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In the prospect of realizing bulk superconductivity in a topological insulator, metal-doped Bi,Se; has been
investigated with increased interest, where the Cu-, Sr-, and Nb-doped systems appear particularly promising.
It is generally assumed that metal intercalation into the van der Waals (vdW) gap is responsible for the super-
conductivity. We have investigated the local structure of Nb in samples with nominal composition Nby »5Bi,Ses
and Nbg,5Bi; 755e; using the x-ray absorption fine structure technique. It is found that that Nb is primarily
located in a local environment consistent with that of the misfit layered structure (BiSe);;sNbSe,, which has
a é-dependent superconducting transition in the same temperature range. We explore the possibility of Nb
occupancy on various sites in the Bi,Ses structure, but neither intercalation nor substitution lead to physically
meaningful improvements of the models. Furthermore, we report single crystal x-ray diffraction analysis of
Nb-doped Bi,Se;. Difference density maps are found to show negligible occupancy in the vdW gap. The misfit
layer compound has recently been suggested as an alternative origin for superconductivity in the Nb-doped
Bi,Ses system, in good agreement with the present study. Our findings stress the necessity of thorough structural
characterization of these samples. In more general terms, it raises the question of whether metal intercalation is
responsible for the superconductivity in the Cu- and Sr-doped Bi,Se; systems or phase segregation plays a role
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as well.
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I. INTRODUCTION

Topological insulators (TIs) doped with metal atoms have
been studied with intense interest in the past decade as a plat-
form for inducing novel physical properties of great interest
from a fundamental point of view as well as for novel device
fabrication and information technologies [1-3]. This includes
magnetic doping and dopant-induced superconductivity [4,5].
Topological superconductors (TSCs) may host non-Abelian
Marjorana quasiparticles with potential applications in topo-
logical quantum computation [6]. Reported TSC candidates
include Bi,Se; doped with Cu [5,7-10], Sr [11-14], or Nb
[15-23]. The electronic properties are closely related to the
atomic structure, and thorough structural studies of these sys-
tems are therefore important for understanding the origin of
doping-induced properties. Previous efforts to map the metal
dopant location in M-doped Bi,Se; (M = Cr, Mn, Fe, Co, Ni,
Cu, Nb, Sr) show different dopant structures and dependence
on the synthesis method [24-26].

For Cu-, Sr-, and Nb-doped Bi,Sej3, metal intercalation be-
tween the Bi,Se; quintuple layers is believed to be driving the
superconductivity. This hypothesis was encouraged by reports
on electrochemical intercalation of Cu in Bi;Ses, although
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further annealing was needed to create superconducting sam-
ples [9,27,28]. On the other hand, a study on the local structure
of melt-grown Cu,Bi;Se; suggested Cu substitution on Bi
sites in their samples [25]. However, the local structure was
not compared with physical property measurements. These
deviating findings suggest that the assumption of metal inter-
calation as the structural origin of the superconductivity may
be too simple, and further investigations on the local dopant
chemistry of superconducting Bi,Ses systems are needed.
The Nb,Bi,Se; system has been reported to contain the
misfit layer compound (BiSe);sNbSe, (typically, § = 0.1)
as an impurity phase [20,23]. This misfit layer compound
consists of alternating layers of quasicubic BiSe and NbSe;
[Fig. 1(e)]. The two layer-types have incommensurate peri-
odicity in the a direction, resulting in an incommensurately
modulated structure, in short referred to as the misfir phase.
The misfit phase is in itself superconducting with a transition
temperature 7, around 2.4 K [29]. This has been widely over-
looked in the literature, and the possibility of a correlation
with the superconducting properties of Nb,Bi,Ses, for which
the T; vary between 2.5-3.5 K, has been ignored [20].
Nb,Bi,Sejs is usually synthesized by a melt-growth process
followed by quenching the samples at a high temperature
(600-650°C). We recently showed that the resulting crys-
tal boules have inhomogeneous composition with multiple
phases present: Bi,Ses, trigonal BiSe, and the misfit phase.

©2021 American Physical Society
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FIG. 1. The DFT relaxed Bi,Se; structures with Nb (a) in in-
terstitial site 1, (b) in interstitial site 2, and (c) substituting for
Bi. (d) NbSe, from Ref. [39]. (e) Schematic of the misfit struc-
ture, (BiSe);,sNbSe, based on the analogous (BiSe); ;TaSe, from
Ref. [40]. All structures are viewed along their a axis.

Furthermore, the phase content and physical properties vary
greatly across the crystal boule [30]. The significant phase
segregation present in Nb,Bi,Ses crystal boules imposes a
challenge for identifying the structural origin of the super-
conductivity. In this study, we investigate the location of Nb
dopants in superconducting samples using x-ray absorption
fine structure (XAFS) spectroscopy. The analysis shows that
Nb is unlikely to be incorporated in the Bi,Se; phase to any
significant degree. Rather, it is found to primarily be located
in the misfit phase. Our findings are in good agreement with
recent reports linking the origin of superconductivity to the
presence of the misfit phase [30,31].

II. EXPERIMENTAL

Three crystal boules of Nb-doped Bi,Se; were grown
from the pure elements Bi(99.999%), Se (99.999%), and
Nb (99.99%) through a melt-growth method described in de-
tail elsewhere [30]. Two of these (C1, C3) were synthesized
with nominal stoichiometry Nb,Bi,Se; and one (C2) with
Nb,Biy_,Ses, where x = 0.25 for all samples. The crystal
boules were then divided into different areas of similar size,
where the samples S1 (from C1), S2 (from C2), and S3 (from
C3) represent a specific area on a crystal boule. An overview

of the specific sample area location and parameters are given
in the Supplemental Material [32].

The magnetic susceptibility was measured with a Phys-
ical Property Measurement System (PPMS) equipped with
a Vibrating Sample Magnetometer in the temperature range
1.8-10 K in a constant 20 Oe field after zero-field-cooling.

The transport experiments were carried out at the High
Field Magnet Laboratory (HFML), Nijmegen. Samples were
thin flakes of 100-300 pm thickness and of ~1 mm width and
~3 mm length; 25 um Au wires were attached to the sam-
ples with conducting silver paste. Transport experiments were
performed in a vacuum tube equipped with an inner vacuum
chamber (IVC). Sufficient “He contact gas was added in the
sample space and IVC for measurements at 1.3 K to ensure
a good thermal connection. For the temperature sweeps, the
IVC was evacuated.

Powder x-ray diffraction (PXRD) measurements were
carried out on a Rigaku SmartLab diffractometer with
Cu Ka; (A = 1.5406 A) radiation in Bragg-Brentano geom-
etry. Single crystal x-ray diffraction (SCXRD) was measured
at the BLO2B1 beamline (A = 0.2486 A) at SPring-8, Japan.
The structure was refined in the program JANA2006 [33].

X-ray absorption spectra at the Nb K-edge were measured
at the bending magnet beamline (5-BM-D) of the DND-CAT
at the Advanced Photon Source at Argonne National Labora-
tory, IL, USA (S1 and S2) and the wiggler beamline BALDER
at MAX-IV Laboratory, Lund, Sweden (S3). At DND-CAT,
a double Si(111) monochromator was used for energy se-
lection with AE/E = 1.4 x 10~*. The x-ray intensities were
detuned to 60% of its maximum for harmonic rejection. The
samples were held vertically with the x-ray incidence angle
at 45°. The measurements of reference spectra were carried
out in transmission mode using the spectroscopy-grade ion-
ization chambers (FMB-Oxford). The samples (S1, S2) were
measured in fluorescence mode, with the fluorescence sig-
nals collected using a 4-element Si-drift solid state detector
(Vortex-ME4, Hitachi Corp.) located 90° to the x-ray beam
direction. For low-temperature measurements, the Linkam
cell (TMHS600, Linkam Scientific, UK) was operated in the
liquid cryogenic mode. At BALDER, a LN2 cooled fixed exit
double crystal monochromator (FMB Oxford), Si(111) and
Si(311), was used for energy selection employing the Si(111)
crystals in a continuous scanning scheme [34]. The Nb K-edge
spectra of the sample (S3) were measured in fluorescence
mode with the sample held vertically with a 55° incidence
angle, the so-called magic angle, using a 7-element Si-drift
solid state detector (X-PIPS, Canberra, Mirion Technologies,
Inc., Meriden, CT). Measurements of reference materials were
carried out in transmission mode using custom-built ioniza-
tion chambers (30 cm). Both self-absorption and dead time
effects were carefully evaluated and are absent in the data
presented here.

The samples for XAFS measurements were fine powders
from bulk pieces mixed with a powdered filler, cellulose (for
measurements at DND-CAT) or polyethylene (for measure-
ments at BALDER), and cold-pressed into pellets. For S3,
no filler was used. The data analysis was performed using
the DEMETER software package [35], with the exception that
background subtraction from data obtained at BALDER was
performed using VIPER [36]. Fitting of the extended x-ray
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absorption fine structure (EXAFS) was performed in R-space.
In all cases, the atomic distances were constrained to an
isotropic expansion or contraction of the model structure, and
the coordination numbers were held fixed.

The equilibrium geometry of the candidate interstitial and
substitutional models of Nb in Bi,Se; were obtained by stan-
dard DFT calculations starting from a 2 x 2 x 1 hexagonal
Bi,Se; supercell. We used the plane wave code QUANTUM
ESPRESSO [37] and PBEsol ultrasoft pseudopotentials [38]. To
simulate the substitutional model, we replaced one Bi ion with
Nb. To simulate the interstitial Nb, we placed an Nb atom at
different initial coordinates and slightly randomized them, in
order to break all spatial symmetries. In all cases, the atomic
coordinates and the ¢ axis were fully relaxed.

II1. RESULTS

The two candidate Nb-doped Bi,Se; structures, where Nb
either occupies the 3b site in the van der Waals (vdW) gap
or substitute for Bi, were subject to ab initio calculations.
This resulted in the two interstitial sites 1 and 2 [Figs. 1(a)
and 1(b)] and one substitution site [Fig. 1(c)]. To encourage
either an interstitial or a substitution site for Nb, we syn-
thesized samples with both a Nbg,s5Bi,Se; (S1, S3) and a
Nby »5Bi; 755¢e;3 (S2) nominal stoichiometry [32]. The samples
S1, S2, and S3 investigated here represent a specific area,
approximately the middle part, of the three different crystal
boules described in the Supplemental Material [32]. Due to
the large inhomogeneity of the system, the actual composition
is expected to deviate from the nominal.

The PXRD patterns in Fig. 2(a) does indeed reveal that
Bi,Ses is the main phase in all three samples, with a small
amount of trigonal BiSe in S1. The (BiSe),,sNbSe, misfit
phase is revealed as a minor phase in the PXRD of S1 and
S2. For S3, indications of the misfit reflections are visible
at the noise level, suggesting << 1% in this sample. For all
three samples, the magnetic susceptibility was measured down
to 1.8 K [Fig. 2(c)], where only S1 shows a superconduct-
ing transition with onset 7, = 3.1 K. For S1 and S2, the
temperature-dependent resistance was also measured down
to 1.4 K [Fig. 2(d)]. S1 shows zero resistance below the
transition temperature with onset 3.3 K, in agreement with the
susceptibility measurements. A strong decrease in resistance
is found for S2 at 7, = 1.8 K indicating a transition from a
normal state to a superconductor. While some deviation in the
onset of superconductivity has been reported for the Nb-doped
Bi,Ses system, where a 7, of 2.5 K at present marks the
bottom of the interval [41], a transition below 2 K has not
been reported before.

To further investigate the location of Nb, SCXRD data
were collected for a single crystal from the S2 sample. The
inhomogeneity of the system posed a challenge with a high
degree of mosaicity, and the layered structure of Bi,Se; makes
it prone to twinning and stacking faults. Thus, it required
numerous attempts before a suitable crystal was identified.
A high-quality data set was only obtained by shooting the
focused x-ray beam on the bottom part of a relatively large
crystal shown in Fig. 3(a). The x-ray fluorescence spectrum
excited above and below the Nb K-edge in Fig. 3(b) was
measured for the crystal at the DND-CAT beamline, qualita-
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FIG. 2. (a) Powder x-ray diffractograms of the samples S1, S2
and S3 and of synthesized reference materials. In (b), a zoom is
shown at the position of the (002) peak of the misfit structure.
(c) Magnetic susceptibility of the three samples measured at tem-
peratures down to 1.8 K, at a constant field of 20 Oe. (d) Resistance
of S1 and S2 measured down to 1.4 K.

tively confirming the presence of Nb in this particular crystal.
A BiySes; model was fitted to the data, giving an R-factor
of 1.86 (see Supplemental Material for details [32]). The
Fourier difference density [Fig. 3(d)] shows a slight excess
electron density in the vdW gap with maxima at the 3b sites
(~1 —2e/A%), as well as slight electron deficient Bi and Se
sites. While suggestive of intercalation in the vdW gap, the
fit was not improved by adding Nb on the 3b site. The ap-
parent low density of ~1 /A3 is therefore not caused by any
significant Nb (Z = 41) intercalation but ascribed to the fact
that small errors tend to accumulate density at high symmetry
positions. If Nb was actually present on the 3b site, it would
be possible to refine a meaningful nonzero occupancy. The
Bi,Ses structure is known to have a tendency to be Se defi-
cient, and fitting the Se occupancy improved the fit slightly.
Fluorescence spectroscopy exposing the entire crystal showed
the presence of Nb, but given the small size of the x-ray
beam required to obtain a high-quality SCXRD data, the Nb
content in that specific area of the crystal could differ from the
fluorescence average.

The x-ray absorption near-edge structure (XANES) is plot-
ted in Figs. 4(a) and 4(b). There is a resemblance of the
XANES between the samples and the misfit phase, which
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FIG. 3. (a) Image of the S2-crystal for the SCXRD experi-
ment. Only the bottom part, indicated by the arrow, was probed by
the beam. (b) Fluorescence spectrum for the whole S2-crystal at
18936 eV (below the Nb K-edge) and at 19036 eV (above the Nb
K-edge). (c) Bi,Se; unit cell showing the (110) plane. (d) The Fourier
difference electron density of the (110) plane when the SCXRD
data were fitted with a Bi,Se; model. Red (blue) indicates excess
(deficient) electron density in the data compared with the model. The
red arrow shows the 3b site in the vdW gap, the black arrow shows
the Bi site, and the two Se sites are indicated by blue arrows.

decreases in the series: S1, S2, S3. A linear combination
fit of the reference spectra gives for S2 and S3 ~2/3 mis-
fit phase and ~1/3Nb,0Os, and for S1 ~ 4/5 misfit phase
and ~1/5Nb,0Os [Figs. 4(c)-4(e)]. This apparent presence of
Nb,Os should be interpreted with caution. It seems highly
unlikely that Nb should be present as an oxide; however, a
degree of surface oxidation may play a role. The indication
of a strong XANES contribution from the misfit phase for S1
and S2 is in good agreement with the observed peaks in the
PXRD pattern. For S3, it is remarkable that the majority of Nb
appears to be in the misfit structure, despite barely detectable
peak intensity at the expected diffraction angles for this phase
in the PXRD. The reason could be that Nb is only present
in trace amounts in S3, confirmed by the extended data col-
lection time (~12 h for S3 EXAFS, compared with ~30 min
for the NbSe, standard with similar scan parameters). This is
consistent with the misfit phase as the primary Nb-containing
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FIG. 4. XANES spectra of the Nb K-edge measured at 300 K at
(a) DND-CAT and (b) BALDER. (c, d) Linear combination fit of the
misfit and Nb,Os reference spectra to the S1 (c) and S2 (d) spectrum
measured at DND-CAT. (e) Linear combination fit of the misfit and
Nb,Os reference spectra to the S3 spectrum measured at BALDER.
The fits resulted in the compositions given in the graphs.

phase in S3. This shows that even for areas with low Nb
concentration, the Nb favors to segregate into the misfit phase
over intercalation.

Figure 5 shows the EXAFS data k%x(k) and the cor-
responding Fourier transform moduli |x(R)|. The EXAFS
spectra are dominated by the structure within a single NbSe,
layer, and therefore the misfit phase and NbSe, EXAFS are
not surprisingly very similar. It was thus confirmed by fitting
a NbSe, structural model to the NbSe, data and misfit data
alike that the NbSe, model can represent the incommensurate
misfit phase in our data [32]. The |x(R)| of the samples
reveal coordination shells with distances that coincide with
the coordination shells of a NbSe, layer in the misfit structure
(see the fitted distances in Tables S4 and S5 in the Supple-
mental Material [32]). However, the amplitudes are smaller,
with a decreasing trend in the series S1, S2, S3 when the data
measured at the same temperature are compared. A reduced
amplitude is in general an indication of a smaller coordination
number N or a larger disorder or a combination of both. Since
there is a strong resemblance with the NbSe,-type coordina-
tion shells, the main structure in the |x (R)| of the samples
is likely to originate from Nb in the misfit phase, which we
consider the main Nb-containing phase. A smaller amount of
Nb may be in a different chemical environment, where the
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FIG. 5. EXAFS data from (a, b) DND-CAT and (c, d) BALDER
plotted as the k>-weighted x (k) and the magnitude of its Fourier
transform (FT) |x (R)|. The FT window 3.15-15 A~! was used for
all spectra in (b), and a window of 3.2-13.0 A~! was used for S3, the
misfit phase reference and NbSe; in (d). A window of 2.9-15.2 At
was used for the NbO, and Nb,Os. The labels in (b) and (d) are the
same for graphs of the same color in (a) and (c), respectively. For S1

and S2, the solid line indicates the low temperature, and the dashed
line indicates the 300 K data.

small amplitude contribution at ~1.5 A in the | x (R)| suggests
a chemical environment of low-Z atoms. We will return to this
issue in the Discussion.

The EXAFS data were fitted using the NbSe, structural
model, which here represents the misfit phase. The fit was
performed with either a fixed amplitude reduction factor of
S3 = 1.0 obtained from the NbSe, standard [32] or with S}
as fitting parameter. The results are plotted in Figs. 6(a)—
6(b), and the fitted parameters are given in Tables I-III. A
marked reduction in the R-factor is achieved for all three
samples when S3 is fitted. The variable S parameters also
bring about a reduction in disorder parameters o2, which then
assume values closer to what may be expected at the given
temperatures. The reduction in S3 from the standard value of
1.0 represents an adjustment of the coordination numbers, a
misfit phase fraction below 1, or both. Note that the fitted SS
for the three samples follow the trend of the XANES linear
combination fits in Figs. 4(c)—4(e). For S1 and S2, the room

4 (a)§ 3 281,120k | 1.5 (b)§ v S3,300K
2 3 5 ° 82,1%OK 5 _3(2)=1§
< 24
— —Sovqr.
T :
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v 83,300 K
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(d)

Ix(R)I (A3)

FIG. 6. (a, b) The NbSe, (representing the misfit layer com-
pound) model fitted to the EXAFS data of (a) S1 plotted with an
upward shift and S2, and (b) S3. The amplitude reduction factor
was either fixed to Sé = 1.0 (blue line) or a fitted variable (red
line). (c, d) The magnitude of x(R) of the DFT relaxed structures
in Figs. 1(a)-1(c) along with the measured EXAFS for S2 (c) and S3
(d). The DFT models were not fitted to the data but plotted with the
same user-defined o2 for all single-scattering paths in all models. A
FT window of 3.15-15.0 A~! was used in (a, ¢) and 3.2-13.0 A~" in
(b, d).

temperature data were fitted using the same model and with
results similar to those obtained for the low-temperature data,
except for the disorder parameters. These are given in square
brackets in Tables I and II for comparison. It is noteworthy that
although the disorder parameters for S1 and S2 are similar at
room temperature, the reduction in o> on cooling is greater
for S1. Thus, thermal vibration is more significant in S1, and
static disorder dominates in S2. In other words, S1 has a much
more ordered local structure around Nb.

We also considered the EXAFS of the proposed ab initio
models of Nb-doped Bi,Ses in Figs. 1(a)-1(c), plotted with
user-defined o2 in Figs. 6(c) and 6(d). These model structures
do not describe the EXAFS data of the samples well. How-
ever, we did perform linear combination fits to the S3 EXAFS
data including the NbSe, model with fixed parameters and
each of the DFT relaxed structure models (see Supplemental
Material for details [32]). The inclusion of either of the three
DFT models did not improve the fit, unless the o2 were
allowed to assume unreasonably large values. This suggests
that Nb-doped Bi,Se; corresponding to the models shown in
Figs. 1(a)-1(c) are at most present as minor contributions to
the Nb K-edge signal.

IV. DISCUSSION

The present study was initially intended as an effort
to locate Nb dopants in superconducting Nb,Bi,Se; and
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TABLE I. Fitted EXAFS parameters. Sample: S1; 7 &~ 120 K; Model: NbSe,; R-range: 1.7-4.2 A; k-range: 3.15-15.0 A-!. The o2 for a
similar fit at 7 = 300 K are given in brackets for comparison. The given uncertainties are from the least-squares fitting; however, the spatial

resolution is ~0.01 A.

P 2, %0 5 Variables/
Path N R (A) o (A7) S5 AEy (eV) R (%) independent points
Fixed S}
Sel 6 2.60(0) 0.0036(2)
[0.0050(2)]
Nbl 6 3.45(1) 0.0108(18)
[0.016(4)] 1 —0.4(1.0) 2.1 5/18.4
Se2 6 4.32(1) 0.009(3)
[0.013(4)]
Sel-Nbl 24 4.32(1) o2(Sel)+o2(Nbl)
Variable 53
Sel 6 2.60(0) 0.0024(3)
[0.0037(4)]
Nbl 6 3.45(0) 0.0091(12)
[0.013(2)] 0.77(5) —0.4(7) 0.81 6/18.4
Se2 6 4.32(0) 0.0079(17)
[0.011(3)]
Sel-Nbl 24 4.32(0) o%(Sel)+02(Nbl)

Nb,Bi,_,Se; samples. This is particularly challenging, since
a synthesis route leading to highly heterogeneous samples is
necessary to obtain the desired superconducting properties.
No superconducting area of a synthesized crystal boule that
was also phase pure Bi,Se; was identified. Thus, the exper-
iments were carried out on samples with varying, but small,
amounts of the misfit phase. From the XAFS data, the misfit
structure appears to be the main Nb-containing phase in all
samples, although the amplitudes of the EXAFS oscillations

are reduced with respect to the misfit reference data. There can
be several, possibly simultaneous, reasons for this. The most
apparent reason would be a lower coordination number of
Nb due to Se vacancies. Chalcogenide vacancies are common
in transition metal dichalcogenides [42—44], and it is likely
that they form in the NbSe, layer of the misfit phase as well,
especially considering that the misfit phase is formed in a Nb-
doped Bi;Se; matrix with high-temperature quenching. This
would explain why the misfit and NbSe, reference samples

TABLE II. Fitted EXAFS parameters. Sample: S2; T ~ 120 K; Model: NbSe,; R-range: 1.7—4.2 A; k-range: 3.15-15.0 A~'. The o2 for a
similar fit at 7 = 300 K are given in brackets for comparison. The given uncertainties are from the least-squares fitting; however, the spatial

resolution is ~0.01 A.

R 2 (A2 2 Variables/
Path N R(A) o2 (A?) sz AE, (eV) R; (%) independent points
Fixed S?
Sel 6 2.60(1) 0.0051(3)
[0.0061(4)]
Nbl 6 3.45(1) 0.014(4)
[0.021(8)] 1 —-0.7(1.4) 4.8 5/18.4
Se2 6 4.32(1) 0.010(4)
[0.012(5)]
Sel-Nbl 24 4.32(1) o2(Sel)+o2(Nb1)
Variable 53
Sel 6 2.60(0) 0.0030(4)
[0.0040(5)]
Nbl 6 3.44(0) 0.0104(17)
[0.014(3)] 0.66(5) —0.7(9) 1.3 6/18.4
Se2 6 431(1) 0.008(2)
[0.010(3)]
Sel-Nbl 24 4.32(1) o?(Sel)+o?(Nbl)
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TABLE III. Fitted EXAFS parameters. Sample: S3; 7 = 300K;

Model: NbSe,; R-range: 1.7-4.2 A; k-range: 3.2-13.0 A-1. The given

uncertainties are from the least-squares fitting; however, the spatial resolution is ~0.01 A.

Path N R(A) o? (A% i AEy (eV) Ry (%) indeziﬁgsﬁsﬁoims
Fixed S}
Sel 6 2.60(1) 0.0087(6)
Nbl 6 3.44(1) 0.022(8) 1 —2.7(1.9) 6.8 5/15.2
Se2 6 4.31(2) 0.015(6)
Sel-Nbl 24 4.32(2) a%(Sel)+o?(Nbl)
Variable S3
Sel 6 2.60(1) 0.0055(9)
Nbl 6 3.44(1) 0.015(4) 0.62(9) —2.5(1.6) 2.6 6/152
Se2 6 4.31(1) 0.012(5)
Sel-Nbl 24 4.31(1) o?(Sel)+o?(Nbl)

do not display similar amplitude reduction. An abundance of
Se-vacancies could lead to the formation of Nb-O bonds in
the fine-grained powder, explaining the small peak at low R in
the | x (R)| and the apparent oxide contribution in the XANES.
Few- or single-layer NbSe, is known to degrade in air over
time [45], suggesting that defective NbSe, surface layers in
the misfit phase could also be sensitive to air exposure.

An ab initio study on the related misfit layer compound
(PbS);.14TaS, showed a stabilizing effect of Ta substitution
on Pb sites [46]. Similarly, Nb substitution on Bi sites may
stabilize the (BiSe);;sNbSe, in our samples. In that case, it
would give a reduction in the Nb coordination number, as Bi
is only coordinated to five Se in the quasicubic BiSe layer.

As previously mentioned, the harsh synthesis conditions
may have produced a distribution of misfit stoichiometries,
which will add significant structural disorder effects in the
EXAFS. Variation of § in (BiSe);4+sNbSe, is discussed later
in this section.

Despite the lack of clarity on the origin of the reduced
amplitude of the EXAFS oscillations, the sum of the evidence
suggests a strong tendency toward the formation of the mis-
fit phase rather than incorporation of Nb dopants into the
Bi;Ses; host structure. In a recent study [30], we estimated
that the total phase content across a crystal boule (from which
S1 originates) fits approximately with the assumption that
all or most of the Nb in the synthesis appear in the misfit
phase. We also found that all superconducting samples con-
tained this phase. Another recent study found a correlation
between the superconducting volume fraction and the amount
of (BiSe);;+sNbSe, in Nb-doped Bi,Se; samples [31]. These
authors suggested that Nb doping in the Bi,Se; phase does
not take place, and that the origin of superconductivity in
“Nb,BiySe;” samples is to be found in the presence of the
misfit phase. Thus, we find it relevant to reevaluate the role
of this structure in superconducting samples of composition
Nb,Bi,Se; or Nb,Bi,_,Ses.

(BiSe);+sNbSe; was first reported as BiNbSe; by Gotoh
et al. in 1989 [47] and then by Zhou ef al. in 1992 [40] for
6 = 0.10; a few years later, Nader et al. [29] reported super-
conductivity with a 7, of ~2.4K. In general, misfit-layered
compounds (MX);4s5(TX2), (m=1,2 or 3; M = Pb, Sn,

Bi, rare earth; T = Ta, Nb; X = S, Se) have values of § in
the range 0.08 < § < 0.23. Perfectly stoichiometric cases
will have a specific value of §, and for (BiSe);sNbSe,, this
value is 6 = 0.1. Recently, Nagao et al. [48] showed that large
variations in the stoichiometry are possible, and that the super-
conducting transition temperature is varied in response. They
found a T, of 2.4 K for § = 0 and 3.2 K for § = 0.33 (the latter
was reported as Nbg 9Bij 2Ses). This range of T;. overlaps well
with the variation in critical temperature typically observed
in superconducting Nb,Bi,Se; samples. A similar variation
in stoichiometry and superconducting transition temperature
has been suggested for other misfit layer compounds [29,49].
Thus, we may understand the variation in 7. in Nb,BiySes
systems as compositional variations in the misfit impurity
phase, which may induce the superconductivity through a
proximity effect. Such a variation can be expected in real ma-
terials formed in an off-stoichiometric matrix where multiple
phases coexist. Further deviations can be expected when high
temperature quenching is done.

The T, of 3.3 K for S1 in our study falls within the typically
observed range, while the transition at 1.8 K of S2 has not
been reported before. Others may have made samples with
a similar low-temperature transition but failed to discover it,
since a typical PPMS has a lower temperature limit around
1.8 K.

The reduced Bi content in the S2 synthesis may have en-
couraged a smaller value of § in the misfit phase. A smaller
value of § gives a smaller 7. according to Nagao et al.
[48]. However, it remains an unanswered question whether
a variation in the misfit stoichiometry, disorder, or defect
structure can bring about a reduction in the 7, as significant
as the one we report for S2. It should also be noted that
the synthesis conditions employed for the pure misfit phase
[29,31,40] is vastly different from the conditions in which
the misfit phase is formed in superconducting Nb, Bi,Ses or
Nb,Bi,_,Ses samples. Thus, the range of 7. achievable in a
misfit phase may be wider than suggested by the literature to
date.

For S3, the insignificant misfit content may be the reason
for the lack of a superconducting transition above 1.8 K,
making the superconducting proximity too weak for detection.
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V. CONCLUSION

We have synthesized and characterized samples of Nb-
doped Bi,Se; to investigate the link between structure and
superconductivity in this system. In agreement with previ-
ous reports, one sample from a crystal boule of nominal
content Nby »sBi,Se; showed a superconducting transition at
T. = 3.3 K. Another sample from a crystal boule of nominal
content Nby »5Bi; 75Se3 showed indication of a superconduct-
ing transition at 1.8 K, which has not been reported before.
The investigations of the local structure with XAFS as the
primary technique indicate a strong preference for Nb to be in
the superconducting misfit layer compound (BiSe);sNbSe,,
even for low dopant concentrations. Nb did not appear to
incorporate into the Bi,Ses phase to any significant degree.
This finding is in agreement with recent reports where the
presence of the misfit phase is offered as an alternative origin
of superconductivity in Nb-doped Bi,Ses.
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