 %, 1ESEHLE o-RuCL I A iE i 74
a-RuCls ¥ R I 7 s B AR A s 454 )50 STMY/STS &, 1IESE %2
o-RuCLYE 4.2 K FHATEL 0.6 eV M55 Mott GEFR, JFEEIRE tepr 5 ee-
po LB ZRAL I L R P AALSCE, BAH 7 H Mott A EE . Lk &5
STM/STS WFFEHT, WAL B M4 SR 2 5%, S8 a-RuCLI¥ Mott
REBFI A I T I — MR R R E W2, X —H R WM o-RuCLAE
WM 7 B A S A% DR S 2 — o s b, R RN, R
[ S AR MR o-RuCLAEFE /3 A TE 0.2 eV~2.2 eV MR GEVEFE Y, B5 1
2 eV X—KIFEIEMINEIS B, WS TR RHRAZ 0 1) Mott ZE4A8 A
EEYE, EAHUIRIERG—. TEMT L RIsoe101-105]

H 2020 i, ARBHBESLSE o-RuCLIA R, REITRE T MG 502
JE R Pl 5, DARET STM/STS 1 J 7 RUBEAGEIHERERT 5L WA,
BATE TR AU 5 58 s R R 76 81 E 1) #yii A 58 (HOPG)
FHE FMIH T o-RuCLG AR R 45, 06 A BB o-RuCLEREHET T RS
STM/STS FAE. SLHLEREH, /£ 77 KBERX T, 4 S EAKYT 10 nm
I, STM Wl p ] T ok 58 (1 v P 4 Sl , 33 7 o o 2 SREDURE o 2180 14 SR
TSNS S0 5 oy B S (] 11b, ¢ Fm) « BT EIRRGRIE, AT

PR R X R BIRAIESE : JE KT Snm. A 588 R o-RuCL A AHAAE ) 14 1) 2>
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JRIENE, HBERR D LN 2 eVIOSl; GERGVE ] A AR KLU 2R AT ) 23 (R Y L
&, NIZERKAE Mott 85 & PSR 7 HEASERAES (il 11c firm) -
SR, BRATTIE L 52 YA S o 22 5 T LA A 5 4 R R 2L iR 41071,
2 o-RuCLE N2 4 ML KBRS, fEAT R B g B2 4F T 3 Mott BEBR K
A8 HOEEEIN s BAETE AR I ALK 261 T, AR R AR B 1A R A
2 (] 11d, ) 19, X5 RS HTIHEZ 5 0 SR SR AR — 307 28 BBy
AT SRAT IR EAMEA KA R o-RuCLAERIUN 0.6 eV SEIR I 50100 St 7 &
BN BN LR . AN, 7E 3ML 5 4 ML o-RuCLFIA A X3, FRAT 175 M7
AL 21 % 77 B AE L FAL BESREAAT )y (B 11« T Hubbard B EIZ A A%
REXHeRS, I 72 RERG M U 1 BE H B 25 B F P A AR 00) . (X T XM AL Ja
(RO ERBIL A 75 o 2 775 BT P B, 5 750 1 FL 1 QIO L) 75 25 2 (R SR
FCo

NEFDIR a-RuClsHEH 45 1 1) 57 H AU, BATR D 2 RERE BT RE 1
RGNS I . B KRR B IR R UESE, 2 FE A0 2 BE R NMT
FFAERAAEDI N, TR AR RN 3 IR (& 12a fras) . 2810, X 1AL
RS BRFE D P ALK RERR I R FFAT N, TR H SR KR a-RuCLH
i o RE B 2 PR B R AR S 22 5, AT 3AN ] 18 AT B A R D B R o S I
o-RuCls/ A7 884 57t Jo 45 1) S I ) BERON B Cple ) 2 W e BT 5 SEia 45 R —
HOIESE, 257 0 45 A7 5 35 (0 LA e A% (11 3 [ 20~3x10%-cm™2), HL 1 Hifq 58
Ji )2 17 a-RuCls/= 564, AMUAE A 52065 /2 2 B 225 (10 p BB RN 07108, S04
G AL 5 3 H 22 ROR AU Ol Fmi AT U091, SR, a-RuClLafE 74K 52 Wbt ey 96
HLT 1525, IR AT Mott 282 16— JmARAL , SCRBILH RERT A 25 ),
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X SHE IR B AV Z & BB BN LR R o BT XX — R LRl 1, 3
ATTKE A I AT AT RS 14 1R/ BERR 3 ML o-RuCLIEE, JTFJE T BE & HE) di/av
TR (B 12b) , FERF dh R T 2 P i OO0 21 1 Bl e S AL ) PLIE £
BURFAE M, b — TG AR I N - A DUF df fi i T R RZBERR R 5 1R Hubbard
WL, FHSMOWINEIK E ClLE FHUEM B 7&E S, XRY a-RuCL5H
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Figure 11. (a) Schematic of the experimental setup. a-RuCls flakes of varying
thickness are transferred via heat-release tape and characterized by electronic tunneling
using STM/STS; (b) STM topography of an a-RuCls flake thicker than 5 nm. Sparse
vacancy defects are clearly visible on the a-RuCls lattice. Inset: corresponding lattice
structure; (c) dI/dV spectra (dark blue curves) measured at different positions (marked
by stars) in panel (b) and the averaged spectrum (red curve). The full band gap is
measured to be approximately 1.8+0.2 eV; (d), (e) Averaged dI/dV spectra of 4 ML
and 3 ML a-RuCls, respectively. The two spectra indicate the evolution of the Mott gap
as the thickness is reduced from 4 ML to 3 ML; (f) dI/dV spectra taken across the
boundary region between 3 ML and 4 ML o-RuCls, clearly showing the continuous
narrowing of the gap from the large bulk gap to the smaller thin-film gap, together with
the weight transfer of the lower Hubbard band toward lower energies. Reprinted from

Ref 1% yith permission.
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Reprinted from Ref. 114,

Figure 12. Left panel: Representative dI/dV spectra measured on a-RuCls flakes
with thicknesses ranging from 1 ML to 5 ML exhibit two typical line shapes: one
characterized by a large gap, and the other with a significantly reduced gap. Right panel:
Statistical analysis on a large number of small-gap samples reveals that, for a-RuCls
flakes with the same layer number (2 ML-3 ML), the distance from the measurement
surface to the substrate varies due to different contact strengths with the substrate during
the transfer process, leading to a pronounced thickness dependence of the gap in the
dI/dV spectra. The relationship between the gap magnitude G and thickness T is fitted
using a logarithmic function: G=a+pIn(T+y), where a, B, and y are fitting constants; (b)
Energy-resolved dI/dV maps acquired on the surface of a 3 ML sample show that
distinct spatial textures originating from Cl orbitals can be clearly resolved in the
electronic state imaging when the sample bias is negative and near the gap region; (c)
Comparison of dI/dV spectra taken individually at Ru and CI atomic sites demonstrates
that gap-related electronic states are more pronounced at Cl sites. The inset shows the
orbital texture dominated by CI 3p orbitals; (d) Schematic illustration of the transition
from a Mott insulator to a charge-transfer insulator, in which the elevation of ligand
electronic levels into the original Mott gap constitutes the key mechanism responsible

for the characteristic behavior of charge-transfer insulators. Reprinted from Ref. [1'4],
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Figure 13. (a) Atomic-resolution STM topography of monolayer a-RuCls, where
distinct surface undulations can be clearly observed. Inset: Fast Fourier transform (FFT)
of the image, showing Bragg peaks corresponding to Ru atoms (white box) and CI
atoms (red box), as well as peak shifts induced by lattice strain; (b) FFT-filtered STM
image showing that the surface undulations divide the flake into three regions (labeled
1, 2, 3), each exhibiting different degrees of lattice strain; (c) Height profile extracted
along the dashed line in (b), indicating negligible lattice distortion in Region 1 with a
lattice constant a = 6 A, compressed lattice in Region 2, and significantly stretched
lattice in Region 3 with a = 6.36 A; (d) Strain field map obtained by geometric phase
analysis (GPA), shown as the xy component of the strain tensor; (€) dI/dV spectra taken
at 77 K in different strained regions, showing the evolution of the band structure with
strain: Region 1 retains a full Mott—-Hubbard gap, while the Mott gap is fully closed in
distorted Regions 2 and 3; (f) Typical dI/dV spectra taken at 77 K from the three regions,
respectively. The lower blue curve shows the dI/dV spectrum of the bare graphite

substrate. Reprinted from Ref!''3) with permission.
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RO B B F-Hria M =S5 R . Reprinted from Ref.19),

Figure 14. (a) Temperature-dependent dI/dV spectra measured on transferred
thick a-RuCls flakes; (b) High-resolution measurement of the temperature evolution of
dl/dV spectra for thick a-RuCls flakes, showing gap softening near 100 K; (c) STM
image of a monolayer a-RuCls film grown on a graphite substrate by MBE; (d) Atomic-
resolution image revealing the lattice morphology; (¢) Temperature-dependent dI/dV
spectra measured on monolayer a-RuCls; (f) Temperature dependence of the charge
gap magnitude in monolayer o-RuCls. As shown by the solid line, the experimentally
observed gap softening coincides well with the rapid drop in resistivity; the solid line

is taken from electronic transport measurements reported in Ref. [106]. Reprinted from

Ref 11161,
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Figure 15. (a) Electron tunneling via the Hubbard bands of a Mott insulator. The
full tunneling process involves three key steps: the injected electron decouples into a
spinon and a chargon, which then recombine before tunneling out of the system; (b)
Tunneling of electrons across the Mott gap exhibits strong distance and dimensional
dependence. When the STM tip is far from the sample surface, the Mott gap efficiently
suppresses electron tunneling, and the Mott gap feature appears clearly in the tunneling
spectrum. When the tip-sample distance is small and the Mott insulator is in monolayer
form, electrons can tunnel across the gap. In this process, electrons couple to neutral
excitations such as Majorana bound states with energy loss, resulting in inelastic

tunneling.

£ B We-FL AT A RS- S B LR, 341155 [ B AT 78 AT A TR S0 A S )
£ o-RuCl A4 5 FROglil 21— S8 B 25 (0 AE A L 1 2 A | I g 122141231, = Tk 37
AR AR AN TR (RO s 1) 26 5 5 I 5 A S 50 B0 — B0 21 1 A+ = AR
PR AR AL FATEL S A NI B 2 A4 T a-RuCly/
A SN SR A R ILEEE A SBAT IR TR a-RuCla A 2 Mott 485K 21| Hifar e 72
AR NIREAL, PERERERT R Z N, JEAE R Hubbard 7 LI 21 22 B8 A 191 H
TARBNA, W 16a-c Bos; HABTFCRI A A BK - HOL TR (PLD) SR
AR EEESMEAE KR o-RuCLIEHE, £ SRIEHEILT. £ Hubbard 7

XS LA e R IX R LI 2 T T2 80 XA T 26804 £ Hubbard

55



h B AFRES A, A~ Hubbard #H MBS a-RuClintg LG AEA
RIRULHC, 5 BATER AL ) s g 45 R B AT e — Bk, Wi 16d-e Fron. b
bt BN 7 BIBAtEAI ] STM/STS X #0247 S M 7 1 o-RuCL AR i AT 1
ARGURAL,  Hl o 8 f 4 e oK A 820 AR i@ W B8 5 /2 SEBLA o-RuCLAIE
TARME[115]. B TAEFFEAEALT T Hubbard BEHEH LM B 1 2 8 A 1)
HLGT I 02T, =T FC 8 R Gk RR 1R SR L R AT . (CDWD
HERL 7T (QPD) LAL: zigzag M S BRMLAT Fr < P RE AR, (A% AR 2 FE A
TUOSL A AL BN 12 Uk 03 55 4 7 10 QB R 22 1)l v, H ASHE 7 [T AR WLt
H P IEAEE T T EZARE T Kitaev QSL H1 i i Majorana [ Jig T 7E 6k A AL HL
SRR TSR, R ALY Majorana H e 1471 1 J5 5~ 2 S5 1A] L%
UEAR[105]; 10 HATT 538 I SR e 20 73 il B 1 5 i Fi A A - A R M SR L 20X
A AR R A B LT P HEAT TR, EXRHRER S Majorana B e T AAAEN
FERBR AT BEME

@

" 200mV. High

dildVintensity (a. u.)

10 o 4
Height (pi
g‘ 0 T E o T T T T ]
g -sor % sf
2 oot Foof,
8 6 4 2 0 8 6 4 2 0
Distance (nm) Distance (nm)
N e
© —
(b) (c) .
El K‘ ° K- o 3 o
=l ~ "0 - o W
o | k,~039rlu. o5 ° e ¢ S o
® . P X o " & ©
E e . o, .
S ) L T e
£ ) B - e y °
“© k,=\3rlu. . a OG5 © ° o ©
t ‘I v ® o o o
h" - - N - .
vt " o o
o a o] ] a ]
0.0 04 08 12 16 20 24 28
q(r.lu.) Crrr——— Crr—rrr—

1 10 1om? 0.1 1
Amplitude (arb. units) Amplitude (arb. units)

56



Bl 16. KEHH o-RuCLHHIARA B AP (a)¥ % 20 84 K LU
o-RuCLTEA [EMlE T di/dv 5K (b) STM K% FFT K%, EIR a-RuClsf
WA RS (eSO EFEED , DU BN (GEELSNLE) A
AR YR XS I (AT SR 06 s B hpu P ko 43 9AREE Ru JE @ A% 5 CLIE A U R
s AT 5 5 ()7 T-K J7 I LR IER I, kanZ0H 0.39 f5I4% < BT (r.Lu)
UESZ 8 5 A i) B A JE 2 FERS I« Reprinted from Ref M. f1 584+ ik _EAE K A
2 oa-RuCLH & T (QFE s K50 8-1 V() E+1V B H o-RuCl
JEERETES L, RITE OIS BB R 3540 B Sk S HiRitia A sk
Fahr B M MG (e) STM IR L FFT J5, SIH & AT 28U sh & 75 [ 1 5
SRR, RS R I A R ZE L, U E P R SCAA AR A R
fif. Reprinted from Ref'?2),

Figure 16. Incommensurate charge order in exfoliated and transferred a-RuCls:
(a) dI/dV conductance maps of bilayer a-RuCls transferred onto a graphite substrate at
different bias voltages. (b) FFT pattern of the STM image, showing Bragg peaks of the
a-RuCls lattice (white and red circles) and diffraction peaks corresponding to static
supermodulation within the first Brillouin zone (green dashed hexagon). Here, k., and
kci denote the wave vectors of the Ru and Cl sublattices, respectively, and kg, represents
the supermodulation wave vector; (c) Line profile along the '-K direction shows that
ks = 0.39 reciprocal lattice units (r.l.u.), confirming the incommensurate nature of the
superperiodic modulation. Quantum interference in monolayer a-RuCls grown on
graphite substrates: (d) Topography maps of the a-RuCls monolayer film measured at
sample biases of —1 V (left) and +1 V (right). Quantum interference fringes around

defects are clearly resolved, with amplitude decaying outward from the defect sites.
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(e) FFT of the STM images reveals the momentum-space periodicity of the
quantum coherent fringes. The modulation periods differ between positive and negative

biases, and the interference fringes under negative bias exhibit incommensurate

characteristics. Reprinted from Ref1'??],
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B 17. ()EAFRBEF AT (AW E RS, 4ErIEE i, FHR-
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B A AT HEBE H BUARFAEE s (o) [F)—BE & T AT AR-FE i BE AR HE A BE 5 f 135
SRPZIAAL, W LLE HZERERR I BRI AS, IR RR X T BE A
Reprinted from Ref'% with permission.

Figure 17. (a) STM topographies of monolayer a-RuCls acquired under different
tunneling conditions (with decreasing tip—sample distance as the bias voltage is
reduced), showing a gradual evolution of lattice features from the intrinsic a-RuCls
structure toward a graphite-like lattice. This evolution initiates in regions with slight
lattice distortion; (b) dI/dV spectra of monolayer a-RuCls measured as the tip height is
progressively lowered. In-gap states gradually emerge within the Mott gap,
accompanied by the appearance of characteristic peaks; (c) At a fixed energy, varying
the tip—sample distance leads to changes in the intensity of tunneling electronic states.
The gradual emergence of in-gap states signals the onset of electron tunneling within

the nominal gap region. Reprinted from Ref'°1 with permission.
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Abstract

Quantum spin liquids represent novel quantum states in strongly correlated
systems that transcend conventional magnetic order. Kitaev quantum spin liquids
have emerged as a central platform for topological quantum computation due to
their exact solvability, topological order, and non-Abelian Majorana spinon
excitations. This paper systematically reviews recent advances in Mott physics and
electronic tunneling spectroscopy of Majorana spinons in Kitaev quantum spin
liquids. We first introduce the differences between Kitaev quantum spin liquids
and geometrically frustrated quantum spin liquids, as well as their topological
properties and fractionalized excitation mechanisms, and highlight a-RuCls as the
most promising experimental candidate, which hosts a quasi-two-dimensional
honeycomb lattice, strong spin—orbit coupling, and Mott insulating behavior.
Signatures consistent with fractionalized excitations have been observed via
inelastic neutron scattering, Raman spectroscopy, thermal Hall effect and other

techniques, yet key issues such as the physical origin of magnetic excitations and



the mechanism of quantized thermal conductivity remain under debate. We then
focus on the unique capability of electronic tunneling spectroscopy, particularly
scanning tunneling microscopy/spectroscopy for detecting Majorana spinons. We
review two dominant tunneling mechanisms—inelastic tunneling and spin—charge
separation-recombination—and summarize important experimental findings
including the temperature and dimensional dependence of the Mott gap in a-
RuCls, as well as the modulation of incommensurate electronic states in thin-film
samples. Finally, we discuss current bottlenecks such as material defects,
tunneling signal-to-noise ratio, and spectral interpretation, and outlook future
directions toward obtaining direct spectroscopic evidence of Majorana excitations
via high-quality thin-film growth, multi-external-field tuning, and high-resolution
tunneling characterization. This review aims to provide a foundation for the
experimental verification of Kitaev quantum spin liquids and their applications in
topological quantum science.

Key words: Kitaev quantum spin liquid; Majorana spinon; Electron tunneling; Mott
insulator
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