) 32 2 3R Acta Phys. Sin. Vol. 72, No. 3 (2023) 037401

ETHINEZBEAKRELAZXRRENRE
TR RMFEHE R EEM

RAEFEDD 1)

7 535 0

2 4 D2

1) (PEBEER BT, AU EERS Y E R SR, Jbat 100190)
2) (M ERER R IR, s 100049)
3) (MMM BRI, RSE 523808)
(2022 4F- 10 F 29 HWeHl; 2022 4F 11 A 28 HIEIE )

BT I N SR A B 208 I ARG T 4R B T O REAR O I 1 A, DT 32 B9 A R ST A
SR SCTE. X 05 T SE I A KB 2 —, R B LRSS XA LY B R ARG A TARTE = M 2R 1K BiyTey
M Biy(Se,Tey )3 AL LM TSR ARG EAE, OF50 17 IL45 XA S AR A0 | 2 31 4 f8.47) 5k S 43
AL AR, LN B T 249 525 G R 445 1) e S50 8 I P 0 2 8 T i Ml A HG S U 240 585 R AR At B~ 2 K
(4 5 Bz % 3 B A9 SE B 45 R AR SGETHE 1k 28 5 R B 19 n] RESR IR, i i 2 55 45 DX 5 T A 5 HEL A A T 22
2 AN ARG L Y Te JTTRIL IR TiTe BREEVE S BIRHI KA.

SCHIA: R AMESIRIRLE, I TN, PR Rk B

PACS: 85.25.Cp, 74.50.+1, 73.63.-b, 73.40.—¢

1 5 =

2008 4F, Fu Fll Kanel'! WFEIE 42 Hifhas
ZIARRMATE s W RABIEBNHEF T, GEE
T2 p W R, NI AR R BT DR S
TS AR N F RS, X — Mk —&4tt, 51T
BHF TAEZ B 12 2488, SR N T REREZ 4 F M
1, RSP TP, AT AR = B A iR A
Ff], A R SE R AL TR R . T
A AR R T AR RN BT T A AT AT IR b
HFERE, SHRIFRAE S AR F R AR, W]
LR R —2 SE i T LR SO R SR E AT
SEYR LA, HAT E R R L.

AT A e R A 2 SRR AR AR, T A
PR T ) P A — 23 FH v o o R F b S A

t BIEYE#E . E-mail: lilu@aphy.iphy.ac.cn
©2023 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.72.20222072

B, TR T A SR b AR B . 7R
MRS, BUA MG R AR — K n) i
RSN R G R, SRR E SR,
TR () Tk R Z T A RL, X LA HEA T A
i, ST AR TR (57 B AR e R A A A o 20,
B A K IFN G ARG AR 7 2 o Tl
HPEAE AL O S-SR TR AE Rk B
Dk o & Bt B Kl T ARG
A5 IR N LA NDRE, 76 I ER T AR i 25
AREG A, HLES X B R Rk 0.85112151 fEr
P55 0 N 5 A SR T ) 42 o T, R 3 1Y
FL BB TT LA 00k G R B A 2% 1) LTI L. 91
n, an SRR Pd AR A T RS & Te N
SR Z AR ZE )2, FEFHAL 2 ER PdTe 1 PdTe,
A A, IS T RGN 4= 1417,
RTAERIH T I T = LR FNG ARG K LR 9 24

http://wulixb.iphy.ac.cn

037401-1


http://doi.org/10.7498/aps.72.20222072
mailto:lilu@aphy.iphy.ac.cn
mailto:lilu@aphy.iphy.ac.cn
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 3 (2023) 037401

BRARGE AR, WL F) TR A KR R SE A
1) Il 5 8 Ik B A I 37 1 15 5T S RS OK; 2) TR
LMV BRI BB K G . T
WS 5 0 FEALIE, X A A T
W% (transmission electron microscope, TEM)
WL | RETERAE 3 AT LA S g ) i 5. S Ue 25 R 3R
B, g0 A AL e T A 0 T R 92 v JE R R
Ti FIAPKRE RGN TiTe &42)2. Wl iHigx —
BRIEYE G 2 2 5 ISR ) RO BRI C R, A
BRRENER S I AR T 2938 AR 45 22 58 W ) 18] S 15
XFFRYE, GBI A C R (current-phase relation,
CPR) A T4, AT REE T I S8 i bt )
HESER TR H AT s IFHL, BT ERRETER I,
Z5iXIE L T -2k 4 JB - R (superconductor-
ferromagnetic metal-superconductor, SFS) % Fll
- 1IEH 28-S (superconductor-normal metal-
superconductor, SNS) Z5 (IR & R4t , (1447 7E
n IR CPR, SECEREHE ke i, H
I, A T A A0 5 RIS G 1Y
HOEFDHE. A SCTARRA BT R — 2Dk a7
T AT ) Bt i AR F M ARG K 26 1 /= T 4
FhE AR

2 £
2.1 MREK

S =R XA SR TR A U, DL
[ A R AL P I, FEAN R R R B T
ARG B = AR N ARG LA B} g0 78
H, B 5B B, Se, Te SRR BRI AR JRRHICE T8 5
PVER — Il DX I P e DI, PR A U Y 2 TR
WA 4 ORI 10 B 5 mm x5 mm fE e A, $2)0
FRHEf R TR L SR X Z A I P X
I HOK, BB R, P E AL 401 YR
SMEA, g b NS FE R SR TE 100 mbar
(1 bar = 10° Pa); RJ5, ETHERFET, (£ 3 MR
X IR 351k 580 °C, 580 °C, 380 °C, 3k
R EULAR AR 40 min J5, B X BEERZ E R,
B AR IR s e, AR AR RLE T
T W/ER (scanning electron microscope, SEM)
B 5 W22 FIRE 1% 43 BT (energy dispersive spectro-
scopy, EDS) 45, Z5 R KB, K 9Bk = 4t
Bi,Teg 49K4k | Biy(Se,Te, )5 DKLEE, YKL

KL T 510 pm YEFIN, 7EEEALT 20300 nm

2.2 EREHME

e, PRI A IS M) AR N ARG R R
HALR BRI 300 nm & SiO, J2HREE A I
Hk, LL 4000 rad/min () 4 FAE 5 A B E R
950 PMMA A4 Ji&, I &8 HAE 120 € F
Ik 2 min (L EAL; 285, A ARG 7
PAERE S ESCEIUAN TIRIE %3, &85 . E
EXBIG, SATE Ar/Oy F Ar FREE 4B TR %)
Tl 40 s, DA BRI XA ARAL; BJa, P& A
25 1) PLASSYS 9 BRI & 7E 5 i b 2888 Ti/Al
JEE (3/80 nm) J&, HUHAE i, K 3 6 PR T A v
SRR ICHRAE. B, SRR T 2T = i
GARGOR L L) B R ARG BRI, 28T
ZEIX A #E7E 50—200 nm T8 FIA.

2.3 HmHEN=E

W5 T £ L B 20 R ARG PR T A R
20 mK B+ XA BRI HLR S R4 T .
ARG L EARIE A RS ] (Keithley)
TRF PR B8 S BE R R R G W AE i R 40
G i UMW ARG =R, AU RC IEDL .
m BRI . AR SE; SR Keithley 2400 JHRNT
R A T L 3 RS2 B4 M N S 0 R R 4
FH L5640 SiAHBOR 2% R 5 L5 R AR a0 oy
FLRELA5 5, 006 240555 AR 4 A P I A D B R 4 1)
Ak T E AR SG384 SRR 5 A Az A8 o Tl B
TR A R R ARG A BT e I e S o,

TRV R ARG I S L) 55T ARAL.

3 ZFRMitw

3.1 IGRERREBKRITAMFLBYERE
EMEE

A, XAER AN T R R, D T4
DX R I it e 3 R AR DG & 1R 1(a) FITE 1(b)
H il SEM 1] 5333 % 7 . T = 4k 41 Fh 4 1 14 By
(Se,Tey_,)s WKL BiyTey QUKL LR R ARES
Fr S P S Xk RS A T O A, 0L )
s S8 i B S R I S B R R, Al 1(a)
FIEE 1(b) T ABAEE TR . T RS g g i

037401-2


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

Y B ¥ R Acta Phys. Sin.

Vol. 72, No. 3 (2023) 037401

800
1.5
700
600

500

Ib/llA

400

300

200

—-1.5 100

—2.04 | . . . 0
~02  —o01 0 0.1 0.2

B/T

dv/dI,/Q

dvy/dr,/Q
4500
4000
3500
3000

2500

Ib/A

2000

1500

1000

500

0

—200  —100 0 100 200
B/G

1 (a), (b) 2M328 5T Biy(Se,Tey )3 HAKLAM BiyTey PKL LB RAREEHATHY SEM 18], LI A% 11 %) B A f34 23 FiL BEL B i 25 P
VAN A RS2, b I B LR, G ARSI AR, VORES IXHLUE, B BN B RE

Fig. 1. (a) and (b) Scanning electron microscope images of two Josephson junction devices based on Biy(Se,Te; ,)3 nanowire and

BiyTe; nanowire, respectively, together with their differential resistance as a function of bias current and magnetic field. 1, 4., V

and B represent dc bias current, low-frequency ac current, voltage drop across the junction, and applied magnetic field, respectively.
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Fig. 2. Integer and half-integer Shapiro steps under microwave irradiation for the device shown in Fig. 1(b): (a), (b) The differen-
tial resistance as a function of microwave power and bias current under the perpendicular magnetic field of 0 G and 100 G, respect-
ively, showing Shapiro steps. Integer steps appear in the dark blue regions indicated by the white numbers. And, half-integer steps
appear in the positions indicated by the red arrows. (c), (d) Details of (a) and (b), showing that the half-integer steps can be more
clearly seen in a perpendicular magnetic field of 100 G than in zero field. (e) Line-cuts in panel (a) at several different microwave

powers and converted to bias voltage. Integer and half-integer Shapiro steps are marked with blue and red arrows, respectively.
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Fig. 3. Multiple Andreev reflection: (a) The I,-V curve of the Josephson junction device shown in Fig. 1(b), the excess current I, is
50 nA; (b) the conductance peaks caused by multiple Andreev reflections; (c¢) the peak positions follow the expectation of the the-
ory; (d) the eloRn/A’-Z curve derived from OTBK theory!!l.
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Fig. 4. (a) Transmission electron microscope image on the cross-section of the Josephson junction device composed of a three-dimen-

sional topological insulator nanowire Bi,Te; and superconducting electrodes with buffer layer Ti at the interface. Also shown are the

elemental mappings at the interface by energy dispersive spectroscopy. The two dashed yellow lines indicate where TiTe alloy is

formed at the interface; (b) the M-H curves measured at the temperature of 2 K on a BiyTey flake before and after Ti film depos-

ition, the inset shows the enlarged details in the red box.
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Abstract

Topological insulator-based Josephson junction, as a candidate device for searching for Majorana zero
energy modes, has attracted much attention. One of the key issues along this direction is to fabricate Josephson
junctions with high-quality interfaces, hoping to searching for 4m-period current-phase relation in topologically
non-trivial Josephson junction. In this work, the Josephson junctions based on three-dimensional topological
insulator nanowires BiyTe; and Biy(Se,Te;_,); are fabricated to study their superconducting proximity effects,
multiple Andreev reflections, and current-phase relations. A number of interesting phenomena are observed,
including the anomalous enhancement in junctions’ critical supercurrent with magnetic field, and the
appearance of half-integer Shapiro steps in the ac Josephson effect. And, we discuss the possible origins of the
observed anomalous behaviors in general, and their relation with the ferromagnetic layer of TiTe alloy formed
at the interface between the topological insulator nanowires and the Ti buffer layer of the metallic electrodes, in
particular. We provide the experimental evidence for the formation of a ferromagnetic TiTe alloy layer at the
interface of our device. And, we believe that the formation of such a layer in our Josephson device breaks the
time reversal symmetry, leading to the observed anomalous enhancement of the critical supercurrent with
magnetic field, as well as the appearance of half-integer Shapiro steps. Our results suggest that to study the
topologically non-trivial behaviors such as 4m-period current-phase relation, one still needs to improve the

interface quality of the superconductor-normal metal-superconductor type of Josephson junction devices.

Keywords: topological insulator nanowire, anomalous behaviors in critical supercurrent, half-integer Shapiro

steps
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