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Tuning superconductivity in highly crystalline Pb,_,Bi, alloy ultrathin films at atomic level
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Achieving highly crystalline superconductors with reduced dimensionality and fine-tuning their supercon-
ductivity have been daunting challenges in condensed matter physics. Here, we have successfully grown
two-monolayer highly crystalline Pb,_,Bi,(111) films with controllable Bi concentrations x by molecular
beam epitaxy and systematically studied their structural and superconducting properties by scanning tunneling
microscopy. We first show that the superconducting transition temperatures of Pb;_,Bi, films exhibit a domelike
behavior with increasing Bi concentration x. Our first-principles calculations reveal that Bi doping can promote
the electronic states and the electron-phonon coupling strength at lower x and suppress the electron-phonon
coupling strength and superconductivity with largely Bi electronic states when Bi doping increases over a critical
ratio. Our findings not only demonstrate a quantum phenomenon of superconductivity in highly crystalline
alloyed films but also provide a practical pathway to tune the superconductivity at the atomic level.
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I. INTRODUCTION

With the advancement of materials growth technology,
highly crystalline superconductors in reduced dimensionality
have been widely explored due to their intriguing struc-
tural and superconducting properties. In particular, tuning the
superconducting properties of highly crystalline superconduc-
tors at two-dimensional limit has been the key issue in the
deep understanding of the underlying mechanism of the su-
perconductivity and has become one of the central focuses in
condensed matter physics [1]. For example, the superconduc-
tivity of half-unit cell YBa;Cu30O¢,., can be enhanced by hole
(oxygen) doping [2], or abnormal superconductor to charge
density wave phase in ultrathin MoC, crystal by Cr doping
[3]. Pb is a conventional superconductor that has been widely
explored for its various superconducting properties. Not only
does the superconducting transition temperature (7;) of Pb
films oscillate with film thickness due to the quantum size
effect [4,5], but Pb can also be combined with many other
elements to form alloys with unique physical properties, such
as the high thermal thermoelectric efficiency of PbTe [6],
giant Rashba effect in PbTI films [7], and high efficiency car-
rier multiplication in PbSe nanocrystals [8]. In particular, by
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adding Bi dopant, the structural stability can be tuned, and the
superconductivity of Pb films can be enhanced [9,10]. These
results indicate that the superconductive pairing in bulk PbBi
alloys can be altered in the quantum regime. Moreover, it has
been reported that the superconductivity of Pb films persists
in the two-dimensional limit [11], and the superconductivity
of two-monolayer (ML) Pb films here is only one single two-
dimensional subband channel, which enables us to understand
the coherence and robustness of the superconducting state
in quantum-mechanically confined geometries [12]. In such
quantum regime, the stability and solubility of alloy ultrathin
films are strongly dependent on both the substrate and the
quantum size effect, which will obviously deviate from the
alloy phase diagram of their bulk [13]. For example, Pb;_,Ga,
alloy films can be stabilized on a Si(111)-(7 x 7) substrate by
quantum confinement even though Pb and Ga are immiscible
in bulk form [14]. Recent theoretical work has proposed a
hexagonal one-ML symmetry Pb3;Bi/Ge(111) alloy system,
in which not only the superconductivity was substantially
enhanced by the Bi addition but also chiral topological su-
perconductivity arises due to the type II Van Hove singularity
and geometric phase [15,16]. These excellent works inspire
us to explore the superconductivity of highly crystalline PbBi
alloys at the two-dimensional limit by various Bi dopants and
understand their underlying mechanism.

In this paper, we have successfully grown two-ML
(111)-oriented highly crystalline Pb;_,Bi, films on

©2023 American Physical Society
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FIG. 1. STM images of two-ML Pb;_,Bi, films with different Bi concentration. (a)-(d) Topography of two-ML Pb,_,Bi, films with Bi
concentrations of x = 0%, 7%, 25%, and 50% (100 nm x 100 nm, V = 1.5 V, I = 10 pA). The insets show the atomic structures for each film
(20 nm x 20 nm, V = 0.5 V, I = 10 pA). (e) The line profiles of each Pb,_,Bi, film are indicated in (a)—(d). (f) The FFT image of the atomic
structure of Pby sBij s; the sixfold symmetric spots labeled with blue dashed circles correspond to the wave vector of the lattice.

Si(111) substrates with different Bi concentrations x by
molecular beam epitaxy (MBE) and used scanning tunneling
microscopy/spectroscopy (STM/S) to systematically study
their structural and superconducting properties in situ. We
show that the surface topography of Pb;_,Bi, films evolves
with Bi doping, while the atomic structures remain the same,
and the T;. of Pb,_,Bi, films increases with x at first and then
decreases with x (0 < x < 50%). First-principles calculations
reveal that Bi doping can significantly promote the electronic
states and the electron-phonon coupling (EPC) strength in
Pb;_,Bi, films at lower x, while as Bi doping increases, the
Bi electronic states become dominant at the Fermi level (Ef)
and in turn suppress the EPC strength and superconductivity.

II. METHODS

All experiments were carried out in an UHV low-
temperature STM system (Unisoku, USM-1500S with RHK
R9 controller) with a base pressure of ~1.2 x 1019 Torr,
which was equipped with a MBE chamber for the in situ
growth of thin films. An n-type Si(111) wafer with a resis-
tivity of 0.001 cm 2 and a miscut angle of 0.1° was used
as the substrate. Clean Si(111)-(7x7) substrates were pre-
pared by a standard flash process, heated to 1150 °C with
direct current and slowly cooled to room temperature sev-
eral times as illustrated before [17]. Then, approximately 1.4
ML Pb (Alfa Aesar, 99.999%) was deposited on the Si(111)-
(7x7) surface at 460 °C and annealed at 300 °C for 2 min to

create Pb stripped-incommensurate (SIC) [18-20]. The two-
ML Pb,_,Bi, films were fabricated by codepositing Pb (Alfa
Aesar, 99.999%) and Bi (Alfa Aesar, 99.99%) sources to the
Pb SIC surface while the substrate was held at 90 K. The Pb
and Bi growth rates were calibrated by depositing on a Si(111)
substrate separately. By changing the source temperatures and
codeposition times, two-ML Pb;_,Bi, films with different
ratios can be fabricated. All STM and STS measurements
were taken with electrochemically etched tungsten (W) tips.
The two-ML pure Pb (x = 0) film has two different structures
(1x1 and /3 x+/3 atomic structures) with different 7, values,
which is consistent with a previous report [11]. From our
experimental results, when the Bi concentration x is less than
10%, these two structures can also be observed in Pb,_,Bi,
alloy films, but as the Bi concentration increases, the 1 x 1
structure gradually disappears, as shown in Fig. S2 in the
Supplemental Material (SM) [21]. Hence, we only choose
/3 x +/3 atomic structures of two-ML Pb;_,Bi, for compar-
ison in the following discussions.

Our density functional theory (DFT) calculations were
performed using the Vienna ab initio Simulation Pack-
age (VASP) with the projector-augmented wave method
[22-24]. For the exchange-correlation energy, we employed
the generalized-gradient approximation functional of Perdew-
Burke-Ernzerhof [25]. The k-space integration was performed
with a 21 x 21 x 1 k-point grid for the Pb;_,Bi, film struc-
ture optimization, and a plane-wave basis was taken with a
kinetic energy cutoff of 600 eV. All atoms were allowed to
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FIG. 2. Superconductivity in two-ML Pb;_,Bi, films. (a) Nor-
malized conductance spectra acquired at various temperatures for
Pby sBiy 5. (b) The normalized conductance spectra (nonblack colors)
taken by STM were fitted using the BCS-like formula for the tunnel-
ing conductance (black). (c) The energy gaps A for each temperature
are obtained from (b) and plotted as red squares. The transition
temperature 7. ~ 3.1 K can be obtained by the black fitting curve
using a BCS-like gap equation. (d) Two-ML Pb,_,Bi, films T; varies
with Bi concentration.

relax along the calculated forces until all the residual force
components were less than 0.005 eV /A, and a vacuum space
of 20 A was used to eliminate the periodic interaction in
Pb,_,Bi, films. The subsequent lattice dynamics and electron-
phonon coupling calculations were carried out by using the
QUANTUM ESPRESSO package [26] with the optimized norm-
conserving Vanderbilt pseudopotentials [27] and a plane-wave
cutoff of 80 Ry. Here, we used a 6 x 6 x 1 g-point grid for
the computation of phonon frequencies of Pb;_,Bi, films.
The Migdal-Eliashberg mechanism is employed to calculate
the superconducting gap and transition temperature as imple-
mented in the electron-phonon Wannier (EPW) code [28,29],
and the interpolated k-point grid of 60 x 60 x 1 and g-point
grid of 30 x 30 x 1 are used to calculate the superconducting
properties.

III. RESULTS AND DISCUSSIONS

A. Experimental results

Figures 1(a)-1(d) and Fig. S2 in the SM [21] show the
large-area topography images of the Pb;_,Bi, films with dif-
ferent concentrations. Compared with pure Pb in Fig. 1(a),
some bright spots appear on the Pb,_,Bi, films, and these
bright spots seem to distribute evenly throughout the films,
as shown in Fig. 1(b). When the concentration of Bi contin-
ues to increase, the coverage of these bright spots increases
[Fig. 1(c)] and they eventually form continuous moiré patterns
as shown in Fig. 1(d). Figure 1(e) shows line profiles of
Pb,_,Bi, films with different Bi concentrations, from which

all the bright spots have almost the same periodicity of ap-
proximately 4.65 nm. The high-resolution STM images [inset
of Fig. 1(d)] and the fast-Fourier-transform (FFT) image in
Fig. 1(f) and Fig. S3 in the SM [21] reveal the lattice constant
of the Pby sBig s film is about 0.67 nm, in good agreement with
that of (+v/3 x +/3)-Si (~0.667 nm). The results indicated that
with Bi doping x up to 50%, the Pb;_,Bi, film still remains
highly crystalline with a +/3 x /3 atomic structure and lattice
constant similar to those of pure Pb film [11].

To explore how the addition of Bi atoms influences the
superconductivity of two-ML Pb;_,Bi, alloy films, we carried
out systematic STS measurements on a series of two-ML
Pb,_,Bi, films with different Bi concentrations x (0 < x <
50%). Figure 2(a) shows the typical tunneling spectra of
x = 50% acquired at various temperatures. These spectra
were fitted by the BCS-like density of states to obtain
a temperature-dependent superconducting gap A(T) [see
Fig. 2(b)], from which we extrapolated the 7. ~ 3.1 K for the

The temperature-dependent spectra and BCS fitting of the
Pb,_,Bi, films with different Bi concentrations are shown in
Fig. S4 in the SM [21]. Figure 2(d) summarizes the T, vs x
of the two-ML Pb;_,Bi, films. Firstly, we can observe that
T. first increases with x (0 < x < 15%), which is consistent
with previous reports [9,10]. One possible reason is that the
Bi atom has one more outmost electron than the Pb atom
as conduction electrons [10]. Due to this n-type doping, the
Pb;_,Bi, alloy films have more electrons which strengthen the
nesting of the Fermi surface along the (111) direction [30],
leading to the enhancement of the superconductivity. More
interestingly, in our measurements, the 7. decreases with x
for higher Bi concentration (15% < x < 50%). Although the
T. of up to 6 K were reported in amorphous films at high
pressure [31] or Bi clusters [32], the superconductivity of
bulk Bi is very weak, with a T; of only 0.5 mK [33,34]. As
a result, when the doping of Bi increases, the contribution
of Bi to the electronic structure and superconductivity of the
Pb;_,Bi, films increases and might become dominant, which
eventually suppresses the film’s superconductivity for higher
Bi concentrations. Here we want to point out that although
the 7. of two-ML Pby g5Big 15 film has the highest 7. among
all the samples we measured, taking into account the growth
rate calibrations and other measurement errors, it might be
difficult to precisely determine the Bi ratio of the two-ML
Pb,_,Bi, films with the maximum value of 7. However, our
experimental results unambiguously demonstrated that the T
of Pb;_,Bi, films show a domelike behavior with increasing
Bi concentrations. Moreover, in the two-ML Pb,_,Bi, alloyed
films, the BCS ratios 2A(0)/kgT. are calculated to range from
4.0 to 4.8, which indicates that the Pb;_,Bi, alloy films are
strong-coupled superconductors. The observed high coupling
strength implies the presence of strong coupling between the
electrons and low-lying phonons, which is consistent with
earlier work using electron tunneling spectroscopy [35-37].

It has been reported that the existence of moiré patterns
in two-dimensional material superlattices or heterostructures
will greatly impact their electronic structures [38-42]. In
the two-ML Pb;_,Bi, films here, the topography of the
moiré patterns also depends on the Bi concentrations. Here
we measured dI/dV spectra in both bright spots and dark
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FIG. 3. (a) Atomic structure of two-ML Pbgg3;Bigo; film (10
nm x 10 nm, V=5 mV, I =10 pA). (b) dI/dV spectra of
Pby 93Big o7 film taken at the dotted line (labeled as 1 to 8) in (a);
the black dI/dV curve is on pure Pb film for comparison. (c) STM
image of Pbg 75Big s films (10 nm x 10 nm, V =5 mV, I = 10 pA).
(d) Scanning tunneling spectroscopy measurements across different
spots along the green line indicated in (a) at 1.8 K. The supercon-
ducting spectra appear homogeneous across the bright spot. (e),(f)
The temperature-dependent spectra in bright spots and dark areas,
respectively. There is no obvious difference in the d1/dV spectra and
the extrapolated superconducting T;.

areas. Figures 3(a) and 3(b) show the STM image of two-ML
Pby.93Big7 film and the corresponding dI/dV spectra across
a bright spot. It can be seen that the peak positions of the
quantum well states (QWS) of the Pb;_,Bi, alloy film are
similar to those of pure Pb film [11], suggesting the QWS of
the Pb;_,Bi, alloy film is mainly dominated by Pb. Moreover,
we also carried out superconductivity spectra measurements
across the bright spots and dark areas on the moiré patterns
of the two-ML Pbg75Big s films [see Figs. 3(c) and 3(d)],
and Figs. 3(e) and 3(f) which show all temperature-dependent
spectra on both bright spots and dark areas, indicating that the
superconductivity is homogeneous across the moiré patterns
of the Pb;_,Bi, films. We attribute this homogeneity in super-
conductivity to the fact that Pb has a large coherence length
of approximately 90 nm [43], which is much larger than the
moiré pattern size.

B. Calculational results

In addition to the n-type doping effect discussed above,
how the Bi atoms affect the electronic states and, more im-
portantly, the EPC of the Pb;_,Bi, films and the underlying
mechanism still need further exploration. Here, we perform
first-principles calculations of the electronic and phononic
properties of different two-ML Pb;_,Bi, films from which
large EPC is derived [44], and make comparative discussions
of Bi concentrations of x = 25% and 50% with pure Pb film.
To this end, a 2 x 2 Pb supercell on (+/3 x +/3)-Si(111)
substrate were constructed to simulate the Pbg75Big25 and
Pby sBig s crystalline alloy films where two or four Pb atoms
are replaced by Bi atoms, respectively [see Fig. 4(a) and
Fig. S5 in the SM [21]]. The estimated 7. of Pb;_,Bi, alloy
films by solving the Eliashberg equations [45] are shown in
Fig. 5(b), together with the case of pure Pb film for com-
parison. In this estimation, different Coulomb pseudopotential
parameters pu* are used for different Bi concentrations in the
Pb;_,Bi, films [36]. The T; of the pure Pb film is ~5.0 K,
which is comparable to the experimental value of 7. ~ 3.7 K.
When the concentration of Bi doping is 25%, T; is increased
to ~6.6 K, and is higher than that of the pure Pb film. By
increasing the concentration of Bi doping up to 50%, the 7
becomes ~4.7 K. The DFT calculations are qualitatively con-
sistent with our experimental observation that with Bi doping,
the 7. of Pb,_,Bi, films starts to increase while the 7 turns to
decrease in Bi overdoped Pb;_,Bi, film.

To reveal the underlying mechanism of the domelike be-
havior of 7. as the Bi concentration increases and gain a
better understanding of the enhancement of the superconduct-
ing properties of Bi in Pb films, we calculated the electronic
structures of pure Pb, Pbg75Big s, and Pbg sBigs films. The
calculated band structures and partial electronic densities of
states are displayed in Figs. 4(a) and 5(b). Compared with
the pure Pb film, we note that with n-type doping of Bi
into the Pb film, more bands are turned to be across the Ef,
and the corresponding electronic occupations of Pb atoms in
Pb,_,Bi, alloy films become considerably large, associated
with an emergent peak near Ey, which could be beneficial
for the superconductivity of Pb;_,Bi, films. The quantitative
evaluation of EPC strength A for Pb;_,Bi, and pure Pb films
is shown in Fig. 5(c). As expected, the obtained total A of
the Pby 75Big 25 film is 1.15, which is larger than the A = 0.79
of the pure Pb film due to the low-frequency vibration modes
(2-5 meV) of Pb and Bi atoms in the Pbg 75Bij 25 film, leading
to the enhancement of coupling with electronic states on the
Fermi surface (FS). We also note that Bi electronic states in
the Pb;_,Bi, film become the dominant component near Ep
with more concentrations of Bi up to 50%, and in turn, the
relative proportion of Pb electronic states on the FS decreases.
This means that the EPC strength in the Pbg 5Big s film weak-
ens because of very weak vibration interactions between Bi
atoms [33]. This can be manifested by the spectral function
a’F (w), which peaks at a low frequency of 2-5 meV [see
the middle panel of Fig. 5(c)]. Therefore, the total A of the
Pby 5Big 5 film is 0.95, and the estimated 7; is ~4.7 K, smaller
than both pure Pb and Pbg 75Big 5 films.
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FIG. 4. First-principles calculations of two-ML Pb;_,Bi, alloy films. (a) Structural model of the Pby 75Big 5 film on the (V3 x /3)-Si(111)
surface. (b) The estimated 7. of two-ML pure Pb (0%), Pbg 75Big2s (25% Bi), and Pby.5Biy.5 (50% Bi) films.

IV. CONCLUSION

In conclusion, by combining STM measurements and first-
principles calculations, we have systematically studied the
atomic structures and superconductivity of two-ML highly
crystalline Pb;_,Bi, (0 < x < 50%) films by controlling the
Bi concentrations. Our results show that Bi doping can signif-
icantly promote the Pb electronic states and the EPC strength
in Pb;_,Bi, films that enhance the T at lower x, while as the
concentration of Bi doping increases, the Bi electronic states
become dominant components at the Er and in turn suppress
the EPC strength and superconductivity. Our results offer

@),

an angle to tune the superconductivity at the atomic levels
and uncover the underlying mechanism of highly crystalline
superconductors at two-dimensional limit. Furthermore, the
present study might provide a candidate material to realize
intrinsic chiral topological superconductivity.
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