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Near-field imaging of WTe,
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Abstract: Near-field optical response of WTe, thin films was studied by using scanning near-field optical microscopy
(SNOM) , we have observed bright fringes near the edge of the thin film sample and also a thickness dependence on op-
tical contrast to the sample and substrate. To understand this behavior, first we obtain the dielectric function of WTe, at
room temperature by Drude-Lorentz model via fitting the infrared radiation (IR) reflectance and conductivity spectra,
then the near-field ratio of thin film sample to the diamond substrate is calculated by the Finite-dipole model. The experi-
mental result reveals that the behavior of the sample cannot be fully described by the bulk properties. We assume that a
decoupled thin layer exists on the surface of the bulk. There are two possible explanations for the observation of the
near-field patterns of bright outside fringes. Firstly, a hot-spot field may be produced between the tip and the sample
edge due to the enhancement of the local electric field under the IR illumination, a similar behavior has been revealed in
surface-metallic black phosphorus. Another probability is that the topological edge states of top decoupled monolayer
WTe, lead to an enhancement of the local optical conductivity. This work provides a reference from the optical research
of topological materials in the future.

Key words: thin film of WTe,, near-field optical microscopy, dielectric function, topology

PACS:03. 65. Vf,78. 20. —e,07. 79. Fc,78. 20. Ci

51

[l

S R 72 [ e 4 0 12 0 2 B R
SO R AT g RIS S EIES D B MRS
PRV /N 2 | S5 ek A o ARG e R AR

s B #5:2021- 03- 04, f&[E] B #A:2021- 09- 03 Received date:2021- 03- 04, Revised date:2021- 09- 03

EEWA : [H% A RR 3G (11874271)

Foundation items: Supported by National Natural Science Foundation of China(11874271)

1EE B AT (Biography) : f8212(1986-), B , IR, 000 1+, E NG A e 2R R A5 . E-mail: daizbchina@aliyun. com
" B AEHE (Corresponding author) : E-mail: zhigiangli@scu. edu. cn



244 (N2 S A AR T EAW ] BT 7B et R LS 465

B — 2 2R AR R M O P 4 R T R (A4
(W) 40 (Mo) ) , X % IC % (AnBR (S) Vil (Se) JHi
(Te) ) ; Fo LR Z5 0 — e A7 = PR [A] i HE & 5 2
2HATHIT . XA G Z R Zs i Z PR
TMD #4BHR Py PR BT+ o0 F & B A HAEAR B,
58 [ BEFE R A S0 S0 A R A e AT
FhaE AT 2 Ot s RS A R AT
B N FH AT S LT AE AR £ TMD B R 2 o AR A
(WTe,) IRHAR KA B BRI I 4552 618 - WTe, BeAt 2
— o A R 1 ) 2 4 T A R, 2014 A7 8RR R 2
Cava 41" AN & BRAE 5 JEF WTe, HLAT AN AN
FKHEBH (LMR) R, Bl PRk B 9 BT 78 3 46 LMR
BHRERTHEESFEMWBSHL", 5 T AN
XS A AR 5T N 25 Bl 5 X
FRFMPEIFGE I BR E , WTe, B i 3IF 52 1 55 — 2540
IR BT, 2017 AF B 5T R PR AE M A5 IR I A
A AT TSR, R UE T 8 2841
IR G TR AEME S SR 25 tH R4S 1) S PE Y Adler—
Bell-Jackiw (ABJ) 00 , R AL T XX — 2587 19 4 $h
R BRI TAE

2 WTe, [ 21 B0 JZ R BE i, e B S B4 AR TR] Y
B AT W B B - 2014 AR FRS THIN 1O 1T 454
B8 52 I i 7 [ e R AN, SCE A LR
1T 5515 T p BUIE I d B3 /Y BEE B 18 M
A Dirac # , 76 A BEPE RS 7EH T X A Dirac #E
ARKEFT T REBR , M 0] LASE PR 1 8 2 JR 8K
2017 4 g 5L RS2 R 4 AR R K 2% Xu Xia-
odong ZH RN B B R WTe, (9L 2 Sl AT N, B S
iz 45 W AR B H s 2 ) 7 A BERE KA I
HEFE 100 KR T AR AT DA R Fl — e H i 48 2%
W EIRFAE X VAT WTe, 3 19 A e B8 #5472 A 1
KAEBR o 7E U [A) HoAth — SE 5280 T 4F A 1 1 i 45
JARE T S0 30 : Peng Lang ™ T B 18 W 13
BE(STMOBFSE T HA BZ G B WTe, 60, £ G B
Ak #) = F N R Y R R T 2 % 5 Shi Yan—
Meng "> FHf80i8z BHLAC (b 0 tho 00 1) BRL 22 WTe, 9 300 25
M5, IF HaxX A~ i B 2 9 OK e AR AR RB B rh 1 A8
AR SRAFAE , Ui B B F 3 A i 2 ok A 3 4 A 1 5T
ko 20184F 10 /7, 2248 F B4 " 7E 52 WTe, Y
WF5E 5 1 SO T B A ATI AR Bl s oy B
i 5 A 0 (STS) FNERL T+ V5 H2 AR 1 Hh SR AE
TR T G54 F WTe, B REME 2548 , 78 B3 K 1 B 3/
WEE ) — A IRE I REBR . XA REBR T AN & — E LA

FWNATIA A B B BEPE RS B M2 T
5L AR SCHERAE FH M AT T Y R RERL . [W]4F 11
H , Science #it i T WTe, [ 2 0] DUAE HL 37 045 T
SEHUEE ST LT R S A T A 2R
+ % FEARAIG , 3538 H 37 R AT 58 6 S A S
X Ay 7 Rk EL A R S P BT i A R R )
AR PR TP TIFRE 6 -

SEI B WTe, a2z Pk BT i 58 T AR D : Ca-
vaR. J. NS T WTe, HLbH 76 6~ 295 K il ¥
T B LA | e L HR A TE ab Bl Y 45 0] Sk
X g %f WTe, G 0F 58T T &4l ;2018 4F Pablo Ja-
rillo—Herrero 45 A" F il 4t B ffw 41 > B U 9 - B
Z2 1 HLZ WTe, HAT B 37 0] I 114 D1 HRL ity o5 (g AR - 20
L X MIE RS R RIF 2 A, i+
B MR RN 2, AR A T RO > A
I, OG22 S50 T B A58 WTe, 7 45 F R R L,
AT X5 B (s-SNOM) X}
WTe, L IET LI AN B2 9% .

1 SKBEHEEER

s=SNOM J& 5 T J 7 J7 B8 (AFM) |, 76450
Ao B S0 A ] PR T LA 00 JHG 2 T ) D' 27 ) 7 1) 2
MARG . Kl 1JEs—SNOM Hy/R K, — LS i
P HIREOEAR (QCL) KT 2 MM B il R L 60° A
S A BB IR B ] B, G R R 3
oo th i — OSBRI LIE RS %50, 2%
5 WO Al U B TR R BRI AR TR
ZoE WO SRR AR AT n A5 T AT R R AT 1Y
UGS, WAl SRR L A (55

Lock-in Amp Detector:
Parabolic mirror
Input —
: :

Reference!
| mirror

Interfermeter

K1 s-SNOM il
Fig. 1 Schematic of the set-up of s-SNOM

TR ATV FE () WTe, T8RS RE A 2 3 o i BEAS 21 0
AE SR IEIE b B2 45 T3 A TRl JE B A R
P FEASHEECA 910 em™ A1 550 em™ T 1) 3 B ilc 3%
He2FRIE AR 5 < o] WARE 5 5 3R A5 5 2R w I
Ay, A E 2 (e—d) BIHRE D 2 th RS AR B, T



466 g hh 5 2 oKk I e M 41 %

P 2(a=b) [E FPOR H BLX R 205 S M LR

Substrate

Substrate

1
x/um

(©)
B2 ASIR]JSE B FY) WTe, JERBERE 3 75 AN [RS8 13
5% (a)70 nm,910 em™; (b) 56 nm, 1 550 cm™; (¢) 52 nm,
910 cm™;(d)26 nm,1 550 cm™
Fig. 2 Near-filed signal of WTe, thin film of different sample

1.5

thickness at different incident light frequency (a) 70 nm),
910cm™; (b) 56 nm, 1550 cm™; (¢) 52 nm, 910 cm™; (d)
26 nm, 1550 cm”

T RE A T A b T K Bt % 58 Ak B B
FEVE, AT & T 2 4 B R R HE S RE 5 5
VBT XL A PIZE I (B 3) , H b ml LA 20 5 14 J2
£ (20~80 nm) , LA K2 F¥F it Bifi 5 o7 5 A2 AR Y 3 B il 3%
HFRIRAE 5 RN & BT AR S BE AR b,
BN 5 5 R R 5 Z LR HR . XT3
(c=d) , BEBIFE Tl MU 2 30 nm (292 AFM £4R
M4 ) Ab B W {5 5 0, B AR T R Y
UG5 o XML G HURAE 5 3 s IR AE R 8
WA R AT T i IE Y (HJEAE WTe, TS5
)56 B K, S 8015 55 AH E R i R G 15 5 5
(R L
2 HESWE

T RSB () LK 4, H Drude—Lorentz
BRI A 2N WTe, HOZT AN S TS DG L 53R (5L
PEHCE S 3CHR[19]) k45 2 A i i 55, B 1Y
W

390 T
20, 640f
g 360+ 3 1.2
£ 152 620F
5 =)
3 3300 10% 600k 08
= &
300F 057 s80f 0.4
0 400 800 1200 0 200 460 600 860 1000
Position/nm Position/nm
(a) (b)
—— 0.8 03

740 - 930+

720 + 920 -

0.2

700 L 9101

T — S|
6800200 200 600 800 1000 9006700 200 300 400 500

Position/nm Position/nm

(©) (d)
E3  (a)-(d) o5t 5 B 2 % hy i B par 4 g 4 g1
LR, PR I 2 AR BE L A2 AL i v BE BRHlE , 20 (it k4K
KBGO E AR 3 BTG E IR
Fig. 3

curve )and its O3A profile(red curve)along red dash line in fig-

(a)-(d) correspond to the topography of WTe, (black

ure 2, respectively

2 .ka

s(w)=8w—22 d +z

e’ +iwlt,

;- 0 - iwy,

, (1)
Hr e, J& @i T A HUE BT s 0, 0k 55 B
s 255 A Drude 735t T B AR Jay Sl 2+ 19 5th 75
WHE . 92,0, Fly, 535255 k4> Lorentz 73 5 T B
SRIFI 10 55 B AR SRR AR e R AL 6
S RN EHIEANoe)=c +io,=
2miwle(w)-¢e, 117, 2,210 377 Q, 1K FAH
FH 25 [H] A BHATL

FHAZAEAL 53 4G T R RO L S 32145 (&
4) , Bt 5 15 2 WTe, B/ H B0 SRk 7, 4 151
SN, F AR 2 T A8 1550 em™ P E0C R A4 oL BR
KANe = 222 + i%6.7,

FET WTe, JUb 1 4 W BOF R A BR A B A
RO P W e, IR 0 415 5, 2R 5 S5
B9 WTe, H BEFE 5 79 SNOM {5 S #E17 He#e . A FR
T A AL S IREAE— BRI B B AR Py, 3
ANEFHRIG 50 5 A 5 EFRE i RS r B 2R
(6 7R ), r R U 36 BT IRITHU 3 K/
Hoa (1 +r)E,, %385 A db PR, ) i
LA E RN -

E =a.(l+r)E, . (2)
Hor o ACERA AR . X THE—ADEIRIR LW
LRI RS % A



244 RELE 45 Wi AL M A 2SN Yot iR

467
L9 — fit = Tin ¥ Ty (4)
B S o
g r, A2 AR R R A BT FE VR R R R A A
<
g kele, -k,
ro= S (s)
7 kele +k
FESCgR O TN T S B A LA
04
1500 3000 4500 6000 X
Wavenumber/cm !
(a)
E
—fit !
2000 - — Data
- P
o s
S 1600
z
S 1200 / rE,
] \ /
L \V4
800 | .

1500 3000 4500 6000
Wavenumber/cm !

(b)
¥4  Drude-Lorentz 1% BULL 545 2] (1) WTe, 2141 S 5515 F1DE
3R (a) WTe, 7EIRLEE A 295 K T 44 5 19 2050 S5 3%
(b) A [FHR T L5 DG 443
Fig. 4 The IR reflectance and optical conductance of WTe,
fitting by Drude-Lorentz model (a) IR reflectance fitting of
WTe,at 295 K, (b) IR conductance fitting of WTe, at same

temperature

\ —— Epsilonl
- Epsilon2

Dielectric function
(3]
&

0 1000 2000 3000 4000 5000 6000
Wavenumber/cm!

K5 A5 2R WTe, /i 5009 SE R FLRE R
Fig. 5 The real and imaginary part of dielectric function fit-
ting of WTe,

+ 2i¢
=1rir7:j;; . (3)
o g = b, A JEOGTE AN F 10 7 A= 9 A A 22,
k= 2w/m//\ ETES DM R I R T
R RO AS i = 1,2, 3 0B E A,
WTe, FI&RIAFEIE) . X THBRILE~ AN < 1,
JIr LA (3) AT A A

Sample

El6 A PRSI T 05T A S U 7 B
Fig. 6

model

Illumination of tip-sample scattering in finite-dipole

I T IR AR Q AR (FE 255 2 = 234 KHz)
PR3, FF AR SRR /] KR A H () = A(1 +
cos (), M35 W X F H (1) 097481k b A Uk
JEHILP AN R MRS FE S X T H (1) A8
IR ARZNE R, BT ARG 5 76 = I n>2 09I T
(O T35 n=3) T HIESE AR iCm IS
G5 AU,, U, =s,exp(id,), His, IR, , N
fio U, NIE SR 0 n i E B 2050, /Y .

U,oc FE(H ()] =E(H (1)) e"di, (6)
B DA SR OGS E 5 Z o

S

n/l = : el(wu ) gp”'wr) o (7 )

S

n,ref

FAR ref (UL NE AN S0, A H G ZHNE o,
Ha, T Ry, MT—MERRL, a0
DA 7R

o= C(2+E(e0d) + £(e0)) - £(ed)). (8)
G = C(2 + €(£,.:0) ) . (9)

o d AR R S R L £ B IA 2
é(ed)=f(H+d)B(&)[1-f(H+d)B(s)]

(10)
Hp SRR I H G B H B C S HA /)

-1
El



468 AN NS 0 N ok 41 %

f,(H) fH) LRI S %5 SCHk[29]) A6 2Z i
BRI TUART #4780 55 44 e S AR T ke 19, T EL R0 11
WA TR F IR0 A K A2 DL R B A K BE T ik 2
SHAE I R R AN S AR Y

AV Sy P SYATEE T

| 1+ ’ Jo ;e dt
M= ( I+ . ) faﬁﬁln,’, e ds

FE A B9 A L H R 1T 1A E 28 H Drude—Lorentz
B EL G A5 2], T 4 WA L A9 A F i 0mT DL A )
e, =561 +i*1.5 x 107, XA AT LIRSy, .

A A A AR R AT W] L S 56 A5 2 Y, ok
FHERE S A BRI, i R HEER S RO R
BB =(c-Dl(e+ 1) o AT HYIERTT

oy = Ejzoajﬁj , (12)
PR (5) F(6) n 15 .

1+r, zzjzoﬁjF,,[af]

M = ( 1+ rf) Flag.,l

XFERAS BRI RAFA B E B e BT T AN
JEEJE ) WTe, e B AE 910 em ™ F11 550 em™ 5T 0,
) EL T R AR 238 R 55 S O T 25 R A %o L, e e
B R A WTe, W1 A FEL 505 WTe, U AU A
e SN TR = S 2 SO 1 1 e = 3
B 1553 M R E A S G910 em™ A1 550 em™ P
BT B RZE 5 I RN IE = A B B A R
NESEEEE R . FTLAE Y, AR SR gk ) B
T R (SO R SRR A R S IR LA
B, BVRE SO (E 5 R A OB RE 2 R i )5
JEE CR BE TN 1 A 5 A% i Hh B 2 A 5 o I 42 i)
(23O B0HE 550, BRI 5 S0 W0 I 25 S AN A, B
PE AR N A 5 10 5 B A a5 15 5 LU (ELRE R
FE AR SR IR KR

R TERX -G, TR & 8 H
Ko FEIRNE IR T FERE S % B Fh il 2%
o R Y I G PR kg ik 1 SRR, — R
e G AOR R ) 2 1 A5 B OT S 5N A R R
WAL ST B 5 55— R b A SRR i
X0 A PRV A v 8 A A5 R 0 2%
B AL ST I FIRE S AR G BE 3 N, ZEC I IR R 2
P Ry Sk H b g EL AN 7E PR 1 g E] T
CUIBVIES STEAEEE Sl v S el E I RRA N (F: S
S0 AR I TR 1 S R i SR 0% T O
SIS A VA WV e % = SR A R T E | AN 118

(11)

(13)

2.8+
24+
=]
5
& 200
—=— Experiment(910cm ')
—e—Model(910cm ')
L6 —— Experiment(1550cm™)
—v—Model(1550cm ")
1.2 . L
0 100 200

Thickness/nm
F7 SRR GRS AR AR F S 2 1. a0
B SRR A B S G R A 25
Fig. 7 The ratio of sample/substrate near field signal with dif-
ferent sample thickness at different incident frequency. Note:
The hollow data point is the result of signal enhancement at the

edge of the sample

I, FRAT TSR B 0 B N %@ T A s A B
B T i G AMU I 5546 5 R G e s T 30 T
HGAMUELSHE S 080 BB, X B RE i 2 4 Rt
(230

M G A S s B G PR, P AR R A5 3 ) B
WG LI EE AT FRATIA R XA oL T i
BE AN RE ST 4l B a2 P S Bl aAs | eI R
a2 AR AT BB LA 5 Heb TCHE A& VE AR 2 .
X Fh g K2 R FE L, L ANAE 2009 4F E. Andrei
ZH R P R R A AL (STS)IESE T A B AL BA
Yok TR A7 880, 02 i T AR 55 10 )2
] YU PR T ) 80 5 78 5 —ds e e
4 % T8 S s (STM) I B AT B2 2 B 5 B Y
WTe, B i, [BIFEHE T FERE S HObE B A7 — 2 T
A 1E FH B B0 )2 WTe, , BT LLTE B 66 A 210 WTe, B 5
FEF U SAESIM A ERNEZ. X
Ty oKl 22 EL A v 1 4 R v, DN T 7E 1 % A1 i I
JLAEEL, [T A 371 2% 55 S0 5 3 S B T 9 2 6
R 4 TR MRS o BN, 7SI, T S S0
AHEEF WTe, LR B (55 o, LU B &3k 1.5, BiBH
HZ MR R TR B K . S AR, TERf
FRZ 0 B, RE S R 2 SRR REAR . FRAR
P G ARARAT A X B IR (R L2 WTe, 1A
FEARIR A BUE IR b Ak

3 g

ARSCHE S 2 250 F BLT 5T 1 WTe, 44K
WIS, B SRR A SR BN A 5 3 e, 5
g R B RAT S s U A I A G5 S

N



244 (N2 S A AR T EAW ] BT 7B et R LS 469

WS BRI, B HR SR W 25 R AT . 20
SrHT W, SRR A 2 M BLSE SO AR A G
SAVEBOF AN RESE 2 b Bkt Bt dt , AT 04 i 32
T B 5 b O A R AL B 4R =, 9K
%FEHK&%‘%E’J%E@ T e 30 25 14 ' i 7 344
5o X TAE NN RO AR SR T 2%
Iﬁlﬁffjvzmﬁﬁfﬁﬁﬁﬂﬂﬁi%}ﬂ THTRIBESE R

References

[1] Bruno F Y, Tamai A, Wu Q S, et al. Observation of large
topologically trivial Fermi arcs in the candidate type—II
Weyl semimetal WTe, [J]. Physical Review B, 2016, 94
(12):121112R.

[2] Tamai A, Wu Q S, Cucchi I, et al. Fermi arcs and their to-
pological character in the candidate Type-II Weyl semimet-
al MoTe2 []]. Physical Review X , 2016, 6(3):031021.

[3] Koppens F H L, Mueller T, Avouris P, et al. Photodetec-
tors based on graphene, other two—dimensional materials
and hybrid systems [J]. Nature Nanotechnology, 2014, 9
(10):780-793.

[4] Xu X, Yao W, Xiao D, et al. Spin and pseudospins in lay-
ered transition metal dichalcogenides [J]. Nature Physics,
2014, 10(5) :343-350.

[5] Mak K F, Shan J. Photonics and optoelectronics of 2D semi-
conductor transition metal dichalcogenides [J]. Nature Pho-
tonics, 2016, 10(4) :216-226.

[6] Ali M N, Xiong J, Flynn S, et al. Large, non—saturating
magnetoresistance in WTe, [J]. Nature, 2014, 514
(7521) :205-208.

[7] Kang D, Zhou Y, Yi W, et al. Superconductivity emerging
from a suppressed large magnetoresistant state in tungsten
ditelluride [ J]. Nature Communications, 2015, 6:7804.

[8] Sante D D, Das P K, Bigi C, et al. Three—dimensional
electronic structure of the Type—II Weyl semimetal WTe,
[1l. Physical Review Letters, 2017, 119(2):026403.

(9] IvYY, LiX, Zhang B B, et al. Experimental observation
of anisotropic Adler-Bell-Jackiw anomaly in Type-II Weyl
semimetal WTe, ,, crystals at the quasi classical regime [J].
Physical Review Letters, 2017, 118(9) :096603.

[10] Qian X, Liu J, Fu L, et al. Quantum spin Hall effect in
two—dimensional transition metal dichalcogenides [T]. Sci-
ence, 2014, 346(6215):1344-1347.

[11]JiaZ Y, Song Y H, Li X B, et al. Direct visualization of a
two—dimensional topological insulator in the single—layer
IT’—WTe2 (1] Physical Review B, 2017, 96(4) :041108.

[12] Fei Z, Palomaki T, Wu S, et al. Edge conduction in
monolayer WTe, [1]. Nature Physics, 2017, 13:677.

[13] Wu S, Fatemi V, Gibson Q D, et al. Observation of the
quantum spin Hall effect up to 100 kelvin in a monolayer
crystal [J]. Science, 2018, 359(6371) :76-79.

[14] Peng L, Yuan Y, Li G, et al. Observation of topological
states residing at step edges of WTe, [J]. Nature Commu-
nications, 2017, 8(1):659.

[15]Shi Y M, Kahn J, Niu B, et al. Imaging quantum spin
Hall edges in monolayer WTe, [J]. Science Advances,
2019, 5(2) :eaat8799.

[16] Song Y, Jia Z, Zhang D, et al. Observation of Coulomb
gap in the quantum spin Hall candidate single-layer 1T~
WTe, [J1. Nature Communications, 2018, 9(1):4071.

[17] Sajadi E, Palomaki T, Fei Z, et al. Gate—induced super-
conductivity in a monolayer topological insulator [J]. Sci-
ence, 2018, 362(6417):922-925.

[18] Fatemi V, Wu S, Cao Y, et al. Electrically tunable low—
density superconductivity in a monolayer topological insu-
lator [J]. Science, 2018, 362(6417):926-929.

[19] Homes C C, Ali M N, Cava R J. Optical properties of the
perfectly compensated semimetal WTe, [J]. Physical Re-
view B, 2015, 92(16):161109(R).

[20] Frenzel A J, Homes C C, Gibson Q D, et al. Anisotropic
electrodynamics of type-Il Weyl semimetal candidate
WTe, [J]. Physical Review B, 2017, 95(24):245140.

[21]XuSY, Ma Q, Shen H, et al. Electrically switchable Ber-
ry curvature dipole in the monolayer topological insulator
WTe, [J]. Nature Physics, 2018, 14:900-906.

[22] Moore J E, Orenstein J. Confinemeni—induced berry
phase and helicity—dependent photocurrents [J]. Physical
Review Letters, 2010, 105:026805.

[23] Sodemann T, Fu L. Quantum nonlinear Hall effect induced
by berry vature dipole in time-reversal invariant materials
[J]. Physical Review Letters, 2015, 115(21) :216806.

[24] BasovDN, Fogler M M, Abajo I J G de. Polaritons in van der
Waals materials [J]. Science, 2016, 354(6309):aag1992.

[25] Low T, Chaves A, Caldwell J D, e al. Polaritons in lay-
ered two—dimensional materials [J]. Nature Materials,
2017, 16:182-194.

[26] Wang C, Huang S Y, Xing Q X, et al. Van der Waals
thin films of WTe, for natural hyperbolic plasmonic surfac-
es [ J]. Nature Communications, 2020, 11:1158.

[27] YANG Zhong—-Bo, WANG Hua—Bin, PENG Xiao—Yu, et
al. Recent progress in scanning probe microscope based
super—resolution near—field fingerprint microscopy [J].
Journal of Infrared and Millimeter Waves (1% 2% , £ 1k
WL E L B TR W R R A W) Sy
PHEBOCIEH AR TR LIPS ERIRFR) 2016,
35(1):87-98.

[28] Abate Y, Gamage S, Li Z, et al. Nanoscopy reveals sur-
face—metallic black phosphorus [J]. Light: Science & Ap-
plications, 2016, 5(10):e16162.

[29] Govyadinov A A, Mastel S, Golmar F, et al. Recovery of
permittivity and depth from near—field data as a step to-
ward infrared nano tomography [J]. ACS Nano, 2014, 8
(7):6911-6912.

[30] Govyadinov A A, Amenabar I, Huth F, et al. Quantitative
measurement of local infrared absorption and dielectric
function with tip—enhanced near—field microscopy (1. Jour-
nal of Physical Chemistry Letters, 2013, 4(9):1526-1531.

[31] Fei Z, Rodin A S, Andreev G O, et al, Gate—tuning of
graphene plasmons revealed by infrared nano—imaging[ J ].
Nature, 2012. 487(7405) : 82-85.

[32] Dai S, Fei Z, Ma Q. et al, Tunable phonon polaritons in
atomically thin van der Waals crystals of boron nitride[ ] ].
Science, 2014.343(6175) : 1125-1129.

[33] Babicheva V E, Gamage S, Stockman M I, et al. Near—
field edge fringes at sharp material boundaries [J]. Optics
Express, 2017, 25(20) : 23935-23944. (Li G, Luican
A, Andrei E Y. Scanning tunneling spectroscopy of gra-
phene on graphite [J]. Physical Review Letters) ,
2009, 102(17):176804.

[34] Li G, Luican A , Andrei E Y. Scanning tunneling spec-
troscopy of graphene on graphite [J]. Physical Review Let-
ters, 2009, 102(17):176804.



