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Electrical transport is measured for a crystal and polycrystalline samples of Ni;S,. The samples
display metallic behavior with the relative resistance decreasing by more than two orders of magnitude
upon cooling from 300 to 4.5 K. Low-temperature heat-capacity data are obtained by the quasiadiabatic
heat-pulse method. The electronic-heat-capacity constant is determined to be 2.7 mJ/K?moly;. The
magnetic measurements on single-crystal and polycrystalline samples yield a mass magnetic susceptibili-
ty of 0.3X107° emu/g [0.4X 107 % m?/g], which is essentially temperature independent. The Pauli
paramagnetic susceptibility is determined to be 5.0 X 10~° emu/moly; [6.3X107'° m*/moly;], corrected
for the underlying diamagnetism. Results of the electrical transport, magnetic, and heat-capacity mea-
surements are used to characterize the electronic structure. Application of the standard theory of
electron-correlation phenomena shows that Ni,S, may be categorized as a good metallic conductor for
which magnetic instabilities and electronic interactions are of marginal importance.

I. INTRODUCTION

Nickel sulfide, Ni;S,, occurs naturally as the mineral
heazlewoodite. Westgren® originally proposed the struc-
ture which has been more recently refined by Fleet? and
Parise.> The structure is rhombohedral, belonging to the
space group R32, with lattice constants a,=4.071 A,
a,=89.459°, and Z =1. It is comprised of a series of in-
terconnected Ni;S, bipyramids composed of Ni; triangles
with apical S atoms, as shown in Fig. 1.* The bipyramids
are interconnected by short Ni-S and Ni-Ni distances, the
distances between atoms within the bipyramids being
greater than those connecting the bipyramids.>>° This
structure occurs as the low-temperature form of Ni,S,
and is known to be stable up to 843 K. Above 843 K,
Ni;S, undergoes a transition to the high-temperature,
nonstoichiometric phase, Ni;;,S;, which melts in-
congruently above 1073 K.

We recently reported the growth of single-crystal
Ni;S,.> No synthesis of single crystals sufficiently large
for measurements of physical properties had been previ-
ously reported, other than very small crystals used for x-
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ray structure investigations. Additionally, we reported
the synthesis and characterization of dense polycrystal-
line samples.’ Prior research on the magnetic and trans-
port properties of Ni;S, is sparse, and measurements
were based on the use of the mineral or polycrystalline

FIG. 1. Ni;S, structure (a) showing interconnected bipyram-
ids, (b) viewed down the crystallographic threefold axis (Ref. 7).
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material. The mineral heazlewoodite has a reported iron
impurity content of 0.56 wt %, and its occurrence in na-
ture is rare. The room-temperature resistivity for the
naturally occurring mineral was stated to be 1.5X107° Q
cm.® Yagi and Wagner’ reported the results of electrical
conductivity measurements on a polycrystalline sample
for the temperature range between 100 and 750°C. The
resistivity for the low-temperature phase was shown to
vary linearly with temperature up to the transition tem-
perature, at which point there is a sudden increase in the
resistivity. The magnetic properties of a polycrystalline
sample of Ni;S, were measured in the temperature range
of 80-300 K.} The magnetic susceptibility was found to
be temperature independent, with a reported value of
0.6X107% emu/g [0.8 X107 % m3/kg]. Thus, the materi-
al was classified as Pauli paramagnetic.

Heat-capacity results for Ni;S, were first published by
Weller and Kelley® for the temperature range 55-300 K.
Results in the high-temperature range of 298-1250 K
were reported by Ferrante and Gokcen.!® More recently,
results for the temperature range of 8.7-976 K were pub-
lished by Stglen et al.!' There is a regular increase of the
heat capacity from 10-834 K, above which the high-
temperature phase occurs. Stdlen et al. reported that a
fit of the low-temperature heat capacity to a C, /T versus
T? relation yielded an electronic-heat-capacity constant
equal to zero within experimental accuracy.

We report the results for the measurement of the low-
temperature electrical transport, magnetic properties for
single-crystal and polycrystalline Ni;S, and measure-
ments of the heat capacity for polycrystalline Ni;S,. Re-
sults of these investigations are used to characterize the
electronic structure.

II. EXPERIMENTAL

A. Preparation and characterization of samples

The synthesis and structural characterization of Ni,S,
single crystals and polycrystalline material has been re-
ported in detail elsewhere.’ A “melt-quench” technique
was used to produce polycrystalline boules of Ni,S,
which were brass yellow in appearance. Single crystals of
Ni;S, were grown by a vapor transport technique. The
crystals were brass yellow in appearance and exhibited
metallic luster. The nickel to sulfur ratio for several sin-
gle crystals was characterized using an electron probe mi-
croanalyzer. The crystals were very homogeneous; there
was no indication of inclusions of nickel, sulfur, or other
nickel-sulfide phases within the limit of detection. The
composition was found to be 59.79+0.26 at. % Ni to
40.21%£0.26 at.% S, corresponding to stoichiometric
Ni; oS, 0. There were no impurities found within the
detection limit using energy dispersive analysis by x rays.
The x-ray powder diffraction values obtained from pat-
terns for the single-crystal and polycrystalline material
measurements corresponded well to the calculated and
reported values.>> The crystals were examined by
transmission electron microscopy; no short-range defects
or disorder were observed. Single-crystal x-ray
refinement confirmed the structure to be that reported for
heazlewoodite.>>>

METCALF, CROOKER, McELFRESH, KAKOL, AND HONIG 50

B. Electrical conductivity measurements

The conductivity was measured for a Ni;S, crystal us-
ing the four-probe van der Pauw technique.'? The con-
tacts were formed by evaporating silver metal pads onto
which copper wires were attached with silver paint. The
conductivity was measured as a function of temperature
between 300 and 4.5 K. The conductivity of the poly-
crystalline material was measured using the standard
four-probe method. Rectangular bars were cut from the
melt-quenched boules with dimensions of approximately
2X1X0.5 mm®. Copper wires were attached to silver
paint contacts.

C. Magnetic susceptibility measurements

The magnetic properties of the polycrystalline and
single-crystal Ni;S, were measured using a vibrating sam-
ple magnetometer (VSM) and a superconducting quan-
tum interference device (SQUID) magnetometer, respec-
tively. The small magnitude of the signal and small size
of the crystals mandated the use of the SQUID magne-
tometer for the single-crystal magnetic measurements,
since it is by far the more sensitive of the two techniques.

The VSM used in this study was a Princeton Applied
Research 155 magnetometer. Rectangular bars of ap-
proximately 1X 1X3 mm?® were cut from the polycrystal-
line boules for VSM measurements. The polycrystalline
sample was cooled in zero field down to 4.5 K and the
magnetization was measured as a function of increasing
field strength up to 6 kOe [0.5 A/m]. The field was again
set to zero and the sample was warmed to a higher tem-
perature. In this manner, measurements were taken as a
function of field for a number of temperatures between
4.5 K and room temperature.

Magnetization measurements for the crystals were
made using a Quantum Design SQUID magnetometer.
Measurements were taken by increasing the temperature
from 4.5 to 350 K at a given field, then changing the field
to a higher value and taking measurements as the temper-
ature was decreased down to 4.5 K. By this method,
measurements were obtained for the magnetization of the
crystals from 4.5-350 K in magnetic fields up to 55 kOe.

D. Heat capacity measurements

Specific-heat measurements for the polycrystalline
samples were taken in a *He cryostat using the quasiadia-
batic heat-pulse method. Data were collected in the tem-
perature range from 25-0.5 K, on a rectangular bar with
dimensions of about 0.6X1.0X0.4 cm?3, which was cut
from a melt-quenched boule.

III. RESULTS AND DISCUSSION

A. Conductivity

The results of the electrical transport measurements on
polycrystalline and single-crystal Ni,;S, were very similar.
Measurements of resistivity as a function of temperature
are presented in Fig. 2(a) for a single crystal and Fig. 2(b)
for a polycrystalline sample. These results were found to
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be reversible. Consistent with the crystal structure, no
anisotropy was noted in the single-crystal measurement.
The room-temperature resistivity for the single crystal
was about 1.8 X 107> Q cm; this is comparable to that re-
ported for the naturally occurring mineral (1.5X 1073
Qcm).5 The room-temperature resistivity for the melt-
quenched sample was about 1.1X 10™* @ cm, comparable
to that previously reported for polycrystalline samples
(1.5X10™* Q cm at 100°C).” The resistivity decreased by
more than two orders of magnitude upon cooling the
sample from room temperature to 4.5 K. The variation
of resistivity with temperature is almost linear at higher
temperatures, as shown in Fig. 3(a). At temperatures
below 50 K, the resistivity shows a T> dependence, see
Fig. 3(b). The residual resistivity for the single-crystal
Ni,S, was approximately 1.0X 1077 Q cm.

Based on these results, Ni;S, would be classified as a
Class IIIB mixed valence compound, in accordance with
the classification scheme proposed by Day and Robin."
Class IIIB mixed valence compounds contain like atoms
in identical environments with fractional formal oxida-
tions states and delocalized electrons. These compounds
display metallic conductivity as the result of electron
delocalization throughout the solid. In Ni;S,, the nickel
atoms are in identical environments, as determined by
structural studies.>*> The oxidation states of the nickel
ions can be thought of as two Ni'*t and one Ni** per for-
mula unit, but a formal oxidation state of +4 /3 for each
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FIG. 2. (a) Resistivity versus temperature data for single-
crystal Ni;S,. (b) Resistivity versus temperature data for poly-
crystalline Ni,S,.
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nickel is more representative of the electron delocaliza-
tion. The metallic conductivity confirms that the elec-
trons are delocalized throughout the solid, showing that
the electrons are free to move between Ni; clusters.

B. Magnetic susceptibility

The results of magnetic measurements performed on
polycrystalline and single crystals of Ni;S, were virtually
the same for both types of samples. A small amount
(>0.00001 at. %) of ferromagnetic nickel produced
minor interference in the magnetic measurements for a
few of the samples. In these instances, the M vs H
characteristics of the samples were used to determine the
magnetization from the ferromagnetic nickel, and minor
corrections were applied. The mass magnetic susceptibil-
ity for Ni,S, is essentially temperature independent, with
a value of ;\/g=0.3X10_6 emu/g [0.4X10~® m?/kg], as
shown in Fig. 4; this is one half of the previously reported
value of Y, =0.6X107° emu/g [0.8 X 10™® m’/kg].* The
low value of the mass magnetic susceptibility and its
negligible variation with temperature are consistent with
an interpretation of the magnetic properties of Ni;S, as
arising from Pauli paramagnetism. The molar mag-
netic susceptibility was calculated to be 7.2X107°
emu/moly; s, [9.0x10710 m3/molNi352]. The measured
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FIG. 3. (a) High-temperature T! relation of resistivity for
single-crystal Ni;S,. (b) Low-temperature T relation of resis-
tivity for single-crystal Ni,S,.
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molar magnetic susceptibility is actually a com-
bination of the Pauli paramagnetic susceptibility with the
Landau and Larmor diamagnetic susceptibilities.
Methods for approximating the Landau and Larmor con-
tributions have been proposed by several authors.'* Ap-
plication of these methods led to the approx-
imate  values Of  X[angau=—35-0X107°  emu/
mOlNi3SZ [ —6.3X 10_10 ms/molNi352], XLarmor — —2.8
X1073 emu/moly; s [—3.5 X 10710 m3/molNiasz],
and Xp,y;=1.5X107% emu/moly; 5, [1.9X107%° m?/
moly; s, ] or 5.0X107° emu/moly; [6.3X107" m’/
moly; 1.

The Pauli paramagnetic susceptibility derives from a
small alteration in orbital occupancy resulting from the
splitting of the spin-up and spin-down energy levels in a
magnetic field. The effect is proportional to the density
of states at the Fermi level. The volume magnetic suscep-
tibility for Pauli paramagnetic magnetic materials is
given by’

Xpaui = (8215 /2)poeg)

where g is the Landé factor and yu,, is the Bohr magneton.
Using this relation, the density of states at the Fermi level
for Ni;S, in the ground state was calculated as
Polep)=6.8X 102 eV~! cm ™3 (assuming g =2.00).

C. Heat capacity

No peaks in the heat capacity were observed for the
measured temperature range. In the lowest-temperature
region, T <6 K, the heat capacity was fit to the linear re-
lation

— T2
C,/T=aT"+y .

The least-squares regression, optimized parameter fit
yields @=0.2 mJ/moly; s and ¥ =8.1 mJ/moly; s K, as
shown in Fig. 5. A Debye temperature of 6, =398+5 K
was calculated, which compares well with those deter-
mined for typical metals.!> The linear relationship for
the determination of the electronic- and lattice-heat-
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FIG. 4. Field-independent y, vs T data for single-crystal
Ni;S,.
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FIG. 5. Fitting of low-temperature heat-capacity data to the
relation C/T=aT?*+7.

capacity constants should be fit at temperatures lower
than 6p,/50; thus, the temperature range chosen for the
fit was appropriate.

The value of the electronic-heat-capacity constant,
y=8.1 mJ/moly; 5, K2 or 2.7 mJ/moly; K2 is consistent

with those reported for standard metals.!® This is in con-
trast to that reported by Stglen et al. in which they deter-
mined the electronic-heat-capacity constant by extrapola-
tion from 10 K to be equal to zero.!! Figure 6 is a compi-
lation of our data with those taken by Ferrante and
Gokcen,!® Weller and Kelley,” and Stglen et al.!! The
present measurements extrapolate well to the previously
reported values (see insert).

D. Electronic structure

Ni,S, can also be classified as a simple metal. The class
of simple metals contains a small number of transition-
metal compounds for which the unmodified free-electron
theory may be used as a framework for interpreting their
physical properties. This is based on band-structure
effects involving conduction bands formed from atomic d
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FIG. 6. Compilation of heat-capacity data for Ni,S,; inset
shows data from this study.
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orbitals. For free-electron metals, a derivation originally
provided by Sommerfeld, based on the Fermi-Dirac dis-
tribution, leads to!®

Cp/T=y=(m?/3)k2py(ef) .

The density of states at the Fermi level for the ground
state of Ni;S, was determined from the above relation to
be 5.0X10% eV 'cm™3. This value compares reason-
ably well with the value determined for the Pauli suscep-
tibility, 6.8 X 10% eV~!cm ™3, indicating that the correc-
tions made for the diamagnetic contributions are of the
appropriate magnitude.

The results of the electrical transport, magnetic, and
heat-capacity measurements may be used to characterize
the electronic structure. Models for the electronic struc-
ture of metal sulfides have often been based either on the
molecular-orbital theory, which best describes localized
phenomena, or on band theory, which best describes
delocalized phenomena. However, most transition-metal
chalcogenides and oxides exhibit intermediate properties,
neither strictly localized or delocalized. Instead, there
exists a competition between factors that favor delocali-
zation (such as the bonding overlap of atomic orbitals in
the solid) and factors that favor localization (such as the
Coulomb repulsion between electrons or their interaction
with defects or vibrational modes in the lattice).

One theory presented to deal quantitatively with this
problem was the Mott-Hubbard model.'® In this model,
the type of ground state encountered for a half-filled d
band depends on the ratio U /W, where U is the Coulomb
repulsion energy between two electrons of opposite spins
in the same state and W is the bandwidth. For UX W,
the energy required to pair electrons on the metal d orbit-
als is larger than the energy gained by allowing the elec-
trons to form bands. Thus, the band splits into two sub-
bands, resulting in a semiconducting or insulating ground
state, as seen in Figure 7. For U S W, the subbands over-
lap, yielding a metallic ground state with the Fermi level
in the middle of the partially filled band. The Mott-
Hubbard model has been reformulated in a theory
developed by Gutzwiller, Brinkman and Rice, Spalek and
co-workers, as well as others.” In this theory, the in-
teracting electrons are replaced by a set of independent
quasiparticles. The theory has been shown to be useful
for characterizing the properties of metals that display
correlated electron behavior.

FIG. 7. Hubbard subbands, as a function of bandwidth (Ref.
5).
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One result of the theory is to illustrate how the experi-
mentally determined quantities ¥ and X, are useful for
characterizing correlation effects. From the theory one
finds that the electronic contribution to the heat capacity
of correlated electrons is given by

y=vo/(1-I1%, I=U/U,,

where y, is the free-electron value of ¥, and U, is the
critical value of the intra-atomic Coulomb interaction en-
ergy U, above which there are no double occupancies. A
material remains metallic as long as I <1. Similarly, it
may be shown that the Pauli paramagnetic susceptibility
for a correlated electron system is given by

XP=X0/(1—12)S s

where X, is the free-electron Pauli paramagnetic suscepti-
bility, and S is the Stoner enhancement factor. The
theory is based on two assumptions that somewhat limit
its applicability; it assumes half-filled bands and a rec-
tangular density of states. Taking into account the limi-
tations of the theory, the Stoner enhancement factor may
be defined as

S=1-2I[1+1/2)/(1+1I)*.

The so-called inverse Wilson ratio (R ~!) can then be cal-
culated from the following relationships:

R —1=7’/XP=(7’0/X0)S ’
Yo=2/3mklp,(eF) ,
Xo= 1/282.“sz0(€1«") ’

where the inverse Wilson ratio (R ~!) is in cgs units, k, is
the Boltzmann constant, p, is the Bohr magneton, and
polep) is the free-electron density of states per spin per
site at the Fermi level. The resulting value for the inverse
Wilson ratio, with the Landé g factor taken to be equal to
2,1is

R 1=y /xp=(7.2894X10®)S ,

where the numerical factor is based on the use of the cgs
system. It is now evident that the Stoner enhancement
factor (S) is accessible from the experimentally deter-
mined values for ¥ and yp.

From the above relation for the Stoner factor, one may
determine /. In turn, the value of I may be used to deter-
mine the effective-mass enhancement ratio (m*/m,) via
the relation

m*/my,=1/(1—I%,

where m * is the effective mass of the correlated electrons
and m, is the free-electron band mass. An important re-
sult of the theory is that the effective mass of the charge
carriers increases as the bandwidth diminishes. Here,® is
interpreted as a bandwidth reduction factor, and has been
shown to be inversely proportional to the effective mass

O=(m*/m,) '=1-1%.
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It can be seen from the above relations that S, ¥, and
m*/m, approach unity as the value U/U, diminishes,
that is, as the degree of electron correlation diminishes.

Since Ni;S, exhibits a bronze metallic luster and metal-
lic conductivity, application of the results of the above-
mentioned theory to the Ni,S, system is expected to yield
results indicative of a low degree of electron correlation,
thatis, ®=~1,S=~1,and m*/m, =~ 1.

As determined in this study, y=2.7X10* erg/K?
moly; [8.1 mI/moly;K?], and yx,=5.0Xx10"°
emu/moly; [6.3X107° m3*/moly;]. Using the above re-
lations, values of R =5.4X 10® for the inverse Wilson ra-
tio and S =0.74 for the Stoner enhancement factor may
be determined. These values show the Ni;S, system to be
far removed from the magnetic instability that sets in as
S approaches zero. From the Stoner enhancement factor
a value of 1=0.16 is determined. Accordingly, the band
narrowing factor is found to be 0.97, quite close to the
® =1 expected for a free-electron gas. The effective-mass
enhancement ratio is found to be m* /m,;, =1.0. This in-
dicates that the Ni;S, electronic properties are not far re-
moved from those anticipated for a standard metal.

The density of states at the Fermi level for Ni,S,,
determined from the heat capacity, is 0.40 eV ™! spin-
site " !; this includes a correction due to the fact that the
formal valence of Ni in Ni,;S, is +4/3. This value may
be used to estimate a bandwidth (W) of 2.5 eV, which is
comparable to the bandwidths encountered for 3d metals.
Finally, using the relationship for a rectangular density of
states,

I=U02w ,
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a value of U=0.80 eV was determined for the intra-
atomic Coulomb repulsion. This value is non-negligible,
but not nearly as large as the values U~3-6 eV encoun-
tered for many 3d transition-metal sulfides.

IV. CONCLUSION

Electrical transport measurements have shown Ni;S,
to be a good metallic conductor, with a room-
temperature resistivity of about 1.8 X 107° Q cm, which
decreases by more than two orders of magnitude upon
cooling to 4.5 K. Magnetization measurements have
shown Ni,;S, to display Pauli paramagnetic behavior
with a temperature-independent susceptibility of 0.3
X107¢ emu/g [0.4X107% m3/kg] and a Pauli paramag-
netic susceptibility of 5.0X 10™° emu/moly; [6.3X1071°
m3/moly;]. Heat-capacity measurements yielded a De-
bye temperature of 398 K and an electronic-heat-capacity
constant of 2.7X 1072 J/K2 moly;.

It has been shown by a standard analysis involving the
theory of electron correlation phenomena that Ni;S, falls
into the category of a good metallic conductor for which
magnetic instabilities and electronic interactions are of
only marginal importance.
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