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The heat capacity of hexagonal NiS has been measured from 35 to 330°K. Changes in en-
thalpy and entropy across the metal-nonmetal transition were found to be 1383 J/mole and
5,03 J/mole deg, respectively. Measurements near the critical temperature have been made

in extreme detail.

I. INTRODUCTION

A large amount of interest has recently been
shown in trying to explain the metal-nonmetal
(MNM) phase transition which occurs in some
solids. Although this type of transition was origi-
nally proposed by Mott in 1949, ! there are experi-
mental and theoretical reasons for a revival of
work directed toward explaining the phenomena.
Experimental advances in material preparation
have led to new measurements on relatively pure
samples and it has been found that quite a large
number of compounds exhibit the MNM transition.
It is now known that the MNM transition should not
be considered a rare and exceptional case, but
rather a frequently observed phenomenon which
demands an adequate explanation. Theoretically,
the MNM transition remains a challenging and
largely unsolved problem. One-electron theory
is simply inadequate to explain it, and the tran-
sition is one of the more striking many-body ef-
fects in solid-state physics. At present the many-
body theory of this transition is highly speculative
at best and consists largely of proposed “mech-
anisms” which drive the transition rather than
fundamental calculations.

Of critical importance to a theory of the MNM
transition is the manner in which it predicts the
thermodynamic behavior of a solid at this tran-
sition. That is, is the transition of first or sec-
ond order, what is the entropy and enthalpy change

at the transition, and what is the temperature de-
pendence of the thermodynamic functions near the
transition? This paper reports the results of
measurements of the specific heat near the MNM
transition in NiS. In addition, values of the en-
tropy and enthalpy changes at the transition are
given and some comments are made about the
thermodynamic order of the transition.

Stoichiometric NiS crystallizes in two structures,
a rhombohedral phase (millerite)? and a hexagonal
phase (NiAs).® Although the rhombohedral phase
is the stable phase at room temperature, the hex-
agonal phase can be made to exist stably at room
temperature by quenching it from above 652 °K.
This hexagonal phase exhibits a sharp MNM tran-
sition near 270°K.* In addition, neutron diffrac-
tion studies have shown that the material becomes
antiferromagnetically ordered at this same tem-
perature.’ Below the transition temperature, the
magnetic structure is found to be a simple two-
sublattice structure in which the magnetic mo-
ments of the Ni atoms are coupled ferromagnetical-
ly within {001} planes and antiferromagnetically
between adjacent {001} planes. This results in the
magnetic unit cell being identical to the chemical
unit cell. Furthermore, it is found that the sub-
lattice magnetization is within 10% of saturation
upon ordering. There is apparently little or no
magnetic moment associated with the Ni atoms
above the transition in the metallic state.

In addition to the powder neutron diffraction
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studies of Sparks and Komoto, #'° measurements

of the magnetic susceptibility and electrical re-
sistivity through the transiftion have been made by
the same authors.®” These measurements along
with the neutron diffraction data indicate that the
transition is of first order, exhibiting considerable
hysteresis and a volume change. The ¢/a ratio

is observed to increase on cooling through the
transition with the a and c lattice parameters in-
creasing by 0.3 and 1%, respectively.” A recent
x-ray diffraction investigation8 has shown that there
is possibly a slight crystal distortion at the tran-
sition with the symmetry of the unit cell changing
from P6;/mmc in the metallic phase to P6gmc in
the nonmetallic phase.

II. EXPERIMENT

The NiS samples used in this experiment were
prepared in a manner similar to that described in
Ref. 8. High-purity Ni powder (quoted purity
99.999%) purchased from Johnson, Matthey, and
Company was first reduced in a hydrogen atmo-
sphere at 500 °C for several hours. After the re-
duction process the Ni powder and an equal atomic
percent of sulphur (quoted purity 99.999%), pur-
chased from American Smelting and Refining Com-
pany, were sealed in an evacuated quartz tube.
The Ni and S were reacted at 110 °C, then melted,
and after melting left at 900 °C for one week. The
temperature of the resulting ingots was then re-
duced to 650°C in 50° steps over a period of ap-
proximately three weeks. After this annealing,
the temperature was reduced over a period of
several days to 400 °C, at which time the ingot
was quenched by dropping it from the furnace into
room-temperature water. The portions of the
ingot which were at the 50 at.% Ni concentration
were selected by cooling the ingot to —10°C at
which point the stoichiometric composition under-
goes the MNM transition and breaks away from
the nonstoichiometric parts. The pieces selected
in this manner were then powdered and pressed
into cylindrical pellets approximately 13 mm in
diameter and 13 mm long. A pellet of this size
weighs about 8 g. The pellets were again placed
in evacuated quartz tubes and sintered at 725 °C
for three days, after which the temperature was
slowly lowered to 400 °C before quenching in cold
water. Different samples prepared in this manner
all show approximately the same transition tem-
perature and width of the transition. This pro-
cedure differs from that described previously in
Ref. 8 and the sharpness of the transition shows
that the final samples obtained by the present pro-
cedure are of more uniform stoichiometry than has
been previously obtained.

The specific-heat measurements were performed
in an adiabatic vacuum calorimeter of conventional

R. G. GOODRICH

o

design. The sample was suspended by a nylon
thread from the top of a vacuum-tight radiation
shield which in turn was suspended from the top

of the cryogenic system by a thin-wall stainless-
steel tube (~90 cm long). This entire assembly
was sealed inside of a second vacuum jacket which
was immersed in one of liquid helium, liquid ni-
trogen, or dry ice and alcohol baths. The temper-
ature of the radiation shield relative to the sample
temperature was regulated with a differential
thermocouple in conjunction with a proportional
temperature controller which regulated a heater
wound on the radiation shield. A second small
heater was wound on an aluminum form and glued
with high-thermal-conductivity varnish into a hole
which had been spark eroded along the axis of the
cylindrical sample. An additional thermocouple
was attached to the sample in order to measure

its absolute temperature. Since NiS often cracks
upon passing through the MNM transition, the sam-
ples were encapsulated in gold leaf (glued on) to
assure that the radiation from the surface would be
from a constant surface condition. The mass of
all of the addenda in thermal contact with the sam-
ples was less than 1% of the mass of the samples
themselves.

The thermocouple used to measure the sample
temperature was connected to a six-dial potentiom-
eter (Rubicon model No. 2768, 0.1-uV resolu-
tion) which was used to offset the major portion of
the thermocouple voltage. The off-balance voltage
was amplified with a Kiethley 147-nV null detector
and recorded continuously on a strip-chart re-
corder. The over-all noise level of the measuring
system was 0.01- 4V short-term (~1 sec) and
0. 05-uV long-term drift. This corresponds to a
temperature resolution for the copper-constantan
thermocouple used of 0. 25-mK short-term and
1. 25-mK long-term drift in the neighborhood of
the transition. The entire system calibration was
checked by measuring the specific heat of pure
copper over the range of temperature near the
transition. The measured values were within 1%
of the published values.® The thermocouples were
referenced to the melting point of H,O and were
calibrated at several standard-reference-point
temperatures.

Continuous heating curves were recorded and
used to compute the specific heat from 35 to 330 °K.
Data were obtained from two different samples.
The heater imbedded in the sample was used to
heat the sample with a known amount of power and
the radiation shield was maintained at the same
temperature as the sample. The specific heat on
the heating run was calculated in the conventional
manner.

Only in the neighborhood of the specific-heat
anomaly were continuous measurements of the
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FIG. 1. Enthalpy vs temperature of NiS, sample No.
1. The zero level of the enthalpy has been arbitrarily
chosen. The arrow indicates the point of minimum slope
on enthalpy curve.

specific heat made while cooling the sample. This
was done by maintaining the radiation shield at a
lower measured temperature than the sample, thus
extracting heat from the sample by radiation ex-
change. The temperature difference between the
sample and shield were usually on the order of
1 °K. The difference in the end-point temperatures
over which the cooling run was made was 18 °K.
Measurements of the specific heat at the end-point
temperatures were made in the conventional man-
ner for calibration purposes. Since the power
necessary to give the correct value of the specific
heat at the end-point temperatures is known, an
extrapolation of the power can be made between
these points. Provided the temperature difference
in the end-point temperatures is relatively small,
a linear extrapolation of the power can be made.
In this temperature range, with an end-point tem-
perature difference of 18 °K, T* differs from lin-
earity by a maximum of 0.75%. This is probably
a good estimate of the maximum error introduced
in the power by making a linear extrapolation of the
power across the range of temperature over which
the cooling run was made.

Since preliminary measurements had indicated
that the equilibrium times for NiS near the MNM
transition are extremely long, several heating and
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cooling rates were used to check for nonequilibrium
effects. A run was performed in which both the
heating and cooling rates were at the limits of
stability for the calorimeter and three weeks were
required to heat or cool the sample over a 10°
range near the transition. These results did not
differ within experimental error from those ob-
tained when the heat input or output was adjusted

to cover the same temperature range in 36 h.
Faster rates, of order 1 h for the same tempera-
ture range, produced noticeable changes in the
heating and cooling curves. All of the data re-
ported here were obtained from a sample which

had notpreviouslybeen cycled through the MNM tran-
sition and during the run was cycled at an average
rate of approximately 0.03 °K/h near the transition.

III. RESULTS AND DISCUSSION

The data were taken from the chart paper at
approximately 0.008 °K intervals near the tran-
sition and wider intervals away from the transition.
It was then punched onto computer cards for analy-
sis. After fitting voltage readings to the thermo-
couple calibration and making the necessary cal-
culations for the heat input or output, a curve of
the enthalpy of the sample versus temperature was
constructed and is shown in Fig. 1. It can be seen
from this curve that during a cooling run the
sample supercools approximately 2.5 °K and that
there is considerable hysteresis associated with
the transition. The amount of supercooling and
hysteresis is increased with much faster cooling
rates but is not measurably decreased with slower
rates. If fast heating rates are used, a small but
measurable amount of superheating is also ob-
served. Because of the supercooling during the
cooling run, the transition temperature cannot be
determined exactly. We have taken the maximum
temperature reached by the sample after super-
cooling to be the transition temperature for the
cooling run, and it is 268.97 °K. In addition, this
temperature is within 1.7 °K of the transition tem-
perature obtained from the ratio of the enthalpy to
the entropy change across the transition.

The specific heat at constant pressure, Cp, was
calculated from the slope of the enthalpy curve,
and, for sample No. 2, these data are shown in
Fig. 2. In Fig. 3 (see also Fig. 4) the values of
Cp near the transition for sample No. 1 with the
lattice contribution subtracted for both heating and
cooling runs are shown. The data shown for the
cooling run are only a portion of the positive parts
of the specific heat. Supercooling and subsequent
self-heating of the sample occur, giving negative
values in addition to double-valued positive specific
heats. It can be seen that the cooling curve ex-
hibits sharp discontinuities in Cp due to super-
cooling. On the heating run such is not the case
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FIG. 2, Heat capacity of sintered NiS pellet as a func-
tion of temperature, sample No, 2.

and there are no infinities associated with the
heating curve. Broadening of the peak is probably
due to inhomogeneity in the sample. A subsidiary
peak occurs approximately 0. 3 °K below the main
peak on the heating curve. An attempt to fit the
data to a scaling law applicable to second-order
transitions was made. Figure 5 shows the results
of this fit for the data both above and below T, .
The function which was fit for this data was Cp

« (1-T/T,)"®. It can be seen that the fit for the
data on the high-temperature side of the peak is
quite good over a large range. The additional peak
observed on the low side of the peak causes the
data to deviate from a straight line; however, it
fits on the same line as the high-temperature data

600 T T R T T
500 |- . ’ —
400}~ : .. _

300} .o . —

DECREASING

: : iw__INCREASING
200 TEMPERATURE\\f :
i

¢t TEMPERATURE -

. A it i
/ /|

Cp (J/mole °K)

100 —

™ RS
0 POV T e -'-'-ﬁ"'"‘“:..;.., | \["‘----. 4
255 260 265 270 275 280 285 290

T (°K)

FIG. 3. Heat capacity near the MNM transition in
hexagonal NiS, sample No. 1. The transition tempera-
ture for the cooling curve has been chosen as the maxi-
mum temperature reached after supercooling.
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FIG, 4. Detail of the high-temperature peak shown in
Fig. 3.

on either side of the subsidiary peak. The value
of a obtained from the fit is 0. 81 on the high side
of the transition.

Both the enthalpy (AH) and the entropy (AS)
changes were computed from the data. For sample
No. 1, the lattice contribution to the specific heat
was subtracted from the peak by extrapolating the
data to the transition temperature from both sides
of the peak. The data in the temperature ranges
immediately above and below the specific-heat
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FIG. 5. Dependence of logarithm of the specific heat upon
the logarithm of 1 —7/T, for NiS, sample No. 1.
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anomaly are linear in temperature within experi-
mental error. From 219 to 253 °K, Cp(T)=27.481 -
+0.078462T with a standard deviation of ¢=0.13.
From 278 to 330 °K, Cp(T)=31.0165+0.067876T
with 0=0.07. The data from 278 to 330 °K were
taken before lowering the temperature through the
transition and were combined with data taken from
288 to 300 °K taken after having cycled the sample
through the transition. For the increasing tem-
perature curve, the enthalpy change was found to
be 1383 J/mole or 0.0143 eV per Ni atom and the
entropy change 5.03 J/mole. This entropy change
corresponds to AS=0. 88R In2.

There is a possible change in the Debye tem-
perature at the transition because the specific
heat increases by 0.61 J/mole deg when the speci-
fic-heat data are extrapolated to the transition
temperature from both sides of the anomaly. No
conclusive statement can be made, however, since
the Debye temperature is very sensitive to small
errors in Cp in this temperature range and the
extrapolation is somewhat arbitrary due to lack
of data below 220 °K or above 330 °K for this
sample. Also, the only available data for the com-
pressibility and the thermal expansion coefficients
are measurements at 77 and 300 °K due to Smith
and Sparks®® and Sparks and Komoto. *

IV. CONCLUSIONS

The conclusions that have been drawn from the
present measurements are the following:

(a) The MNM transition in NiS displays the char-
acteristics of a first-order transition. The present
measurements show the transition to be broadened
by inhomogeneities and show considerable hys -
teresis. The measured enthalpy change (latent
heat) at the transition is 1383 J/mole or 0.0143 eV
per Ni atom. This result is in agreement with the
latent heat computed from the Clapeyron equation
which yields 1400 J/mole based on the data of
Smith and Sparks!® and Anzai and Ozawa!* with a
transition temperature of 276.4 °K.

(b) The equilibrium times encountered near the
transition are extremely long, and any measure-
ments of the properties of NiS near the transition
will require hours at constant temperature to
assure equilibrium. An isothermal (+0. 005 °K)
measurement of the resistance of the sample on
which the Cp measurements were made showed a
continuous resistance change for a period of 100 h
near the transition temperature. A plot of the re-
sistance p vs time in this case fits a functional
form of

P — P =2.3e-(t-t0)/f’
Po

with 7=49 h. Here p, is the final-state resistivity
and p, is the resistivity at time #=1{,.

(c) The measured entropy change at the transition
of AS=0.88R1n2 is in good agreement with the con-
clusions of Sparks and Komoto’ who measured the
sublattice magnetization to be within 90% of its
saturation value 4° below the transition. These
two results suggest that one electron per Ni atom
is involved in the ordering process and that the
entropy change is due entirely to the electrons. It
should be emphasized that this conclusion is based
on the assumption that at the transition the spins
merely disorder. If, on the other hand, the local-
ized spins become part of the conduction band at
the transition, the value of AS=0. 88R In2 must be
reinterpreted.

(d) There is a possible change in the Debye tem-
perature at the critical temperature, but no con-
clusive statement can be made because of the sen-
sitivity of the derived value of the Debye temper-
ature to experimental errors both in measuring
Cp and converting to Cy in this temperature range.
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