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We have studied the proximity-induced superconductivity in (
√

7 × √
7)R19.1o Ni nanoislands by combing

scanning tunneling microscopy/spectroscopy (STM/STS) with density-functional theory calculation. Through
depositing Ni onto Pb(111) substrate at 80 K, the monolayer Ni nanoislands with the (

√
7 × √

7)R19.1o

surface structure have been fabricated, where the termination of Ni atoms at the hexagonal close-packed
site is energetically preferred and the filling of 3d orbitals from the charge transfer leads to the vanishing
magnetic moment of Ni atoms. The topographic (

√
7 × √

7)R19.1o lattice as well as the asymmetric height
contrast in atomic unit cell have been further corroborated by the STM simulations. With high spatial and
energy resolution, tunneling conductance (dI/dU ) spectra have resolved an isotropic superconducting gap
with �Ni(

√
7×√

7) ≈ 1.29 meV, which is slightly larger than �Pb ≈ 1.25 meV. The temperature dependence of
�Ni(

√
7×√

7) supports the substrate-induced superconducting proximity effect according to the same transition
temperature Tc ≈ 7.14 K with the Pb(111). The line spectroscopy has spatially mapped out the small increase of
�Ni(

√
7×√

7), which could be explained by an enhanced electron-phonon interaction (Vep) under the framework of
Bardeen-Cooper-Schrieffer theory as a manifestation of the hole doping of Pb(111) from the surface Ni atoms.

DOI: 10.1103/PhysRevMaterials.6.046002

I. INTRODUCTION

When a normal metal has been brought into a direct contact
with the conventional s-wave superconductor, the proximity
effect [1–4] facilitates the penetration of Cooper pairs that per-
mits superconductivity in normal metal, offering a promising
approach to artificially stabilize superconductivity in a wide
variety of low-dimensional materials. In particular, the coexis-
tence of ferromagnetism and superconductivity [5,6] has been
realized in the thin layered ferromagnet/superconductor sys-
tems where the superconducting correlations remain coherent
within a certain finite distance. This achievement gives rise
to the odd-frequency spin-triplet superconductivity and the
singlet Cooper pairs close to the ferromagnet/superconductor
interfaces can in turn become spin polarized [7–9]. The triplet
supercurrents can thus be generated leading to the minimized
dissipation of joule heating and the long spin lifetimes in
terms of spin transport applications [10–12].

Given the great advancements in making nanometer-sized
magnetic materials superconducting via proximity effect, not
only exceptional superconductivity, but also newly emer-
gent quasiparticle states can be stabilized in the reduced
dimensions. According to Kitaev’s toy lattice model [13],
one-dimensional (1D) topological superconductivity with a
p-wave-like pairing can host a novel type of quasiparti-
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cle excitation, i.e., Majorana fermions (MFs), which can
be achieved by engineering the interplay between ferro-
magnetism and conventional superconductivity with strong
spin-orbit interaction in condensed matter systems. By means
of growing ferromagnetic Fe chains on top of Pb(110), Nadj-
Perge et al. [14] have recently reported the observation of
Majorana zero modes (MZMs) bound to the ends of Fe atom
chains and established the spin polarization measurements to
distinguish the MZMs from trivial in-gap states [15]. Besides
the magnetic atom chains [16,17], such theoretical scheme can
be further extended to support the emergence of MZMs at the
edges of magnetic nanoislands in the 2D px + ipy topological
superconductivity [18,19]. In perspective of the intriguing
property of being their own antiparticles, the MFs obey non-
Abelian statistics in the adiabatic braiding processes and could
be served as the building blocks for topological qubits, having
an important potential for realizing fault-tolerant quantum
computation [20–22]

In this work, we have investigated the proximity-induced
superconductivity in (

√
7 × √

7)R19.1o Ni nanoislands
by exploiting scanning tunneling microscopy/spectroscopy
(STM/STS) together with density-functional theory (DFT)
calculation. By means of the low temperature growth at 80 K,
single-atomic-layer Ni nanoislands with (

√
7 × √

7)R19.1o

surface structure have been fabricated on the Pb(111), where
one unit cell accommodates 3 Ni atoms terminated at the
hexagonal close-packed (hcp) site for the lower adsorption
energy. As a result of charge transfer between Ni and Pb
atoms, there is zero magnetic moment of the Ni atoms, leading
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to the absence of long-range magnetic ordering in the (
√

7 ×√
7)R19.1o Ni nanoislands. The STM simulations comparably

reproduce not only the topographic (
√

7 × √
7)R19.1o lattice,

but also the asymmetric height contrast in the atomic unit
cell. In addition to �Pb ≈ 1.25 meV, the same “U” shape of
isotropic superconductivity but a slightly larger �Ni(

√
7×√

7) ≈
1.29 meV has also been measured by the tunneling spectra,
which is independent from structural changes at different
atomic sites. The identical Tc ≈ 7.14 K has been extracted
from the temperature-dependent �Ni(

√
7×√

7) and �Pb, further
supporting the proximitized superconductivity in atomic-thick
(
√

7 × √
7)R19.1o Ni nanoislands driven by the Pb(111) sub-

strate. According to the hole doping of Pb(111) from the
surface Ni atoms, an enhanced electron-phonon interaction
(Vep) on the basis of Bardeen-Cooper-Schrieffer (BCS) the-
ory could offer an explanation for the small increase of
�Ni(

√
7×√

7) as visualized directly in the spatial mapping from
the line spectroscopy.

II. EXPERIMENTAL AND THEORETICAL METHODS

Experimental details. The Ni/Pb(111) were prepared in an
ultrahigh vacuum (UHV) chamber with the base pressure be-
low p � 2 × 10−10 mbar. The clean Pb(111) surface was first
prepared by cycles of Ar+ ion sputtering with an ion energy of
500 eV at room temperature and subsequent annealing up to
600 K. The Ni source with purity of 99.999 % (Goodfellow)
was e-beam sublimated onto a Pb(111) surface at the low
temperature of 80 K at which the well-ordered and uniform
Ni nanoislands with (

√
7 × √

7)R19.1o lattice structures can
be grown. After preparation, the sample was immediately
transferred into an ultralow-temperature scanning tunneling
microscope (LT-STM) from Unisoku Co. Ltd. (operation tem-
perature T ≈ 0.32 K). The topography images were obtained
from the constant-current mode with the bias voltage U ap-
plied to the sample. For scanning tunneling spectroscopy
(STS) measurements, a small bias voltage modulation was
added to U (frequency ν = 3991 Hz), such that tunneling
differential conductance dI/dU spectra can be acquired by
detecting the first harmonic signal by means of a lock-in
amplifier.

Theoretical computations. First-principles calculations are
performed using the Vienna Ab Initio Simulation Pack-
age (VASP) [23] with local density approximation for the
exchange-correlation functional [24] based on density func-
tional theory (DFT). To simulate the experimental observa-
tions, we construct a structure model with (

√
7 × √

7)R19.1o

Ni lattice on top of the seven-layer Pb(111) slab at the hcp
sites using an experimental lattice constant of 9.26 Å and a
vacuum thickness of 17.5 Å. The structural optimization was
carried out using the cutoff energy of 350 eV for the plane
wave basis over the 6 × 6 × 1 Monkhorst-Pack k-point mesh.
The atomic positions of Ni atoms and top layer Pb(111) were
relaxed until all the atomic forces were less than 10−3 eV/Å.
Formation energy calculations of the Ni trimer model as
well as other possible lattice models show that the current
(
√

7 × √
7)R19.1o Ni lattice model is energetically the most

favorable one.
The lattice dynamics calculations are performed on 48 ×

48 × 48 Monkhorst-Pack k mesh with the cutoff energy of

60 Ry (600 Ry) for wave function (charge density and po-
tential) using density functional perturbation theory (DFPT)
as implemented in the QUANTUM-ESPRESSO code [25] with
the ultrasoft pseudopotential [26] employing the Perdew-
Burke-Ernzerhof (PBE) [27] functional. The electron-phonon
coupling coefficient λqv of mode v and wave vector q is
calculated with the interpolation over the Brillouin zone using
4 × 4 × 4 q mesh. The effective Coulomb repulsion μ∗ of
0.1 [28] is adopted. As the first step toward understanding
the proximitized superconductivity induced by the Ni atoms
on Pb(111), we calculated the superconducting temperature
of bulk Pb as a function of hole-doping concentration, which
corresponds to the charge transfer from Pb to Ni as discovered
in our Bader charge analysis on the Ni trimer lattice model,
using the Allen-Dynes modified McMillan formula [29],

TC = f1 f2
ωln

1.2
exp

(
1.04(1 + λ)

μ∗(1 + 0.62λ)

)
. (1)

The detailed calculation of f1 and f2 can be found in Ref. [29],
while the logarithm average phonon frequency ωln and dimen-
sionless coupling parameter λ can be related to Eliashberg
function α2F (ω) as follows [29]:

ωln = exp

(
2

λ

∫
α2F (ω)

lnω

ω
dω

)
, (2)

λ =
∑
qv

λqv = 2
∫

α2F (ω)

ω
dω. (3)

III. RESULTS AND DISCUSSION

Figure 1(a) is the STM topography overview of the as-
prepared sample after depositing Ni onto the Pb(111) surface
at low temperature 80 K. The Ni nanoislands appear with
a hexagonal lattice and have a surface coverage of about
0.4 ML. Two white arrows in Fig. 1(a) indicate typical sur-
face features of nanocavities formed by embedded Ar ions
after sputtering and annealing process on Pb(111) [30,31].
Figure 1(b) displays the zoom-in image taken from the blue
square on top of one Ni nanoisland in Fig. 1(a), where the
hexagonal lattice represents a 19.3o rotation with respect to
the high symmetry crystalline direction of [11−2] determined
by the (1 × 1) atomic lattice of Pb(111) as shown in Fig. 1(c).
Note that if the hexagonal lattice of Ni nanoisland in Fig. 1(b)
has a 19.3o rotation, then the other Ni nanoisland, for example,
the one indicated by a black arrow in Fig. 1(a), corresponds
to a −19.3o rotation, and these are the two different domains
of Ni nanoislands that have been observed on the Pb(111)
surface. Due to a threefold rotation symmetry of hexagonal
lattice, each domain of Ni nanoislands should exhibit three
rotational domains and they appear identical to each other.
The lattice constants of 9.57 Å in Fig. 1(b) (blue dashed
line) and 3.62 Å in Fig. 1(c) (black dashed line) have been
extracted from the corresponding line profiles in Figs. 1(d)
and 1(e), respectively. Taking all these understandings into
account, we are able to deduce that the Ni nanoislands with
the (

√
7 × √

7)R19.1o hexagonal lattice based on the sim-
ple hard-sphere arguments [32,33] have been grown on the
Pb(111).
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FIG. 1. (a) Overview of STM topography of Ni nanoislands with
a surface coverage of about 0.4 ML after depositing Ni onto Pb(111)
surface at 80 K. Two white arrows indicate surface features of Ar-
induced nanocavities after the sputtering and annealing process on
Pb(111) (Ub = +1.0 V; It = 0.4 nA). (b) Zoom-in image measured
from the blue square in (a) shows the hexagonal (

√
7 × √

7)R19.1o

lattice of Ni nanoislands, which can be derived from a direct com-
parison with the (1 × 1) atomic lattice of Pb(111) as shown in
(c) (Ub = +10 mV; It = 1.0 nA). The line profiles in (d) and (e)
correspond to the lattice constants of 9.57 Å in (b) (blue dashed line)
and 3.62 Å in (c) (black dashed line), respectively (Ub = +10 mV;
It = 1.0 nA).

Between the two connected Ni nanoislands, there are ei-
ther antiphase domain boundary or missing atom vacancies
observed, which have been marked by red and green arrows
in Fig. 2(a). Interestingly, these (

√
7 × √

7)R19.1o Ni nanois-
lands grown on the Pb(111) exhibit a small apparent height.
For example, the line profile in Fig. 2(b) taken from the
black dashed line in Fig. 2(a) shows a step height about 101
pm that is smaller than a single step height of either 286 pm on
Pb(111) or 203 pm on Ni(111). In addition, we have also ex-
amined the bias dependence of apparent height and confirmed
an average value of 88 pm for this small apparent height in the
bias range of ±1.0 V as the results shown in Fig. 2(c). In order
to gain insights on the (

√
7 × √

7)R19.1o hexagonal lattice
and unexpectedly small apparent height of Ni nanoislands,
several attempts have been made to find the stable structure
in the first-principles calculations and the results have been
shown in Fig. 2(d).

From the top view of the structure model in Fig. 2(d), the
Ni atoms prefer to stabilize at the hcp site on the Pb(111) sur-
face, and each unit cell as marked by blue rhombus contains
three Ni atoms in the (

√
7 × √

7)R19.1o hexagonal lattice.
Although the same configuration of Ni atoms can be applied
to the fcc-site termination, it has a higher energy cost, i.e.,
about 7 meV per atom, than the hcp-site termination, meaning
more energetically unstable in terms of atomic adsorption
kinetics. Apart from that, at the bottom panel of Fig. 2(d),

FIG. 2. (a) Magnified STM image showing antiphase domain
boundary (red arrow) and missing atom vacancies (green arrow)
between neighboring (

√
7 × √

7)R19.1o Ni nanoislands (Ub = +0.1
V; It = 0.4 nA). (b) The topographic line profile measured from the
black dashed line in (a) represents an apparent height about 101
pm and bias dependence of apparent height has been shown in (c).
(d) Top panel: Top view of structure model of (

√
7 × √

7)R19.1o

Ni hexagonal lattice (blue rhombus) on Pb(111). Bottom panel: Side
view of structure model at which the adsorption height of Ni atoms
is 115 pm and interlayer distance of Pb(111) is 286 pm. (e) Surface
charge density distributions of (

√
7 × √

7)R19.1o Ni on Pb(111) (left
panel) and pristine Pb(111) (right panel). When tip and sample dis-
tance is about 6.3 Å, the constant density profile displays an apparent
height about 102 pm as indicated by two white arrows. (f) Simulated
STM image from the structure model in (d). The asymmetric height
contrast inside the (

√
7 × √

7)R19.1o unit cell has been remarked
by black and yellow arrows, which is in line with the experimental
observation in (g) (Ub = +0.1 V; It = 0.4 nA).

the side view of relaxed structure model indicates that the
Ni atoms tend to sink into the Pb(111) substrate and one
Pb atom at the first surface layer surrounded by Ni atoms
has been pushed a bit downward. After fully structural re-
laxation, the interlayer distance between surface Ni and Pb
atoms turns out to be about 115 pm, which is supportive
for the low apparent height observed experimentally. More-
over, based on the imaging mechanism of tunneling theory in
STM [34–36], the contour of apparent height as a function
of surface charge density has been calculated in Fig. 2(e). By
comparing the (

√
7 × √

7)R19.1o Ni on Pb(111) (left) and the
pristine Pb(111) surface (right), the apparent height difference
is about 102 pm when the tip is about 7.7 Å away from the
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surface. We denote that the apparent height further decreases
to about 97 pm if tip-sample distance increases to 8.6 Å, which
remains comparable to the normal working distance about
10 Å in the STM tunneling junction [34–36].

To further justify the validity of the structure model in
Fig. 2(d), the STM simulations have been further performed
and the corresponding simulated STM image in Fig. 2(f)
agrees well with the experimental STM topography as shown
in Fig. 2(g). Note that the blue rhombus together with black
circles refer to the unit cell of (

√
7 × √

7)R19.1o hexagonal
lattice. More importantly, there is an asymmetric height con-
trast inside the unit cell as indicated by black and yellow
arrows in Fig. 2(g), and this detailed feature has been con-
sistently reproduced in the simulated STM image as well in
Fig. 2(f), which is originated from the contribution of the Pb
atoms of the second surface layer as indicated by the yellow
arrow in the structure model of Fig. 2(d).

Given high spatial and energy resolution, the tunneling
conductance spectra have been carried out to access the
proximity-induced superconductivity in (

√
7 × √

7)R19.1o Ni
nanoislands grown on Pb(111). When the measurement tem-
perature is below 7.2 K of the superconducting transition
temperature (Tc) of Pb(111) [37,38], the feature of super-
conducting gap (�) opened at Fermi energy EF is therefore
expected to appear in the dI/dU curve acquired on the
Pb(111) substrate, since it is the bulk material known for a
BCS-type electron-phonon mediated superconductor. Accord-
ing to Fig. 3(a), the typical “U” shape of the superconducting
gap has been resolved on not only the Pb(111) (black curve),
but also the (

√
7 × √

7)R19.1o Ni nanoislands.
In order to have a quantitative comparison, the normalized

dI/dU spectra have been fitted to the BCS-like density of
states (DOS) [red lines in Fig. 3(a)], and the corresponding
values of �Ni(

√
7×√

7) ≈ 1.29 meV and �Pb ≈ 1.25 meV have
been obtained. Interestingly, the �Ni(

√
7×√

7) is slightly larger
than �Pb, which is counterintuitive to the typical understand-
ing of proximity effect with a reduced size of � induced in
the normal metal [1–4]. We denote that the BCS fitting rea-
sonably agrees with experimental dI/dU spectra, especially
in the critical energy range covering the superconducting gap,
allowing us to extract the appropriate � values.

Besides the small enhancement of �Ni(
√

7×√
7), i.e., about

40 μeV as compared to �Pb, we have also found the proxim-
itized superconductivity in (

√
7 × √

7)R19.1o Ni nanoislands
is robust against the local perturbations of structural varia-
tion. As shown in Fig. 3(b), the size and isotropic shape of
�Ni(

√
7×√

7) as well as the coherence peak height do not ex-
hibit a noticeable change according to nearly identical dI/dU
spectra measured on different atomic sites. This implies a
transparent interface where the coherent Cooper pairs from
the conventional s-wave Pb(111) superconductor can pene-
trate easily to develop superconductivity in the atomic-thick
(
√

7 × √
7)R19.1o Ni nanoislands.

Figure 3(c) represents a series of temperature-dependent
dI/dU curves measured on the (

√
7 × √

7)R19.1o Ni nanois-
land (blue) and Pb(111) (black). With an increase of
temperature, both �Ni(

√
7×√

7) and �Pb continue to decrease
and their corresponding values as a function of temperature
have been summarized in Fig. 3(d) (blue and black dots). They
both vanish at about 7.2 K and thus yield to the same Tc,

FIG. 3. (a) Point conductance spectra measured on the (
√

7 ×√
7)R19.1o Ni nanoisland and the Pb(111) as indicated by blue and

black points in topography at top. According to the BCS fittings
(red lines), the �Ni(

√
7×√

7) ≈ 1.29 meV and �Pb ≈ 1.25 meV have
been obtained, respectively. (b) Point conductance spectra acquired
on different atomic sites of the (

√
7 × √

7)R19.1o Ni nanoisland,
including on top (green), bright bridge (red), and dark bridge (blue)
as the topography shown in the inset. The proximity-induced su-
perconducting state is robust due to the absence of considerable
changes on resultant dI/dU curves. (c) dI/dU curves as a function
of temperature on the (

√
7 × √

7)R19.1o Ni nanoisland (blue) and
the Pb(111) (black). (d) Temperature dependent �Ni(

√
7×√

7) and �Pb

reveal the identical Tc about 7.14 K as extracted from the universal
BCS gap equation. (Stabilization parameters: Ub = +10 mV and
It = 1.0 nA for all dI/dU curves.)

suggesting the superconducting (
√

7 × √
7)R19.1o Ni nanois-

lands are induced by the Pb(111) substrate via proximity
effect. By using a generic BCS gap equation [39,40], not
only the �Ni(

√
7×√

7)(T ), but also the �Pb(T ) can be fitted
reasonably well [blue and black lines in Fig. 3(d)]. The fitting
transition temperature Tc is about 7.14 K in agreement with
experimental results.

In addition to the point conductance curve, the line spec-
troscopy taken point-by-point dI/dU curve along the blue
dashed line in the topography at the top panel of Fig. 4(a)
has been performed to map out the spatial dispersion of
�Ni(

√
7×√

7) and �Pb in the proximity region. The evolution
of dI/dU spectra as a function of spatial distance measured
in the resolution of 4 Å has been shown in the bottom panel
of Fig. 4(a), representing the consistent isotropic shape of
the superconducting gap between �Ni(

√
7×√

7) and �Pb. Fur-
thermore, the topographic line profile measured from the
blue dashed arrow line in Fig. 4(a) has been quantitatively
connected to the high energy resolution dI/dU spectra in
Fig. 4(b). The spatial mapping of the superconducting gap
reveals not only the enhanced �Ni(

√
7×√

7), but also a sharp
transition, i.e., within 1 nm, between �Ni(

√
7×√

7) and �Pb.
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FIG. 4. (a) Spatial dependence of dI/dU spectra measured along
the blue dashed line in topography (top panel) represents the contin-
uous evolution of �Pb and �Ni(

√
7×√

7) in real space (bottom panel).
(b) The topographic line profile (top) taken from the blue dashed
line in topography of (a) has been compared to the spatial mapping
(bottom) of �Pb and �Ni(

√
7×√

7) directly, where the sharp transition
from the discontinuity of the superconducting gap as well as the
small enhancement of �Ni(

√
7×√

7) (white arrows) have been clearly
visualized. (c) Superposed band structures of Pb(111) (blue lines)
and (

√
7 × √

7)R19.1o Ni on Pb(111) (black lines). (d) Top views of
two Fermi surfaces for Pb(111). (Stabilization parameters: Ub = +10
mV and It = 1.0 nA for all dI/dU curves.)

The calculated band structures for pristine Pb(111) (blue
lines) and (

√
7 × √

7)R19.1o Ni on Pb(111) (black lines) have
been superposed in Fig. 4(c) for a direct comparison. The band
structures of (

√
7 × √

7)R19.1o Ni on Pb(111) exhibit only a
modest deviation from pristine Pb(111), and in particular there
are no significant changes for the bands crossing the Fermi
energy (red dashed line), where the same bands with nearly
identical dispersion can be identified. Therefore, the structures
of Fermi surfaces of (

√
7 × √

7)R19.1o Ni on Pb(111) are
not expected to have a substantial variation either. We have
further examined Fermi surfaces of pristine Pb(111) as shown
in Fig. 4(d); inner and outer Fermi sheets (FS1 and FS2) have
been observed for two-band superconductivity as reported
before [41–44]. The �Pb ≈ 1.25 meV we have resolved fairly
agrees with the �s1 ≈ 1.27 meV in previous STS studies [44].
This indicates that the dominant contribution to our dI/dU
spectra comes from the compact and isotropic FS1 of the
two-band superconductivity in Pb(111). Since the open pores
of anisotropic FS2 result in a lower tunneling probability as
compared to isotropic FS1 [43,44], the selective tunneling to

FIG. 5. (a) Majority and minority spin DOS of (
√

7 ×√
7)R19.1o Ni on Pb(111). (b) Layer dependence of Bader charge

per Pb atom. (c) Tc and �0 as functions of concentration of hole
doping in bulk Pb. (d) Percentage change in terms of NF , ωln, and λ.
The α2F (ω) as function of hole-doping concentration for (e) smaller
and (f) larger than 1.178 × 1014 cm−2.

the outer superconducting gap in (
√

7 × √
7)R19.1o Ni on

Pb(111) is more unlikely.
Apart from the small apparent height of (

√
7 × √

7)R19.1o

Ni nanoislands grown on Pb(111), the DFT calculations fur-
ther reveal that the net magnetic moment of Ni atoms vanishes
owing to the charge transfer from the underlying Pb substrate.
As shown in Fig. 5(a), the absence of the net magnetic mo-
ment of Ni atoms can be identified from the same dispersion
of majority and minority spin DOS. On one hand, this van-
ishing magnetic moment leads to the absence of nontrivial
in-gap states, e.g., Yu-Shiba-Rusinov (YSR) states [45–48] or
zero-bias peak of MZM [14–16,19], because the magnetism
does not play a role in the superconducting (

√
7 × √

7)R19.1o

Ni nanoislands. Note that, in the line spectroscopy of Fig. 4,
neither the lattice nor the edge shows the existence of the
nontrivial in-gap states, reflecting the vanishing magnetic mo-
ment in both cases. On the other hand, the electron acceptor
of Ni atoms, which effectively creates hole doping on Pb,
provides a qualitative understanding for the observed super-
conducting gap enhancement in the STS measurements as
discussed below. From the Bader charge analysis, each of
the topmost layer Pb atom transfers about 0.1 electron to
the Ni atom, which is equivalent to the hole-doping density

046002-5



YEN-HUI LIN et al. PHYSICAL REVIEW MATERIALS 6, 046002 (2022)

of n ≈ 0.942 × 1014 cm−2 onto the Pb(111) substrate. The
layer-dependent Bader charge per Pb atom has been shown
in the plot of Fig. 5(b), where the surface layer of Pb with a
lower charge density due to the electron acceptor of Ni can be
clearly seen in the area of the shaded region.

To consider this hole-doping effect from the surface Ni
atoms on the superconducting Pb(111) substrate, we have
calculated the superconducting Tc of bulk Pb as a function of
the hole-doping level under the framework of the BCS theory.
As shown in Fig. 5(c), the Tc and �0 of Pb increases as the
hole-doping level increases. They reach the maximum val-
ues of 7.46 K and 1.30 meV (�0 = 2.032kBTc), respectively,
at around 0.15 h/Pb, which corresponds to the hole charge
density of n ≈ 1.413 × 1014 cm−2. Then they decrease as the
doping level rises further. Figure 5(d) shows that the dome-
shaped Tc behavior is mainly governed by the dimensionless
coupling parameter λ = NFVep, while the other factors such
as NF , i.e., the DOS at EF , and ωln play minor roles only.
The trend of the Vep strength in the λ of Pb can be fur-
ther elaborated by the α2F (ω) spectra in Figs. 5(e) and 5(f).
For hole-doping concentration lower than 1.178 × 1014 cm−2,
the amplitude of the lower frequency peak of α2F (ω) in-
creases [red arrow in Fig. 5(e)] along with the increasing
hole-doping concentration. Because of the denominator ω

in the integration of λ in Eq. (3), the lower frequency part
of the α2F (ω) spectra contributes more strongly to the λ

and hence the Vep strength. Consequently, the Tc and the
λ increase for the lower hole-doping concentration, offering
an explanation for the slight increase of �Ni(

√
7×√

7). Since
there is about 3.2% increase of �Ni(

√
7×√

7) as compared to
�Pb from the experimental dI/dU spectra, this value is in
line with the lower hole-doping concentration in Fig. 5(d)
where the corresponding enhancement of λ contributes to the
enhanced �0 in Fig. 5(c). As for hole-doping concentration
higher than 1.178 × 1014 cm−2, not only is the amplitude of
the lower frequency peak suppressed, but also this peak shifts
toward the higher frequency significantly [blue arrow marked
in Fig. 5(f)]. As a result, the Tc and the λ decrease for the
higher hole-doping concentration.

We would like to denote that although the (
√

7 ×√
7)R19.1o Ni nanoislands grown on Pb(111) are nonmag-

netic, one could consider a few possible perspectives that
might realize the ferromagnetic lattice on the Pb(111) surface.
For instance, with an increase of Ni layer thickness without
changing the (

√
7 × √

7)R19.1o structure, one could have a
chance to find the existence of a finite magnetic moment ac-
cording to our DFT calculations. Another approach is to look
for the other candidate elements, for example, 3d transition
metals of Co, Fe, and Mn, etc., or 4f rare earth materials of

Gd, Tb, and Dy, etc., with a larger magnetic moment than Ni,
which would prevent the fully quenching magnetic moment
from charge transfer, and thus provide an opportunity for the
appearance of ferromagnetism as well.

IV. CONCLUSION

In conclusion, we have investigated the proximity-induced
superconductivity in the (

√
7 × √

7)R19.1o Ni nanoislands on
Pb(111). By means of a low temperature growth at 80 K,
the Ni atoms energetically prefer to terminate at hcp site and
develop the monolayer (

√
7 × √

7)R19.1o surface structure on
the Pb(111). The charge transfer between the Ni and the Pb
atoms results in the electron filling of 3d orbitals leading to the
vanishing magnetic moment of Ni atoms and a lack of mag-
netism in the (

√
7 × √

7)R19.1o Ni nanoislands. Furthermore,
the STM simulations have been carried out to verify the asym-
metric height contrast in atomic unit cell of (

√
7 × √

7)R19.1o

lattice. Given high spatial and energy resolution, tunneling
conductance (dI/dU ) spectra have resolved the isotropic su-
perconducting gap for both (

√
7 × √

7)R19.1o Ni nanoislands
and Pb(111), and the �Ni(

√
7×√

7) ≈ 1.29 meV slightly larger
than the �Pb ≈ 1.25 meV has been extracted from the BCS
fitting. On account of the same transition temperature Tc ≈
7.14 K, the temperature-dependent �Ni(

√
7×√

7) supports that

the superconducting (
√

7 × √
7)R19.1o Ni nanoislands are

proximity induced from the bulk Pb(111) substrate. The small
enhancement of �Ni(

√
7×√

7) has been further mapped out in
real space by the line spectroscopy, and the hole-doping effect
from the surface Ni atoms could offer an explanation based on
an increased Vep in fundamental BCS theory.
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