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Fig. 1. Surface structure of the Pb-Bi alloy film: (a) STM topography image of the alloy surface at 0.4 K (sample bias V; = -90 mV

Side view

2 nm~!

and tunneling current I, = 20 pA, 500 nm X 500 nm); (b) zero-bias conductance (ZBC) image acquired at 0.4 K within the same
area in Fig. (a); (c¢) and (d) step height distributions of a and 3 phases counted in around 100 images; (e) and (f) atomically-re-
solved STM image (V; = 10 mV and [; = 1 nA, 5 nm x 5 nm) and corresponding FFT pattern of the a phase; (g) and (h) atomic-
ally-resolved STM image (V, = —10 mV and I, = 1 nA, 5 nm x 5 nm) and corresponding FFT pattern of the 3 phase; (i) height
profile taken along the cyan line in Fig. (g), where the higher and lower atoms can be assigned as Pb and Bi atoms, respectively;
(j) schematics of the top and side views of the PbBij alloy structure.
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Fig. 2. Superconducting properties of PbBij alloy thin films: (a), (b) Representative dI/dV spectra acquired from the Bi(110) re-
gion (black line) and the PbBij region (red line), measured with a W tip at 0.4 K in different energy ranges ((a) V; = -1V, I, =
2nA, Vyoa =2mV; (b) Vy=-10mV, I, = 1 nA, V,,q = 100 pV). (¢) Temperature-dependent dI/dV spectra of the PbBiz phase,
overlaid with the fitting curves (in black, 43 mV) on the basis of BCS theory. The spectra are shifted vertically for clarity (V; =
-10 mV, I, = 1 nA, V4 = 100 uV). (d) Temperature dependence of the superconducting energy gap extracted from Fig. (c¢) (black
circles) and fitting with temperature-dependent superconducting gap A(T) (red line) using BCS theory.
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Fig. 3. Magnetic flux vortex state of PbBi; alloy thin films :
(a)—(c) normalized ZBC image measured at 0.4 K under dif-
ferent magnetic fields (0.1, 0.2 and 0.5 T)(V, =-10 mV, [, =
1 nA, Vyeq = 100 pV, 500 nm x 500 nm). (d) A series of
differential conductance spectra obtained at vortex core and
10, 20, 30 and 60 nm off vortex core under 0.1 T magnetic
field, as marked by colored dots in Fig. (a) (Vy = —10 mV,
I = 1 nA, Vyq = 100 pV). (e) Two-dimensional (2D) con-
ductance map plotted with 30 dI/dV curves taken along the
white line through the vortex in Fig. (a). (f) ZBC profile
(black dots) across the vortex core under 0.1 T. The red
curve is a theoretical fitting which gives a value of the su-
perconducting coherence length € = (24.15 &+ 0.20) nm.
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Fig. 4. Proximity effect at normal metal-superconductor (N-S) heterojunctions: (a) Large-area STM image of the alloy surface,
showing an in-plane N-S heterojunction (Vy = 50 mV, I, = 1 nA, 40 nm X 40 nm). (b) High-resolution STM image of the white
square region in Fig. (a) (Vy = -10 mV, I, = 1 nA, 20 nm x 20 nm). (c) 2D conductance map plotted with 60 normalized dI/dV
spectra acquired across the in-plane N-S heterojunction along the arrowed black line in Fig. (b) (Vy = -10 mV, [, = 1 nA, V00 =
100 pV). (d) Plot of the normalized ZBC extracted from Fig. (c). The red curve is exponential fitting of the data with function as
—0.25¢~%/1-84 1 0,91, where z is the distance away from the lower step edge. (e) Large-area STM image showing another N-S het-
erojunction with different heights for the Bi(110) and PbBij sides (V; = -90 mV, I, = 1 nA, 80 nm x 80 nm). (f) Height profile (red
curve) and the normalized ZBC (blue circles) along the arrowed red line in Fig. (e), acquired at a magnetic field strength B =
0.5 T. The blue curve is exponential fitting of the data with function as —0.32e=%/3-50 1.0.90. In Figs. (c), (d) and (f), the con-
ductance at the setpoint bias (V; = 10 mV) in the dI/dV curves is normalized to 1. The dashed lines indicate the interfaces of the
N-S heterojunctions in Figs. (c), (d) and (f). (g) B-dependent lateral superconducting penetration length in the step-type N-S het-

erojunction shown in Fig. (e).

FIEES L4 h A2 AR Ak, A kAR, Ul
WSR2 AR/, B s B A, 45 B S5 T S E
AR . FHHE B SO0 S8 B0 R A 7 A L)
13BN LRI RN ZF B EE R 1.84 nm, BEAERA Y
Nz 4210 Usadel 220 THIE B & 4(e) &
T H—FEHIRE N-S S g, Hom B 8 B4k
(1] 4(f) 212k ) % W] PbBi; JEE 4 Bi(110) H 4
1.14 nm. #7E El 4(e) i s k4L A HL B FIX
(PbBiy) [ F 1F % 428 X (Bi(110)) R4 A2 fhi J
HLS, QL 4(F) Hhig R B PR, 785 A 23

B AN RS 5, 5 Z AT HGE A (3 B Y N-S S
JRESHIAT 28l 2O AR e IE 1 R N-S S5 Joi 4
(Bl 4(a)), BB ALEY N-S 554k (18 4(e)) 7ES
FAEBOR Y22, AR T REBRHEAS HAT 5 BENE Y
FHEA . LA BRI N-S 54 o, ek
Tt — LI T AR T 4R 2800 2 B TR Y
AL, XA B A5 B e B S A A T
B, 1R B IR R P 4(g) B, il
B RGO, F i s FL S 3 RATBe D, 4 A%
(R 2 F DR BE /)N, RIVSMEE 35 2 A il R I 00, Xt

127401-6


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

127401

KA RESRT E FS A TP AR 30, AR 4(d)
FE 4(g) R SL I ARLAN &5 B A N-S 5 BZh i
HBREEWE (KW T), KIAT# (1.84 nm) %
F/E# (4.39 nm) /IMB2, TR H R iR 25 55
P BIZ R B R S A B TR ) ST i AR 20

TE—EEAL T, WEERIAE PbBi; 1Y SHERR N
H 2R i B, 52 1% (zero-bias conductance peak,
ZBCP) {55 . A T FRAULIN 2 A% 2 i HL R 08 1)
U, HE— 2K — IR AEAN ) S A T . 40
Kl 5(a) s, 4.2 K & B T 78 PbBig 2 ifi U 15 19
dI/d Vil (Z068) 76 0 mV A BRI — 7 A
S, {HE: ZBCP 7E 0.4 K R0 dI/d Vi ()
R, X ZATAE N AR & /) ZBCP X
T BE AR G R I A —FL BT J34h, A A SEIR 4%
R (4.2 K), 7E2E25 N-S 4511 Bi(110) FR il & 1)
dI/d Vg BT S RER. PRk, A S 56 0

MY ZBCP ATREZ T W AHRZ B T5 Y &
HoE S O TR, AREC TR FREE T PbBi;
A AI/d Vi, Wi 5(b) B, A LIEH, 16 2.45
1 3.03 K i, 5 A 5] ZBCP; b5 16 1 7+,
ZBCP &, 76 5.30 K 0o B i ; R i
2 ThEr, S RE B R B DL R Y R
 ZBCP w55 . 45 ZBCP R E X —A bt
AT LA ZBCP J2H TEHRE T, TEFHRFIAE
i Z [A) T8 B RT R B 5 -2 2% -5 (supercon-
ductor-insulator-superconductor, S-1-S) % i 45§

B X PR A T i b RE B AH A 19 S-1-S BE 18 4
TEAT FRIRFE T PESAXS S2 0T OERL ¥, kL 7ERE
Bt B —sE AT, IR 2RI R 2 O s o P, S 19401,
[ 5(b) H g MR 2SR X dI/d Vg S-1-S BEiE 4
BCS S IA A2 R ik B Ay S e AT SR A
PbBi; f T REBAH S, B Ay = Asampe , UG T

2.5
PbBiy (a) (b) L (d) :
y aol 42K 6.0 & o Nb tip
£ <Yl —04K g
= g
g Bi(110) =
3 151—4.2 2
g 2
~ 140 >
3 :
S o05f 2 ~
< . A
g
= L L L L L
oL . n . 5 -75-50-25 0 25 50 7.5
—10 7_5 0 5 10 2 Bias voltage/mV
Bias voltage/mV Ny
o
L = L . —10 MQ
1.4] () 3 n 3 (e) Nb tip | —5 M0
g —1 MQ
5 6T —100 kQ
> 5 —50 kQ
GE) ; 4t —20 kQ
3 S —10 kQ
0'4 [ o Data g 27
02l — BCS theory el ok
0 —-75-50-25 0 25 50 7.5

—-5.0 —25 0 2.5 5.0
Bias voltage/mV

o 1 2 3 4 5 6 7

Temperature/K Bias voltage/mV

Bl 5 HSEHRGEMERMER SES  (a) ££ PbBiy £ (4.2 K(ZL{0) #1 0.4 KB ) 1 Bi(110) 0 (4.2 K, % @) REM
dI/Ad Vil K4 Vo= 10 mV, I, = 1 nA, Vg = 100 pV. (b) ANFEIEE T PbBiy £ dI/d Vi, S 7ESL L AR
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10 nA (1 M), 100 nA (100 k), 200 nA (50 k), 500 nA (20 k), 1 pA (10 k), 2 pA (5 kQ))

Fig. 5. Properties and origin of ZBCP: (a) dI/dV spectra taken on PbBiz (black at 0.4 K; red at 4.2 K) and Bi(110) (blue at 4.2 K)
region. (b) Temperature-dependent dI/dV spectra of the PbBiy region, overlaid with the fitting curves (in black) on the basis of
BCS theory, and the spectra are shifted vertically for clarity. (¢) Temperature dependence of the superconducting energy gap A(T')
extracted from Fig. (b) (black dots) and fitting with temperature-dependent superconducting gap (red line) using BCS theory, as-
suming a superconducting tip with gap Agp, = Agample- The extracted superconducting gap of 1.27 meV and T, = 6.25 K are simil-
ar to the result obtained in Fig. 2(d). (d) Two spectra taken on the PbBi; surface at 4.2 and 0.4 K with a superconducting Nb tip
(Ve = -10mV, I, = 1 nA, V,,q = 100 pV). (e¢) The evolution of spectra with the decrease of tunneling junction’s impedance at
0.4 K with a superconducting Nb tip (Vy = 10 mV, V,,q = 100 pV, I, = 1 nA (10 MQ), 2 nA (5 MQ), 10 nA (1 MQ), 100 nA
(100 k€2), 200 nA (50 k), 500 nA (20 kQ), 1 pA (10 k), 2 pA (5 kQ)).
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Abstract

Bismuth (Bi), as a stable heaviest element in the periodic table of elements, has strong spin-orbit coupling,

which has attracted a lot of attention as the parent material of various known topological insulators. Previous

calculations predicted that Bi(111) with a thickness less than eight bilayers and the ultrathin black-phosphorus-

like Bi(110) films are single-element two-dimensional (2D) topological insulators. However, it is generally

believed that these crystalline bismuth phases are not superconducting or their transition temperature should be

lower than 0.5 mK. Lead (Pb) is a good superconducting elementary material, and there is a relatively small
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difference in radius between the Bi atom and Pb atom. According to the Hume-Rothery rule, it is expected that
Pb/Bi alloys in an arbitrary ratio should be superconducting. One may thus expect to form crystalline Bi based
superconductors by Pb substitution, which might host intriguing topological superconductivity. While our
previous work has demonstrated a low-temperature stable Pb; ,Bi, (2~0.1) alloy phase in which Pb in the
Pb(111) structure is partially replaced by Bi, the Bi crystalline structure-based phases of the superconducting
alloys still lack in-depth research. Here, we report a new low-temperature phase of Pb-Bi alloy thin film, namely
PbBi;, on the Si(111)-(7 x 7) substrate, by co-depositing Pb and Bi at a low temperature of about 100 K
followed by an annealing treatment of 200 K for 2 h. Using low-temperature scanning tunneling microscopy and
spectroscopy (STM/STS), we characterize in situ the surface structure and superconducting properties of the
Pb-Bi alloy film with a nominal thickness of about 4.8 nm. Two spatially separated phases with quasi-
tetragonal structure are observed in the surface of the Pb-Bi alloy film, which can be identified as the pure
Bi(110) phase and the PbBi; phase, respectively, based on their distinct atomic structures, step heights and
STS spectra. The PbBiz film has a base structure similar to Bi(110), where about 25% of the Bi atoms are
replaced by Pb, and the surface shows a /2 x v/2R45° reconstructed structure. The superconducting behavior
of the PDbBi; phase is characterized using variable-temperature STS spectra. We obtain that the
superconducting transition temperature of PbBi; is about 6.13 K, and the 2A(0)/ksT. ratio is about 4.62 using
the fitting parameter of A(0) =1.22meV at 0 K. By measuring the magnetic field dependent superconducting
coherence length, the critical field is estimated at larger than 0.92 T. We further investigate the
superconducting proximity effect in the normal metal-superconductor (N-S) heterojunction consisting of the
non-superconducting Bi(110) domain and the superconducting PbBi; domain. The N-S heterojunctions with
both in-plane configuration and step-like configuration are measured, which suggest that the atomic connection
and the area of the quasi-2D Josephson junctions and the external magnetic field can affect the lateral
superconducting penetration length. We also observe the zero-bias conductance peaks (ZBCPs) in the
superconducting gap of the PbBij surface in some cases at zero magnetic field. By measuring dI/dV spectra at
various temperatures and by adopting a superconducting Nb tip, we identify that the ZBCP originates from the
superconductor-insulator-superconductor (S-I-S) junction formed between a superconducting tip and the sample.
Nevertheless, the Bi(110)-based PbBi; phase may provide a possible platform to explore the intriguing
topological superconducting behaviors at the vortexes under magnetic fields, or in the vicinity of the potentially
topological superconducting Bi(110) islands by considering the proximity effect.

Keywords: bismuth-lead alloy, superconducting coherence length, proximity effect, zero-bias conductance
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