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Synthesis and Characterization of Ni;S, Single Crystals
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The synthesis and growth of single crystals of Ni;S, are described. Structural information is provided
on the room-temperature configuration of this compound. Measurements of electrical resistivity,
magnetic susceptibility, and heat capacity below room temperature have been carried out and are

briefly discussed. The material may be classified as a good metallic conductor.

Introduction

Nickel sulfide, Ni;S,, occurs naturally as
the mineral heazlewoodite. The structure,
originally proposed by Westgren (1), and
more recently refined by Fleet (2) and Parise
(3), is thombohedral; it belongs to the space
group R32, with lattice constants g, = 4.071
A, a, = 89,45%9°, and Z = 1. The structure
comprises a series of interconnected Ni;S,
regular bipyramids composed of Ni, trian-
gles and apical S atoms. These units are
interconnected by short Ni—S and Ni-Ni
distances, the distances between atoms
within the bipyramids being greater than
those connecting the bipyramids (3) (see
Fig. 1). This structure occurs as the low
temperature form of Ni,S, and is known to
be stable up to 843 K. The phase diagram for
Ni-S, reproduced in Fig. 2, was originally
constructed by Kullerud and Yund (5) and
later modified by Lin er al. (6). Above 843
K, Ni,S, undergoes a transition to the cubic

* Permanent address: Zaktad Fizyki Ciata Statego
IM, Akademia Gorniczo-Hutnicza, 30-059 Krakow,
Poland.

® 1993 Academic Press, Inc.

high-temperature phase, Ni;, S,, which
melts incongruently above 800°C.

Almost all of the physical measurements
reported for Ni,S,; have been performed ei-
ther on the naturally occurring mineral or
on polycrystalline samples at temperatures
greater than 290 K, As part of an ongoing
study of nickel sulfide and related systems,
single crystals of Ni,S, were grown in this
laboratory and their magnetic and transport
properties were measured at and below
room temperature. We concentrate here on
the details of the preparation and character-
ization, and we also briefly report the initial
results of the physical measurements.

Experimental

A. Preparation and Characterization
of Samples

Samples of microcrystalline Ni;S, were
prepared by the reduction of NiSO, in hy-
drogen. Approximately 50 grams of
NiSO, - 3H,0 were placed in a nickel foil-
lined alumina boat and heated to 120°C to
form the anhydrous material. The boat was
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FiG. 1. ORTEP drawing of Ni;5, (4). Labels refer to
Tables 11 and I1I. A Ni;S, bipyramid is outlined.

then transferred to a hydrogen furnace,
heated at 500°C for 2 hr, and furnace-cooled.
The resulting green powder was analyzed by
X-ray powder diffraction, using a Siemens
DIFF500 diffractometer with CuK, radia-
tion. The powder pattern coincided with
previously reported results for Ni;S;; no
other phases were detected. Shorter heating
times resulted in material with excess ele-
mental sulfur, while much longer heating
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times led to the reduction of Ni,S, to nickel
metal.

Very dense polycrystalline samples of
Ni,S, were obtained by a ““melt—quench’
technique. Stoichiometric amounts of
99.999% pure nickel and sulfur powders
were placed in a silica tube, which was con-
stricted above the charge but not sealed.
The tube and charge were heated in a hydro-
gen/oxygen flame until convection currents
were observed within the melt. The tube
was then removed from the flame and
quenched in water. The resulting boule was
metallic bronze in appearance. Analysis by
EDAX showed the material to be sulfur-
deficient, with the nickel to sulfur ratio of
1.61 (£0.01) Ni to 1.00 (x0.01) 8. Within
the error of the EDAX measurements, no
contamination was detected and the sample
composition was found to be homogenous.
No nickel or sulfur inclusions were ob-
served via optical microscopy using polar-
ized light. The X-ray diffraction patterns of
these specimens again coincided with that
for Ni;S,. No extraneous phases were de-
tected in the diffractograms; see Table 1.

L | L) T T L) T L T T T L) ¥ L] Ll T T :T T L]
L,(Ni-5} 1272 4 b2 dizo0
1000 ! o6
- B-Nigs, So NSy +Ly—t
~o73 1079 {noo
P 600 (N oL, Fa w
o " 4nys NS T o
3 [ 910 B /g, " 3
o 1900 ©
« 600F 1 846 =
CE" 806 ."I‘ ] E‘
|._‘. o
s o, *iMey .
/s roiarn {700
400} L ST 629
, 652
| B-Ni35, | 558 1
NS o |NiS . [ NiaS 4 <]
O IR Rl Al A PSP IR |1
2 0.30 040 050 060 [eX e,
Xs

Fis. 2. Nickel-sulfur phase diagram, after Lin ef al. (6). 8'-Ni;5; is the low temperature form, while
B, and 8, are the nickel- and sulfur-rich high temperature Ni;.,S; phases.
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SYNTHESIS AND CHARACTERIZATION OF Ni;5,

TABLE 1
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20 i,

hk! calc obs* obs? calc obs? obs?
101 21.76 21.74 21.72 69 99 59
110 31.10 3111 31,00 100 100 100
003 37.80 37.79 37.78 36 34 37
021 38.28 38.28 38.29 12 23 14
202 44.36 44,36 44.36 37 77 40
113 49,72 49,72 49.72 52 74 51
211 50.12 50.12 50.10 45 65 34
104 54.62 54.59 54.62 18 22 16
122 55.16 55.15 55.20 59 84 54

* Single crystals.
¢ Polycrystalline.

Single crystals of Ni,S, were grown by a
vapor transport technique. Microcrystalline
Ni,S, obtained from the reduction of NiSO,
was loaded into one end of a nickel-lined
alumina boat, which was then positioned
in & three-zone horizontal tube furnace, A
second fused silica boat containing 99.999%
pure sulfur was positioned at the opposite
end of the furnace. The furnace tube was
equipped with end-caps which allowed ni-
trogen to flow through the tube during heat-
ing. The silica boat containing sulfur was
maintained at 200°C; the end of the alumina
boat containing the Ni,S, powder was main-
tained at ~750°C while the opposite end of
the boat was at a lower temperature, as
shown in Fig. 3. Nitrogen gas was circulated
through the tube for several hours prior to
heating, and the flow was maintained at a
rate of approximately 100 ml/min during
crystal growth. The furnace was held at the
indicated temperature profile for about 48
hr and was then allowed to cool to room
temperature in flowing nitrogen.

Crystals of Ni,S; formed on the nickel
liner at the cool end of the boat. The crystals
were brass-yellow prisms, with dimensions
up to 2 mm on an edge. One of the smaller
prisms was chosen for an X-ray diffraction

study. The refinement confirmed the struc-
ture of the ¢rystals to be that reported for
heazlewoodite (2, 3} (Tables 11 and I1iI).
The nickel to sutfur ratio of the crystals as
examined by electron microprobe analysis
was found to be 1.49 (x0.01) Ni to 1.00
{+0.01) S. The crystals were also examined
by transmission electron microscopy. The
[100] electron diffraction pattern and [100]
HRTEM image obtained from large pieces
of two crushed single crystals are shown
in Fig. 4. One square in the HRTEM image
corresponds to a umit cell of Ni;S, with
edges b and ¢. The TEM results show
no short range defects or disorder in the
areas examined,

B. Electrical Conductivity Measurements

The electrical conductivity was measured
for a single Ni;S, crystal using the four-
probe van der Pauw method, The dimen-
sions of the crystal were approximately 0.3
x (1.3 x 0.1 mm. The contacts were formed
by evaporating silver metal pads, onto which
copper wires were attached with silver
paint. The distance between the contacts
was 0.1 mm. A Keithley Model 224 pro-
grammable current source was used and the
voltage drop across the sample was mea-
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Fic. 3. Experimental apparatus for crystal growth; see text, (a) Approximate furnace profile, (b) end-
caps for atmosphere control, (c) alumina furnace tube with guartz tube liner, (d) three-zone horizontal
furnace, (e) fused silica boat with sulfur, and (f) alumina beat with Ni;S;.

sured by a Keithley Model 18! nanovolt-
meter. The current employed in the experi-
ment was 20 mA. The conductivity was
measured as a function of temperature be-
tween 300 K and 4.5 K. The sample temper-
ature was monitored with a calibrated car-
bon-gas thermocouple and controlled with
a Lake Shore Cryotonics model DRC 91C
temperature controller. The data collection
was computerized.

C. Magnetic Susceptibility Measurements

The magnetic susceptibility was mea-
sured for the Ni,S, crystals and polycrystal-
line samples by two methods. In one tech-
nique the magnetic data were obtained from
300 K to 4.5 K using a Princeton Applied
Research vibrating sample magnetometer
(VSM) utilizing field strengths between 5
Oe and 6 kOe. A Quantum Design SQUID
magnetometer was used to collect data from
350 K to 10 K at field strengths between 1
and 55 kQe. Due to the large uncertainty in
the magnitude of the correction relative to
the measured susceptibility, no core dia-

magnetic correction was applied to the mea-
stirements.

Results and Discussion

We briefly discuss the experimental
findings:

A. Conductivity

The temperature dependence of the elec-
trical resistivity for a single crystal of Ni,S,
is shown in Fig. 5. The sample exhibited
metallic behavior over the entire range from
300 K to 4.5 K. The room temperature re-
sistivity for the crystal was approximately p
= 1.8 x 1077 Q-cm, which is lower by one
order of magnitude than that reported for
polycrystalline samples (6). At 4.2 K the
resistivity value had dropped to p = 2 X
10-7 Q-cm; the resistivity ratio of approxi-
mately 100 indicates that the single crystal
is reasonably perfect. Measurements on
samples of the melt-quenched polycrystal-
line material showed a similar metallic tem-
perature dependence, with a room tempera-



SYNTHESIS AND CHARACTERIZATION OF Ni,§,

DISTANCES (A) AND ANGLES {°) IN Niy8,

TABLE II

B5

This work Ref (a) Ref (b) Ideal
Ni(1)-S(1) 2.255 2.27 2.2534 2.28
Ni(1)-8(2} 2.295 2.27 2.2914 2.28
Ni(1)-S8(3) 2.295 2.27 2.2914 2,28
Ni(1)-S(4) 2.255 2.27 2.2534 2.28
Ni(1)-Ni(%) 2.539 2.52 2.531% 2.50
Ni(1}~Ni(3} 2.539 2.52 2.5319 2.50
Ni(1)-Ni{4) 2.501 2.51 2.4966 2.50
Ni(1)-Ni(3) 2.501 2.51 2.4966 2.50
S(1)-8(2} 4.08 4.0821] 4.0718 4.08
S(H-S(3 31.51 31.50 31.5051 3.54
S(1)-S(4) 1.53 3.50 3.5255 3.54
5(2)-5(3) 3.53 3.55 3.5291 3.54
S()-Ni(1}-8(2) 127.3 i27.8 127.25 126.9
S(H-Ni{1)-8(1) 100.9 100.7 1(X).92 101.5
S(H-Ni(L)-5(4) 103.1 1026 102,94 101.5
S(2}-Ni(1}-S(3) 100.6 100.6 100.72 101.5
NIi(2)-Ni(1}-Ni(3) 60.0 60.0 60.0 —
Ni(2)-Ni(1)-Ni{4) 98.9 99.2 98.95 —
Ni(2)-Ni(1)-Ni(5) 108.0 108.6 108.13 —
Ni(3)-Ni{1)-Ni{4) 108.0 108.6 108.13 —
Ni(4)-Ni{1)-Ni(5) 148.9 147.9 148.73 —
S(2)-Ni(1)~-Nii4) 559 — 55.95 —
S{1)-Ni{--Ni{4) 101.8 — 101.71 —
S{1)=-Ni(1)-Ni(3) 999 — 99.93 —
SCD-Ni(1)-Ni(2) 154.9 — 155.04 —
S(4)-Ni{1)-Ni(4) 57.4 — 57.41 —
Ni(5)-5(2)-Ni(6) 67.2 67.2 67.07 —
Nif1)-S{1)-Ni(6) i14.6 il2.6 114.51 —
Ni(1)-S{1)-Ni(7) 127.3 — 127.25 —
Ni(1)-S{1)-Ni(5) 66.7 67.0 66.64 —
“M.E. Fleet (2).
& 1.B. Parise (3).
TABLE II1
FracTronaL AToMIC COORDINATES
x ¥ z
This Ref. Ref. This Ref. Ref. This Ref. Ref.
work (a) (h) work (a) (k) work (a) (h)
Ni 5 5 5 .2555 247 2449 7445 753 L1551
R 2475 255 2521 2475 255 2521 2475 258 .2521

@ M.E. Fleet (2).
by B. Parise (3).
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F1G. 4. TEM photographs of Ni,5; crystals. (a) High resolution TEM image [100]; one square in image
corresponds to a unit cell with edges b and c. (b) Electron diffraction pattern [100].

ture resistivity value of approximately 1.2
x 10~* Q-cm, which is comparable to that
previously reported in the literature for
polycrystalline samples (8).

B. Magnetic Susceptibility

The magnetic susceptibility for the Ni,S,
crystals at temperatures from 300 K to 4.5
K and for fields up to 35 kOe was found (o
be essentially field- and temperature-inde-
pendent. The susceptibility value of y = 0.3
x 10~% emu/g is nearly identical with that
reported for polycrystalline material (7).
These results are consistent with Pauli para-
magnetism of the type encountered in ordi-
nary metals,’

C. Heat Capacity

Heat capacity measurements for the poly-
crystalline samples were carried out by the
quasi-adiabatic heat pulse method in the
temperature range from 150 K down to 0.5

K. No major heat-capacity anomalies were
observed in the measured temperature
range. In the lower temperature region, T <
6 K, the heat capacity was fitted by assum-
ing a lincar C/T = oT? + v relation. The
values of & = 0.15 mJ/mol, ¥ = 8.4 mJ/mol
K?, and 8, = 398 K were obtained. These
findings stand in sharp contrast to the result
by Stdlen et al. (9) who, by extrapolation,
obtained an electronic heat capacity con-
stant ¥ = 0. The ¥ values ascertained in
this study are representative of electronic
contributions anticipated for conventional
metals.

Conclusion

Single crystals of Ni,S, were.grown by a
vapor transport technique, and polycrystal-
line samples were prepared: using a
melt-quench ‘method. The samples were
characterized by singie crystal and powder
X-ray diffraction, microprobe analysis,
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F16. 5. Temperature dependence of resistivity for a
single crystal of Ni;S,.

EDAX, and TEM. Measurements of the dc
resistivity, magnetic susceptibility, and heat
capacity indicate that the material is a rea-
sonably good metallic conductor. More de-
tailed physical measurements are planned
for the future.
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