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Characterization of the metallic phases in BaCo0.9Ni0.1S1.87
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~Received 1 March 2001; revised manuscript received 27 June 2001; published 17 September 2001!

The temperature dependence of the resistivity along thec axis and in thea-b plane of layered
BaCo0.9Ni0.1S1.87 has been measured on a single crystal under hydrostatic pressures. The monoclinic metallic
~LTM ! phase stable atT<150 K is suppressed under a pressureP.1.5 kbar; it has a nearly isotropic conduc-
tivity. Pressure induces an insulator-metal~IM ! transition atP.10 kbar within the tetragonal phase. A change
from a nearly isotropic conduction to a highly anisotropic conduction is associated with the IM transition.
Isotropic conduction in the LTM phase is consistent with its crystallographic structure; the IM transition in the
tetragonal phase has been interpreted to be due to a high-spin to low-spin transition of Co~II ! ions. The
resistivity and thermal conductivity of the LTM metallic phase are typical of those of a normal metal.
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In a search for new high-temperature superconduc
among layered compounds other than the copper oxi
Martinson and Schweitzer1 found a first-order metal-
insulator transition atTt'180 K on cooling in the compound
BaCo12xNixS22y ~x50.1!. The physical origin of the metal
lic phase has, however, remained a mystery. Hydrost
pressure, which normally stabilizes the metallic phase a
isostructural transition, suppresses the low-temperature
tallic phase in BaCo12xNixS22y .2 Moreover, infrared data3

have revealed not only a strong coupling of the symme
in-plane phonon modes to an electronic excitation, but a
an extremely small ratio of carrier density to effective ma
in the metallic phase.

Tetragonal BaCo12xNixS2 contains Co12xNixS sheets al-
ternating with rock-salt BaS planes.4 The Co12xNix atoms
occupy square-pyramidal sites, having their apical anions
ternating above and below a square array of sulfur atom
the S basal planes. Whereas BaNiS2 is a Pauli paramagneti
metal, BaCoS2 is a Mott insulator with an antiferromagnet
Néel temperatureTN5310 K. A continuous change in lattic
parameters withx indicates a complete solid solution, but a
insulator-metal transition occurs at a critical valuexc
'0.22.5 With x,xc , the introduction of sulfur vacancie
introduces the first-order transition to a metallic phase be
Tt'180 K that was observed by Martinson and Schweitz
After our investigation had begun, a study6 of Se substitution
for S in BaCo0.9Ni0.1S22ySey clarified two critical issues:~a!
the negative chemical pressure introduced by Se substitu
stabilizes the metallic phase appearing belowTt ~anion va-
cancies are not necessary!, and ~b! the high-temperature
tetragonal~HTT! phase atT.Tt is to be distinguished from
the low-temperature-monoclinic~LTM ! phase atT,Tt . In
the monoclinic phase, a cooperative crystallographic sh
within the Co12xNixS sheets transforms the edge-sha
square-pyramidal sites to pairs of edge-shared tetrahe
sites with an associated increase in volume per formula u

A band calculation for metallic BaNiS2 ~Ref. 7! places the
Fermi energy«F in a partially filled, antibonding (x22y2)
s* band that overlaps (z22r 2) and (yz6 izx) subbands. We
should, therefore, anticipate a strongly anisotropic cond
tivity in the metallic tetragonal phase withrc@rab . A band
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rs
s,

ic
n
e-

c
o
s

l-
in

w
r.

on

ar
d
ral
it.

c-

calculation for the LTM phase is not yet available. In order
distinguish between the tetragonal and monoclinic meta
phases, we have undertaken a study of the transport pro
ties of single-crystal BaCo0.9Ni0.1S1.87 samples under pres
sure. We demonstrate a crossover from an isotropic th
dimensional~3D! conductivity in the insulating HTT phas
to a strongly anisotropic 2D conductivity in the metallic HT
phase. We have also measured the thermal conductivit
the LTM phase of BaCo0.9Ni0.1S1.87 to provide additional in-
formation for interpreting the metallic conduction.

Single crystals of BaCo0.9Ni0.1S1.87 were grown by vapor
transport from a starting charge of BaCo0.92Ni0.08S2. A ca.
2-g pellet of the charge material was placed at one end
5-cm-long quartz tube that was then sealed under a vac
of 1023 Torr. The sealed tube was loaded into a tube furn
with the pellet located at the center of the hot zone. T
sealed tube was heated at a rate of 250 °C/h to 1050 °C,
at this temperature for 2 h before cooling at 2 °C/h to 950 °C
and finally quenched in water. Black, platelike crystals
large as 5 mm35 mm30.1 mm formed at the cooler end o
the tube. A 1.0 mm30.5 mm30.05 mm crystal portion hav-
ing a mirrorlike surface was chosen for measurements
transport properties under pressure and thermal conducti
The Ni concentrationx'0.1 in the crystal was determine
from the Néel temperatureTN in accordance with the plot o
TN versusx established1 for BaCo12xNixS2. The as-grown
crystals were insulators and showed no transition to the L
phase down to lowest temperatures. In order to introd
sulfur vacancies, the crystals were sealed in a quartz t
under 1023 Torr together with a polycrystalline sample o
BaCo0.9Ni0.1S1.87 and heated to 920 °C followed by an anne
at 500 °C for 6 h. The resulting sulfur deficiency of a crys
was taken to be the same,y50.13, as that of the polycrys
talline material with which it was equilibrated. The sulfu
deficiency of the polycrystalline material was determined
a standard atomic-emission spectrum.

A four-probe method was used to measure the resisti
under pressure. Cu wires~0.0005 in. diam.! were attached to
the crystals with silver epoxy. The measurements under p
sure were carried out on a self-clamped Be-Cu cell us
silicone oil as a pressure medium. The brittle crystals sh
tered into small pieces after one or two thermal cyc
©2001 The American Physical Society01-1
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through Tt . However, the crystals retain their shape ov
many thermal cycles if kept under a pressure of several
of atmospheres. The originalr(T) is reproducible after the
pressure is released from a high value to a lower one gre
than ambient. The thermal conductivity was measured
means of a steady-state method.

The resistivity data of Fig. 1 and Fig. 2 exhibit seve
features that, to the best of our knowledge, have not b
observed in previous reports on ceramic samples:~a! the
metal-insulator transition atTt1 is so sharp that essentially n
data points were recorded in a small temperature inte
DT50.05 K that spannedTt1 ; ~b! the resistivity changes by
four orders of magnitude on crossingTt1 ; ~c! an insulator-
insulator transition, more visible inrab(T), occurs atTt2 at
pressuresP.8.0 kbar measured at room temperature~the
transition shows a pressure hysteresis!; ~d! pressure induces

FIG. 1. The temperature dependence of resistivity along thea-b
plane under pressure in single-crystal BaCo0.9Ni0.1S1.87. Tt1 : criti-
cal temperature of the structural transition from the HTT to
LTM phase;Tt2 : temperature of the insulator-to-insulator tran
tion; TIM : temperature of the metal-insulator transition in the HT
phase. Pressures labeled have been measured at room tempe

FIG. 2. The same as Fig. 1 along thec axis.
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first-order insulator-metal transition in the HTT phase a
TIM that decreases with increasing pressure;~e! the resistivity
of the HTT phase belowTIM decreases with increasing pre
sure until it becomes metallic beforeTIM falls to zero;~f! rc
of the metallic LTM phase is lower thanrc of the metallic
HTT phase, but the opposite is found forrab(T). The pres-
sure dependence of the critical temperatures is summar
in the P-T phase diagram of Fig. 3~a!, and therab-P, rc-P
plots obtained at 50 and 290 K are shown in Fig. 3~b! in
order to demonstrate the crossover from 3D to 2D cond
tivity in the HTT phase. An accurate calculation of the ra
betweenrc andrab becomes impossible because of errors
the measurement of resistivity. However, the change of
ratio under pressure is highly reliable. From the curves ofrc
andrab at 290 K, which are within the HTT phase accordin
to Fig. 3~a!, a ratio of rc /rab'10 remains throughout the
insulating phase and changes to 100 in the metallic ph
The ratio at 50 K looks complicated as pressure introdu
three phase transitions, as is shown in Fig. 3~a!. A change in
the ratio ofrc /rab from 3 in the LTM phase to 100 in the
metallic HTT phase has been found. The ratio becomes
reliable in the insulating HTT phase because an insulato
insulator transition atT12 appears to be highly sensitive t
shear strain in the pressure medium, which makes it diffic
to duplicate the strain state in the measurements ofrc and
rab . It is interesting to compare the metallic LTM phase a
the metallic HTT phase. Both phases fall into the ‘‘ba
metal’’ regime. In both phases,rc is higher thanrab . How-
ever, the LTM phase is more conductive along thec axis than
the HTT phase.

In order to understand these transport properties, we b
with the crystallographic structures of theMS sheets shown
in Fig. 4. Schematic one-electron representations of the

ture.

FIG. 3. ~a! The pressure dependence of the critical temperatu
Tt1 , Tt2 , TIM , and~b! the resistivity at 290 and 50 K.Tt2 is taken
from the curves ofrab versusT under different pressures. Pressur
have been measured at the critical temperatures in Fig. 3~a!, and at
290 and 50 K in Fig. 3~b!. PM stands for Pauli paramagnetic meta
LTM phase is shaded with dark gray.
1-2
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FIG. 4. The crystallographic structures~after
Ref. 6! of the high-temperature tetragonal pha
and the low-temperature monoclinic phase; sch
matic energy diagrams are also shown.
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tibonding states of Co~II !-3d parentage are also show
Neutron-diffraction data8 have shown that the Co~II ! of
BaCoS2 have a localized high-spin configuration withS
5 3

2 . In our compound, the ambient-pressure HTT ph
would also have a localized high-spin configuration on
Co~II !. In the metallic HTT phase, stronger Co-S covale
bonding raises the majority-spin (x22y2) level above the
minority-spin (yz6 izx) level, which fills all the xy, (yz
6 izx) orbitals with spin-paired electrons. The transition
low-spin Co~II ! also transforms the localized (x22y2) level
into a narrows* band of itinerant-electron states that ove
laps the (z22r 2) level. With the transfer of (z22r 2) elec-
trons to thes* band, the spin degeneracy of the (z22r 2)
level is no longer lifted. The Ni atoms and sulfur vacanc
are electron donors that perturb the periodic potential, but
Fermi energy«F lies above any mobility edge in thes*
band. The tetragonal structure allows Co-S-Co interaction
the basal planes, but only Co-S-S-Co interactions forc axis
conduction. Therefore, a highly anisotropic resistivity w
rab!rc follows directly from the model of a high-spin t
low-spin transition that contracts the volume of the HT
phase but does not change the symmetry. Therefore,
pressure stabilizes the metallic low-spin HTT phase. In
LTM phase, on the other hand, the tetrahedral-site Co~II !
have spin-pairede electrons and a little more than half-fille
s t* band of t-orbital parentage that is connected in 3D.
this case, fillede orbitals prevent metal-metal bonding acro
the shared tetrahedral-site edge and a nearly isotropic
ductivity is due to electrons in thes t* band. As in the LTM
phase, the high-spin state of the HTT insulator phase p
vides electron transport via partially occupiedt orbitals,
which allows more isotropic conduction via the sulfur atom
than does conduction in an (x22y2) band.

The pressure-induced insulator-metal transition in
HTT phase is not like that predicted by Mott and Hubbard
is a transition from a high-spin Mott-Hubbard insulator to
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low-spin metallic phase that appears to go in two steps.
decrease in resistivity with pressure on the approach to
metallic phase in the intervalTt2,T,TIM of the intermedi-
ate step is similar to that found in the insulator phase
PrNiO3, where the insulator phase also becomes metallic
der pressure while the transition temperature remains fin
The insulator phase in PrNiO3 was interpreted to be a long
range ordering of strong-correlation fluctuations alrea
present in an itinerant-electron matrix in the metallic phas9

Finally, we turn to the character of the 3D metallic co
duction in the more-than-half-filleds t* band of the LTM
phase. We found the basal-plane thermoelectric power to
small and negative, which indicates a deep minimum in
density of states in the middle of thes t* band as a result o
intra-atomic electron-electron interactions. Thes t* bands are
antibonding with respect to the Co-S interactions, but el
tron correlations within a narrow band may stabilize Co-
bonding states relative to the Co-Co antibonding sta
within the band. Although the conductivity is of the sam
order of magnitude as that ofrab in the high-Tc cuprates, the
infrared reflectivity gave an anomalously small nme /m* ra-
tio for the charge carriers. A small nme /m* and a metallic
s5ne2t/m* would suggest a large mean free path for a f
itinerant electrons above a mobility edge, the Ni-atom a
sulfur-vacancy donors introducing Anderson-localized sta
in the middle of thes t* band just below the Fermi energ
«F . It has been suggested3 that the long mean free path o
the electrons is due to a strong coupling to a travel
charge-density wave~CDW!. Since electron coupling in a
traveling CDW is known10 to give an enhancement of th
thermal conductivityk(T), we decided to determine whethe
such an enhancement was present in our single crystal.

Figure 5 shows that thekab(T) of our single crystal is
significantly higher than thek(T) obtained11 on a ceramic
sample. The temperature dependence ofkab(T) reveals two
significant features:~a! on cooling,kab jumps abruptly atTt1
1-3
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and ~b! kab increases with decreasing temperature in
LTM phase. In this plot, the upper bound of the electro
contribution obtained from the Wiedemann-Franz~W-F! law
is much smaller than the phonon contribution. The jump
kab(T) on passing from the HTT to the LTM phase atTt1
therefore reflects a release of phonons on passing from
localized-electron to the itinerant-electron phase. B
kab(T) and the lattice contribution tokab(T), which was
obtained by subtracting the electronic contribution as ca
lated fromrab and the W-F law, can be fitted by a power la
k;T21.1. The relaxation-time-approximation formula is no
mally used to describe the lattice contribution at low te
peratures; atT>uD , the formula can be replaced by a 1T
law.12 Julian13 has pointed out that in many cases the 1/T law
remains applicable to temperatures as low asuD/4. We have
observed ak;1/T in LaMnO3 down to 30 K.14 The magni-
tude of kab(T) is also comparable to that of metall

FIG. 5. The temperature dependence of thermal conductivik
in the a-b plane of a Ba0.9Ni0.1S1.87 crystal. Circles represent thek
measured; solid line represents thek after correction for the elec
tronic contribution~see text for the detail!. The dashed line is a
fitting to the power lawk;1/T1.1.
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BaNiO3.
15 Both the temperature dependence and magnit

of kab(T) in the LTM phase rule out the possibility that
travelling CDW is formed.

In conclusion, BaCo0.9Ni0.1S1.87 contains a localized,
high-spin 3d-electron configuration at the Co~II ! ions in the
antiferromagnetic-insulator HTT phase that is stable ab
Tt'150 K at ambient pressure; it undergoes a first-or
transition to a metallic phase in two distinguishable ways.
insulator to metal transition atTt1'150 K is accompanied by
a structural transition and an insulator to metal transition
TIM is induced by pressure within the HTT phase. The lat
transition is preceded by an insulator-insulator transition t
marks the appearance of an intermediate phase in which
resistivity approaches metallic behavior beforeTIM is
reached. Measurement under pressure of the resistivit
single crystals has not only demonstrated the evolution of
phase transitions as a function of pressure, but also reve
an isotropic conduction in the LTM phase and a crosso
from 3D to 2D conduction associated with the IM transitio
in the HTT phase. At atmospheric pressure, the struc
changes on cooling throughTt1 to the 3D-metallic LTM
phase in which the transition-metal atoms are displaced f
edge-shared square-pyramidal sites to pairs of edge-sh
tetrahedral sites. The volume of the LTM phase is larger th
that of the HTT phase, and a modest pressure suppresse
LTM phase. The crossover from 3D to 2D conduction atTIM
allows us to associate the IM transition with a high-spin
low-spin transition within the HTT phases that produces
first-order contraction of the lattice and a delocalization
the electrons ins-bonding orbitals. The tetragonal symmet
of the square-pyramidal sites stabilizes the (z22r 2) level
relative to the (x22y2) level in the HTT insulator phase; in
the HTT metallic phase, broadening of the (x22y2) s* band
makes this band overlap the (z22r 2) level, which prevents
removal of the spin degeneracy of the (z22r 2) level. Both
the electrical and thermal conductivity of the LTM pha
show that its metallic conduction behaves as a normal me
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