SCIENTIFIC f‘“‘_?(, A3
REPg}RTS L

SUBJECT AREAS:

SUPERCONDUCTING
PROPERTIES AND
MATERIALS

ELECTRONIC PROPERTIES AND
MATERIALS

ELECTRONIC STRUCTURE

ELECTRICAL AND ELECTRONIC
ENGINEERING

Received
6 December 2012

Accepted
27 February 2013

Published
13 March 2013

Correspondence and
requests for materials
should be addressed to
L.B. (balicas@magnet.
fsu.edu)

Superconductivity with extremely large
upper critical fields in NboPdg 1S5

Q. Zhang', G. Li", D. Rhodes', A. Kiswandhi'2, T. Besara', B. Zeng', J. Sun', T. Siegrist' %, M. D. Johannes*
& L. Balicas'

"National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32310, USA, 2Department of Physics,
Florida State University, Tallahassee, Florida 32306-3016, USA, *Department of Chemical and Biomedical Engineering, Florida
State University, Tallahassee, Florida 32310, USA, “Center for Computational Materials Science, Naval Research Laboratory,
Washington, DC 20375, USA.

Here, we report the discovery of superconductivity in a new transition metal-chalcogenide compound, i.e.
Nb,Pd, 5;S5, with a transition temperature T, = 6.6 K. Despite its relatively low T, it displays remarkably
high and anisotropic superconducting upper critical fields, e.g. poH., (T — 0 K) > 37 T for fields applied
along the crystallographic b-axis. For a field applied perpendicularly to the b-axis, poH, shows a linear
dependence in temperature which coupled to a temperature-dependent anisotropy of the upper critical
fields, suggests that Nb,Pd, ;S5 is a multi-band superconductor. This is consistent with band structure
calculations which reveal nearly cylindrical and quasi-one-dimensional Fermi surface sheets having hole
and electron character, respectively. The static spin susceptibility as calculated through the random phase
approximation, reveals strong peaks suggesting proximity to a magnetic state and therefore the possibility of
unconventional superconductivity.

he last couple of decades has seen the discovery of a series of new superconducting compounds displaying

relatively low transition temperatures' (T,) but whose properties are unique'~* and in some cases has led to

the discovery of entire new families of materials®. In the case of Sr,RuQ, the intellectual motivation to study
this low T, compound is due to experimental results suggesting the possibility of Cooper pairs pairing in a spin-
triplet configuration®® which is not subject to the so-called Clogston-Chandrasekhar paramagnetic limitation®’
under the application of an external magnetic field. As for the Na, ;C00,.yH,O compound, most experimental
results were interpreted as pointing towards a rather exotic gap whose wave-function presumably would be of f-
wave symmetry leading also to a triplet state®. Finally, LaFePO® another low T, compound, led to the discovery of
an entire new family of Fe-based superconductors with T¢s as high as 56 K’ suggesting that additional families of
high temperature superconductors with even higher T.s remain to be discovered in new systems.

Here, we report the discovery of a new low dimensional transition metal-chalcogenide based compound, i.e.
Nb,Pd, ;S5 which shows remarkable physical properties and might become the basis of a new family of uncon-
ventional superconductors. In particular, this compound displays a remarkably large upper critical field relative
to its transition temperature which surpasses by far the expected Pauli limiting field, and which is considerably
larger than the one reported for the technologically relevant Nb;Sn compound (poH,, ~ 30 T, with T, =
18 K)'*'* which is widely used in superconducting applications such as the fabrication of superconducting
magnets. Furthermore, its ratio of pyHe, (T — 0 K) to T, is larger than those of the new Fe based super-
conductors, e.g. f-FeSe (20 T/8.7 K)*, Ba; —,K,Fe,As, (~70 T/28 K)", and even higher than the ratio reported
for the Chevrel-phase PbMogSg (60 T/13.3 K)'* compound. The results discussed below suggest that this new
compound is an unconventional superconductor, of perhaps triplet character.

Results

Nb,Pd, 5;Ss crystallizes in the monoclinic space group C2/m, and the structure is shown in Fig. 1 a,b, and c. It is
iso-structural to Nb,Pd, ;;Ses which was previously described in Ref. 15. As seen in the figure, the structure is
composed of sheets of Pd, Nb, and S along the b-axis, with trigonal prisms formed by S (in yellow) atoms
coordinating the Nb sites (in blue) which are further linked by square planar Pd (in grey). As there are two sets
of Pd and of Nb sites, each set forms a unique building block. The first building block consists of two NbS trigonal
prisms linked by square planar Pd and the second block is formed by two NbS; mono-capped trigonal prisms with
the capping atoms shared by the neighboring prism, and prisms translated by b/2. Square planar Pd atoms link
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Figure 1 | Crystallographic structure of Nb,Pdg;Ss. (a) Polyhedral
representation of the crystallographic structure (orthorhombic space
group Cmcm) of Nb,Pd 5,Ss as seen from a perspective along the b-axis.
S is depicted in yellow, Nb in turquoise and Pd in gray. S displays square
pyramidal coordination around the Nb sites, while Pd shows a simple
square-planar coordination. Notice, how these basic building blocks
develop chain like structures. Red lines depict the boundaries of the first-
Brillouin-zone. (b) Polyhedral representation of the crystallographic
structure of Nb,Pdy 4S5 as seen from a perspective along the a-axis.

(c) same as in (a) or (b) but for a perspective nearly along the c-axis.

(d) Powder x-ray diffraction as obtained from a bunch of randomly
oriented single crystals, collected by using the Cu Ko line. Black line
corresponds to the actual x-ray diffraction data, red line is a fit to the
structure previously reported in Ref. 15 and blue is the difference between
both datasets, showing no evidence of impurities. The actual difference in
height between measured and calculated peaks is due to slight
discrepancies in the actual content of Pd.

this second building block to the equivalent block in the adjacent
layers. This Pd site shows partial occupation and here thereafter we
will label this as the Pd(2) site. As discussed below, the level of partial
occupation of the Pd(2) site has important consequences for the
electronic properties of this compound. X-ray diffraction measure-
ments shown in Fig. 1 d can be fit to the above crystallographic
structure with no traces of impurity phases. Results of the Rietveld
refinements are given in the supplementary data section.

Figures 2 a and b show respectively, the temperature dependence
of the electrical resistivity and of the magnetic susceptibility, indi-
cating a transition towards a zero resistivity state at T, ~ 6.5 K,
which is followed by a concomitant pronounced diamagnetic signal
that is suppressed by the application of an external magnetic field.
Figure 2 ¢ shows the heat capacity C normalized by T as a function of
temperature, under fields of 0 and 9 T, respectively, for a second

batch of single crystals with slightly lower T, (according to the sus-
ceptibility data). For these measurements, hundreds of single crystals
were pressed into a pellet although there are variations in stoichi-
ometry between single-crystals from any given batch. Once the pho-
nonic contribution is subtracted, see Fig. 2 d, a clear anomaly is seen
at the superconducting transition which is suppressed by the applica-
tion of an external field of 9 T. These observations correspond to the
standard response expected for bulk type II superconductors. The
size of the anomaly, normalized with respect to the electronic con-
tribution 7y to the heat-capacity above T, or AC/y = (20.5-15) m]/
(molK?)/15 mJ/(molK?) = 0.37 is considerably smaller than the BCS
value of 1.43, indicating that a sizeable fraction of the crystals might
not be superconducting. Notice that small anomalies in the heat
capacity have also been observed in single-crystals of Fe based super-
conductors'®.

Nb,Pdyg;Ses displays remarkably large superconducting upper
critical fields, as seen in Figs. 3 a and b. For instance, compare
poH (T — 0 K) = 37 T for fields applied along the b-axis, with
the expected weak coupling Pauli limiting field A, ~ 1.84T. =12 T,
implying poH’ (T — 0 K)/H,, ~ 3. For example, this ratio is com-
parable or surpasses the value reported for the strongly correlated
heavy-fermion compound CeColns for which T. = 2.3 K and
H®,(T — 0 K) ~ 12 T*, implying a ratio of ~ 2.8. Such a large
value for the upper critical fields necessarily implies a small coher-
ence length & = 2npoH,(T — 0 K)/$o)""* =< 30A. The high crystal-
lographic and concomitant electronic anisotropy in Nb,Pdg;Ses
coupled to its extremely high upper critical fields, converts it into a
prime candidate for the search of additional superconducting phases
such as the Farrel-Fulde-Larkin-Ovchinnikov state'*?° (claimed to
have been observed in CeColn;)*, particularly if one could make this
compound in nearly stoichiometric form.

Notice that the very large values of H.,(T— 0 K) cannot be simply
attributed to demagnetization factors associated to the geometry of
our crystals. In effect, our crystals are needle-like, with a typical
length I of a few millimeters, and cross sections A ranging from
107> m® to 107" m* The ratio /A ranges from ~ 100 to 1000, thus
these crystals can be approximated to very long cylinders. The
demagnetization factor for very long (or infinite) cylinders is very
small (or zero), meaning that along the axis of the cylinder (or along
b-axis of our single crystals) the field inside the crystal, H = Hey +
DM, where D is the demagnetization factor and M is the magnetiza-
tion of the sample, is basically the external field Hey. The largest
values of H,(T — 0 K) reported in this manuscript are precisely
for fields applied along the b- or needle-axis. For fields applied per-
pendicularly to the axis of a long cylinder, D is ~ 1/2 meaning that H
could be considerably smaller than H.,,. This implies that our mea-
surements could overestimate H., (T — 0 K) for H L b, and there-
fore our samples would be effectively more anisotropic than our
measurements indicate. The demagnetization factor is particularly
relevant for the Meissner phase, or below the lower critical field
where the magnetic-field lines are expelled from the interior of the
sample. But for very large fields very close to H.,(T), the density of
vortices is extremely large, i.e. H has penetrated throughout the entire
sample leaving a negligible volume fraction of superconductivity. In
fact, H,(T) is understood as the field at which magnetic flux lines fill
the entire volume of a metallic and no longer superconducting com-
pound. Therefore, in an experimental situation like ours the role of D
for H approaching H.,(T) should be irrelevant.

The resulting superconducting phase diagram for both field orien-
tations is shown in Fig. 3. It was constructed by measuring the res-
istivity as a function of the temperature under modest magnetic
fields, and by sweeping the field to high values at constant tempera-
tures. Notice that for fields along the b-axis, H*,(T) does not seem to
saturate as the temperature is lowered. Even more surprising, for
fields applied perpendicularly to the needle axis of the crystal or
the b-axis, H®,(T) shows a linear dependence in temperature down
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Figure 2 | Electrical transport, magnetic susceptibility and heat capacity data. (a) Resistivity as a function of temperature for Nb,Pd, ;55 single crystal,
revealing a superconducting transition whose middle point of the resistive transition is located at T. = (6.5 = 0.2) K. (b) Magnetic susceptibility y as
function of temperature acquired either under a zero-field cooled condition for a field H = 25 Oe (black line), or under a field-cooled condition for
H =1000 Oe (red line). Inset: a detail of y(T) at low temperatures obtained under a field of 1000 Oe, which still reveals evidence for superconductivity at
T ~4 K. The diamagnetism is completely suppressed by the application of a field of 5000 Oe (blue line). No evidence for magnetic impurities, such as
Curie-Weiss behaviour is observed in the magnetic susceptibility obtained under H = 5000 Oe. This susceptibility study was performed on a bunch
containing hundreds of single-crystals; it confirms bulk superconductivity in this material. (c) Heat capacity as a function of temperature for a second
synthesis batch containing hundreds of single crystals, under zero field and under 9 T, respectively. A large fraction of these crystals are of nominal
Nb,Pd, 8,Ss composition, but this batch also contains a sizeable fraction of off-stoichiometry crystals as determined by EDS analysis. (d) Electronic
contribution to the heat capacity, after subtraction of the phonon contribution, i.e. & T, showing an anomaly at the superconducting transition.

Therefore, superconductivity in this system is bulk in nature.

to lowest temperatures, in sharp contrast to what is seen in most
superconductors, i.e. a linear dependence for temperatures close to
the superconducting critical temperature, followed by saturation, or
a concave down curvature at lower temperatures. Such an anomalous
temperature-dependence was recently observed in the new Fe based
superconductors'*! and claimed to result from multi-band effects:
superconducting gaps of different magnitudes open up on different
Fermi surface sheets, each associated with bands of distinct electronic
anisotropy. In fact, as seen in the lower panel of this figure, the
superconducting anisotropy ¥ = H°/H*", = my/my, where m
is the band-dependent effective mass, is temperature dependent as is
indeed the case for all Fe based pnictide/chalcogenide superconduc-
tors. This further suggests that Nb,Pd,s;Ses is a new multi-band
superconductor.

Discussion

So far, multi-band superconductivity has been reported in MgB,*
and in the Fe pnictices/chalcogenide superconductors®**. The first is
a phonon mediated superconductor, but the second are believed to
possess a spin-fluctuations mediated pairing mechanism® due to the
proximity of their superconducting phase to a magnetic state. In the
Fe-based compounds as in the cuprates, superconductivity emerges
by doping an antiferromagnetic parent compound which is metallic
and a Mott insulator, respectively. This proximity to magnetism
leads to an unconventional symmetry for the superconducting gap
wave-function, i.e. d-wave symmetry for the cuprates®, while the Fe-
based compounds are believed, given the amount of experimental
evidence, to possess the so-called s+ gap symmetry”. So, far our
studies have not revealed any clear evidence for the proximity to a
magnetic state in Nb,Pd, g;Ses.

To shed some light about the possible superconducting pairing
mechanism in Nb,Pd, s;Ses we have performed band structure cal-
culations in order to determine both the geometry of the Fermi
surface and the tendencies of this compound towards a magnetic
instability, the results are summarized in Fig. 4. The Fermi surfaces
and susceptibilities were calculated using the experimental lattice
constants and atomic positions established in the present work.
The centering symmetry of space group #12 (C2/m) was eliminated
so that half the Pd at the 2a Wyckoff position could be removed,
resulting in a doubled unit cell with formula Nb,Pd, 5S,0. Density
functional theory calculations using Wien2K*” with the Generalized
Gradient Approximation (GGA)*® to the exchange correlation
potential were employed to calculate the self-consistent energy eigen-
values at 16,000 k-points in the reciprocal lattice. The doubled real
space cell results in band-folding in the smaller reciprocal space cell.
As seen in Fig. 4 a the resulting Fermi surface is composed of quasi-
two-dimensional sheets (maroon surfaces) of hole character and
strongly warped quasi-one-dimensional (Q1D) sheets with both
electron (golden) and hole (blue) character. Therefore, given that
the resulting Fermi surface is composed of multiple sheets, having
both electron- and hole-character, this system can indeed be clas-
sified as a multi-band superconductor. This doubling of the unit cell
has little effect on the Q1D surfaces, but it slightly distorts the 2D
hole-like surfaces. The three dimensional like pockets seen in Fig. 4 a
are electron-like with a three-dimensional appearance but are actu-
ally narrow slices through a slightly warped Q1D surface that is
extremely sensitive to the Fermi energy, which is in turn sensitive
to the exact Pd content of the sample. In order to mimic the role
played by variations in Pd content, we shifted the Fermi energy by
—5 meV which is found to eliminate these pockets entirely, while a
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Figure 3 | Electrical transport, superconducting phase-diagram and anisotropy. (a) and (b) Resistivity as a function of magnetic field for a Nb,Pd g,Ss
single-crystal for several temperatures and respectively, for fields applied along the needle or the b-axis of the single crystal or perpendicularly to it.
Both insets: Temperature dependence of the resistive transition for several fields applied along the b-axis (in (a)) and perpendicularly to it (b).

(¢) Superconducting upper critical field as a function of the temperature for Nb,Pd, g;S5 and for both field orientations (as extracted from the data in (a)
and (b)). Notice how anomalous is the behaviour of H.,(T) for fields applied perpendicularly to the b-axis, i.e. it shows a linear in temperature
dependence. While for fields along the needle or the b-axis of the single crystal one does not observe a clear saturation of the upper critical fields at the
lowest temperatures as observed in conventional superconductors. (d) anisotropy of the upper critical fields as a function of the temperature. Notice that
the anisotropy is temperature dependent as observed in multi-band superconductors.

shift of +12 meV converts them into highly one-dimensional sheets
with strong nesting properties (compare Figs. 4 a and 4 c). These
small numbers are nearly within the computational accuracy and
within the certainty of the actual Pd content. We therefore use the
positive shift to calculate the nesting function in order to illustrate the
strong nesting contribution.

Figures 4 b and 4 e show the real part of the spin-susceptibilities
x(q) associated with the calculated Fermi surfaces shown in Figs. 4 a
and 4 c, respectively. The ordering vector of a magnetic state is
determined by peaks in the real part of y(q) and this term also
provides the pairing interaction for fluctuation mediated supercon-
ductivity. As seen, small shifts such as +12 meV, lead to pronounced
spikes in y(q) at small q values suggesting the proximity to an itin-
erant magnetically ordered state that would be characterized by long
modulation wave-lengths. Using a fixed spin moment method to
calculate the Stoner factor (I) reveals that only a very minor upward
shift of the Fermi energy is required to cause a magnetic instability
(NI = 0.98). Since the Pd content in our calculations is 0.75, while the
measured content is 0.81, such a shift is expected to be a realistic
approximation of the true electron count. By adding a small amount
of extra negative charge to the calculation, very flat bands near &g
become the Q1D Fermi surface sheets seen in Figure 4 d. These give
rise to strong nesting properties that translate into peaks in x(g)
while also raising the density of states sufficiently to stabilize fer-
romagnetic long range order (the peaks near to but not at zero in
Figure 4 e suggest that the true ground state is likely to have a more

complex long wavelength pattern). The existence of a magnetic state
in calculations, while unseen in our experiments, is often an indica-
tion that the system is very near to magnetic long range ordering
which is suppressed by spin fluctuations. The sensitive dependence
on electron count also suggests that doping will be a fruitful ave-
nue for manipulating the competition between magnetism and
superconductivity.

These findings are rather intriguing, because the proximity to a
magnetically ordered state in strongly correlated electronic systems,
such as the cuprates, the heavy-fermion inter-metallic compounds,
the organic superconducting compounds or the Fe based supercon-
ductors, has systematically led to proposals for unconventional
superconducting pairing scenarios. Take for example, the quasi-
one-dimensional organic conductors (e.g. (TMTSF),X, where
TMTSF is an organic molecule that stands for tetramethyltetratio-
fulvalene and X is anion such as PF¢~, ClO,, etc.) which as in the
present case, are also characterized by Q1D Fermi surface sheets and
fairly large upper critical fields. In this compound the combination
of low dimensionality, relatively large upper critical fields, and sens-
itivity to non-magnetic impurities® was taken as possible evidence
for triplet pairing*"*>. For Nb,Pd, 4;Ses we observed samples display-
ing lower superconducting transition temperatures, but at the
moment it remains unclear if T is affected by the amount of disorder
in these crystals or if this decrease in T is associated to stoichiometry
induced changes in bandwidth and concomitant density of states at
the Fermi level.
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Figure 4 | Calculated Fermi surface and spin susceptibility. (a) The
geometry of the Fermi surface in a 2 X 2 X 2 conventional reciprocal unit
cell for Nb,Pd, 75Ss as obtained through DFT calculations. Maroon and
blue FS sheets are hole-like, while gold pockets are of electron-like
character. Notice that the Fermi surface is composed of both quasi-two-
dimensional nearly cylindrical sheets as well as highly corrugated quasi-
one dimensional ones. The small hole pockets appear to be three
dimensional pockets but are actually just narrow slices through a slightly
warped 1D surface that is extremely sensitive to the Fermi energy, which is
in turn sensitive to the exact Pd content of the sample. (b) Real part of the
spin response function y(q) as a function of the planar reciprocal
coordinates in a single conventional cell, calculated by using the
experimental lattice constants and the atomic positions established in the
present work for the fraction x = 0.75 of Pd. The strong peaks do not have
their origin in Fermi surface nesting. (¢) Increasing the Pd content to more
realistic values such as x = 0.81 is equivalent to raising the Fermi energy
which is found to stabilize rather flat quasi-one-dimensional electron-like
Fermi surface sheets. (d) Side view of the Fermi surface sheets shown in
(¢) revealing a modest degree of warping. (e) %(q) as a function of planar
reciprocal coordinates. Note the emergence of pronounced nesting-driven
spikes in y(q) for small g-vectors, suggesting that this system is close to a
long wavelength magnetic instability, or equivalently that pronounced
spin-fluctuations are expected for this system.

Low-dimensionality, proximity to a magnetically ordered state,
multi-band effects, and extremely high upper critical fields, are all
ingredients pointing towards an unconventional superconducting
state in Nb,Pd, g;Ses. An important future consequence of this study
is the possibility of synthesizing, through chemical substitution, i.e.
Ta for Nb, Te for S, or Pt for Pd, new compounds displaying perhaps
higher superconducting transition temperatures, or even higher
upper critical fields due, for example, to an enhanced spin-orbit
coupling.

Methods

Nb,Pd, 5;Ss was grown through a solid state reaction by reacting under Ar atmo-
sphere, Nb (99.99%), Pd (99.99%), and S (99.999%) powders in the ratio of 2:1:6.
These mixtures were heated up to a peak temperature between 725 and 850°C at a rate
of 10°C/h. The quartz ampoules containing the material were kept at this maximum
temperature for 48 h and then quenched to room temperature. The obtained single
crystals formed long needles, i.e. several millimetres in length, but having small cross
sectional areas ranging from 2 X 2 pum? to approximately 10 X 10 um?>. Single crystal
diffraction on these individual fibres indicates strong twinning.

The stoichiometric composition was determined through energy dispersive x-ray
spectroscopy. To determine the crystallographic structure a bunch of randomly
oriented crystals were used as a means of extracting the powder x-ray diffraction
pattern which revealed no impurity phases. Nevertheless, a few crystals selected for
resistivity measurements revealed insulating, instead of metallic behaviour. At the
moment it remains unclear if these crystals belong to a different phase or if small
changes in stoichiometry might lead to an electronic/magnetic phase. The same
bunch of crystals was used for DC susceptibility measurements performed through a
commercial Squid magnetometer. A conventional four terminal configuration was
used for resistivity measurements which were performed at low fields either by using a
commercial Physical Parameter Measurements System or the 45 T hybrid magnet
coupled to a *He cryogenic system.
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The authors have noticed that in the original version of this Article, there are several typographic errors. On three
occasions in the Results section and four occasions in the Discussion, the compound Nb,Pd, g;S5 is mistakenly
referred to as Nb,Pd, g;Ses.
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