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Abstract. Electrical resistivity and dc susceptibility of NbPS prepared at high pressure have
been studied at low temperatures. The compound showed a superconducting transition at around
12 K. The resistance of NbPS was measured as a function of an applied magnetic field at constant
temperature. The upper critical field obtained from this data was 17 tesla (T) at 0 K. This is
the highest value reported in phosphide superconductors. The coherence length of the compound
was found to be 44.0 A. Adiabatic specific-heat measurements on NbPS were performed in the
temperature range 2 and 20 K. The heat capacity fitted to the expr&ssionT + AT, by a least
squares analysis, yielded the valyes= 6.5 mJ motl K~2 andg = 0.6 mJ mott K—4. The

Debye temperatures() of NbPS was found to be 330 K. The density of states at the Fermi level
was calculated to be 0.51 states &¥atom.

1. Introduction

Interesting ternary metal compounds NbPS, NbPSe and TaPS are prepared by reaction of the
elements in 1:1:1 atomic ratio with a high pressure apparatus at around@20@ 6.5 GPa.

The compound NbPS is metallic, transforming to a superconductor at around 12 K [1]. In
contrast, NbPSe and TaPS do not show superconductivity down to 2 K. The crystal structure
of NbPS is orthorhombic with space grolppmm and is shown in figure 1. There are several
interesting features in the structure. The Nb atoms are eightfold coordinated by four P and
four S atoms at the corners of a bicapped trigonal prism [1]. The prisms share faces, resulting
in the formation of Nb—Nb dimers. The inter-atomic distance of 2.93 A in the Nb—Nb dimers

is in agreement with the sum obtained from the atomic radii. The S atoms are coordinated by
four Nb atoms at the corners of a distorted tetrahedron, while the P atoms form continuous
strings in thec-axis direction with alternating short (2.22 A) and long (2.51 A) distances. The
short distances are within the normal P—P covalent bonds found in many phosphides. Keszler
and Hoffmann have carried out the tight-binding band calculations for NbPS, and discussed
the origin of the high superconducting transition temperatiifeig the compound [2].

Several phosphide superconductors withabove 10 K have been found; ZrRuP and
HfRuP with the FeP-type structure hav&, of about 13 K [3-5], and ZrRyP, shows a
superconducting transition around 11 K [6]. The upper critical fiekfjg)of these phosphides
are 16 tesla (T) for ZrRuP [7], 14 T for HfRuP [7] and 12.2 T for ZiRu[6].
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Figure 1. Crystal structure of NbPS: the lattice constants obtained by Donohue and Bierstedt [1]
are shown in this figure.

We have prepared NbPS at high temperatures and high pressures, and studied the specific
heat and the upper critical field of the compound at low temperatures. In this paper the
superconducting properties of NbPS are discussed.

2. Experiment

Using awedge-type cubic-anvil high pressure apparatus [4], the compound NbPS was prepared
at high temperatures and high pressures. The upper and lower stages of the high pressure
apparatus consisted of three anvils that slid on the wedge formed in shallow V-shaped grooves.
The anvil movement was completely synchronized by means of a wedge system. The anvils
consisted of cemented tungsten carbide havingalBannt top-square face. The pyrophyllite
sample container was formed into a 21 mm edged cube. The sample assembly for the
preparation of NbPS is similar to that used for the synthesis of black phosphorus [8]. The
starting materials were put into a crucible made of BN. The crucible, with a graphite heater,
was then inserted into the pyrophyllite cube.

NbPS was prepared by the reaction of stoichiometric Nb, P and S or NbP and S powders at
around 5 GPa, and at temperatures between 1100 and C3BBPS prepared at high pressure
was annealed at around 10@for a week in the argon atmosphere. The compound prepared
at high pressure was identified by powder x-ray diffraction using €uagliation and silicon as
a standard. The diffraction lines of the compound were assigned by indexing the orthorhombic
structure. The lattice constants obtained from these dataanver8.4432) A, b = 11.9194)
A, c=4.7331)AandV = 1942 A3. These data are in good agreement with results obtained
by Donohue and Bierstedt [1]. The NbPS stoichiometry was confirmed by EPMA.

Copper or gold leads were attached to polycrystals of the samples using silver filled by
epoxy contacts, and four-lead electrical resistivity measurements were then performed at low
temperatures. The dc magnetic susceptibility of the polycrystalline samples was measured in
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the range of 1.8—-300 K using a Quantum Design SQUID magnetometer. The resistance of
NbPS was measured as a function of the applied magnetic field at constant temperature [5].
The adiabatic specific-heat measurement for NbPS was performed in the temperature range
between 2 and 20 K [9].

3. Results and discussion

Figure 2 shows the resistivity—temperature curve for NbPS prepared at arountC180a

5 GPa. The compound was annealed at around 4000r a week. The resistivity decreases
with decreasing temperature, and sharply drops at around 12 KT Tvedues observed for
NbPS were between 9 and 13 K. Superconductivity in NbPS was found to be sensitive to both
the preparation and annealing temperatures. Figure 3 shows the temperature dependence of
the dc magnetic susceptibility measured in an applied field of 5 Oe for the polycrystalline
sample of NbPS. ZFC and FC show data for warming after cooling in zero field, and for
cooling in the field. The existence of hysteresis between zero-field cooling (ZFC) and field
cooling (FC) indicates that the compound is a type Il superconductor. The susceptibility of
NbPS is essentially temperature independent in the region 10-300 K. This is indicative of
Pauli paramagnetism and is consistent with metallic behaviour, which is expected from the
temperature dependence of the resistivity.
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Figure 2. Electrical resistivity—temperature curve of NbPS at low temperatures.

Figure 4 shows the resistance of NbPS plotted as a function of the applied magnetic field
at constant temperatures between 4 and 12 K. The superconducting transition of the compound
becomes broader atlow temperatures. Figure 5shows the upper criticatffidldtémperature
curve for NbPS. The temperature in which the resistance becomes zero (befo®)iStaken
as theT, value. TheH ,—temperature curve was fitted to the pair breaking model [10] and is
shown by the dotted line. ThE,, obtained from this datais 17 T at O K. This value is highest
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Figure 3. Temperature dependence of the dc magnetic susceptibility measured in an applied field

of 5 Oe for the polycrystalline sample of NbPS.
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Figure 4. Resistances of NbPS plotted as a function of the applied magnetic field at constant

temperatures between 4 and 12 K.

observed in the phosphide superconductors [6, 7]. The coherence Ighgftti{e compound

1)

can be estimated from the formula

H.p = ®o/27&?

which yields a value for the coherence length of NbPS of 44.0 A.
Figure 6 shows the result of the specific heat measurements on NbPS at low temperatures.

The heat capacity) of the compound can be fitted to the expression= yT + T3
using a least squares analysis, which yields the vajues= 6.5 mJ moft! K2 and
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Figure 5. H.,—temperature curve of NbPS; the dotted curve is fitted to the pair breaking model
[10]; the open circles are tH& values measured by us.

B = 0.16 mJ mot! K%, In the normal state] > T,, the coefficienty is related to the
electronic density of states at the Fermi enenggQ)

7T2
3
wheren is the number of atoms per formula un¥f is Avogadro’s numbek is the Boltzmann
constant and is the electron—phonon coupling parameter given by McMillan. The coefficient
B is related to the Debye temperatuée) as

B = Ern'nNokp/O3. )

Using the above data the Debye temperature of NbPS was calculated as 330 K.

In order to deriveV (0), the McMillan formula forA may be used [11],

1.04 +u*In(®p/1.45T,) 4
© (1-0.62u%)In(®p/1.45T,) — 1.04 “)

whereu* was taken to be 0.1 [12, 13]. The parameters for NbPS were found to be 081 for
and 0.51 states eW/atom for N (0). The density of states at the Fermi level found for NbPS
is low, though theT. is relatively high. Stewart al have carried out low temperature specific
measurements on the ternary equiatomic phosphides ZrRuP and HfRuP, whidh akess
of about 13 K [13]. For these materials, the electronic density of states at the Fermi level was
found to be 0.76 states eWatom for ZrRuP and 0.74 states eVatom for HfRuP, indicating
that the density of states at Fermi level for MRuP&MZr and Hf) is relatively higher than
that found in NbPS.

The superconducting data of the ternary equiatomic compounds NbPS and ZrRuP are
summarized in table 1. The number of valence electrons/formula unit is 16 for NbPS and

y = —nNok5N(0)(1+1) )
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Figure 6. Specific heat of NbPS at low temperatures; the line fitted using a least squares analysis
is shown.

Table 1. Superconducting data of ternary equiatomic compounds NbPS and ZrRuP.

NbPS ZrRuP
Valance electrons/formula unit 16 17
Structure Orthorhombic  Hexagonal
Cell volume/formula unit [crf] ~ 48.25 45.50
T. [K] 13 13
He [T] 17 16 [7]
£[A] 44.0 45.41(7]
Op [K] 330 345 [13]
A 0.81 0.79 [13]
N (0) [states eV1/atom] 0.51 0.76 [13]

17 for ZrRuP. ZrRuP is a metal-rich compound and NbPS is a non-metal-rich compound.
However, theT, and H,, values of NbPS are close to those of ZrRuP. These results suggest
that the band structures of both compounds near the Fermi level are mostly d orbital in character.
As the P atoms in NbPS form continuous strings ind¥exis with alternating short and
long distances, and the short distances are in agreement with that expected of normal P-P
covalent bonds, and if it is assumed that only the P atoms separated by the short distance are
bonded, then the valences in NbPS can be regarded as beiftg, ZRb*~ and 2$~. Since
Nb—Nb dimers with a Helectron configuration would be formed in the NbPS structure, the
semiconductive behaviour would be anticipated, as is found ig,MiFlere the Nb—Nb dimers
in the linear chain structure behave as a semiconductor [14, 15]. However, in the case of NbPS,
as the long P-P distances contain some bonding character, the valence of Nb must be lower,
being somewhere between Nand NG+ [1]. Thus, NbPS can become metallic. Keszler and
Hoffmann have performed tight binding band structure calculations for NbPS [2]. The bands
of NbPS near the Fermi level are mostly of Nb d-orbital character and below they have P and
S character. The,dband is flat in a large portion of the Brillouin zone, affording a peak in the
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density of states at the Fermi level. The presence of this band may be correlated to the high
superconducting transition temperature.
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