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Antiferromagnetism, structural properties, and electronic transport of BaCo0.9Ni0.1S1.8
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The layered transition-metal compound BaCo0.9Ni 0.1S1.8 is an antiferromagnetic insulator,TN 5 280 K,
which undergoes a unique insulator to metal transition atTs 5 200 K. By x-ray and neutron powder diffraction
we explore the difference in crystal structure above and belowTs . The magnetic structure consists of Co
moments of 1.860.5mB with antiferromagnetic nearest-neighbor interactions. BelowTs long-range order
disappears. Resistivity and thermoelectric power measurements indicate that aboveTs this system is a narrow-
band material with dominating nearest-neighbor hopping. Magnetoresistance to 12 T shows insensitivity of
Ts to magnetic fields. The length changes atTs as measured by dilatometry are much larger than for ordinary
first-order phase transitions.@S0163-1829~97!06118-3#
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I. INTRODUCTION

First-order phase transitions from a low-temperature pa
magnetic metal~PMM! to a high-temperature antiferromag
netic insulator~AFI! are very unusual. Recently, such a tra
sition was reported in the alloy system BaCo12xNi xS22y
~BaCoNiS! in the composition range 0.05< x < 0.20 and
0.05< y < 0.20.1 These alloys are layered tetragon
transition-metal sulfides2 with structural characteristic
analogous to the high-Tc superconducting oxides. The tran
sition ~with transition temperatureTs) occurs in an antifer-
romagnetic state and is accompanied by a lowering of c
tallographic symmetry. This remarkable AFI-PMM
transition in BaCoNiS could prove to be one of the fe
examples supporting the model ofresonant pinningin lay-
ered compounds with metal-semiconductor components,
forward by Phillips3 in an attempt to describe the high-Tc
superconductors. According to this model a large peak in
density of electronic states atEF , associated with the anio
dopants from the oxygen column in the periodic table, m
be stabilized by ananti-Jahn-Tellereffect, as energy may b
gained by improved screening of long-range ionic potenti
The recently reported pressure dependence ofTs is consis-
tent with such a model.4

The parent material of the alloy under investigatio
orthorhombic BaCoS2, is regarded as a Mott insulator.5,6 It
has a Ne´el temperature,TN , very close to room temperatur
~RT!.5 Around RT its resistivity,r(T), is thermally activated
with an activation energy ofD . 0.17 eV. In the antiferro-
magnetic state, below; 250 K, lnr vs T21 exhibits a cur-
vature that implies a decrease ofD with decreasing
temperature.5 The substitution of several percent of nick
for cobalt in BaCoS2 stabilizes the tetragonal structure
BaNiS2. The lattice constants decrease with increasingx; the
unit-cell volume of BaCoS2 is 7.2% larger than that of me
550163-1829/97/55~18!/12375~7!/$10.00
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tallic BaNiS2. Upon increasingx in BaCo12xNi xS2, TN
gradually decreases and an antiferromagnetic insulato
paramagnetic metal~AFI-PMM! transition occurs.1,7 The
temperature coefficient of the resistivity becomes positive
all temperatures forx > 0.25. For a range of nickel concen
trations, the transport and magnetic properties of Ba
12xNi xS2 resemble those of the cuprate superconductor
their normal state.7

Sulfur depletion in BaCo0.9Ni 0.1S22y raisesTN , the RT
resistivity and its activation energy; hence the sulfur vac
cies compensate for the effect of nickel doping. The RT l
tice constants do not change. At lower temperatures, th
vacancies induce the very unusual and dramatic AFI-PM
transition atTs .

1 The largest resistivity ratio going from th
insulating ~I! to the metallic~M! phase,r I /rM . 103, was
found in samples withx 5 0.1 andy50.2 atTs . 200 K.
For x 5 0.1 andy,0.2,r I /rM decreases, while the width o
the hysteresis increases.

The magnetic susceptibility,x(T), exhibits a sharp drop
upon cooling throughTs . It is noteworthy that although the
resistivity jump depends strongly ony, the change in suscep
tibility is almost the same fory 5 0.1, 0.15, and 0.2.1 Re-
cently, application of hydrostatic pressure was observed
Looneyet al.,4 to depressTs on heating and cooling. Using
the Clausius-Clapeyron equation and the measureddTs /dp,
these authors calculated an entropy change of 0.6 cal/mo
at the transition of a sample withx 5 y 5 0.1. A similar
value was obtained from specific-heat measurements o
sample with the same nominal composition.8

Here we use x-ray-diffraction measurements to assess
structural change atTs from tetragonal to, possibly, ortho
rhombic symmetry. Powder neutron diffraction is used
investigate the type of antiferromagnetic order
BaCo0.9Ni 0.1S1.8 and its role in the AFI-PMM transition. Re
sistivity measurements in zero and magnetic fields up to 1
12 375 © 1997 The American Physical Society



ti
nc

a

s
de

ing
c
o

m
ric
.
te

of

es
in
am
W
t
it
o

th

is
su
les
en
ns
ibl
ur
in
in

ts

k
d

re
pl
um
r
x
h
e-

a
a
m
K
le

e
n a
th
n of
itor

ted
ate
yra-
er-
be
est-

-

m
r

of
r-
are
a
/Ni

Ba-
ely

he

12 376 55S. A. M. MENTINK et al.
are used to derive the temperature dependence of the ac
tion energy in the insulating phase and to study the influe
of a magnetic field onTs and TN . Thermoelectric power
measurements show the narrow-band character of this m
rial. Finally, we performed dilatometry in the vicinity ofTs
and find unusually large length changes, one to two order
magnitude larger than associated with ordinary first-or
phase transitions.

This paper is organized as follows: after briefly describ
sample preparation and the employed experimental te
niques in Sec. II, we discuss the structural properties
BaCo0.9Ni 0.1S1.8 above and belowTs in Sec. III A. Section
III B describes the antiferromagnetic ordering and its te
perature evolution. In Sec. IV resistivity, thermoelect
power, and thermal-expansion experiments are presented
nally, we present a summary of our results and their in
pretation in Sec. V.

II. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUES

We prepared polycrystalline samples
BaCo12xNixS22y with nominal compositionx 5 0.1 and
y 5 0.2, aiming at the composition that showed the high
resistivity ratio at the AFI-PMM transition as reported
Ref. 1. The preparation procedure was essentially the s
as described in Ref. 1 and need not be restated here.
varied the temperature of the last anneal and found that
optimal annealing temperature for obtaining samples w
highest resistivity ratio was around 880–890 °C. The size
the resistivity jump for our best sample, also used in
x-ray measurements, is the same as fory 5 0.15 in Ref. 1.
For our sample studied by neutron diffraction the jump
smaller, but comparable to that observed at ambient pres
by Looney et al.4 We caution the reader that the samp
under investigation by various groups, and the differ
samples studied here, have slightly differing compositio
transition temperatures, and resistivity jumps. It is poss
that small fractions of a sample do not undergo a struct
transition due to a different stoichiometry than the ma
phase. These effects have little influence on the follow
discussion, but will be referred to when necessary.

High-resolution powder x-ray-diffraction measuremen
were carried out on a powder sample of BaCo0.9Ni 0.1S1.8,
sintered at 890 °C. Measurements were made with an 18
Rigaku rotating anode x-ray generator and a double-axis
fractometer using a flat pyrolytic graphite~0 0 2! monochro-
mator which selected Cu Ka radiation,l 5 1.54178 Å. Four
sets of slit assemblies, two in both incident and scatte
beam, allowed control of the resolution. The bulk sam
was glued to the cold finger of a Displex closed-cycle heli
refrigerator with Be windows. In this manner a temperatu
range from 20–300 K was covered. Neutron-diffraction e
periments were performed at the DUALSPEC hig
resolution diffractometer at the NRU reactor of AECL R
search, Chalk River. Approximately 6 g of similarly
prepared sample was powdered in a He atmosphere
sealed in a vanadium container filled with He-exchange g
The neutron wavelength was 1.5048 Å. Full diffractogra
~5° , 2Q , 120°) were recorded at 4.7, 147, and 290
while a smaller 2Q range of 5–80° was measured whi
va-
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varying temperature throughTN and Ts . The resistance of
the samples was measured using anac four-probe method in
a standard4He cryostat in magnetic fields up to 12 T. Th
thermoelectric power measurements were performed i
cryostat operating from 77 to 400 K. Finally, the leng
changes of several samples were determined as functio
temperature, both on heating and cooling, using a capac
dilatometer.

III. X-RAY AND NEUTRON-DIFFRACTION RESULTS

A. Crystallographic structure

Structurally, the parent compound of BaCo0.9Ni 0.1S1.8 is
BaNiS2, a tetragonal compound2 with space groupP4/nmm
~No. 129! with lattice constantsa 5 4.559 Å, c 5 8.990 Å.
Nickel atoms are coordinated to five sulfur atoms, situa
on the corners of a pyramid. The apycal sulfurs altern
below and above the plane formed by the edge-sharing p
mids. This configuration leads to Ni-S bonds pointing alt
natingly up and down from the plane, which can also
envisaged as a double-layer of Ni atoms where near
neighbor~NN! nickels are in a differentz plane, but next-
nearest-neighbor~NNN! nickel atoms lie in the samez plane.
In contrast to BaNiS2, BaCoS2 crystallizes in an orthorhom
bic structure~space groupCmma, No. 67!, with lattice pa-
rametersa ; b ; A2 a ~BaNiS2) andc ; c~BaNiS2). For
intermediate concentrations in the mixed syste
BaCo12xNixS22y the tetragonal structure is stable fo
x 5 0.1, the composition being studied here.

Figure 1 displays the crystal structure
BaCo0.9Ni0.1S1.8. The low-temperature orthorhombic disto
tion is too small to visualize. The cobalt and nickel atoms
clearly visible inside a pyramid of sulfur atoms, forming
double layer, with the separation between the two Co
monolayers equalling;0.18c. Refinement of our x-ray dif-
fractogram at room temperature, assuming the tetragonal
NiS2 structure, shows the presence of approximat
3.3 vol % of the second phase Ba2CoS3. This however will
not influence our following discussion. Table I contains t

FIG. 1. Crystal structure of BaCo0.9Ni 0.1S1.8, with orthorhom-
bic lattice parametersa (b ; a) and c. Note the presence of a
double layer of Co-S, with monolayers at distancez 5 0.18c
. 1.6 Å. The magnetic structure is indicated by filled~open! sym-
bols for the Co atoms. These symbols represent equal~opposite!
moment direction.
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55 12 377ANTIFERROMAGNETISM, STRUCTURAL PROPERTIES, . . .
lattice constants derived from this refinement. The unit-c
lattice parameters in the tetragonal phase at 287 K
a 5 4.527 Å,c 5 8.942 Å, in good agreement with literatur
values. In Fig. 1 thea axis refers to the orthorhombic un
cell, i.e., aorth5A2atetr. The reliability factor of the refine-
ment, defined as Rp 5 ((uI m2I cu)/(I m , equals
Rp 5 2.7%. We have assumed random occupation of cob
nickel, and sulfur over their available positions. Due to t
limited 2Q range in our x-ray measurements, we could n
perform a detailed refinement of the low-temperature cry
structure. Only the temperature dependence of the lattice
rameters has been determined, thereby assuming
BaCoS2-like orthorhombic structure. Thec axis decreases
linearly with decreasing temperature, fromc 5 8.942 Å at
287 K to 8.901 Å at 19.4 K~not shown!. Any discontinuity
at Ts is within the experimental uncertainty. Figure 2 sho
the a and b lattice constants of the orthorhombic cryst
structure, upon heating and cooling throughTs . The lattice
constant in the tetragonal phase should be divided byA2 to
obtain the unit-cell lattice constants. The lattice distorti
results in a small splitting of the tetragonal~1 1 0! nuclear
reflection. The inset of Fig. 2 shows the combined tetrago
~1 1 0! and ~1 0 2! Bragg preaks at 287 K, and the stron
broadening of the peak at lower angles at 19.4 K. In ort
rhombic notation, these peaks at lowT are the ~2 0 0!,
~0 2 0!, and~1 1 2! reflections. The broad peak can be fitt

TABLE I. Structural and magnetic parameters f
BaCo0.9Ni0.1S1.8 at 287 and 19.4 K.TN and the ordered cobalt mo
ment are also indicated.

T ~K! a ~Å! b ~Å! c ~Å! Symmetry/moment

287 4.527 b 5 a 8.942 P4/nmm
19.4 6.355 6.448 8.901 Cmma
280 (TN) 6.407 b 5 a 8.939 1.86 0.5mB/Co

FIG. 2. The orthorhombic distortion of BaCo0.9Ni 0.1S1.8, dis-
played as the temperature dependence of the lattice parameta
and b. To obtain the unit-cell lattice constants in the tetrago
phase, aboveTs , a 5 b should be divided byA2. The inset shows
the ~1 1 0! and~1 0 2! reflection, indexed in the tetragonal lattice
287 and 19.4 K. At 19.4 K, the broad peak at lower angles indica
splitting of the orhtorhombic~2 0 0! and ~0 2 0! reflections.
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to two Gaussians of equal width. We have not observed
flections of the type (h k l/n) wheren is an integer, which
would indicate the formation of a superlattice as found
single-crystal diffraction.4 Our data cannot distinguish be
tween the BaCoS2-type orthorhombic crystal structure, o
small monoclinic distortions thereof. A definitive structu
determination can best be performed on single-crystal
samples.

B. Magnetic structure

We have studied the magnetic structure by powder n
tron diffraction on a different sample than used for the x-r
measurements. Refinement of the nuclear structure sho
about 10 vol % of the parasitic Ba2CoS3 phase in this
sample. A structure refinement of the diffractogram taken
4.7 K, using the orthorhombic BaCoS2 structure gaveR fac-
tors of about 11%. Because of this large uncertainty in
determination of the nuclear structure, we focus on the m
netic properties of our sample. Figure 3 presents the dif
ence spectrum, at low angles, between the diffractogra
recorded at 216 K, where the magnetic intensity was str
gest, and 290 K. For comparison, the strongest nuclear p
intensity is 2330 counts. Below 280 K, nine additional r
flections are observed with indices (h/2 k/2 l ) with h, k
odd. These can be indexed in a two times larger, tetrago
magnetic lattice, rotated by 45° in the basal plane with latt
parameters amag5 A2 a and cmag5 c. At 216 K,
amag5 6.407 Å, and cmag5 8.939 Å. In this setting, the
magnetic ordering wave vector isQ 5 ~0 0 1!. In the follow-
ing discussion, we will use indices referring to the tetrago
nuclear structure. In Fig. 1 the magnetic structure is p
sented by filled~open! symbols for the cobalt atoms, repre
senting equal~opposite! moment direction. The inset of Fig
3 shows a projection of the magnetic structure onto the b
plane. Note that within a monolayer, the NN interaction

s
l

s

FIG. 3. Magnetic neutron intensity, derived from I~216 K!–
I~290 K!. The inset schematically pictures the AF structure of Ba

0.9Ni 0.1S1.8, showing only the Co/Ni positions in a double laye
projected onto theab plane. The atoms connected by the solid lin
and the dashed lines differ in height by 0.18c. The magnetic lattice
parameteram 5 A2an . Filled ~open! symbols indicate equal~oppo-
site! moment direction. The Co moments are likely oriented in t
basal plane~see text!.
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12 378 55S. A. M. MENTINK et al.
antiferromagnetic. The orientation of Co moments betwe
monolayers varies, being AF along one basal plane direct
and FM along the other.

The magnetic neutron intensities observed at 216 K
given in Table II. The powder nature of the experiment a
the absence of (12

1
2 0! and ~0 0 1! magnetic reflections pro

hibit us from unambiguously establishing the moment dir
tion in the ordered phase. However, the relatively stro
( 12

1
2 2! and (12

1
2 3! reflections as compared to (1

2
1
2 1! suggest

that the moments lie in the basal plane, pointing along
NN direction @1 1 0#, since neutrons are only sensitive
spin components perpendicular to the scattering vector.
finement ofall magnetic reflections, however, gives equal
quality for moments aligned along thec direction. The or-
dered cobalt moment was calculated by comparing the i
grated intensities of all observed magnetic Bragg peaks w
the nuclear~0 0 1!, ~1 1 2!, and~2 0 0! reflections. We have
used the reported magnetic form factor.9 This procedure
yields an average cobalt moment ofmord 5 1.86 0.5mB . A
detailed neutron-diffraction study on single-crystal samp
is necessary to completely describe the antiferromagn
state. The magnetic structure is in accord with that obser
recently by Kodamaet al.10 for stoichiometric BaCoS2 and
doped BaCo0.825Ni 0.175S2. This doped material has a simila
ordered moment of 1.7mB at 100 K.

10

We have followed the temperature dependence of
magnetic intensity down to 4.7 K. Figure 4 displays theT
dependence of the integrated intensities of the two stron
magnetic reflections, (12

1
2 1! and (12

1
2 2!. The intensities are

seen to monotonously increase belowTN 5 2806 2 K,
reaching a maximum just above the AFI-PMM transitio
Through this transition, the intensity drops by roughly a fa
tor of 4. It follows closely the hysteresis in the structur
distortion shown above in the x-ray data. Therefore, we
lieve that the residual antiferromagnetic intensity at 4.7 K
due to parts of the sample, with slightly different stoichiom
etry, that have not been transformed into the low-tempera
crystal structure.10 The amount of parasitic phase present
this sample may be an indication of such off-stoichiometry
the main phase. Our data are in conflict with recent obse
tions by Felneret al.,8 who claimed a persisting AF order i

TABLE II. Measured magnetic reflections and their integrat
intensities at 216 K, compared with those calculated for the co
moment oriented along thec axis and in the basal plane. Our pow
der experiment does not allow determination of the moment di
tion ~see text!.

2Q Imeas I calc
(deg) (h k l) ~a.u.! m i @001# m i @110#

16.63 1
2
1
2 1 100 100 67.2

23.75 1
2
1
2 2 74.7 21.1 100

30.50 3
2
1
2 0 28.6 16.7 7.1

31.99 3
2
1
2 1 48.8 69.5 11.0

32.42 1
2
1
2 3 42.5 5.9 55.9

36.35 3
2
1
2 2 39.9 7.5 3.6

42.08 3
2
3
2 1 22.3 7.3 4.7

42.72 3
2
1
2 3 23.0 0.5 0.5

45.90 3
2
3
2 2 13.0 12.0 11.9
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the metallic phase from their Mo¨ssbauer experiments
Mixed-phase material or sample inhomogeneity may exp
such observations.

IV. ELECTRONIC PROPERTIES AND DILATOMETRY

A. Resistivity and thermoelectric power

The temperature dependence of the resistivity,r(T), of a
BaCo12xNi xS22y sample with the nominal compositio
x 5 0.1 andy 5 0.2, sintered at 890 °C, is shown in Fig
5~a!. For this sample the temperature range of the hyster
loop and the resistivity jump atTs ~two orders of magnitude
upon cooling! are similar to those for the sample wit
y 5 0.15 in Ref. 1. The conductivity of our samples in th
AF phase is of order 1–10V21cm21, orders of magnitude
smaller than Mott’s minimal metallic conductivity, and com
parable to that of the Mott insulator BaCoS2 in the same
range of temperatures. ForT . Ts the semilogarithmic
graph ofr vs T is a nearly straight line, ln(r/r0) } –T ~not
shown!. For more detail, we present the logarithmic deriv
tive of r with respect to 1/T, dlnr/d(1/T) 5 D l /kB , vs 1/T
in Fig. 6. We find thatD l , known as thelocal activation
energy, is not temperature independent as would be expec
for a thermally activated process with a constant activat
energy,Da . Instead, it rises up toTN . Over a wide tempera-
ture range it varies asT2, and at a faster rate asTN is ap-
proached. At the magnetic transition, it peaks and sub
quently drops to a lower value. Although theT dependence
of D l varies for samples from different batches, the cusp
TN is evident in all samples~as seen in the lower plot in Fig
6 for a sample sintered at 850 °C!. Close inspection of Fig. 3
of Ref. 5 shows that, for the compound BaCoS2 below
; 220 K, ln(r/r0) } –T with D l roughly two times larger
than for our samples; in both casesD l(T) follows the gradual
drop of the susceptibility with decreasingT belowTN .

11

From the relation between the local activation energy a
Da ,

D l5Da2TS dDa

dT D , ~1!

lt

c-

FIG. 4. The temperature dependence of the integrated inten
of the magnetic (12

1
2 1! and (12

1
2 2! Bragg peaks.TN equals 280

6 2 K. Note the small residual magnetic intensity belo
Ts 5 150 K. This is attributed to incomplete phase transformat
in our sample. The lines are a guide to the eye.
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55 12 379ANTIFERROMAGNETISM, STRUCTURAL PROPERTIES, . . .
the rise inD l can be viewed as a result from a rapid decre
of the activation energyDa with increasingT towardsTN ,
associated with, e.g., the closing of a gap asTN is ap-
proached from below; in this regimeD l . Da . In the tem-
perature range whereD l } T2, observed for both our 890
sample and BaCoS2, the drop of the activation energy wit
T may be approximated, byDa } T~12T/T0), with T0 a
constant.

Figure 6 shows thatTN for the 850 °C sample is; 5 K
lower than that for the 890 °C sample. The smaller resistiv
jump and lowerTN both indicate a lowery/x ratio in this
sample. By resistivity measurements only, it is impossible
distinguish between carrier excitations over a gap a
nearest-neighbor hopping~NNH! in a band of localized
states of widthW (Da ;W/2!.12,13The negative temperatur
coefficient ofr persists in the narrow temperature range

FIG. 5. Temperature dependence of the resistivity,r(T), of a
BaCo0.9Ni 0.1S1.8 sintered at 890 °C~a! and of the absolute ther
mopower,S(T), of samples sintered at 890 °C~b!, 880 °C~c! and
850 °C ~d!. The composition of the samples expressed in the
mula is nominal.
e

y

o
d

-

tweenTN and RT, withD l . 0.11 and 0.08 eV for the 890
and 850 °C samples, respectively. This indicates thatD l
aboveTN and at least part of it belowTN is associated with
NNH.

The absolute thermoelectric power~TEP!, S(T), is a very
sensitive probe of the electronic structure of conduct
aroundEF , and particularly powerful in studying conducto
with narrow bands and/or localized states. Figures 5~b!–5~d!
display the temperature dependence of2S(T) for samples
with the same nominal composition (x 5 0.1, y 5 0.2! sin-
tered at 890, 880, and 850 °C. As shown by the arrows,
TEP was measured while the samples were slowly coo
from RT down to 77 K and then slowly heated to 400
S(T) is positive in the entire temperature range. The ph
transition atTs is marked by sharp jumps and hystere
following those ofr(T). For T . Ts

u ~the upper transition
temperature upon heating; the transition temperature u
cooling is labeledTs

d) we observe differences between th
results obtained upon cooling and heating, analogous to
findings from resistivity. The reproducibility is better in th
850 °C sample with the lowerS. The AF transition tempera
ture TN is marked by a small decrease ofS(T) for the
890 °C sample. The rather small values ofS aboveTs favor
electronic transport via hopping in a band of localized sta
in the whole temperature range. The possibility of excitatio
across a gap seems remote. To obtain such lowS(T) values,
this process requires a high degree of electron-hole com
sation, which is unlikely to occur in these rather heav
doped materials.

The thermoelectric power is defined as

S5
1

ueuT ^m2E&, ~2!

where^E2m& is the average energy of the states particip
ing in transport, measured from the chemical potential2m.
Our results show that up to RT,STueu/kB5^m2E&/kB is
one order of magnitude smaller thanD l , which either indi-

-

FIG. 6. Double-logarithmic graph of the local activation ener
~in Kelvin! versus 1/T for various samples of BaCo0.9Ni 0.1S1.8,
obtained from measurements in different magnetic fields. The
tering temperatures of the samples are indicated in the figure.
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12 380 55S. A. M. MENTINK et al.
cates that the chemical potential is close to the middle of
band, or thatW!D l ~i.e., W continues to decrease abov
TN). TEP measurements above RT, recorded up to 40
further clarify the situation. AboveTs

u , S(T) for the 890°C
sampledecreases, and those for the 880 and 850°C samp
increase, towards saturation values. In the latter two samp
S(T) saturates near 300 K. A constant thermoelectric po
is the most direct evidence for transport in a narrow ba
i.e.,W < kBT. Below the AFI-PMM transition atTs , S first
rises with decreasing temperature, reaching constant va
~or local maxima! around 100 K. The largerS~400 K! is ac-
companied by the largerS~100 K!. For stoichiometric
BaCo12xNixS2 and 0.2<x<0.6, S has values in themV/K
range, being positive at high temperatures and negativ
low temperatures.7 The smallpositive values ofS in our
metallic samples show that the sulfur vacancies shift
chemical potential upwards by filling holes in the band. W
can therefore correlate the increase of the hole filling with
increase of the observed resistivity jump.

B. Magnetoresistance

Since magnetic ordering vanishes atTs it is of interest to
investigate the role of large applied magnetic fields on
phase transition. Figure 5~a! presentsr vs T in zero field,
while Fig. 6 shows double logarithmic graphs ofD l /kB vs
1/T for various values of magnetic fields up to 12 T from 2
to 300 K. The effect of high magnetic fields on the resistiv
is negligible both above and below the antiferromagne
transition. A field of 12 T shiftsTN slightly towards lower
temperatures. The structural transition is unaffected b
magnetic field~not shown!. The observed small shifts o
Ts
d andTs

u by up to 3 K may be attributed to differences
the cooling or heating rates in the different cycles.

C. Dilatometry

The measured length changes of several samples
function of temperature are presented in Fig. 7. Data w
recorded upon changing temperature by about 1 K/min.
phase transition atTs is accompanied by a contraction o
heating and corresponding expansion on cooling; the rela
change of length isD l / l5(3.560.5)31023, both on heating

FIG. 7. Measured length changes of BaCo0.9Ni 0.1S1.8 versus
temperature. Note the huge anomalies atTs .
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and cooling. The hysteresis is clearly visible: on cooling t
transition takes place atTs

d 5 1896 2 K, on heating at
Ts
u 5 2216 2 K. We find that 90% of the transition take

place within about 15 K. The hysteresis loop widens~nar-
rows! if higher ~lower! heating or cooling rates are em
ployed. It is surprising that in spite of the large distortio
and strains which this phase transition must cause in
polycrystalline material, the sample does not desintegr
However the length changes vary slightly from run to ru
probably due to slight attrition during temperature cyclin
The observed length change is about one to two order
magnitude larger than those accompanying usual phase
sitions. The transition temperature andD l / l depend slightly
on the sintering temperature of the sample. F
Tsinter5 850 °C we find Ts

u 5 220 K, while for
Tsinter5 890 °C Ts

u 5 225 K. Assuming an isotropic, poly
crystalline sample, we calculate a volume change
DV/V53D l / l 5 ~1.056 0.15! 3 1022. This is in fair
agreement with the value ofDV/V5 0.01 reported by
Looneyet al.,4 but larger than observed in our x-ray expe
ment (DV/V50.004). These different results indicate th
presence of significant sample dependences in the struc
changes atTs .

V. SUMMARY

We have investigated the crystal and magnetic struc
of the layered sulfide BaCo0.9Ni 0.1S1.8, which displays an
antiferromagnetic transition at 280 K, followed by an insu
tor to metal transition that is accompanied by a lowering
the crystal symmetry from tetragonal to, within our reso
tion, orthorhombic at 200 K. The latter transition exhib
large hysteresis, and results in the loss of long-range ant
romagnetic order. From resistivity we have derived the te
perature dependence of the local activation energy, and
pose nearest-neighbor hopping in a band of localized st
as the dominant mechanism for electronic transport. T
conclusion is supported by the observation of saturation
the thermoelectric power near 300 K. Large magnetic fie
up to 12 T do not significantly influence either magnetic
structural phase transition.

The measured properties of BaCo0.9Ni 0.1S1.8 are found to
be sensitive to the exact preparation conditions. In fut
experimental studies, better control of the stoichiometry a
thereby of the band filling~suggested to govern the size
the resistivity jump atTs) is needed. Further neutron scatte
ing on single crystals14 should be performed to establish th
magnetic moment direction and investigate the dynamics
sociated with the structural phase transition. Single crys
are also needed for studying the anisotropy of magnetic
transport properties, given the two-dimensional characte
this interesting alloy system.
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