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Pressure-Temperature Phase Diagram and Crystal Structure of NiS
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The antiferromagnetic phase of NiS is suppressed at pressures in excess of 20 kbar and no

anomalous behavior is observed in the temperature dependence of the resistivity above the
critical pressure. Single-crystal x-ray diffraction studies set a limit on the movement of the
sulfur atoms in the antiferromagnetic phase from the centrosymmetric position (@=4) of g
=0.252 ~ 0.002.

NiQ is a localized magnetic insulator both above
and below its Noel temperature. In contrast, NiS
is metallic above its Noel temperature, and the
nature of the antiferromagnetic (AF) phase is not

yet clear. There is an increase of a factor of 50
in the electrical resistivity at T„and the tempera-
ture coefficient of resistivity is negative just be-
low T„. At the transition there is a discontinuous
increase in both the lattice parameters of the hex-
agonal NiAs structure, a and it has been suggested
that there is an accompanying loss of the center of
symmetry. This would mean that the Ni and S sub-
lattices are displaced with respect to each other.
Vfhite and Mott have suggested that the transition
in NiS is from semimetal, which is antiferromag-
netie, to a "normal" metal. In this model the
transition corresponds to a first-order disappear-
ance of the moments on the Ni atoms and noi to a
disordering of the moments as at a Noel tempera-
ture. As the transition temperature decreases rap-
idly with increasing pressure, we have been able
to suppress the AF phase and measure the elec-
trical resistivity of the metallic phase down to
liquid-helium temperatures. The absence of any
anomalies in the resistivity is interpreted as evi-
dence for the absence of magnetic ordering and
therefore of local moments in the metallic phase.
Single-crystal x-ray diffraction studies of the AF
phase show that the movement of the atoms away
from the centrosymmetric positions is near zero,
in contrast to earlier reports. ~

Single crystals of the high-temperature NiAs
form were prepared. Equimolar amounts of the
elements were sealed in an evacuated quartz tube,
using S which had been premelted in vacuum. The
tube was then heated over a period of hours to
1000 C, where the tube was shaken to ensure uni-
form mixing. After holding for several hours the
temperature was lowered at 2 'C/h to 750 'C and
then quenched in water to room temperature. From
a Guinier x-ray diffraction photograph the product
was found to be single phase with lattice parameters
a= (3.4398+0.0003) A and e= (5.3482+0. 0005) A.
The single-crystal sample was oriented from Laue
photographs and bars were cut to measure the re-

sistivity in the [100]direction. Gravimetric anal-
ysis indicated a ratio Ni, , S, . Cation impurities
were «5 ppm by emission spectroscopic analysis.
Sparks and Komoto report that the transition tem-
perature is strongly dependent on the stoichiom-
etry. ' Our samples order at lower temperatures
(235-200 K) than those reported by some authors
(-260 'K). '3 From our studies on the preparation
of NiS crystals, it is apparent that other variables
such as oxygen impurities and quenching tempera-
ture must also be considered. A more detailed
study is in progress to try to separate these dif-
ferent effects.

The resistivity was measured as a function of
temperature at various pressures using a girdle
die and cryostat, as described previously. '& The
pressure-transmitting medium was AgCl and the
pressure calibration was relative to the Bi I-II
transition at 25. 4 kbar. The results of the ex-
periment on a sample which orders at 230 K at
1 atm is shown in Fig. 1. The sequence in which
the isobars were measured is 28. 0, 13.3, 18.7,
19.7, and 2. 5 kbar. After the 18.7-kbar isobar the
sample was cooled to 4.2'K at a pressure of 21.8
kbar. %hen no transitio~ was observed at 21.8
kbar the sample was pressure cycled at 4. 2 'K
through the transition as shown in Fig. 2 before
going on to record the 19.7-kbar isobar of Fig. 1.
The 4. 2 K points from each isobar are also shown
ip Fig. 2. The transition temperature is clea, xly
reversible on pressure cycling.

In a second experiment on a sample which orders
at 210'K the resistivity vs temperature was
measured above the critical pressure. Then the
sample was repeatedly pressure cycled through
the transition, while cooling to and warming from
4. 2 Kp I order' to determine the pressure-tem-
perature phase boundary. The results are shown
in Fig. 3 along with the points from the first ex-
periment. The antiferromagnetic phase is sup-
pressed near 20 kbar. Although the transition
temperatures at 1 atm are different for each sam-
ple, their critical pressures appear to be the same
within experimental. error. The initial slope mea-
sured by Anzai and Ozawa is shown as the upper
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TABLE I. Comparison between observed and calculated
structure factors for the low-temperature structure.

centric acentric

002
004
006
008
0010
0012
0014
110
220
330
440

22. 5

49.0
10.2
27.4
6.0

16.3
5.3

57. 9
36.0
22. 0
15.0

22. 8
50.0
10.6
27. 1
6.0

16.3
5.0

57. 5
34.9
22.4
15.3

22. 8
49, 9
10.6
27. 2
6.0

16.4
5.0

57. 6
35.0
22. 5
15.5

It = Q I ~ i/5')+0 i

scale factor
+S
a„, () 2)

~, (A')

1.6/o

1.001(8)
0.250
0.20 (2)
0. 15(4)

1.6/o

0.996(8)
O. 252(2)
O. 20(2)
0. 14(4)

second phase in the sample and that NiS in the AF
phase is not a good insulator. In the pressure ex-
periment the curves scale at low temperatures as
shown in Fig. 1, and it is not clear if this might be
due to the presence of some of the millerite phase.
However, in the metallic phase this effect is less
important. There is no evidence in the resistivity
of either sample in the metallic phase for an anom-
aly as a function of temperature which might re-
flect magnetic ordering. The temperature depen-
dence of the resistivity is not Ta at low tempera-
tures as has been found, for example, in V203,
and the metallic phase does appear to be a "nor-
mal" metal.

X-ray diffraction studies of NiS were made by
cleaving a plate perpendicular to the c axis and by
recording the intensities I for the Friedel's pairs
of (00l) with /& 14 and of. (hh0) with h & 4 as a func-
tion of temperature. An empirical absorption
correction based on the room-temperature data
was applied to the low-temperature intensities. No
evidence for the breakdown of Friedel's law result-
ing from the anomalous dispersion effect in non-
centrosymmetric crystals was observed in either
phase, whereas the positional and thermal param-
eters reported in Bef. 3 yield measurable 4I"
for the weak (00l)'s. In the NiAs structure the
Ni atoms are at (000) and (00 ) and the S a.toms at
3 3 z and & —,

'
~ + z. If z = 4 then the space group is

the centrosymmetric P6~/mmc(D64„) and if z e —,',

P6, mc(C,'„). In the absence of twinning the mea-
surements above set a limit on the deviation of z
from —,

' of +0. 003. However, it is possibl. e that
the crystal in the AF phase is multiply twinned,
in which ease I(OOI) =I(00' for a macroscopic crys-
tal. A least-squares refinement using the aver-
age (00I)"s and unit weights gave z = 0. 262+ 0. 002
and a, statistical 8 factor of 1. 6%%uo. A centric re-
finement based on the same low-temperature data
yielded an identical B factor. However, when the
observed structure factors for the Friedel pairs
(00I) were not averaged, the refinement gave the
same positional parameter z= 0. 252+ 0. 002 and
an R factor of 2. 0%. Table I shows the agreement
between the observed and calculated structure
factors for the two low-temperature models. With-
in experimental error there is no detectable loss of
the center of symmetry at the Noel temperature.
These results are in marked contrast to those of
Trahan et g/. , who report a parameter of 0. 275
+0.007 at VV 'K from a refinement of powder-x-ray
diffraction data. By using their data we found
that the weighting scheme in the refinement was
highly critical in the determination of the positional
parameter. For instance, by using unit weights one
obtains a positional parameter for sulfur z=0. 258
+ 0. 013.

The present experiments at high pressure es-
tab]. ish a critical pressure for antiferromagnetism
in NiS of =20 kbar. The resistivity-vs-tem-
perature curve above I', does not show any anom-
a1.ies which would be expected if the metallic
phase exhibited any magnetic ordering at low tem-
peratures. This suggests the absence of static
magnetic moments in the metallic phase, which is
compatible with the neutron-diffraction studies '
and the model of White and Mott. ' These authors
also suggest that the AF phase of NiS is not local-
ized like NiO, and the low resistivity of the AF
phase favors this view. The earlier powder-
x-ray results led them to suggest that a shift of
the Ni planes with respect to the S planes caused
the nickel e, subband to shift with respect to the
sulfur P bands. The present results show that
this shift is extremely small if it exists at all.
They also show that any change in band structure
must come from magnetic effects or from the
change in c/a lattice-parameters ratio rather than
from shifts of the atoms within the unit cell.

The authors would like to thank T. M. Rice for
helpful discussions and A. S. Cooper, E. M. Kelly,
and A. I . Stevens for technical assistance.
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We prove that at low enough temperature al1. translationally invariant equilibrium states for
the Ising ferromagnet are a superposition of only two extremal states, i.e. , the positively
and negatively magnetized pure phases. In particular this proves, at low temperature and in
two dimensions, the identity of the spontaneous magnetization and the Onsager s value Mo
= I.1- (shP)-']"'

I. INTRODUCTION

Consider an Ising ferromagnet enclosed in a box
A in a square lattice. Assume that if 0 is a spin
configuration, then its energy is given by

1
Ho(0') = — Z (r( ar,

n=l, 2, . . . ; x„x„.. . lnA. (4)

%e shall be interested in t'he set of functions((I„.a„„)wllicll call be wl'ltte11 [for a sllltaM8
choice of p~(T)] as

(0„, (r„)=lim (0„, 0, )~, n=1, 2, . . .
g~ (o

where P«» denotes, as usual, the sum over the
nearest-neighbors pairs in A. %e have put the
strength of the interaction 8= ——, for simplicity,
and the external magnetic field A=O, since we are
interested in the two-phase region.

Suppose also that fixed spine q- are placed on the
lattice sites adjacent to the boundary of A and de-
fine

1 1 1
P~(O)= ——Q a(0'I ——'Z 0'( T( — Z T(T~ r (2)

where the second sum runs over the couples of spins
(0;, T;) adjacent to the boundary; the last term in
(2) is 0 independent and has been added only for
convenience.

lf fr ~(T) is a probability distribution over the set
q-, we define the probability of a spin configuration
o as

P(a) Q (e- Nlr(rr)/Q 8- ((rrr(s')
) P (T)

T 0

It will be more convenient to introduce instead of
P(a) the set of correlation functions

((r„, . o„)~ =Z, a„~ a„P(a),

for all g„.. . , g„ in the lattice, and furthermore
are such that

(a„,„a„„)=-((r„, (I„„) for all a .

A set or correlation functions verifying (5) and

(6) will be called an e(luilibrium state at tempera-
ture P-'.

At P large enough it is known that there are at
least two different equilibrium states, which will
be denoted as (a„, o )' and (a„, a ) . These
states can be obtained by choosing in (5) the dis-
trlbutlon p(((T) 'to be, 1'espec'tlvely,

f ~(T) =II(&„,,1,

i.e. , by fixing the boundary spins to be all up or
all down. These states have very special physical
properties, ' which explain why they are usually
called the up-magnetized and the down-magnetized
pure phases; for instance,

(a., o„&'=(- 1)" (o„, a

(o„, o„)'=lim (o„, ~ a„)„,
It 0+


