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Superconducting phase diagram in Bi,Ni;_, thin films: The effects of Bi
stoichiometry on superconductivity
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The Bi-Ni binary system has been of interest due to possible unconventional superconductivity aroused
therein, such as time-reversal symmetry breaking in Bi/Ni bilayers or the coexistence of superconductivity and
ferromagnetism in BizNi crystals. While Ni acts as a ferromagnetic element in such systems, the role of the
strong spin-orbit coupling element Bi in superconductivity has remained unexplored. In this work, we system-
atically studied the effects of Bi stoichiometry on the superconductivity of Bi,Ni;_, thin films (x &~ 0.5-0.9)
fabricated via a composition-spread approach. The superconducting phase map of Bi,Ni,_, thin films exhibited
a superconducting composition region attributable to the intermetallic BizNi phase with different amounts of
excess Bi, revealed by synchrotron x-ray diffraction analysis. Interestingly, the mixed-phase region with BizNi
and Bi showed unusual increases in the superconducting transition temperature and residual resistance ratio as
more Bi impurities were included, with the maximum 7; (= 4.2 K) observed at x =~ 0.79. A correlation analysis
of structural, electrical, and magneto-transport characteristics across the composition variation revealed that the
unusual superconducting “dome” is due to two competing roles of Bi: impurity scattering and carrier doping. We
found that the carrier doping effect is dominant in the mild doping regime (0.74 < x < 0.79), while impurity

scattering becomes more pronounced at larger Bi stoichiometry.

DOI: 10.1103/PhysRevMaterials.8.074805

I. INTRODUCTION

Bismuth (Bi) is a heavy element characterized by strong
spin-orbit coupling, with its pure phase or compounds
showing a variety of superconducting phenomena, such as
high-temperature, high-pressure, and topological supercon-
ductivity [1-6]. One of the exotic superconducting systems
containing Bi is the Bi-Ni binary system, where alloying Bi
with Ni can create two superconducting intermetallics, BiNi
and Bi;Ni, with T ~ 4 K for both phases [6-9]. The Bi-Ni
phase diagram also encompasses a ferromagnetic Ni phase,
which is typically incompatible with superconductivity due
to Cooper-pair breaking [10,11]. Of particular interest in this
binary system is the emergence of unconventional supercon-
ductivity, such as possible spin-triplet superconductivity with
broken time-reversal symmetry in Bi/Ni bilayers [5,12—14]
and the coexistence of superconductivity and ferromagnetism
in BisNi crystals [10,15-19].

While it is evident that Ni acts as a magnetic element in
such systems, the role of Bi in superconducting properties
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has yet to be fully understood. In Bi/Ni bilayer studies, su-
perconductivity has been observed, which strongly depends
on the thickness ratio of the Bi layer to the Ni layer with
the T: increasing from &~ 1.7 K (Bi : Ni = 5) to ~4.1 K (Bi :
Ni = 12) [5,20,21]. Also, the polar Kerr signals as a signature
of time-reversal symmetry breaking have been observed, but
only on the Bi side (20 nm to 40 nm) and not on the Ni
side (2-6 nm) [5]. Several mechanisms have been proposed
to explain this unusual superconductivity in Bi/Ni bilayers,
including interfacial superconductivity [22] or proximitized
superconductivity in the pure Bi layer due to BizNi formation
[23]. Although no agreement on the mechanism has been
reached so far, the pure Bi phase seems to play a vital role
in the superconductivity of the Bi/Ni bilayer system.

In the case of Bi3Ni, the emergence of ferromagnetism has
been discussed due to magnetic ordering from stoichiometric
defects, such as Ni inclusions [10]. Such disorder can be
readily created during crystal growth owing to the low melting
temperature and high diffusivity of elemental Bi [6,24-26].
Interestingly, most Bi3Ni materials from previous work con-
tained trace amounts of elemental Bi as an impurity phase, as
reported in various types of Bi3Ni samples, including single
crystals [5,10], polycrystals [19], nanostructures [18,26], thin

©2024 American Physical Society
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FIG. 1. (a) Schematic view of the combinatorial deposition of the Bi,Ni,_, thin-film library with identified structural phase regions and
boundaries. A bulk phase diagram is shown below for comparison. (b) Synchrotron x-ray diffraction patterns for the Bi,Ni,_, library. Simulated
diffraction patterns for Bi (R3m), Bi;Ni (Pnma), BiNi (C1m1), and BiNi (P63/mmc) are shown for phase identification below. (c) Rietveld
refinement for the x-ray diffraction patterns of Big 93Nig 7 thin film. The Bragg peaks correspond to the Bi (R3m) diffraction patterns. Ry, and
R; refer to R factors based on weighted profile and pattern intensity, respectively. Lattice parameters, a and ¢, of the Bi,Ni;_, thin films in the
library are presented in (d) and (e). The colored bars correspond to the lattice parameters of the Bi single-crystal reference (Joint Committee

for Powder Diffraction Standard No. 44-1246).

films [27], Fe-doped Bi3Ni [16], and Bi-deficient Bi3Ni [20].
Nevertheless, the effects of the Bi inclusion are yet to be
understood.

In this work, we have systematically investigated the
superconducting properties of the Bi,Ni;_, thin films us-
ing a composition-spread approach. Temperature-dependent
transport characterization has allowed us to map the super-
conducting phase diagram of the Bi-Ni library as a continuous
function of the Bi stoichiometry. An unusual enhancement in
the critical temperature in BizNi- with excess Bi inclusion
has been observed. We have performed correlation analysis
on structural, electronic, and magneto-transport properties of
composition-spread thin films in order to uncover the role
of Bi in superconductivity. Our work aims to explore super-
conducting behavior depending on the Bi stoichiometry, thus
providing useful guidance for future studies about the BiNi
binary system, including Bi;Ni crystals and Bi/Ni bilayers.

II. EXPERIMENT

The composition-spread libraries of Bi,Ni;_, thin films
were fabricated by cosputtering Bi and Ni targets on 76-
mm- (3 in.) diameter SiO,/Si substrates at room temperature,
as shown in Fig. 1(a). The chamber base pressure was ap-
proximately 1 x 107> Pa, and the deposition was performed
under the pressure of &~ 1.3 Pa (10 mTorr) of Ar (99.999%).
The incident angles of two sputtering guns onto the sub-
strate were adjusted to obtain a broad composition range
of the Bi-Ni thin-film library, which was measured via

wavelength dispersive spectroscopy (WDS) using an elec-
tron probe microanalyzer (JXA 8900R Microprobe, JEOL).
The composition range mapped on the Bi,Ni;_, composition-
spread libraries was found to be x ~ 0.5-0.9 [Fig. S1(a) in the
Supplemental Material [28]]. The uncertainty in the atomic
ratio from the WDS measurements was estimated to be +1%
(lo), primarily from the statistical analysis of the instrumen-
tation counts. As we see below, because we have several
multiphase regions within the spread, the composition param-
eter x here corresponds to the overall average Bi concentration
at each position on the spread. The thickness of Bi,Nij_,
thin films in the library was measured using cross-sectional
scanning electron microscopy, and it was found to vary con-
tinuously from 100 nm (BipsNigs) to 200 nm (BiggNig ;)
resulting from different target-to-substrate distances and de-
position rates between Bi and Ni in the cosputtering process.
Spectroscopic ellipsometry (SE; M-2000D, J. A. Woollam)
was utilized to assess optical constants and to optically iden-
tify the phase boundaries in the Bi,Ni;_, thin-film library.
The electrical and magneto-transport properties of thin-film
samples were investigated by the standard four-probe method
using a physical property measurement system (Quantum De-
sign). The uncertainty in the electrical resistivity is +0.1%
(1o) based on the instrument specifications. Structural phase
distribution information was obtained using synchrotron x—
ray diffraction (XRD) at Stanford Synchrotron Radiation
Laboratory Beamline 1-5. A grazing incidence angle of 1°-2°
was employed to minimize the contribution of silicon sub-
strates to the diffraction data [29]. The diffraction intensity
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of the composition spread was acquired as a function of the
scattering vector Q = 4x sinf /A, where 6 is the Bragg angle
and X is the wavelength of the incident x ray.

III. RESULTS AND DISCUSSION

The crystal structure analysis of the library was performed
to identify the distribution of phases and phase boundaries
across the composition spread [Fig. 1(a)]. Synchrotron XRD
patterns measured at different compositions on the Bi,Ni;_,
thin-film spread are shown in a waterfall plot in Fig. 1(b) with
known diffraction patterns for Bi, Bi;Ni, and BiNi crystal
structures displayed below for comparison. Based on their
matches, three phases are identified in the library: BiNi (space
group 8, Clml), BisNi (space group 61, Pnma), and Bi
(space group 166, R3m). Further quantitative analysis based
on XRD peak fitting and Rietveld refinement allowed for
identification of phase boundaries in the library. The bot-
tom of Fig. 1(a) includes a schematic view of the phase
information, where regions A (BiNi), C (Bi3Ni), and E (Bi)
indicate single-phase regions, while B (BiNi+Bi3Ni) and D
(Bi3Ni + Bi) correspond to mixed-phase regions. The struc-
tural phase boundaries of the Bi-Ni library can be observed at
x ~ 0.67, 0.73, 0.74, and 0.92, which are consistent with the
phase boundaries identified by optical characterization using
SE [Figs. S1(b)-S1(d) in the Supplemental Material [28]] and
by visual inspection (Fig. S2 in the Supplemental Material
[28]).

The presence of two mixed-phase regions (regions B and
D) and three single-phase regions [A (BiNi), C (Bi3Ni), and
E (Bi)] are consistent with the thermodynamic bulk phase
diagram, as shown in Fig. 1(a). However, the Bi concentration
(x) corresponding to the phase boundaries differs between our
thin-film spread and the bulk phase diagram [7]. Specifically,
the Bi-Ni library shows a broadening in the composition range
of pure phase regions [regions A (BiNi) and E (Bi)], likely due
to the nonequilibrium sputtering deposition process used for
the thin-film deposition.

In the case of the bulk phase diagram, the synthesis
of bulk crystals usually includes crystallization at an ele-
vated temperature for a long time (more than a few hours)
and slow cool-down procedures. These processes are gov-
erned primarily by the thermodynamics of the BiNi system,
such as formation energy and entropy. This thermodynamics-
controlled mechanism generally leads to narrow composition
ranges for intermetallic compounds (i.e., BiNi and Bi3;Ni),
where substitutional doping is energetically more expensive
than phase deconvolution with nonzero interface energy.

On the other hand, the Bi-Ni film growth using our cosput-
tering approach is based on the vaporization of Bi and Ni
atoms by energetic Ar plasma and subsequent rapid cool-
ing on a Si substrate. Therefore, the sputtered atoms on
the substrate do not have enough thermal energy to rear-
range, thereby making our thin-film system kinetically limited
(i.e., atomic diffusion for crystallization is suppressed). This
kinetics-control mechanism could lead to a nonrequilibrium
phase diagram, including an extended range of impurity-
doped single-phase regions, as shown in egions A (BiNi) and
E (Bi).

One important feature in our thin-film phase diagram is
the difference between the two mixed-phase regions. That
is, region D (Bi3Ni + Bi) shows a relatively wider composi-
tion range (0.74 < x < 0.92), compared to region B (BiNi +
BisNi; 0.67 < x < 0.73). We attribute this to the difference
in the diffusion coefficients between Bi (22 x 1072! m2s™1)
and Ni (1072 m?s~!) [30]. The Bi phase (regions D or E)
with mobile Bi atoms acts as a Bi reservoir, and thus BizNir
seed crystals can be readily formed and grown even at room
temperature if there are enough Ni atoms nearby. This would
transform the single-phase Bi region doped with Ni atoms
(egion E) into the Bi 4+ BizNi mixed-phase region (region D),
thus increasing the width of region D. This is consistent with
the fact that BisNi phase can be spontaneously created at the
Bi/Ni interface as reported in previous Bi/Ni bilayer studies
[6]. On the other hand, both BiNi and Bi3;Ni phases do not al-
low phase evolution of constituent atoms due to immobilized
Ni atoms (i.e., low thermal diffusivity) and the large activation
energy for Bi out diffusion from the intermetallic phases. This
would make the width of region B remain unexpanded. As a
result, the large diffusion constant of Bi atoms makes region
D less limited by the kinetic mechanism, thus creating the
Bi3Ni + Bi mixed-phase region (region D) closer to the bulk
phase diagram than region B (BiNi + Bi3Ni).

Intriguingly, the pure BizNi phase can be found at x =
0.73-0.74 (region C) with a narrow composition range (Ax ~
0.01), which appears to be slightly shifted from the expected
stoichiometry composition with x = 0.75- rather than the re-
gion being broadened due to a doping effect. Since the shift
is close to the resolution limit of our WDS measurements,
it could be due to a systematic measurement uncertainty.
We note that a similar experimental result was found in a
growth kinetics study of BiNi intermetallics, where a pure
Bi3Ni phase was made in a slightly Bi-deficient region with
x ~ 0.733 [25]. Moreover, Bi inclusion was observed even in
Bi-deficient BisNi crystals [20]. If meaningful, the shift can
be explained by the large difference in diffusivity between Bi
and Ni atoms [25,26], leading to selective Bi out diffusion and
local precipitation of the Bi phase during the growth of BizNi
crystals at room temperature. In other words, only Bi can
diffuse out from BizNi at x = 0.75, and the out-diffused Bi
atoms likely form Bi nanocrystals locally, leaving the BizNi
crystals partially deficient with Bi.

The structural properties of such Bi off-stoichiometry in
Bi,Ni;_, thin films were further analyzed in detail. We re-
fined the XRD patterns of the Bi-rich region on the spread
(x > 0.92) and confirmed that region E is purely of the Bi
phase. Figure 1(c) shows the Rietveld refinement result for
the Big 93Nig o7 composition spot on the thin-film spread. The
XRD pattern of this sample was refined well with a sin-
gle Bi phase (R3m). The R factors based on the weighted
profile (Ry;) and pattern intensity (Ry) were 0.09 and 0.12,
respectively. Thus, no phases other than the pure Bi phase
can be detected in this sample within the resolution limit of
synchrotron XRD. Figures 1(d) and 1(e) present lattice param-
eters (a and c) of the Bi phase found in Bi,Ni;_,-spread thin
films. While the lattice parameters of Bi inclusion in Bi, Ni;_,
(x < 0.9) are comparable to those of Bi single crystals, sig-
nificant lattice expansion can be seen when x > 0.9. The
increase in the lattice parameters of the Bi phase for x > 0.9 is
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FIG. 2. Molar fraction of Bi3Ni and Bi phases in Bi,Ni;_, thin
films as a function of Bi compositions. Dashed lines correspond
to the molar fraction of each phase calculated from the bulk phase
diagram using the lever rule.

accompanied by the suppression of BizNi formation, implying
Ni atoms prefer to be consumed via doping into Bi crys-
tals rather than creating the BizNi phase. This agrees with
a previous report where up to ~10% of Ni can be doped in
a rhombohedral Bi matrix as a solid solution [31]. Figure 2
shows the molar fractions of BizNi and Bi phases in the
Bi,Ni;_, thin films as a function of xx. These phase fractions
were obtained from quantitative analysis of synchrotron -ray
diffraction data. The thermal-equilibrium phase fractions es-
timated from the bulk phase diagram via the lever rule are
also included (dashed lines). The Bi phase fraction in the bulk
phase diagram for an extended range of x is provided in Fig.
S3 in the Supplemental Material [28].

Figure 3(a) shows the temperature-dependent electrical re-
sistance (R-T) of the Bi,Ni;_, thin-film library with the inset
displaying a zoom-in view for the R-T curves at low tem-
peratures (T < 5 K). The electrical resistance of the samples
was normalized to the room-temperature resistance (Rzook)
to exclude geometric effects, such as the thickness and di-
mensions of the films. The R-T curve of a pure Bi thin film
made under the same condition is included as a reference.
The superconducting phase diagram was obtained from the
temperature-dependent normalized resistance of Bi,Ni;_, thin
films, as presented in Fig. 3(b). The phase diagram shows the
superconducting phase (SC, R = 0) and nonsuperconducting
phase (Non-SC, R > 0) regions. The phase boundary infor-
mation acquired from the structural analysis is also included.

The Bi,Ni;_, library exhibits superconductivity with 7, >
1.8 K when the Bi compositions range from x =~ 0.69 to
x & (0.92. This is reasonably consistent with regions (B, C,
and D) where the Bi;Ni phase is observed (0.67 < x < 0.92).
Also, no sign of superconductivity was observed down to
1.8 K in single-phase Bi samples (x > 0.92; region E) and
a separately prepared (as a reference) pure Bi thin film. These

results can rule out spurious origins of superconductivity other
than that from the Bi3Ni phase, including amorphous Bi [32].
In particular, when an amorphous Bi sample is held at T >
30 K, its superconductivity disappears permanently due to
crystallization resulting from the high diffusivity of Bi atoms
[6], whereas the Bi-Ni library in this work was fabricated at
room temperature. Thus, we attribute superconductivity in the
Bi,Ni;_, thin-film library solely to the superconducting BizNi
phase.

No superconducting transition was observed in the BiNi
phase region (region A). It turned out that the BiNi phase
in our Bi-Ni spread library has a monoclinic structure
with space group Clml, while the known superconducting
BiNi phase reported previously has a hexagonal symme-
try with space group P63;/mmc [9]. The formation energies
of the hexagonal (E ~ —0.052 eV/atom) and monoclinic
(E =~ —0.043 eV /atom) phases are comparable with AE <
0.01 eV/atom [33], indicating both are thermodynamically
stable structures. Considering that the low-symmetry mono-
clinic structure is relatively more stable at lower pressures
and higher temperatures in similar binary systems with
monoclinic-hexagonal phase transitions [34-36], the ener-
getic sputtering deposition and the subsequent rapid cooling
of the films under a vacuum environment likely formed the
monoclinic phase in our spread library.

Interestingly, two mixed-phase regions (B and D) show dif-
ferent superconducting behaviors. In region B (BiNi+Bi3Ni),
superconductivity is suppressed as a greater amount of the
impurity phase (BiNi) is included in the system, with 7; grad-
ually decreasing from 3.4 K (x &~ 0.74) to 2.0 K (x = 0.70).
In region D (Bi3Ni + Bi), on the other hand, regardless of the
fraction of Bi inclusion in Bi3Ni, 7; remains relatively high
(23.4 K) with a maximum 7; of 4.2 K at x =~ 0.79-0.80.
In particular, the Bigg;Nig9 sample with only ~2% molar
fraction of Bi3Ni included shows comparably robust super-
conductivity (7; =~ 3.4 K), while superconductivity suddenly
disappears at x > 0.92 where no Bi3Ni is observed (Fig. 3).
To better understand the unusual superconducting behavior
in Bi3Ni with Bi inclusion (region D), we performed field-
dependent transport measurements on the Bi,Ni;_, thin films.

Figure 3(c) shows the normalized R-T curves of the
Big goNig2o thin film with different magnetic fields applied
in the out-of-plane direction, where a continuous decrease in
T. is observed. Figure 3(d) presents temperature-dependent
upper critical fields, woH.(T), obtained from the field-
dependent R-T measurements for Bi,Ni;_, thin films, where
Wo is the vacuum magnetic permeability. The solid and dashed
lines correspond to the fitting curves obtained using the
Werthamer-Helfand-Hohenberg (WHH) formula in the dirty
limit [37,38]:

1oHYHH(0) = —0.693Tc<dH°2> . (1)
ar ),

We employed an approach proposed by Baumgartner et al.
[39] for temperature-dependent fitting of the WHH formula
(1.8 K LT < T.). The WHH model fit the data well with
R? > 0.99 for all superconducting Bi,Ni;_, thin-film samples
here, which was confirmed to provide better fitting results than
the temperature-dependent Ginzburg-Landau model. From
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FIG. 3. (a) Normalized resistance of pure Bi and Bi,Ni,_, thin films. Inset shows low-temperature data for the Bi,Ni,_, library, corre-
sponding to the marked dotted region. (b) Superconducting phase diagram of Bi,Ni,_, thin films, obtained from the normalized resistance
as functions of temperature and the total Bi composition (x). The phase boundary information (A-E) is included for reference. The red area
indicates the zero-resistance region, corresponding to the superconducting phase (SC), while blue and white areas show nonsuperconducting
regions (Non-SC) with R/R3p0k > 0. (c) Field-dependent R/R30 x (T') plots for BiggNig, thin film. (d) The upper critical fields of Bi,Ni;_,
thin films as a function of temperature. Solid and dashed lines correspond to the fitted curves based on the Werthamer—Helfand—Hohenberg

equation for interpolation and extrapolation, respectively.

the WHH fit, we obtained the temperature-dependent upper
critical fields, woHc(T), and calculated the Ginzburg-Landau
coherence length (&g ) using the following equation [40]:

£ (T) = P
TN 2w poHo(T)’

where ® = h/2e ~ 2.07 x 10715 Tm? is the magnetic flux
quantum. The calculated upper critical fields and Ginzburg-
Landau coherence lengths for Bi,Ni;_, thin films are provided
in Fig. 4(a).

The normal-state magnetoresistance (MR) of Bi,Ni;_, thin
films, defined as MR = [R(H) — R(0)]/R(0), was measured
at4.5 K [Fig. 4(b)]. No MR is observed for x < 0.74 in region
B (BiNi+Bi3Ni mixed phase) and region C (BizNi single
phase), whereas samples with x>0.74 (region D, Bi3Ni+Bi)

@

show positive MR whose magnitude is proportional to the
amount of Bi inclusion. This positive MR is consistent with
that of single-phase Bi crystals due to field-dependent scatter-
ing [41,42], indicating that the Bi inclusion acts as an impurity
phase in the magnetotransport of Bi,Ni;_, thin films.

The residual resistance ratio (RRR) above the supercon-
ducting transition temperature changes with varying the Bi
concentration in regions B, C, and D. We extracted the RRR
values of Bi,Ni;_, thin films at 5 K from the R-T measure-
ment data, where RRR = Rj300 x /Rs k. The RRR of the spread
library shows a systematic change with a maximum RRR of
1.82 at x &~ 0.79.

Figure 5 shows a comparison of 7., RRR, and MR of
BiNi_, thin films as a function of x. As mentioned earlier,
single-phase Bi3Ni thin films (region C) show T; of ~3.4 K,
which is drastically reduced as more BiNi impurities are
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included (region B), as marked with arrow “a” in Fig. 5(a).
Meanwhile, samples in region D (Bi3Ni + Bi mixed phase)
show relatively high 7. for all compositions, exhibiting a
first increasing (arrows “b”) and then decreasing (arrow “c”)
trend with the maximum 7; at x ~ 0.79. We note that the
changing trend of 7; according to x is similar to that of
RRR, shown in Fig. 5(b), indicating that 7. and RRR are
correlated. Figure 5(c) shows the MR of Bi,Ni;_, thin films
at H =9 T, defined as MRg1 = [R(9 T) — R(0 T)]/R(0 T).
The normal-state MR drastically increases for samples with
x > 0.79, where a decreasing trend is observed for both T
and RRR. This suggests that the reduction in RRR and T;
(arrow ““c”) is due to the significant amount of Bi inclusion
acting as an impurity phase in the films. We note that the
thickness variation in our spread would not affect these trends
significantly, as RRR and MR are normalized values where
the dimensional effect is removed. Also, the thickness varia-
tion is only +10% (180 £ 20 nm) in the composition range
where the most dramatic changes in the trends are observed
(0.7 < x < 0.85).

Bi;Ni+Bi
B C
4-(a) ‘\*‘.l*. iy
~~ } F.FH.’ L]
< b | -
l\O 3t i i
- |
2+ - >/a % -
(b) .o, @5k
o 1.6 X * % * . -
(h'd < ! L 4 .
Ciol e, | Yoo .
¢ ! *e .
()'53 C I ! i ! I I ]
12L (C) i @i |
;\o\ sl i Tj(—?\ |
5 |
X 4+ | '@ B
Oler @ @ O 1D 1D P @45K |
0.7 0.75 0.8 0.85 0.9

X

FIG. 5. (a) Superconducting critical temperatures (7), (b) resid-
ual resistance ratios (RRR), and (c) magnetoresistance at 9 T (MRg 1)
of Bi,Ni,_, thin films. Phase information (regions B—D) identified
from the structural analysis is included. Error bars correspond to the
standard deviations of measurement data.

Here, the question needs to be addressed as to why T, and
RRR increase for Bi compositions corresponding to 0.74 <
x < 0.79 (arrow “b”). One possible scenario is that the Bi
inclusion allows for the regrowth of Bi3;Ni crystals at room
temperature via the interdiffusion of highly diffusive Bi atoms
between Bi and Bi3Ni [6,25,26,30]. This recrystallization due
to Bi inclusion would enhance the crystal size and crystallinity
of the Bi3Ni phase in the films, thus decreasing grain bound-
ary scattering and increasing carrier mobility and the mean
free path. We performed further correlation analysis to verify
this scenario and elucidate the abnormal superconductivity
increase in the arrow “b” region.

Figure 6(a) shows the crystallite size (D) and carrier mean
free path (lvpp) of BizNi crystals in BiyNi;_, thin films. The
crystallite size was calculated using the Scherrer equation
[43], D = KA/B cos 6, where K = 0.9 is a shape factor, A is
the wavelength of the synchrotron x-ray beam, g is the full
width at half maximum of the diffraction peaks, and 9 is the
Bragg angle. The carrier mean free path ypp was obtained
from the following Ginzburg-Landau relation [40,44]:

—1/2 _
Pa -1/,

3

EqL = 0.739[£, % + 0.882(&olvrp) ' ]
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FIG. 6. (a) Crystallite size (D) and mean free path (lypp) of
the superconducting Bi;Ni phase in the Bi,Ni;_, thin-film library
extracted from synchrotron diffraction patterns. (b) Normal-state
carrier concentration of Bi,Ni;_, thin films at 5 K. The difference
between the bulk and thin-film Bi phase fractions is provided in red.
Error bars were estimated from the standard deviations of measure-
ment quantities for calculations.

where &y = hvp/m A ~ 21 nm is the BCS coherence length of
Bi3Ni crystals estimated using the Fermi velocity (vg) and the
superconducting energy gap (A) values from previous reports
[45.46].

As shown in Fig. 6(a), the crystallite size of the single-
phase BisNi (x = 0.73) is D & 17 nm, which does not vary
significantly as the Bi composition increases. In contrast, the
Imrp of Bi3Ni gradually decreases from 17 nm (x =~ 0.73) to
5 nm (x ~ 0.89) as more Bi is included. Thus, both D and
Imrp as a function of x is not consistent with the idea that the
increase in RRR and 7, (arrow “b”) can be attributed to the
film crystallinity enhancement.

Notably, Ivpp at x & 0.73 (region C, Bi;Ni single phase)
is comparable to the size of Bi3Ni crystallites, indicative of
grain boundary scattering as a dominant carrier scattering
mechanism for the single-phase BizNi. However, lypp de-
creases drastically as x increases when 0.74 < x < 0.79. This
suggests that scattering due to impurity doping comes into
play as an additional scattering mechanism. We calculated
the mean free path values using the Matthiessen’s rule [44],
l];”l:], = l];iiNi + li;fp, where [gi,ni is the mean free path due

to the grain boundary scattering in Bi3Ni crystals and /[, is
the mean free path due to impurity scattering. We obtained
Igi,ni ~ D ~ 17 nm for the single-phase BisNi (x ~ 0.73)
indicative of no impurity scattering, while the total carrier
mean free path is changed significantly due to Bi doping for
x ~0.79 (lyrp ~ 7 nm and iy, ~ 12 nm).

To prove whether Bi atoms are indeed doped in Bi;Ni, we
analyzed the interplanar spacing of Bi3Ni crystals. The inter-
planar spacing of (304) planes in Bi3Ni crystals, d(304), Was
calculated using the (304) diffraction peaks because they have
no overlap with other peaks, thus enabling accurate extraction
of peak positions. d(3p4) was found to increase significantly
from 2.888 £0.001 A (x ~ 0.73) to 2.898 £0.001 A (x ~
0.79). Since the atomic radius of Bi (160 pm) is larger than
that of Ni (135 pm) [47], the increased d(304) indicates the
doping of Bi atoms into Bi3Ni, in good agreement with the
impurity doping effects on the mean free path as discussed
above. These results suggest that the Bi impurity doping in
Bi3Ni could be the origin of the enhanced 7. and RRR of
Bi,Ni;_, thin films observed for 0.74 < x < 0.79 (in the ar-
row “b” region).

In general, impurity doping in metallic superconduc-
tors reduces RRR and 7; by increasing carrier scattering
[48-50]. On the contrary, doping impurities into supercon-
ductors with poor metallicity can enhance RRR and/or T
by increasing carrier concentrations via the change in the
electronic structures, such as energy band filling and overlap-
ping [51-55]. Such enhanced superconductivity due to carrier
doping is often observed in strongly correlated systems,
such as the high-7; cuprates and iron-based superconduc-
tors [56-58]. In particular, an enhancement in RRR and
superconductivity due to carrier doping can be accompanied
by metal-insulator-like transitions in correlated systems with
low conductivity, where the RRR values are approximately
unity [59].

To explore the possibility of carrier doping, we esti-
mated the normal-state carrier concentration (n) of the BizNi
phase in our Bi-Ni spread using the transport equation n =
m*o /e*t = m*vro /e*lvpp, Where o is the electrical conduc-
tivity, m* = 7.3 x 1073 kg is the effective mass of charge
carriers in the BisNi crystals, and 7 is the relaxation time
depending on the mean free path [40,45,46]. For this estima-
tion, we assumed the electrical current flows predominantly
through the Bi3Ni crystals in Bi,Ni;_, thin films since the con-
ductivity of single-phase BisNi (ogi3Ni = 4.6 x 10> Scm™!;
region C) is larger by three orders of magnitude than that
of pure Bi (og; = 5.1 x 10° Scm™!). The positive MRs of
Bi,Ni,_, thin films induced by the Bi phase, which are smaller
by two to three orders of magnitude than pure Bi crystals
[40,41], can be supportive of this assumption.

The normal-state carrier concentrations of Bi,Nij_, thin
films estimated at 7 & 5 K change systematically according
to x, with a maximum n ~ 2.3 x 10> cm™ at x ~ 0.79, as
shown in Fig. 6(b). As more Bi is included from x ~ 0.79,
n gradually decreases down to ~3.6 x 10%° cm—>. This de-
crease for x > 0.79 is likely due to the reduced volume
fraction of metallic Bi;Ni with more Bi phase added, thereby
diluting carrier concentrations in the Bi,Ni;_, thin films. We
also estimated the carrier concentration of the pure Bi thin
film at 5 K (n ~ 3.6 x 10" ¢m™?), which is three to four
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orders of magnitude lower than that of BizNi. The estimated
carrier concentration of Bi is consistent with the previous re-
ports (n ~ 3 x 10'7 cm~3 at 4.2 K) [60,61]. Thus, the carrier
doping scenario agrees well with the change in RRR and 7
(arrow “b”) in Figs. 5(a) and 5(b).

We estimated the amount of Bi impurity doping in the
Bi3Ni phase using the phase fractions obtained via the quan-
titative analysis results shown in Fig. 2. The orange dashed
line in Fig. 2 shows the fraction of the Bi phase in the case
of the bulk phase diagram, which corresponds to the thermal-
equilibrium state. The fractions of the Bi phase in our thin-film
samples correspond to nonequilibrium states and thus show
deviations from the bulk phase curve. The difference is mainly
due to the impurity doping effect, such as Bi impurity doping
into the BizNi phase. We estimated the difference between
the bulk and thin-film Bi phase fractions, defined as A xg; =
XBi(thin film) — XBi(bulk)- Here, the signs of A xp; indicate possi-
ble types of impurity doping, where Axg; < 0 and Axg; > 0
cases correspond to an insufficient fraction of the Bi phase
due to Bi doping in Bi3Ni and loss of BizNi phase fraction
due to the formation of the Ni-doped Bi phase, respectively.
The thin-film phase fractions are identical to those of the
thermal equilibrium case when A xg; = 0. Surprisingly, the
trend of Axg; is exactly opposite to that of the carrier con-
centration with maximum Bi impurity doping observed at
x ~ 0.81, as shown in Fig. 6(b). Also, the Axg; plot al-
lows for the observation of the sign change at x =~ (.88,
reasonably consistent with the Ni-doped Bi phase identified
with the lattice parameter analysis in Figs. 1(d) and 1(e).
These results support our analysis of the Bi impurity doping
well.

According to the Anderson theorem, superconductivity
is robust against scattering with nonmagnetic impurities
[50,62], which successfully explained previous experiments
on elemental metallic superconductors with high carrier con-
centrations (n ~ 103 cm~?). However, this theorem is based
on a critical assumption that the superconducting order pa-
rameter (A), related to the density of Cooper-pair electrons, is
uniform over the materials [50]. Thus, the Anderson theorem
could not be applicable to systems where carrier concentra-
tions change significantly due to impurity doping or band
structure modifications. Furthermore, carrier scattering with
strong spin-orbit coupling impurities, such as Bi, likely in-
duces nontrivial effects on the Cooper-pair wave function,
making the system unexplainable with conventional supercon-
ductivity theories [50].

The numbers of valence electrons in Ni (+2) and Bi (+3
or +5) are different, which suggest substituting Ni with Bi in
Bi3Ni would provide additional carriers per unit cell. This, in
turn, likely changes the filling and overlapping of the elec-
tronic band structure since Bi3zNi lies in the bad metallic
regime with n ~ 10?° cm™3 and a RRR of approximately 1.
Such characteristics make the 7. and RRR of Bi,Ni;_, thin
films in the mild doping level (0.74 < x < 0.79) more sensi-
tive to carrier doping effects than impurity scattering. On the
other hand, Bi,Ni;_, thin films with excessive Bi inclusions
(x > 0.79) show reductions in n, RRR, and T, which closely
tracks the significant increase in MR. These results suggest
that the role of Bi as an impurity phase becomes more domi-
nant in the Bi-rich phase (x > 0.79).

Intriguingly, Bi impurity doping has been reported to in-
crease T in various other superconductors. These include
Pb [44], AgSnSe, [63], Pb,Pd [64], and BaPbOs [65-67].
Many of these materials show poor metallic behaviors with
RRRs close to 1 and relatively low carrier concentrations.
Considering the substitution of Bi (+3 or +5) for differ-
ent valence atoms, such as Sn (42 or +4) or Pb (+2 or
+4), the enhanced superconductivity in these materials is
likely related to carrier doping effects, as in the Bi-Ni bi-
nary system. Due to the multivalency of host and dopant
elements in such systems, including Bi, a valence-skip ap-
proach may also be relevant to the change in superconducting
properties [63,60].

In previous Bi/Ni bilayer studies, whether the supercon-
ducting mechanism is intrinsic or if it is due to an impurity
phase was debated. In our work, a trace amount (*~2%)
of BizNi nanocrystals (D < 20 nm) embedded in the Bi
film was identified to induce bulk superconductivity (7; ~
3.5K) in the Bi-Ni system. Furthermore, the trend of 7
as a function of the Bi:Ni ratio [=x/(1 —x)] resembles
that observed in previous Bi/Ni bilayer studies [5,20] (see
Fig. S4 in the Supplemental Material [28]). Thus, to com-
pletely exclude a possible superconductivity origin induced
by the impurity phase, future Bi/Ni bilayer studies should
ensure the absence of nanoscale BizNi at the interface. One
possible way to do this is to fabricate and measure Bi/Ni
bilayer samples under in sifu low-temperature environments
where no BizNi phase can form spontaneously, as reported
in [6].

In addition, our results provide a reasonable explanation
regarding possible Bi inclusions in BizNi crystals in previ-
ous studies. We found that the superconductivity of BizNi
is extremely robust against the Bi impurities regardless of
the impurity form (substitutional doping or impurity phase
precipitation). Besides, the stoichiometric BisNi (x = 0.75)
region was found to possibly include the Bi impurity phase,
which is likely due to the difference between Bi and Ni dif-
fusivity and the resulting local precipitation. These findings
provide a useful database and insight into the Bi-Ni material
system for future superconductivity studies.

IV. CONCLUSION

We performed a systematic investigation of the supercon-
ducting properties of Bi,Ni;_, thin films via a combinatorial
thin-film library approach. Synchrotron XRD analysis re-
vealed that the thin-film library contains BiNi, Bi3Ni, and
Bi phases with different phase fractions as a function of the
total Bi composition across the library. An unusual supercon-
ducting “dome” was observed in the superconducting phase
diagram obtained from the R-T measurements, where the T
of Bi3Ni increases as more Bi impurities are added. This
mixed-phase region showed robust superconductivity even
in excessively Bi-rich regions (x ~ 0.90), corresponding to
a few percent of BizNi. Correlation analysis of structural,
electrical, and magnetotransport characteristics suggested that
two competing mechanisms (i.e., carrier doping and impu-
rity scattering) exist in the mixed-phase region of Bi and
Bi;Ni with an optimal composition of x ~ 0.79 exhibiting
the highest 7;, RRR, and n. These results provide insights
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into unusual superconductivity in compounds containing the
element Bi.
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