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B 1 Pb Bi, 5&MBNAEKESEMEIE  (a) 7 Bi(111)/SI(111)-(7 x 7) fof JIE AR iR 3 DT BUES Bk IR T 45 31 (00 B 5 25 40 75 22 1B
(b) FEM R RN E K STM EIMR; (), (d) A F1 B XIR G B o B A0 GE i A A5 R (SEiH A TR] XU B R 24 110 1%); (e), (F) A IX

LAY STM J5 - 5 B H e BL A8 3 (fast Fourier transform, FFT) FiE; (g), (h) B X STM &7 B4 L H FFT EiE. &
oA (b) RERRE V, = -1V, BB R L = 20 pA, FIH#R 25 500 nm x 500 nm; (e) V, = —20 mV, I, = 2 nA; (g) V, =
5mV, I, = 1 nA, H#RTH 4 nm x 4 nm

Fig. 1. Growth of the Pb, ,Bi, alloy film and characterization of surface structures: (a) Schematics of the Pb-Bi alloy film grown on
Bi(111)/Si(111)-(7 x 7) substrate; (b) STM topography image of the alloy surface (500 nm x 500 nm, sample bias V, = -1 V and
tunneling current I, = 20 pA); (c) and (d) step height distribution of A and B phases counted in around 110 images; (e) and (f)
atomically-resolved STM image and corresponding fast Fourier transform (FFT) pattern of the A phase (Vy = —20 mV and [, =
2 nA, 4 nm x 4 nm); (g) and (h) atomically-resolved STM image and corresponding FFT pattern of the B phase (V, = 5 mV and

Iy =1nA,4 nm x 4 nm).
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Kl 2 Pb, Bi, &4 HENESYERIE  (a), (b) STM #Fb K FHAR R X0 JC % 3% B 09 2 0 He WL 4%, STM 48 5% 44 V, =
90 mV, I, = 20 pA, HI R 14 280 nm x 280 nm. (c), (d) 4.2 A1 0.4 K T Bi(111)(2 k) Al Pb, Bi,(£148) 2 i X 38R £ 1R
] B H 0 B O B R0 AT/ d VA, SR 4 () Vo= —1 V, I, = 2 nA, WHIRIE Vg = 2mV; (d) Vo= ~10 mV, [, = 1 nA, Vg =
100 pV. () ANFEE T dI/dV i, BIAE LI LAY RLE (£ 3mV) 2 & T BCSHIR MR A BL A . Rk &1k V, =
~10 mV, I, = 1 nA, Vyoq = 100 pV; (f) #85 HE R /NI RE A A8 56 2R S U4 45 21

Fig. 2. Electronic properties of the Bi(111) and Pb, ,Bi, phases: (a) STM image (280 nm x 280 nm) of the Pb-Bi alloy surface; (b) zero-
bias conductance (ZBC) image acquired within the same area in Fig. (a); (c), (d) representative dI/dV spectra of the Bi(111) re-
gion (black line) and Pb, ,Bi, region (red line) measured with a W tip at 4.2 and 0.4 K in different energy ranges, respectively;
(e) temperature-dependent dI/d V spectra, overlaid with the fitting segments (in black) on the basis of BCS theory, and the spectra

are shifted vertically for clarity; (f) temperature dependence of the superconducting energy gap extracted from Fig. (e) (black circle)

and fitting with temperature-dependent superconducting gap A(T) (red line) using BCS theory.
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450 nm x 450 nm. (b) #F & (a) A @7 #i Sk B4k (Line 1) 13 B 19 N-S 5 00 45 38 107 =1 B 50 BR 4k, 7m0 45 WO 0 o5 2 22 2908
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Fig. 3. Proximity effect at normal metal-superconductor (N-S) heterojunctions: (a) Large-area STM image of the alloy surface (V, =
-98 mV, I, = 20 pA, 450 nm x 450 nm). (b) Height profile along the white-arrowed Line 1 as marked in Fig. (a). (c) Two-dimen-
sional (2D) conductance map plotted with normalized dI/dV spectra acquired across the N-S heterojunction along Line 1 with a
spacing of 0.75 nm (V; = 10 mV, [, = 1 nA, V,,,q = 100 pV). (d) Large-area STM image of the alloy surface (V, = -1V, [,
20 pA, 150 nm x 150 nm). (e) Height profile along the white-arrowed Line 2 in Fig. (d). (f) 2D conductance map plotted with nor-

malized dI/d V spectra acquired across the N-S heterojunction along Line 2 with a spacing of 1 nm (V; = -10 mV, I, = 1 nA, V.4 =
100 pV). In Fig. (c) and Fig. (f), the conductance at the setpoint bias (V, = —10 mV) in the dI/dV curves is normalized to 1.
(g) Plots of the normalized zero-bias conductance (ZBC) along Line 1 (black rectangles) and Line 2 (red circles). The red and black
curves are exponential fittings of the data with functions as —0.58 ¢ ¥/523 + 0.72 and —0.22 e ¥/?>3 4 (.72, respectively. y is the dis-

tance away from the lower step edge.
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Fig. 4. Proximity effect at the superconductor-normal metal-
superconductor (S-N-S) heterojunction: (a) Height profile of
the S-N-S heterojunction along the white line shown in the
inset STM image, which is the same as Fig. 3(d) (V; =
-1V, I, = 20 pA, 150 nm x 150 nm); (b) normalized dI/dV
curves acquired across the S-N-S heterojunction along the
white line in Fig. (a) with a spacing of 1 nm (V, = -10 mV,
I, = 1 nA, Vg = 100 uV); (¢) 2D conductance map plot-
ted with the normalized dI/dV spectra in Fig. (b); (d) plot
of the site-dependent ZBC in Fig. (c) along the S-N-S heter-

ojunction.
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Abstract

Lead-bismuth (Pb-Bi) alloys, as a superconducting material, have been widely studied at their
superconducting transition temperatures and the critical magnetic fields for different composition ratios. Most of
experimental studies focused on the stable € phase formed at high temperatures, but less on the Pb-Bi alloys
grown at low temperatures. So far, the structural and superconducting properties of the low-temperature Pb-Bi
phases are far from good understanding. Here, we report our investigation of structural and superconducting
properties of a low-temperature phase of Pb-Bi alloy. The Pb-Bi alloy films with a nominal thickness of about
6 nm are prepared by co-depositing Bi and Pb on Bi(111)/Si(111)-(7 x 7) substrates at a low temperature of
100 K followed by annealing at a treatment of 200 K for 2 h. The structural and superconducting properties of
the Pb-Bi alloy films are characterized in situ by using low-temperature scanning tunneling microscopy /spectroscopy
(STM/STS). It is observed that the spatially separated phases of nearly pure Bi(111) domains and Pb,_,Bi,
alloy domains are formed in the films, where these phases can be identified by their distinct differences in the
atomic structure and the distributions of step heights in the atomically resolved STM images, as well as by their
distinguished STS spectra. The Pb, ,Bi, alloy phase presents the structure of Pb(111), in which about z =~ 0.1
Bi is substituted for Pb. The STS spectra show that the Pb;_,Bi, alloy phase is superconducting, with a
transition temperature 7, = 7.77 K derived from the variable-temperature measurements. This transition
temperature is higher than that in pure Pb film (6.0-6.5 K), which can be well explained by the Mattias rules,
with considering the fact that the average number of valance electrons increases after Bi atoms with five
valance-electrons have been substituted for Pb atoms with four valance-electrons. The analysis shows that the
ratio 2A(0)/ksTc is about 4.94 with the superconducting gap A(0) =1.66 meV at 0 K, indicating that the
Pb,_,Bi, alloy is a strongly-coupled superconductor. The non-superconducting Bi(111) and the superconducting
Pb, ,Bi, alloy domains form an in-plane superconductor-normal metal-superconductor (S-N-S) Josephson junction.
The proximity effect in the Bi(111) domains is measured at different N-S junctions, which suggests that the
lateral superconducting penetration length in Bi(111) might be affected by the area of the quasi-two-
dimensional interface. The superconducting gap in the Bi(111) region with a narrow width of 23 nm in an S-N-S
Josephson junction is found to be greatly enhanced due to the existence of multiple Andreev reflections. Since
Bi can host potential topological properties, the lateral Bi(111)-Pb;_,Bi, heterostructures, because of the existing
proximity effect, could have potential applications in exploring the novel topological and superconducting

phenomena.

Keywords: bismuth-lead alloy, superconducting transition temperature, proximity effect, scanning tunneling

microscopy
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