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Influence of Hydrostatic Pressure on the Insulator-Metal Transition in BaCo0.9Ni 0.1S1.9
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High-pressure studies of BaCo0.9Ni 0.1S1.9, a layered transition-metal–sulfide alloy that exhibits a
unique antiferromagnetic insulator to paramagnetic metal transition with decreasing temperature, are
reported. Resistance measurements as a function of temperature (2–300 K) and pressure (0–0.8 GP
are used to determine the phase diagram relating the metallic phase and several insulating phase
[S0031-9007(96)00393-6]

PACS numbers: 71.30.+h, 71.27.+a, 72.80.Ga
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The layered transition-metal–sulfide alloy syst
BaCo12xNixS22y exhibits a temperature-induced firs
order insulator-metal transition for compositions in t
range 0.05 # x # 0.20 and 0.05 # y # 0.20. This
phase transition is remarkable in that it is associated
a crystalline distortion to a structure of lower symme
that results in a transition from an antiferromagne
insulator to a strongly correlated paramagnetic m
with decreasingtemperature (AFI-PMM transition) [1]
Thus two common mechanisms for a metal to nonm
transition with decreasing temperature, namely, c
talline symmetry change and antiferromagnetism,
associated with a transition that goes in the oppo
direction. However, the possibility of a transition to
metallic state at low temperatures has been propo
by Phillips [2] for such ternary layered compoun
containing metal-semiconductor building blocks. In t
proposal the transition takes advantage of the lowe
of energy by improved screening of long-range io
potentials. Clearly much experimental work is needed
elucidate the nature of this AFI-PMM transition befo
a detailed mechanism can be invoked to account
this unusual transition. The influence of pressure on
AFI-PMM transition temperature is important informatio
for identifying the correct mechanism.

Above the temperature of the AFI-PMM transition, the
alloys are isostructural with BaNiS2 which has a tetrago
nal structure [3] consisting of Ni-S sheets separately
slightly distorted rock salt Ba-S layers. Based on the b
structure calculation [4] for BaNiS2, one would expect th
entire BaCo12xNixS22y series to be metallic as the res
of partially filled sp bands near the Fermi energy. Ho
ever, for the range ofx where the sulfur deficient alloy
undergo the AFI-PMM transition, all compounds exhi
thermally activated semiconducting behavior in the re
tivity and local moment behavior in the magnetic susc
tibility at temperatures aboveTN similar to that seen in
BaCoS2. Thus it appears that the alloys are semicond
ing in the high-temperature paramagnetic (PMI) phas
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the result of strong electron correlations; i.e., they are M
Hubbard insulators. As the temperature is lowered ther
a second-order magnetic PMI-AFI phase transitions. T
this is a transition to a phase with long-range antifer
magnetic order has been confirmed by neutron diffract
on powered samples [5]. As the temperature is further
duced there is a first-order AFI-PMM transition with larg
hysteresis between heating and cooling. Single crysta
ray diffraction studies have shown that there is a latt
distortion to lower symmetry structures [6]. In the low
temperature phase the resistivity and magnetic susc
bility are nearly temperature independent, characteristi
a paramagnetic metal. Preliminary results on the str
tural, electrical, and magnetic properties of these alloys
a function of composition have been published [1]. F
ther studies of these properties have been completed
the extensive results will be published elsewhere.

In this Letter we report on the influence of pressu
on the AFI-PMM transition in a BaCo0.9Ni 0.1S1.9 sam-
ple. Resistance measurements as a function of pres
and temperature were performed. These measurem
included cycles of cooling and warming at constant pr
sures and also of applying and releasing the pressur
constant temperatures. The results of these measurem
are used to determine the temperature-pressure phas
agram. The AFI-PMM phase boundary curve is exce
tional in that the application of pressure suppresses
temperature of the transition to the metallic phase.

The sintered polycrystalline sample of the single-ph
BaCo0.9Ni 0.1S1.9 studied was prepared by convention
solid-state reaction techniques. Equal numbers of mo
of BaS, NiS, and CoS0.86 were mixed, pressed into
pellet, and sealed in quartz tubing at a pressure less
1025 torr. The sample was heated to 300±C at 5±Cymin
and held for 4 h, then raised to 910±C at 10±Cymin and
held there for 12 h. The sample was cooled, grou
pressed, and resealed. Then it was heated again to 91±C,
held for 72 h, and quenched to room temperature by ra
removal from the furnace. The quenching is requir
© 1996 The American Physical Society 4789
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to avoid producing a Ba2CoS3 contaminant phase [7]
Finally, the sample was annealed by heating to 550±C.
Alloys that are rapidly quenched from high temperatu
do not exhibit the AFI-PMM transition if they are no
annealed at the lower temperature [8].

For the resistance measurements a bar was cut from
pellet and copper wire contacts attached with silver epo
The electrical resistance was determined using a s
dard four-wire configuration; the excitation current w
reversed during each measurement to eliminate ther
voltage. Currents ranging from 1 mA down to 10mA
were used. The lower currents were required to prev
sample heating due to increasing contact and sample
sistance with repeated temperature and pressure cy
through the transition. Pressure was generated by a
lium gas compressor system from Harwood Engineer
and measured with a calibrated manganin coil maintai
at room temperature. A sizable “dead volume” at roo
temperature reduces the decrease of pressure upon
ing to 30 K to less than,10%. The CuBe pressure
cell is suspended in a continuous flow cryostat from
CuBe capillary connected to the compressor. Temp
ture was measured with two sets of calibrated platin
sT . 20 Kd and carbonsT , 20 Kd resistors mounted a
either end of the pressure cell. Details of the high pr
sure technique can be found elsewhere [9].

At room temperature (RT), which is abov
TN . 280 K, measurements of resistance versus pr
sure showed a reversible decrease of resistance
increasing pressure. The pressure coefficient of re
tivity, ≠lnry≠P, was independent of pressure over t
entire range of pressures applied (0.0 to 0.6 GPa). T
the RT behavior is typical of a semiconductor with
excitation gap that decreases linearly with pressure.
the coefficient we obtained≠lnry≠P ø 23.1 GPa21

and thus kT≠lnry≠P ø 280 meVyGPa for the RT
shift in the electrical activation energy. At zero appli
pressure the activation energy of this sample, determ
from the temperature dependence of the resistance
approximately 60 meV. Hence at slightly higher pre
sures than were available one would expect a continu
transition to metallic behavior, but this is unrelated to t
PMM phase that occurs at zero applied pressure at lo
temperatures.

The resistance as a function of temperature was m
sured for fixed pressures between 0 and 0.6 GPa.
pressure was applied at RT, and the resistance was m
sured as the sample was cooled to 5 K and warmed b
to RT. Figure 1 shows the measured resistance ve
temperature for one series of measurements at incr
ing pressure intervals of approximately 0.1 GPa. H
only the cooling curves are displayed for clarity. Fi
ure 2 shows both the cooling and warming curves for t
of these measurements near 0.2 and 0.5 GPa. In the
ing curves of Fig. 1, the sharp AFI-PMM transition
observed only forP , 0.3 GPa [10]. The temperatur
4790
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FIG. 1. The resistance of BaCo0.9Ni 0.1S1.9 as a function of
temperature on cooling for increasing pressures between 0
0.6 GPa.

of this AFI-PMM transition rapidlydecreaseswith pres-
sure. ForP . 0.3 GPa there is another first-order tra
sition that causes a small change in resistance. In
case, where the sample remains semiconducting, the
sition temperatureincreaseswith pressure. Presumab
this transition involves a change in crystal structure, a
one would also guess that the low-temperature insu
ing phase is magnetically ordered. However, since
have not investigated the properties of this phase, we
ply denote this transition by AFI-I0. The anomalies see
in the curves in Figs. 1 and 2 in the temperature ra
20–40 K forP $ 0.3 GPa are associated with the free
ing of the helium pressure medium. In Fig. 2 one s
the large thermal hystereis associated with both type
transitions. In both cases this hysteresis increases
decreasing transition temperature. The increase in re
tance after cooling and warming through the transitio
is probably due to strain-induced defect scattering in
sintered polycrystalline sample.

The antiferromagnetic transition can also be identifi
by careful inspection of the resistance versus tempera
curves above 250 K. The logarithmic derivative of t
resistance has a local maximum atTN . The insert in
Fig. 2 shows this peak in the logarithmic derivative. T
method of estimatingTN has been shown to be consiste
with values derived from magnetic susceptibility data
these materials [1].TN decreases from 280 to 255 K wit
applied pressure increasing from 0 to 0.6 GPa.

To investigate the AFI-PMM transition by isotherm
measurements, we cool the sample at zero applied p
sure to a temperature below the transition. Pressur
then applied to the metallic sample at fixed temperat
At sufficiently high pressure there is a transition to an
sulating phase. The pressure is then released in ord
observe the transition back to the metallic phase. Figu
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FIG. 2. The resistance of BaCo0.9Ni 0.1S1.9 as a function of
temperature at pressures of 0.2 and 0.5 GPa for coo
followed by warming. The inset shows the peak in t
logarithmic derivative of the resistance used to determine
Néel temperature.

shows the measured resistance as a function of pressu
77 K for applying and then releasing the pressure. T
results for several measurements atT . 100 K clearly
show the transition temperature decreasing with press
while measurements atT , 70 K show the temperature
increasing. This difference reflects the two distinct ins
lating phases seen in the isobaric measurements. The
large hysteresis in pressure of the insulator-metal tra
tion increases as the temperature at which the pressu
cycled is decreased. ForT # 40 K, the transition from
the metallic to the insulating phase with increasing pr
sure could not be investigated owing to the freezing
the helium pressure medium. To observe the insulato
metal transition forT # 40 K, the sample was made in
sulating by applying pressure at 80 K before cooling
d

for
on-
ase

mag-
a-
FIG. 3. The resistance of BaCo0.9Ni 0.1S1.9 at 77 K as a

function of pressure, first applied and then released.
g

e

at
e

the desired temperature for releasing the pressure.
resulted in a transition from the low-temperature insu
ing phase to the metallic phase.

A summary of all of our results for transition temper
tures as a function of pressure is presented in Fig
This figure is also an overview of the phase diagr
for BaCo0.9Ni 0.1S1.9 that is derived from the measur
ments. The measured transition temperatures are plo
with symbols that identify the type of transition and t
directional path used to make the transition. For the fi
order transitions the phase boundaries are made unce
by the hysteresis. The solid lines are crude estimates
the actual equilibrium coexistence curves for the diff
ent phases. The AFI-PMM curve is a straight-line fit
the averages of the transition temperatures for cooling
warming at the different pressures. We use the cons
pressure results since these transitions are much sh
than those at constant temperature. Note that the a
ages of the transition pressures for applying and relea
the pressure are consistent with this line forT $ 100 K.
The AFI-I0 curve is also a straight-line fit by the averages
the transition temperatures for cooling and warming.
though there is no theoretical justification for assuming
two phases are in equilibrium at the midpoint of the th
mal hysteresis, it is expected to give a reasonable estim
-
ry
i-
is

-
f
o

FIG. 4. Transition temperatures and pressures and deriveT-
P phase diagram of BaCo0.9Ni 0.1S1.9. Transition temperatures
at constant pressures are denoted by circlessd, sd, triangles
sm, nd, and diamondssr, ed for the AFI-PMM, AFI-I0, and
PMI-AFI transitions, respectively; solid and open symbols
cooling and warming, respectively. Transition pressures at c
stant temperatures for entering and exiting the PMM ph
are denoted by crossess1d and x’s s3d. Solid lines are the
estimated phase boundaries. The different phases are para
netic insulator (PMI), antiferromagnetic insulator (AFI), par
magnetic metal (PMM), and uncharacterized insulatorsI0d.
4791
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for the coexistence curve. The PMI-I0 coexistence curve
is the most difficult to estimate since transitions were o
served only in the constant temperature data and only
decreasing pressure at the lower temperatures. The str
line drawn was constrained to join the other two curves
their intersection and fit the averages of the transition p
sures. There is no basis for extrapolating this straight
to temperatures below 40 K.

For the AFI-PMM, AFI-I0, and PMM-I0 coexistence
curves drawndTydP . 2240, 105, and 1300 KyGPa,
respectively. The first two values should be rath
good estimates, but the last value only an order
magnitude estimate. At zero applied pressure
volume change DVAFI!PMM ­ 0.6 6 0.2 cm3ymole
has been determined by single-crystal x-ray diffra
tion measurements [11]. Hence, from the Clausi
Clapeyron equation,DS ­ DVysdTydPd, the entropy
change DSAFI!PMM ­ 20.6 6 0.2 calyK mole. We
do not have measured volume changes with wh
to calculate the other entropy changes. Howev
DSPMM!I0 should be much smaller in magnitude th
DSAFI!PMM owing to the large value ofdTydP. Thus
DSI0!AFI ø 0.6 6 0.2 calyK mole from the conservation
of entropy around the triple point and the assumpt
that DS is essentially constant wheredTydP is con-
stant. In that caseDVI0!AFI ø 0.4DVAFI!PMM and
DVI0!PMM ø 1.4DVAFI!PMM.

In summary, we have characterized the temperatu
pressure phase diagram for BaCo0.9Ni 0.1S1.9 for tempera-
tures between 40 and 300 K and pressures between 0
0.6 GPa. For temperatures above the AFI-PMM ph
boundary the influence of pressure on this semicond
ing material is quite ordinary. However, the AFI-PMM
transition is quite remarkable. First, there is the exc
tional requirement that the insulating phase have a la
entropy than the metallic phase despite the fact that
magnetically ordered. Second, there is the exceptiona
existence curve that shows a rapid decrease with incr
ing pressure for the temperature of the insulator to m
transition. A possible explanation for the extra entropy
the AFI phase is that the sulfurs in the Co12xNixS layers
are in double wells. There is some experimental indi
tion for this in BaCoS2 [12]. In addition to identifying
the source of the additional entropy, one needs to un
stand why the structure should distort in such a man
as to make the materials metallic when the tempera
is decreased. Note that at higher pressures we have
usual situation of a low-temperature insulating phase w
the AFI-I0 transition. A possible explanation, based
ideas of Phillips [2], is that this sulfur deficient layere
structure can be expected to have strong internal ele
fields. The energy would therefore be significantly lo
ered by improved screening. As the number of carrier
the semiconducting phase decreases with decreasing
perature, the electric field energy can become so large
it is favorable to have a structural distortion to a meta
4792
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phase. Since pressure increases the number of ca
at a given temperature in the semiconducting phase
decreasing the excitation gap, pressure should lower
transition temperature, as observed.
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