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Single crystals of BagNb3Sgl have been grown using iodine-vapor transport in fused-quartz tubes. The crystals
form as flakes with typical areas of 5-10 mm? and thicknesses of 5-11 ym. The crystal structure was determined
using single-crystal x-ray diffraction with the aid of an APEX II CCD diffractometer. The structure shows trigonal
symmetry with space group P3Ic and lattice parameters a = b = 10.0156(5) A and ¢ = 25.1414(15) A.

Superconductivit . Lo . L g . .
PAI;'S y Compositional analysis via x-ray spectroscopy confirms the presence of iodine. Superlattice reflections are
741 0 N evident in x-ray precession images. Measurements of the electrical resistivity reveal a metallic temperature
. TV P . .
dependence and superconductivity near 1 K. Polycrystalline samples of BagNbsSgl were made in order to have
74.25.Bt P P y yery P
74.70.Xa samples large enough for other bulk physical properties measurements. Magnetic susceptibility reveals antifer-

romagnetism below 275 K. The coexistence of antiferromagnetism and superconductivity is surprising. Specific
heat measurements reveal the electronic coefficient y = 3.95(66) mJ/mol K2. The jump in the specific heat at the
superconducting transition temperature T. (AC/yT. = 1.4(2)) and the energy gap associated with the super-

conducting state (E; = 0.405(17) meV) agree well with BCS theory.

1. Introduction

The layered transition metal dichalcogenides (TMD) have a hexag-
onal structure in which a layer of metal atoms is covalently bonded to,
and sandwiched between, two layers of chalcogens (X-M-X, X = S, Se
and Te; M = Group IV to VII transition metals). The X-M-X layers are
bonded together by weak van der Waals forces, which permit interca-
lation of atoms, ions, and inorganic and organic molecules between the
layers [1]. Intercalation can result in the so-called misfit-layer com-
pounds (MS), TS,. (M = transition metals, Sn, Pb, Bi, rare earth metals; T
= Nb, Ta; x = 0.6 and 1.2) if the intercalant consists of a slab with strong
covalent bonding between the atoms [2]. The x = 1.2 compounds have
one MS layer and one TS, layer alternately stacked along the c-axis (a
Stage-1 compound) [3]. The x = 0.6 compounds have one MS layer
stacked between two TS layers along the c-axis (a Stage-2 compound).
Recent work has shown stresses between adjacent layers due to lattice
periodicity mismatch in (MS)4TS2 compounds provide a driving force for
curling of the layers and the elimination of dangling bonds [4]. The
combination of both can result in the formation of misfit-layered
nanotubes by single-crystal vapor-transport and laser-ablation
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synthesis methods [4].

NbS,, the host dichalcogenide of many misfit-layer (MS)xTSs com-
pounds, occurs in four phases [5]. They are stoichiometric 2H-NbSy and
3R-NbS, and non-stochiometric 2H-Nby44S2 and 3R-Nbj;4Ss. The
stoichiometry of the product phase depends on sulfur pressure; x de-
creases with increasing pressure [6]. Bulk superconductivity occurs in
2H-NDbS; at T, = 6.3 K and in 2H-Nbj 4Sz at T, = 6.04-6.3 K for 0.001
<x < 0.029 [6,7]. Intercalation of transition metals M into host TXy
compounds to form MyTXs (x < 1.0) generally results in layered struc-
tures for Group IV-VII metals, and non-layered structures for some of the
Group VIII-X metals with changes in electrical and magnetic properties
[8]. In the particular case of MyNbSy with M = Cu, T. and the super-
conducting volume fraction are reduced for x < 0.6 and superconduc-
tivity disappears for x > 0.6 [1]. Crp 33NbS, is a metallic ferromagnet [9]
below ~ 160 K, whereas Fep 33NbSy orders antiferromagnetically [10]
below 137 K.

Intercalation of more complex MS layers into TSy to form misfit-
layered (MS)xTS2 compounds also results in a diverse range of elec-
tronic properties including semiconducting, and metallic behaviors,
thermoelectricity, superconductivity, ferromagnetism, and
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antiferromagnetism, depending on the nature of the intercalant and
whether they are Stage-1 or Stage-2 compounds [2,11,12]. For example,
(LaS)1.14TSo is a high-temperature thermoelectric material with a
figure-of-merit ZT ~ 0.14 near 950 K [13,14]. Bulk superconductivity at
T. = 3 K occurs in (MS); 2TSs (M = Sn, Pb and T = Nb, Ta) and at T, =
0.8 K in (BiS)l,zTaSZ [15]. (CeS)l,szSZ, (Gds)l_szSZ, and
(CeS)o.6NbSy order antiferromagetically at 3.2 K, 4.6 K, and 3.0 K,
respectively [11,16,17].

In the course of attempting to grow crystals of the T. = 0.85 K su-
perconductor BaNbsSs via iodine-vapor transport [18] we grew foil-like
crystals of a new superconducting misfit-layered TMD with stoichiom-
etry BagNbgSgl. Many of the crystals were curled at their edges. With its
distorted layer of salt-like BaS containing interstitial iodine atoms,
BasNbsSgl is a new addition to the rich family of intercalated TMDs.
Single-crystal x-ray diffraction reveals a trigonal crystal structure with
P31c space group. The intercalated salt-like BaS layer is distorted from
rocksalt BaS (lattice parameter a = 6.386 i\) because of lattice mismatch
with the NbS; host (lattice parameter a = 3.33 A) layer; pure BasS is a
wide-gap semiconductor [19]. The distortion from cubic symmetry in
the BaS layer allows incorporation of iodine into the hexagonal tunnels
of the layer. BagNb3Sgl can be viewed as a Stage-1 compound, since the
BaS and NbS, layers alternate along the c crystallographic direction.

In this report we describe crystal growth and crystal-structure
determination of single-crystalline BapNbsSgl. Polycrystalline speci-
mens of the same composition were made in order to have samples large
enough for a host of bulk physical properties measurements. Electrical
resistivity, magnetic susceptibility, specific heat, and Hall effect mea-
surements reveal that BagNbgSgl is a metal that exhibits bulk super-
conductivity in the vicinity of 1 K.

2. Experimental methods

Two methods were used to grow single crystalline samples of
BayNbgSgl. For the first sample, referred to as Sample A, BaS was syn-
thesized by placing BaCOs in an alumina crucible, which was inserted
into a quartz tube in a tube furnace. The tube furnace was contained in a
fume hood to exhaust CSy fumes [20] from the laboratory. Nitrogen gas
was passed through a pumice stone submerged in CSy; the resulting gas
was then passed through the quartz tube. The sample was reacted in this
environment at 800 °C for 12 h, reground, and reacted in the CSz-laden
gas a second time at 800 °C for 15 h. The resulting BaS was combined
with Nb Powder (99.99% purity), and S (USP purity) in the stoichiom-
etry BaNbsSs, mixed using a mortar for approximately 1.5 min, and then
placed in a fused quartz tube with 14 mm i.d. that was 13 cm in length. A
sufficient mass of iodine was added to the tube to reach a maximum
pressure of 1 atm at the highest reaction temperature to promote vapor
transport. The tube was evacuated and flushed three times with nitrogen
gas and then sealed. The tube was then heated to 500 °C in 5 h, held
there for 2 h, heated to 950 °C in 6 h, held there for 250 h, and slow
cooled over 24 h to room temperature. A gradient of about 11.5 °C/cm
was maintained across the tube by positioning the hot end at 950 °C and
the cooler end at 800 °C in the tube furnace. For the second sample,
referred to as Sample B, a BaNbySs polycrystalline sample was produced
by mixing stoichiometric amounts of Ba metal (99.27% purity), Nb
powder (99.99% purity), and S (USP purity). Two pieces of Ba metal
were cut from a larger piece in a nitrogen glove box and sanded to
remove any surface contaminants. Nb powder was then mixed with
sulfur outside of the glovebox using a mortar and pestle. The Ba metal
and Nb-S powder mixture were placed in an alumina boat, which was
placed inside of a 14 mm i.d. quartz tube, 16 cm in length, along with
sufficient iodine to provide one atm of pressure at the maximum reaction
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temperature. The tube was evacuated and flushed with nitrogen three
times and then sealed. The tube was then heated in 6 h to 650 °C, held
there for 1 h, heated in 6 h-1000 °C, held there for 24 h, cooled over 48 h
to 800 °C, held at 800 °C for 48 h, and cooled over 12 h to room tem-
perature. Several unsuccessful attempts were also made to grow crystals
using Cl as the transport medium by adding TeCly to the quartz tube
instead of iodine.

After the stoichiometry and crystal structure of the single crystals
were determined (see Section 3.1), bulk samples of BasNbzSgl were
synthesized in order to measure the bulk physical properties, since the
single crystals, flake-like in morphology, do not possess enough mass for
most physical properties measurements. Two different synthesis routes
were used. BaS and NbS, were first synthesized using BaCO3 and Nb
powder in alumina boats heated at 800 °C and 900 °C, respectively, in
flowing CSy. X-ray diffraction confirmed the desired materials were
obtained. One BaaNbsSgl sample was synthesized with stoichiometric
amounts of BaS, Nb and S powders. The second sample was synthesized
with stoichiometric amounts BaS and NbSy powders. We note that there
is an excess of S in this preparation method. Both samples were then
given the following treatment. The powders were mixed using a mortar
and pestle for 5 min before placement in a quartz tube. Sufficient crys-
talline I was added to achieve a pressure of 1 atm at 800 °C within the
sealed tube. The tube was flushed three times with Ny, and sealed when
the pressure reached 5.0 x 10~2 mbar. The tube was then heated to 500
°C over 5 h, held there for 2 h, heated to 800 °C over 6 h, held there for
24 h, and slow-cooled to room temperature over 12 h. The resultant
black powder was ground using a mortar and pestle for 5 min, pressed
into a pellet, and placed in a quartz tube. Sufficient crystalline I was
added to the tube to achieve a pressure of 1 atm at 800 °C within the
tube. The tube was flushed three times with Ny, and sealed when the
pressure fell below 5.0 x 10~2 mbar. It was then heated to 500 °C over 2
h, held there for 1 h, heated to 800 °C over 3 h, held there for 24 h, and
slow-cooled to room temperature over 12 h. Typical densities of the
polycrystalline samples were 3.26(4) g/cm®, which is approximately
76% theoretical density.

A photograph of typical crystals is shown in Fig. 1. They are 1-7 mm
in length, on edge, and a scanning-electron microscope was used to
measure the thickness of some, yielding values ranging from 5 to 11 ym.
Measurements taken on the BaaNbgSgl crystals are noted here. Several
powder x-ray diffraction patterns (XRD) were acquired from pulverized
single crystals. The XRD data of Sample B sample yielded the following
lattice parameters through a method of cell refinement using the space
group P31c: a = 9.9958(18) A, ¢ = 25.0680(30)A, and V = 2169 A3,
These values agrees with the lattice parameters determined for the
single crystals by x-ray diffraction (see Section 3.1): a = 10.016(5) A, ¢
= 25.1414(15) A, V = 2184.1(15) A3. The electrical resistivity was
measured using a Quantum Design Physical Properties Measurement
System (PPMS); the uncertainty is about 30%, which is associated with
the uncertainty in the thickness of the measured single crystal.

Additional measurements were carried out using the PPMS on the
bulk polycrystalline specimens. Electrical resistivity was measured with
a four-probe dc method using current densities of about 3.5 A/cm?;
when magnetic field was present, the field was perpendicular to the
current direction. The Hall effect was measured in order to determine
the net charge-carrier density. For these measurements, a current den-
sity of 1.3 A/cm? was applied to the sample at an excitation frequency of
17 Hz; the transverse voltage was balanced in zero magnetic field using
three voltage taps and the Hall voltage was determined using an 8 T
magnetic field for both field directions to further correct for any
remaining transverse voltage not associated with the Hall effect. Mag-
netic susceptibility data was acquired using a vibrating sample
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Fig. 1. (Top Row) Optical image of selected single crystals of BapNb3Sgl; the dimensions of the small squares are 1 mm x 1 mm. Thicknesses of the crystals are 5-11
um. (Bottom Row) X-ray precession images for single-crystalline BapNb3Sgl projected along axial directions. Weak diffraction spots along (0kl) and (hOl) denote 3
times superlattice in a and b compared with the base structure of TMD (e.g., ~ 3.3 A for NbS,). Note some diffraction spots are elongated, a signature of disorder in

the structure.

magnetometer in a magnetic field of 2 T. A small amount of Duco®
cement, thinned with 40% acetone by volume, was used to fasten the
sample to the VSM paddle. Specific heat was measured using a standard
heat-pulse method.

3. Results
3.1. Structure determination

Single crystal X-ray diffraction data were collected at 293 K using a
Bruker SMART APEX II diffractometer (Mo Ka radiation, A = 0.71073 i\).
Mixed w and ¢ scan modes were used over 26 ranges of 3° to 68°, with
duration of exposure set at 30 s per frame. Data reduction, integration,
unit-cell refinements, and absorption corrections were accomplished
with the aid of the APEX3 software package [21], which suggested
trigonal symmetry with a = b = 10.0156(5) Aandc = 25.1414(15) A.
The processed data were imported to Jana2006 [22]. A space group of
P31c was suggested by the program SUPERFLIP [23], together with an
initial model with all 16 independent crystallographic sites, including
Ba, Nb, and S atoms and one I atom assigned to the I5 site. Assignments
of Ba, Nb and S atoms are quite straightforward based on electron
density and inter-atomic distances. However, the I5 site is abnormal if
assigned to Ba (its separation is too short from its neighbors), Nb (too
large displacement parameter and too large separation from neigh-
boring atoms), or S (large displacement parameters, large separation
from neighboring atoms, and homoatomic neighbors). Considering the
electron density and interatomic distance, iodine was favorably assigned
to this site. Energy Dispersive X-Ray Spectroscopy (EDAX) analysis
confirms the presence of iodine (see Section 3.2). All these suggest the
introduction of the element iodine from the transport agent. Subsequent
difference Fourier map and distance analyses revealed all remaining I
atoms with partial occupancies. Considering the short distances for [1-12
(1.73 A) and I3-14 (2.21 i\) pairs, the sum occupancy for each pair was
fixed to unity to be reasonable in crystallography. In other words, each
11/12 and I3/14 pair is actually one iodine atom with split position. In
contrast, the split of I5 atoms are much smaller, with 4% electron den-
sity deviating about 0.8 A. Therefore, the I5 atom was not refined with
split position, it thus exhibits the largest isotropic displacement
parameter (0.194 Az). The disorder feature can be traced by the elon-
gated x-ray diffraction spots in the precession images projected along

Table 1

Crystal data and structure refinement for BayNb3Sgl.
Empirical Formula BayNb3Sgl
Formula weight 936.8
Space group P31c

Unit cell dimensions

Unit cell volume

Z

Density (calculated)
Absorption coefficient
Reflections collected
Data/restraints/parameters
Goodness-of-fit on F2

Final R indices [I>24(1)]

R indices (all data)

Largest diff. peak and hole

a=b=10.0156(5) A

¢ = 25.1414(15) A
2184.1(15) A®

6

4.2733 g/cm®

10.845 mm™?

36711 [R(int) = 0.1578]
5439/0/101

1.04

R1 = 0.0585, wR2 = 0.1117

R1 = 0.2092, wR2 = 0.1619
5.10 and —4.57 e A3

axial directions, see Fig. 1. The final least square refinement on F>
converged at R1 = 5.85% and wR2 = 11.17% for reflections I > 3(o)I
and a formula of BagNb3Sgl. The final model was further checked with
the program Platon [24]; no higher symmetry than the acentric space
group P31c was suggested. Table 1 gives the detailed crystal data and
structure refinements for this new compound, and Table 2 lists the
refined atomic parameters, Wyckoff sites, site symmetry and occupancy,
and isotropic displacement parameters.

The structure of BagNb3Sgl is a 3 x 3 x 2 superstructure of the base
material 2H-NbS, (a = b = 3.32 A, ¢ = 11.97 A). The formula can be
written as (NbS2)(BaS)¢.¢7(1)o.33, to better represent its structural mo-
tifs. That is, the structure features two-dimensional (2D) [NbS;], layers
consisting of interlinked NbSg trigonal prisms, as shown in Fig. 2 (a) and
(c). Sandwiched between neighboring [NbS>], layers are salt-like layers
with dominant composition of BaS as shown in Fig. 2(a) and (b),
together with the interstitial iodine atoms incorporated from the
transport agent used in the crystal growth. Atoms involved in the 2D
layer include all Nb atoms and the S1 through S6 atoms as illustrated in
Fig. 2(c). The 2D nature is common for transition metal sulfides. It is
worthy to note that the isotropic displace parameters for atoms in the
BaS layer (> 0.026 /f\) are at least two times larger than those in the
[NbS2] . layers (~ 0.012 A). This is attributed to the disordered nature
of the iodine atoms located in the hexagonal tunnels of the BaS layer.
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Table 2
Atomic coordinates and equivalent isotropic displacement parameters for BagNb3Sgl. Ueq is defined as one third of the trace of the orthogonalized UY tensor.
Atom Wyck Symm. occupancy X Y z Ueq (A%
Bal 6c 1 1 —0.3518(2) 0.6455(2) 0.4950(5) 0.036(1)
Ba2 6¢c 1 1 —0.0125(2) 0.6772(2) 0.1654(5) 0.039(1)
Nb1 6c 1 1 0.0000(2) 0.6673(2) 0.3305(5) 0.013(1)
Nb2 2a 3. 1 0 0 0.3315(5) 0.011(1)
Nb3 6¢c 1 1 0.3343(2) 0.9992(2) 0.3302(5) 0.012(1)
Nb4 2b 3. 1 -1/3 1/3 0.3297(6) 0.012(1)
Nb5 2b 3. 1 1/3 2/3 0.3304(5) 0.012(1)
S1 6c 1 1 —0.2232(5) 0.5563(5) 0.2700(6) 0.012(1)
S2 6c 1 1 0.1096(5) 0.5527(5) 0.2692(6) 0.012(1)
S3 6c 1 1 0.1138(5) 0.8917(5) 0.2703(6) 0.012(1)
S4 6c 1 1 —0.2237(5) 0.5543(5) 0.3935(6) 0.012(1)
S5 6c 1 1 0.1132(5) 0.5571(5) 0.3932(6) 0.012(1)
S6 6c 1 1 0.1142(5) 0.8911(5) 0.3940(6) 0.012(1)
S7 6c 1 1 —0.3766(5) 0.6355(5) 0.1352(6) 0.026(1)
S8 6c 1 1 0.0016(6) 0.7835(4) 0.5375(6) 0.026(1)
11 2b 3. 0.448(6) -2/3 2/3 0.0967(6) 0.083(2)
12 2b 3. 0.552(6) -2/3 2/3 0.0270(8) 0.083(2)
13 2a 3. 0.212(5) 0 0 0.6486(7) 0.030(1)
14 2a 3. 0.788(5) 0 0 0.5646(6) 0.030(1)
15 2b 3. 1 -1/3 1/3 0.0605(9) 0.194(4)

Fig. 2. (a) Unit cell of BasNb3zSgl. (b) BaS layers (c) NbS, layers.

The program JADE (version 9.5.0) was used to calculate the theo-
retical x-ray powder pattern for 5° < 20 < 70" using the obtained crys-
tallographic data (Tables 1 and 2). The calculated h k I, 26 values, and
intensities for selected reflections are shown in Table 3. Jade was used to
conduct a peak search of the measured x-ray powder pattern for the
polycrystalline specimens, and a least-square refinement of the 26 po-
sitions and lattice constants. It provides estimated 20 standard deviation
values and the Smith-Snyder Figure of Merit, FN, an alternative method
for evaluating the fit quality in x-ray powder diffraction pattern analysis

[25]. For the polycrystalline sample of the first synthesis (BaS + Nb + S),
26 peaks were fit in the two-theta range 5-70° to the P31c unit cell,
obtaining lattice parameters a = 10.017(2) Io\, ¢ = 25.255(5) Io\, and a
unit-cell volume of 2194.60 A3 (FN = 4.9 and 20 standard deviation of
0.025°%), in good agreement with the single-crystal results. The indexed
x-ray powder pattern is shown in Fig. 3. Observed h k [ values, 26 values,
and intensities (relative to the 3 0 6 reflection) of the fitted reflections
are given in Table 3. Similar results were obtained for the polycrystalline
sample from the second synthesis (BaS + NbSy). A small unidentified
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Table 3
Calculated and observed reflections and intensities for x-ray powder diffraction
pattern of the polycrystalline BasNb3zSgl specimen.

hkl Calculated Calculated Observed Observed
20 Intensity 20 Intensity
002 7.026 64.2 7.058 9.9
004 14.079 44.2 14.078 21.1
006 21.186 32.4 21.063 10.2
210 27.176 5.4 27.176 8.8
211 27.411 0.5 27.528 4.9
108 30.223 1.0 29.933 10.5
300 30.900 95.3 30.901 93.5
304 34.104 24.6 34.081 21.6
222 36.559 12.8 36.180 10.5
306 37.770 100 37.705 100
308 42.446 18.2 42.342 12.1
316 43.332 1.6 43.304 3.3
309 45.090 4.6 44.931 3.2
322 46.144 0.7 45.958 1.4
3010 47.908 8.0 47.778 11.6
3012 54.055 31.0 53.821 11.5
503 53.925 0.10 53.898 11.7
330 54.957 34.4 54.901 23.9
332 54.481 3.7 55.429 7.8
4010 55.949 0.8 55.855 2.8
336 59.562 8.6 59.501 8.1
600 64.389 9.1 64.306 7.7
601 64.508 1.6 64.521 4.5
0018 66.939 3.9 66.639 3.2
523 68.405 0 68.441 17.5
606 68.613 13.0 68.552 10.6
=
1 | BaNbSI S "
2 38 A
0.8
o
£ 06 2
= 2
<
S = ©
0.4 S e 3
iDL
| [
0.2 | o
| |
0 A I
8 16 24 32 40 48 56 64
20

Fig. 3. X-ray diffraction pattern for polycrystalline BapNb3Sgl. The peaks are
indexed to the P31c unit cell. Impurity peaks are labeled with *.

impurity was observed at 26 = 22.079° in both samples. In the supple-
mentary information accompanying this communication, Figure S1
compares the x-ray patterns of BagNb3Sgl, BaNb,Ss, and BaNbSs.

In order to determine if iodine is necessary to intercalate a rocksalt-
like BaS layer between NDbS, layers, we attempted to synthesize
“BagNbgSg” following a procedure similar to that used to synthesize
polycrystalline BagNbsSgl, by placing stoichiometric amounts of BaS, Nb
and S in an evacuated quartz tube without iodine. If “BagNb3Sg” were to
form in the same structural type, the powder pattern would be similar,
with peak positions shifted to higher angles due to smaller lattice pa-
rameters. X-ray diffraction revealed a mixture of BaS and an unidentified
phase. There was no evidence of a “BagNb3Sg” phase in our sample. The
x-ray data for this sample is compared to that of BagNbgSgl in Figure S2
in the supplementary information accompanying this paper. We
conclude that iodine is needed to stabilize the rocksalt-like BaS layer
between NbS; layers, and in turn, to stabilize BagNbsSgl. Intercalation of
I with its large radius of 220 pm [26] most likely stabilizes the
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distortion from cubic symmetry of the BaS layer and permits its incor-
poration between the NbSg trigonal prism layers of NbS». In contrast, a
smaller ion like C1™ is not favorable here, as confirmed by our experi-
ments (see Section 2). For intercalated (MS),(TS2) TMD compounds, the
value of x is commonly found to be <1.2. In our case, x = 0.67. Whether
the incorporation of iodine in the MS layer plays a critical role in pro-
moting this value of x deserves further investigation.

3.2. Compositional analysis

We investigated the atomic composition of the single crystal and bulk
samples with Energy Dispersive X-Ray Spectroscopy (EDAX) with beam
energy up to 20 keV. For the measurements, the samples were adhered
with carbon tape to a stainless-steel holder before placement in the
vacuum chamber. The incident beam angle was 20°. Data on several
single crystals revealed iodine at nominal concentrations of 15-19 at. %.
For the polycrystalline samples, EDAX verified the presence of iodine at
concentrations of 5-10 at. %. Example spectra are shown in Fig. 4.
Qualitatively, our data suggests clean samples with no detectable bulk
impurities. Small oxygen and carbon peaks are associated with surface
hydrocarbons that contaminate the sample during transport through air.

3.3. Physical properties measurements

The electrical resistivity p versus temperature T of a BagNbsSgl single
crystal is shown in Fig. 5. The current was applied in the plane of the
crystal, as illustrated in the figure. The crystallographic ¢ direction is
perpendicular to this direction. The temperature dependence is metallic
with p(295 K)/p(4 K) = 13.1. The width of the sample and the voltage
lead spacing were determined by measurements under an optical mi-
croscope while the thickness was determined using an electron micro-
scope; the resulting geometric factor was 3.3(4) x 10~2 cm. The overall
magnitude of p(295 K) = 16 mQ cm is over 9400 times larger than
copper [27]. The inset of Fig. 5 reveals a transition to the super-
conducting state with its midpoint at T, = 0.57 K; this is the temperature
where p drops to 0.5 of its extrapolated value just above the onset to
superconductivity. The transition width is 0.34 K, which was deter-
mined by taking the difference in the temperatures where p drops to 0.9
and 0.1 of its extrapolated value. The electrical resistivity near the
superconducting transition is shown in the inset of Fig. 5 along with a
partial transition in a magnetic field H = 200 Oe. The magnetic field was
applied perpendicular to the crystal’s plane, as illustrated in the figure,
which is parallel to the crystallographic ¢ direction. The transition
moves to lower temperature in magnetic field, which supports our
interpretation that the transition is associated with superconductivity. A
value for the slope of the critical magnetic field near T. of dH/dT =
—412 Oe/K is estimated from the data of Fig. 5 (inset) based on the
temperatures where p reaches 0.9 of its value in the normal state.

Further measurements of p in magnetic field (see Fig. 6) were carried
out on the polycrystalline sample. It has a slightly higher T. = 1.36 K,
which allowed for measurements at a broader range of magnetic fields
due to our limited low-temperature range. The higher T. could be
associated with differences in the nominal compositions of the single
crystals and polycrystals. Magnetic fields above 10 kOe remove the
complete transition in p within our base temperature limit of 0.4 K. The
filled triangles in the main frame represent the temperatures Ty where p
decreases to x = 0.9 of its value at 2 K. Similarly, filled diamonds are the
values Ty 5, where p decreases to 0.5 of its value at 2 K and the open
diamonds are the values Ty 1, where p drops to 0.1 of its value at 2 K. At
fields below approximately 2 kOe, a noticeable upward curvature is
observed in H versus Ty for x = 0.9. Generally, H versus T is linear in the
low-field region, or the curvature is negative [28]. Filamentary super-
conductivity is likely responsible for the curvature, since it occurs in the
transition region near the onset of T, and is absent in the Ty s and Ty
versus H data. We determined the slopes of H versus Ty for x = 0.9 using
data from the region H > 2 kOe, while using all of the data in Fig. 6 for x
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Fig. 5. Electrical resistivity versus temperature for a BaoNbsSgl single crystal.
The current was applied in the plane of the crystal and the magnetic field H was
applied perpendicular to the crystal’s plane, as illustrated. The magnetic field is
parallel to the crystallographic ¢ direction. Upper inset illustrates the influence
of magnetic field.

= 0.5 and 0.1. Slopes of H versus Ty for x = 0.9 and 0.5 are determined
from the region H < 2 kOe. The values dH/dTp¢ = —6.01(52) kOe/K,
dH/dTys = —1.87(78) kOe/K, and dH/dT,; = —1.70(41) kOe/K were
obtained.

The Hall effect of a BagNbgSgl polycrystalline specimen was
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Fig. 6. The inset shows the electrical resistivity p versus temperature T for
polycrystalline Ba;Nb3Sgl at magnetic fields H = 0, 0.5, 1.0, 1.75, and 2.5 kOe.
The temperatures T, where the resistivity dropped to x = 0.9, 0.5 and 0.1 of its
value at 2 K are plotted versus H in the main frame as the filled triangles, filled
diamonds, and open diamonds, respectively.

measured to determine the Hall coefficient Ry and, in turn, the density,
and sign of the charge carriers. The value Ry (10 K) = —0.0013(2) em3/C
was obtained. The negative sign indicates that the majority charge
carriers in BagNbgSgl are electrons. The Ry value yields a charge-carrier
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density of n(10 K) = 4.8(6) x 102! em 3. This value was corrected for
the density of the polycrystalline sample, which is only 76% of that
expected for a fully-dense sample; the corrected value is n(10 K) = 6.3
(8) x 102! cm~3. Note that if BayNbsSgl possesses both electron and hole
charge carriers, the total charge-carrier density would be larger. For
comparison, the majority charge-carrier type and observed value of n for
related compounds are listed here: BaNbS3 (holes, n(100 K) = 5.86(3) x
10%° cm™3) [29], BaNb,Ss (electrons, n(3 K) = 2.40(2) x 10%! em™3)
[18], StTaySs (holes, n(5 K) = 2.75(15) x 10%° em~3) [30,31], and
BaTa,Ss (holes, n(6.25 K) = 6.57(2) x 102 em™%) [31,32]. Our
observed magnitude of n for BagNbsSgl is comparable to these. In the
case of the intercalated compound Feg 55NbSs, hole-like carriers with n
=7 x 10! are observed near room temperature, but the carrier majority
changes to electrons between 110 K and 40 K, then back to holes below
40 K [10]. Similar behavior, and magnitude of n near 295 K, is observed
in Mng 33NbSy [33]. In the case of Feg 33NbSo, n is hole-like, temperature
insensitive, with a density similar to that of Fegs5NbSy near room
temperature [10].

Magnetic susceptibility y(T) data were collected for 2.5 K < T < 340
K in a magnetic field H = 20 kOe. The y(T) results are shown in the main
panel of Fig. 7 as y and 1/y versus T. The data have been corrected for
the diamagnetic contributions associated with the Ba*t2, Nb™, Nb*3,
S*Z, and I” ions by adding 461.1 x 107% ecm®/mol to the data [34,35].
The average valence for Nb of +4.33 was determined by applying charge
balance to the chemical formula, and the appropriate mixture of Nb**
and Nb™® was used [35] to estimate the diamagnetic contribution of
—13.69 x 10~® em3/mol for the Nb ions. The data have also been cor-
rected for Van Vleck and Pauli paramagnetism, as described in Section 4.
The feature in y near 275 K (most clearly visible in 1, right ordinate) is
consistent with an antiferromagnetic transition. Further analysis of the
data is provided in Section 4 below.

Measurements of the specific heat C at constant pressure were con-
ducted on the polycrystalline sample over the temperature range 0.6 K <
T < 20 Kin zero magnetic field. Data for the range T < 5 K are shown in
Fig. 8. Fitting the data to C/T = y + #T? in the range 1.9 K < T < 5K
yielded y = 3.95(66) mJ/mol K2 and B =5.70(5) mJ/mol K*. The Debye
temperature ®p was calculated from g with the result ©p = 69.8(2) K.
The small magnitude of ®p is comparable [27] to the values of elements
such as Bi, Ba, Hg, and K, and is comparable to values found for other
transition-metal sulfide materials such as BaNbS3 (@p = 91.4(1) K) [29]
and BaNbsSs5 (Op = 126.4(8) K) [18]. The modest magnitude of y sug-
gests that the conduction electrons are not strongly correlated.
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Fig. 7. Magnetic susceptibility y versus temperature T (left ordinate, solid line)
and 1/y versus T (right ordinate, dashed line) for polycrystalline BagNbsSgl at
20 kOe. The data have been corrected for diamagnetism, Van Vleck para-
magnetism, and Pauli paramagnetism (see Section 4).
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Fig. 8. Specific heat C/T versus T? for polycrystalline BagNb3Sgl. The solid line
is the fit to C/T = y+ pT2. The inset illustrates the data as C/T versus T along
with the entropy-conserving construction used for estimating the jump due to
the superconducting phase transition (solid lines).

The C data at H = 0 reveal a jump at T, that is associated with the
second-order (i.e. continuous) phase transition to the superconducting
state. The jump is about 0.8 K wide, and its onset appears at a slightly
higher temperature than the feature in p(T) of the same sample, which
may indicate the presence of some incoherent electron pairing [36]
slightly above T., or perhaps there exist differences in composition
among pieces from the same sample. An entropy-conserving construc-
tion was used for estimating the magnitude of the jump. It is shown as
the solid line in the inset of Fig. 8. Note that the line above T, is the C/
T = y + BT? fit described above. The value (Cs; — Cy)/yT. = AC/yT. =
1.4(2) was found. Here, C; and C, are the specific heats in the super-
conducting and normal states, respectively, in the immediate vicinity of
T.. The midpoint of the bulk phase transition to the superconducting
state observed in C(T) is 1.9(1) K, with the uncertainty related to the
placement of the vertical line of the entropy-conserving construction.

4. Analysis and discussion

Observation of a transition in electrical resistivity to p = 0, the
suppression of T, by magnetic field, and a bulk-thermodynamic transi-
tion in the specific heat provide sufficient evidence of superconductivity
in BagNbgSgl. The analysis that follows provides more information
regarding the normal-state properties of BapNbsSgl and the nature of its
superconductivity.

The density of states D(er) = 3y(n kg)~2 (kg is the Boltzmann con-
stant) can be estimated using the measured value of y, within the free-
electron model, which assumes a single band of charge carriers [27].
The value D(¢ep) = 6.3(1.1) x 10*? states/J mol is obtained. This leads to
a Pauli paramagnetic susceptibility [27] ypu; = 5.4(9) x 107> cm®/mol.

The obtained D(¢r) can be used to estimate the Fermi energy ¢r using
D(er) = 3n/2¢r leading to ep = 12.3(1.8) eV. An estimate for er was also
attempted using [27] e = (h? /2me)(3ﬂ2n)2/3, where # is Planck’s
constant divided by 2z and m, is the electron’s rest mass. This led to ez =
1.2(1) eV, and in turn, y = 39(4) mJ/mol Kz, which is nearly ten times
larger than the observed value. Thus, we conclude that ez = 12.3(1.8) eV
is the more reliable value. Using it, the Fermi velocity is estimated at vg
=2.1(2) x 10® m/s. The charge-carrier relaxation time in the normal
state, just above T, T = m./(e’np) = 4.7(5) x 10715 s, was obtained,
leading to the estimated mean-free path £ = vpr = 99(20) A. The p(2K)
measured on the single crystal (see Fig. 5) was used here, since the value
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from the polycrystalline sample is about 130 times larger, and most
certainly dominated by intergranular resistance. Finally, the intrinsic
coherence length was estimated using the BCS formula, &, = 0.18Avg/
kpT.; &y = 4.8(5) pm was obtained, which neglects any effects of
anisotropy.

Before further analysis, the y(T) data were corrected for core
diamagnetism, ypi, and yyy- A value of yyy = 3.75 x 10~* em®/mol
was estimated for BapNbsSgl by averaging the yyy values per Nb ion
obtained for BaNbS3 and BaNbySs [18,29]. This estimate compares well
with values reported for SrTasBs, BaTasBs [30,32], and Nb and Ta
cluster compounds [37]. After making these corrections, the data were
fitted to the Curie-Weiss formula (y = Ccw/(T — Ocw)) in two regions.
The region 280 K < T < 330 K yielded a Curie-Weiss parameter Ccw =
0.148(1) cmsK/rnol, which in turn yields an effective number of Bohr
magnetons per = 0.629(2). The fitting also yields a Curie-Weiss tem-
perature Ocw = —1020(5) K. Three other regions were fitted. The region
150K < T < 200 K yielded: Ccw = 56.7(2) x 1073(1) em®K/mol and pegt
=0.389(1), with Ocw = —263(2) K. The region 70 K yielded: < T < 100
K, Ccw = 34.3(1) x 1073(1) cm®K/mol and pes = 0.302(1), with Ocy =
—111(1) K. Finally, the region 2.5 K < T < 8 K yielded: Ccw = 8.62(8) x
1073(1) em®K/mol and peg = 0.152(1), with Ocy = —12.9(2) K.

Let’s first consider the observed value of p.s above 300 K. The
expected value of peg for Nbt4, a 4d! configuration, is 1.55 if the angular
momentum is not quenched, or 1.73 if the angular momentum is
quenched [27] and Nb+5, a 4d° state, would be non-magnetic.
According to charge balance, 67% of the Nb ions would be Nb*4,
indicating that pes ~ 1 might be expected. The sizable deviation from
this suggests that the 4d' electron is strongly itinerant, however, a
localized magnetic moment is clearly present. For the region below the
transition at 275 K, the value of p.g becomes smaller with decreasing
temperature. Thus, the magnetic moment is reduced as a result of the
transition in y(T) near 275 K, reflecting a significant loss of the para-
magnetism. We postulate that it is the result of antiferromagnetic order
due to the magnetic moments gradually assuming a fully ordered state as
T is reduced. The value of p.s observed below 8 K can probably be
attributed to disorder or impurities, both of which are expected in a
polycrystalline specimen. In addition, the strongly negative value of
Ocw = —1020(5) K in the region 280 K < T < 330 K indicates antifer-
romagnetic correlations, in further support of an antiferromagnetic state
below 275 K. For the related compounds that we have studied, BaNbSs,
BaNb,Ss, BaTaySs, and SrTasSs [18,29,30,32], the transition metal
possesses only Pauli and Van Vleck paramagnetism. Thus, the sizable
magnetic moment detected above 275 K of pegr = 0.629(2) in BagNbzSsl
is unexpected. Furthermore, antiferromagnetic order would be partic-
ularly surprising in a compound that exhibits superconductivity.
Neutron diffraction measurement would be useful to determine whether
or not this compound does indeed order antiferromagnetically below
275 K.

The jump in the specific heat for a conventional superconductor is
expected [28,38] to be AC/yT. = 1.43. Our observation of 1.4(2), as
shown in Fig. 8, agrees well with this value. The presence of a jump at T,
and the magnitude of the jump in the polycrystalline BaoNbsSgl sample
illustrates that it is a bulk superconductor. As a corollary, the single
crystals can safely be assumed to possess bulk superconductivity. The
C(T) data were plotted as In(C/yT.) versus T./T to investigate the
presence of an energy gap below T, and to compare to the prediction
from BCS theory

C=AyT.e BT/7, (¢}

Good linear behavior was observed only in the region 1 < T./ T <
1.61. The fit for this region is shown in Fig. 9 as the dashed line; it
yielded the values A = 3.15(1) and B = 1.23(1), using T. = 1.9(1) K. BCS
theory [38] predicts A = 8.5 and B = 1.44. Our value of B is close to this.
The obtained value for A is much smaller than the BCS result. Mea-
surements on related compounds [18,29] also reveal poor agreement of
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theory C = AyT.e BT/T,

A with the BCS value; the reason for the discrepancy is unclear. The
energy gap E, is given by Ref. [27] E, = 2BT,, which yields E; = 4.7(2) K
or 0.405(17) meV. This is smaller than the value expected from BCS
theory [28,38] of E; = 3.528 kgT. = 0.58 meV. The strong curvature in
the data for T./T > 1.61 suggests the presence of a second energy gap,
which is known for some superconductors, such as MgBy [39]. A fit to
the region 2 < T /T < 3 gives a value of B ~ 0.5 for an energy gap of 1.9
K (0.23 meV).

The critical magnetic field data in Fig. 6 were used to estimate the
coherence length as T— 0 using the equation [28].

e
B 2v/27H, 5 (T)/leff(T)’

@, = 2.07 x 1077 Oe cm? is the magnetic flux quantum. Note that
2,(0) = y/mc?/4nne? (cgs), where e is the electron charge, and ey (T) =
4(0)(1 = (T/T.)*) /. The value .(0) = 6700(400) nm, was obtained.
We determined Hy5(0 K) = 1.02 kOe by extrapolating the Hy5(Ty) curve
to T = 0. The final result is £(0 K) = 3400(200) nm. The broadening of
the p(T) transitions with field suggests that the superconductivity of
BasNbgSgl is strongly anisotropic. To characterize the impact of this on
&, Hy1(0.5 K) and an extrapolated value of H, ¢(0.5 K) with Eq. (2) were
used to estimate £(0.5 K) yielding values of 3900(300) nm and 770(40)
nm, respectively. The Ginzburg-Landau parameter k = Ag/& > 1/+/2 for
all estimated values of &, indicating that BagNbgSgl is a Type II super-
conductor. Note that the resulting values of £ are quite large, and on par
with many elements [27]. However, they are comparable in magnitude
to the intrinsic coherence length &,.

(1) @

5. Conclusions

The compound BagNbsSgl is reported for the first time. It was grown
accidentally in single crystal form when attempting to grow BaNbySs in
an iodine-vapor-transport medium. The incorporation of iodine into the
resultant crystals is an important aspect of this work, suggesting that the
growth of other compounds in an iodine-vapor-transport medium may
result in iodine incorporation into them as well. The crystal structure
was determined to be trigonal with space group P31c and lattice pa-
rameters a =b = 10.0156(5) Aandc= 25.1414(15) A. It can be viewed
as an intercalation compound with salt-like BaS layers containing I,
intercalated between each NbSy layer. Intercalation of I, with its large
radius of 220 pm [26], stabilizes a distortion of the BaS layer from cubic
symmetry. This permits the incorporation of the distorted rocksalt-like
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BaS layer between the NbSg trigonal prisms of the NbSy layers. The
BayNbsSgl single crystals are superconducting with T, ~ 0.57 K. Due to
the small size of the single crystals, most of the physical properties
measurements were executed on polycrystalline samples. BagNbsSgl is a
bulk type-II superconductor with T, ~ 1.36 K, in bulk polycrystalline
form. The higher T is likely associated with differences in the nominal
compositions. Magnetic susceptibility measurements reveal a magnetic
moment attributed to the Nb ion with an effective number of Bohr
magnetons peg = 0.629(2). BagNbsSgl appears to be antiferromagnetic
below 275 K. This needs confirmation with neutron diffraction, since the
coexistence of antiferromagnetism and superconductivity would be very
surprising.
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