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Compounds of the layered transition-metal-sulfide series BaCo;_,Cu,S, (0<x=<0.5) were prepared, and
structural, electrical, and magnetic properties were investigated. The semiconductor BaCoS, is antiferromag-
netically ordered below 310 K. With increasing Cu content x the structure becomes more anisotropic as the
lattice parameter perpendicular to the layers elongates while the parallel parameter contracts. The resistivity is
nonmetallic for all the compounds in this series. The Néel temperature 7 decreases with x, reaching Ty=0 by
x=0.2. The susceptibility in the high-temperature paramagnetic phase, which for BaCoS, is consistent with
Co?* ions in the low-spin S=1/2 state, shows a Curie constant that is very much smaller than expected for
Cu'* and a mixture of Co?* and Co®* in the ratio of 1—2x to x. At sufficiently low temperatures there is a
spin-glass phase for all x>0. The magnetic phase diagram obtained is remarkably similar to that of normal

state La,_,Sr,CuO, (x<0.06).
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I. INTRODUCTION

Initial interest in BaCoS, was owing to the observation'?
that it is a layered Mott-Hubbard insulator that orders anti-
ferromagnetically and therefore might be a sulfide analog to
La,CuQy,, the parent compound of the high-7- cuprate super-
conductors. Unfortunately it has not been possible to create a
superconducting phase by doping as in the case with
La,_,(Ca,Sr,Ba),CuO,. However, by chemical substitution
in BaCoS, it is possible to produce a rich diversity of struc-
tural, electronic, and magnetic phases as a function of tem-
perature and chemical composition.

Substitution of Co by Ni produces a continuous change
from the antiferromagnetic semiconducting phase to a para-
magnetic metallic phase with the crossover in both the elec-
trical and magnetic properties occurring near x=0.25 in the
BaCo,_,Ni,S, (0sx=<1) series.>*® The sulfur-deficient
BaCo;_,Ni,S,_, (0.05<x,y=<0.20) series>” exhibits an un-
usual first-order transition from an antiferromagnetic insula-
tor to a paramagnetic metal with decreasing temperature near
200 K that is associated with a major crystalline distortion to
a structure of lower symmetry.'?

It is also possible to replace up to 50% of the Co in
BaCoS, with Cu. An earlier study!! of the BaCo,_,Cu,S,
found these compounds to be semiconductors with antiferro-
magnetic and spin-glass phases. Since Cu is always monova-
lent in sulfides, it is somewhat surprising that Cu can be
substituted at finite concentrations and that the compounds
do not become metallic with increasing Cu content.
This study also investigated the nonstoichiometric
BaCo,_,Cu,S,_,» (0=<x=0.5) series where the Co, Cu, and
S can have their normal valences. As expected for that series,
the main effect of substituting diamagnetic d'°Cu'* for
d’Co?* is the suppression of antiferromagnetic ordering of
the d’Co?* spins.

In this paper a more thorough study of the BaCo,_,Cu,S,
(0=<x=0.5) series is presented where the magnetic phases
are characterized by both dc and ac magnetization measure-
ments on a large number of samples. In the stoichiometric
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series the Cu substitution is expected to be a hole doping.
Therefore, to the degree that BaCoS, is analogous to
La,CuQ,, the BaCo;_,Cu,S, system might be expected to be
similar to the La,_,Sr,CuO, system. The results show that
the rich variety of magnetic behaviors found in the normal
state  La,_,Sr,CuO, (x=<0.06) are also exhibited by
BaCo;_,Cu,S, (0=x=<0.5).

II. EXPERIMENTAL PROCEDURES
A. Synthesis

For this study single-phase polycrystalline samples of
BaCo,_,Cu,S, (0<x=<0.5) were prepared using conven-
tional solid-state reaction techniques starting with powders
of the binary sulfides BaS, CoS (mixture of CoySg and hex-
agonal CoS;;), and CuS. Stoichiometric quantities of the
reactants were mixed, pressed into pellets, and sealed in
quartz tubing at a pressure less than 10 Torr. The sealed
tubes were heated to 300 °C at 5 °C/min and held for
5 h, raised to a maximum reaction temperature 7T, at
10 °C/min and held for 24—48 h, and quenched by dropping
the tube into a water bath. The samples were then ground,
pressed, resealed, and heated rapidly to 7., where the
samples were held for 24—-48 h before being quenched. The
reaction temperature 7,,,, was chosen by trial and error to be
as close to the melting temperature as possible without caus-
ing plating of material on the wall of the quartz tube. The
value of T,,, decreased uniformly with Cu content from
Thax =950 °C at x=0 to Ty, =650 °C at x=0.5.

At most compositions several samples were produced
from independent preparations that used differently prepared
starting sulfides and/or slightly different reaction tempera-
tures. BaCoS, is a metastable compound that must be pre-
pared above 850 °C and rapidly quenched to prevent decom-
position into Ba,CoS; and CoS upon cooling. Although
alloys with x=0.15 appear stable, all samples were
quenched for consistency. This method of synthesis yielded
sintered, black, polycrystalline, single-phase samples for x
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=(.5, but failed to produce single-phase samples at higher
Cu concentrations. The ferromagnetic compound CoS, (T¢
=120) was identified as a contaminant in preparations with
x=0.5.

B. Experimental details

Powder x-ray diffraction (XRD) patterns were obtained
for all the samples at room temperature with a Siemens D
5000 diffractometer. The powder patterns were used to con-
firm the lattice structure, inspect for additional phases, and
determine lattice constants. Resistance measurements as a
function of temperature were made on bars cleaved from the
sintered polycrystalline pellets. These measurements were
performed with a current of 1 mA using a standard four-wire
configuration with copper wire contacts that were attached to
the samples with silver epoxy. The current was reversed dur-
ing each measurement. For the characterization of the mag-
netic properties of the materials, dc and ac magnetization
measurements were made using a Quantum Design super-
conducting quantum interference device (SQUID) magneto-
meter.

III. EXPERIMENTAL RESULTS
A. Crystal structure

The powder XRD patterns of the BaCo,_,Cu,S, com-
pounds with 0.1<x=<0.5 are consistent with single-phase
materials where the crystal structure is isostructural with
BaNiS,. The layered compound BaNiS, has a tetragonal
structure with two formula units per unit cell and P4/nmm
symmetry.'> The dimension of this tetragonal cell perpen-
dicular to the layers is approximately twice the parallel di-
mension. In this structure Ni sites are pentacoordinated to S
sites in a square-pyramidal environment. These edge-sharing
pyramids alternate above and below the basal plane of sul-
furs. The Ni atoms and these S atoms form (NiS,,), sheets
within which the Ni atoms are displaced above and below
the plane. The apical S atoms together with the Ba atoms
form slightly distorted rock salt layers between these Ni-S
sheets. The BaCoS, structure>!3 is distinguished from the
BaNiS, structure by a slight monoclinic distortion where the
angle between the axes of the formerly square lattice of the
layers opens from 90° to 90.45(2)° while leaving the two
axes with equal lengths, and thus equivalently described by a
twice as large C-centered orthorhombic unit cell. The ob-
served rapid suppression of this monoclinic distortion with
the substitution of Cu for Co agrees with the previous study!'!
of this system and is also very similar to the stabilization of
the tetragonal phase when Ni is substituted for Co as shown
in studies® of the BaCo,_,Ni S, series.

The lattice constants of the BaCo;_,Cu,S, unit cell deter-
mined from the powder patterns are shown in Fig. 1. For x
=(.1 the reflections were indexed using the tetragonal
BaNiS, cell. The lattice constant a, which is the dimension in
the plane parallel to the (Co;_,Cu,S,.), sheets, decreases
with increasing Cu content x, while the perpendicular lattice
constant ¢ increases with x. The net effect of the substitution
of Cu for Co is greater anisotropy for this layered compound
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FIG. 1. Lattice constants parallel (a) and perpendicular (c) to the
layers vs Cu content x at room temperature.

and a decrease in the volume of the cell. The point plotted at
x=0 is the a lattice constant of the monoclinic BaCoS, cell,
however, the monoclinic distortion is so small that the lattice
constant is essentially the same as that for a tetragonal cell
having the same volume. The linear variation of the lattice
constants with x in the tetragonal phase (x=0.1) suggests
that the lattice deformation is confined to the site of substi-
tution. The lines are linear fits to the lattice constants for
x=0.1. The extrapolation of the tetragonal phase data to
x=0 yields a value for a that is 0.5% smaller than the actual
value. There is clearly a significant contraction of the dimen-
sion parallel to the sheets accompanying the transition from
the monoclinic to the tetragonal structure. Results are given
for two independently prepared samples at each composition
x=0.25. The lack of agreement between the different
samples at x=0.4 and 0.5 is much greater than the uncer-
tainty in the lattice constants and is indicative of the diffi-
culty of preparing stoichiometric compounds with the exact
target composition. As x increases the materials produced are
more likely to be suffer deficient and/or contain multiple
phases. There are correlations with the starting sulfides and
the reaction temperatures used in the synthesis.

B. Resistivity

Electrical resistivities for BaCo_,Cu,S, were estimated
from resistance measurements made on sintered polycrystal-
line bars taking into account only the geometric factors. Al-
though the resistivities reported could differ significantly
from the intrinsic resistivities owing to the granularity of the
bars, the variation with Cu composition should be meaning-
ful since the porosity and grain size appear similar in all the
bars. The resistivities of these compounds all increase with
decreasing temperature as can be seen in Fig. 2 where the
resistivity is plotted as a function of 1/7T for temperatures
T>50 K on a logarithmic scale. The total variation with
temperature is greatest for BaCoS, and least for the x=0.2
compound. At the highest temperatures, the temperature
dependence appears to be approaching an exponential behav-
ior p(T)oxexp(E,/kT) where the activation energy E,
decreases rapidly with Cu composition from 0.15 eV at
x=0 to 0.005 eV at x=0.2 and then increases to a value at
x=0.3 which is approximately the same as that at x=0.1.
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FIG. 2. Resistivity as a function of inverse temperature for tem-
peratures above 50 K.

C. dc magnetic susceptibility

BaCoS, exhibits antiferromagnetic ordering with the Néel
temperature Ty near 310 K. The magnetic structure has been
reported based on neutron powder diffraction studies.®!*!
Within the (CoSg/,), sheets the moments of adjacent Co at-
oms that lie above the basal plane of sulfurs are antiparallel,
and similarly for the moments of the of the Co lying below.
The magnetic unit cell is the same as the orthorhombic
chemical cell with four formula units. The Co moments are
colinear and confined to planes parallel to Co-S layers. In the
dc magnetic susceptibility there is a broad asymmetric peak
associated with this antiferromagnetic transition.

The temperature dependence of the magnetic susceptibil-
ity of BaCo,_,Cu,S,, obtained from measurements of the
magnetization as samples were cooled in a 5 kOe field, is
shown in Fig. 3 for several samples in the composition range
x=<0.2. The broad asymmetric peak associated with the an-
tiferromagnetic transition in these layered compounds shifts
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FIG. 3. Magnetic susceptibility as a function of temperature on
cooling in a 5 kOe field for Cu content x<0.2.
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FIG. 4. ZFC and FC magnetic susceptibilities as a function of
temperature using a 1 kOe field.

rapidly to lower temperatures as the Cu concentration x in-
creases. These measurements indicate that long-range anti-
ferromagnetic ordering does not exist above x=0.2.

At low temperatures there is evidence for a spin-glass
phase in all the Cu-doped compounds. Figure 4 shows the
magnetic susceptibility of a BaCogsCug 55, sample ob-
tained in a zero-field-cooled/field-cooled (ZFC/FC) set of
measurements. The sample was first cooled to 5 K in zero
magnetic field, a 1 kOe field was applied, and measurements
were made on warming from 5 to 350 K and on cooling
back to 5 K in the same applied field. In addition to the peak
near 110 K associated with the antiferromagnetic transition,
there is a splitting of the ZFC and FC data below 30 K. At
about the same temperature as the onset of this irreversibility
there is a well defined peak in the ZFC susceptibility.
The Cu-substituted compounds in the paramagnetic region
(x>0.2) as well as those in the antiferromagnetic region
(x<<0.2) exhibit similar irreversibility in the ZFC/FC mag-
netization and a peak in the ZFC data. The peak temperature
depends on the Cu content x, and has a maximum value of
about 45 K near x=0.2.

This peak in the ZFC susceptibility broadens and shifts to
lower temperatures with increasing field as can be seen in
Fig. 5 where the ZFC/FC susceptibilities at several different
applied fields are shown for a BaCo;5Cug,5S, sample at
temperatures in the vicinity of the peak. Also below the irre-
versibility temperature the susceptibilities exhibit long-time
relaxation effects. The ZFC/FC irreversibility, the field-
dependent ZFC peak, and the time dependences are all con-
sistent with spin-glass behavior with a freezing temperature
T((x) defined by the onset of the ZFC/FC irreversibility.

D. ac magnetic susceptibility

ac susceptibility measurements at frequencies between 0.1
and 1000 Hz were made as a function of temperature near 7
on compounds of several different Cu compositions in order
to further characterize the low temperature magnetic phase.
Results were obtained for the in-phase or real part x'(w,T)
and the out-of-phase or imaginary part x"(w,T) of the
complex susceptibility. The x'(w,7) obtained for a
BaCo, 5Cuy sS, sample is shown in Fig. 6.
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FIG. 5. Field dependence of the ZFC and FC susceptibilities
near the freezing temperature.

The temperature at which the maximum of x’ occurs in-
creases with increasing frequency as typical for a spin glass.
The value of the relative frequency shift of the maximum in
X' per decade change in frequency, AT,/[T/A(log w)], is ap-
proximately 0.02. The observed 2% for this parameter is
about twice typical for dilute metallic spin glasses and sev-
eral times smaller than typical for insulating spin glasses.!®

On the low temperature side of the peak y’ shows a fre-
quency dependence that is approximately logarithmic over
this frequency range, while on the high temperature side x’
becomes frequency independent and shows a Curie 1/7 tem-
perature dependence. The imaginary component x”, not
shown, is nearly frequency independent and about two orders
of magnitude smaller than the real component on the low
temperature side, and rapidly approaches zero on the high
temperature side of the peak. At the lower frequencies y” is
in excellent agreement with x”= (7/2)dx’/dIn w, which is
typical for spin glasses. At higher frequencies the imaginary
component becomes so noisy that reproducible measure-
ments could not be made at frequencies above 100 Hz.

This canonical spin-glass behavior is exhibited by all the
samples. The freezing temperature 7 depends on the Cu
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FIG. 6. Frequency dependence of the real part of the ac mag-
netic susceptibility near the freezing temperature.
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FIG. 7. Magnetic phase diagram (temperature vs composition)
showing the antiferromagnetic (AF), paramagnetic (P), and spin-
glass  (SG) regions constructed from the susceptibility
measurements.

content x, decreasing from a maximum of 45 K near x=0.2
to zero as x goes to zero and to about 15 K at x=0.5. For
samples having x<<0.2, where the transition at T is within
an antiferromagnetic phase, the behavior of y(w,T) is similar
to that for the x>0.2 samples where the freezing is from a
paramagnetic phase. In both cases the frequency dependence
of x'(w,T) is logarithmic on the low temperature side of the
peak, and at the lower frequencies x"=~(m/2)dx'/dn w.
Similarly the peak in x' shifts to higher temperatures
with increasing frequencies, however the parameter
AT;/[T;A(log w)] is only about half as large in the x<<0.2
materials.

IV. DISCUSSION

The BaCo,_,Cu,S, magnetic phase diagram derived from
the measurements is shown in Fig. 7. The lines are estimates
for the phase boundaries based on the Néel temperatures
Ty(x) and the freezing temperatures T((x) that were deter-
mined by the positions of the peaks in the susceptibilities.
The label P denotes the paramagnetic phase, AF the antifer-
romagnetic phase, and SG the spin glass phase. The com-
pounds are semiconducting over the entire range of Cu com-
positions for which compounds could be prepared, namely
x=0.5. The Néel temperature Ty(x) decreases rapidly with x
apparently reaching zero by x=0.2. The freezing tempera-
ture T((x) appears discontinuous near x=0.2, and can be de-
scribed by T/(x)=(225 K)-x in the x<0.2 region. In the x
=0.2 region there is an initial rapid decrease followed by
little or no change for x=0.3.

In BaCoS, one pictures neutral (CoS,/,), sheets with Co**
and S?~ ions and localized electrons owing to the existence
of a Mott-Hubbard gap. Since the normal valency of Cu is
+1 in chalcogenides, it is surprising that Cu can be substi-
tuted for Co more than dilutely. If the electronic states are
localized and the Cu is the diamagnetic Cul*, it is reasonable
to assume that Cu substitution produces a compensating con-
centration of Co®* states. This picture is somewhat supported
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by the fact that one is unable to prepare compounds in this
series with x>0.5. However, if the electronic states are ex-
tended, the Co would be uniformly oxidized to a value near
+(2+x) depending on the covalent mixing of the Co and S
states. The fact that the susceptibilities exhibit Curie-Weiss
behavior at high temperatures and that the resistivities de-
crease with increasing temperatures would seem to favor the
localized picture over one where there are partially filled
bands with itinerant electrons.

In the case of purely localized states, the Co 3d,2_,2 or-
bital is likely to be empty owing to the typically large split-
ting associated with the square pyramidal coordination. This
would result in the low-spin configuration where Co** has
S=1/2 and Co>* has S=0. However, the Co ions will have
the high-spin states with §=3/2 and 2 for Co?* and Co**,
respectively if the Coulomb interaction leading to Hund’s
first rule is sufficiently large. Existing high-temperature
(350—800 K) magnetic susceptibility data!” are consistent
with Co?* in BaCoS, having the low-spin configuration. It
was shown that this high-temperature data could be well de-
scribed by Curie-Weiss behavior, x(T)=xo+C/(T+6) with
X0=5.3(1) X 107% emu/g, C=1.6(1) X103 emuK/g, and 6
=80(20) K. This value for the Curie constant C gives a g,
per Co atom equal to 1.83 up which corresponds to a spin
S=1/2 with a reasonable g=2.1. Also high-temperature
(500-770 K) susceptibility data'® for Ba,_,Bi,CoS, (0=<x
<0.07) has been fit to yield u,;=1.85 ugz/Co. However,
refinements of neutron powder diffraction data®!4!> for the
low-temperature antiferromagnetic phase yield values near
3 up for the ordered Co moment. This appears to be more
consistent with the S=3/2 high-spin configuration. Also the-
oretical arguments'® generally favor the high-spin configura-
tion. Unfortunately there has been no explanation for these
apparently contradictory results for the spin configuration of
Co?* in BaCoS,. Adding to the confusion are neutron powder
diffraction data®'4? for BaCo,_,Ni S, with 0.1 <x=<0.2 that
give ordered Co moments near 1.8 up.

The BaCo,_,Cu,S, magnetic susceptibility data for high
temperatures (above Ty or Ty) were fit to x(7)=xo+C/(T
+ 6). The results for the Curie constant C and the temperature
independent x, as a function of Cu content x are shown in
Fig. 8. Except for x=0, the susceptibilities could be well
described with the Weiss constant € set equal to zero. If the
Curie-law behavior seen in the BaCo;_,Cu,S, series origi-
nated from a mixture of independent Co?* and Co’* ions in
the ratio 1—x to x, the Curie constant for x<0.5 should be
proportional to (1—2x) for low-spin or (1— %x) for high-spin.
Clearly the manner that the Curie constant C varies with Cu
concentration x rules out any description of the Cu doped
compounds in terms of independent paramagnetic Co ions.
The value of x, does not depend strongly on the concentra-
tion of Cu, but does exhibit a nonmonotonic dependence that
correlates with the nonmonotonic dependence seen in the
resistivity. This positive temperature independent contribu-
tion is an order of magnitude larger than the Pauli paramag-
netic susceptibility of the metallic BaNiS, compound.®*3
The large yx, suggests that there are near excited states that
give rise to a large Van Vleck orbital paramagnetic contribu-
tion.
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FIG. 8. Dependence of Curie constant C and temperature-
independent x, on the Cu content x.

The static and dynamic behavior found in the region iden-
tified as a spin-glass phase is fully consistent with a typical
spin glass. The ZFC/FC irreversibility, the field-dependent
ZFC peak, and the characteristic frequency dependence of
the ac susceptibility provide clear evidence for this identifi-
cation. The small value of the Curie constant shows that the
moments freezing at the spin-glass transition are not the
spins of individual Co?* ions. Although the Curie contribu-
tion is small, it is almost certainly intrinsic to these com-
pounds. The Curie law contribution to these materials from
impurities can be estimated from the low temperature para-
magnetic tail seen in BaCoS, which yields a Curie constant
about two orders of magnitude smaller then that found for
BaCOO'SCuo'SST

It is interesting to compare the behavior seen in the
BaCo,_,Cu,S, series with several related systems. We
have investigated the  stoichiometric =~ compounds
Ba,_La,Co;_,Cu,S,, where normal valences occur. In this
system the magnetic properties are consistent with a local-
ized description with independent S=1/2 Co** and S=0
Cu'* ions. Figure 9 shows susceptibility and resistivity data
for a BagsLagsCogsCuysS, sample together with data for
BaCoS, and BaCog sCu 5S, for comparison. The susceptibil-
ity of the paramagnetic insulator Bag,slLaysCoqsCugsS,
is well described by the Curie-Weiss law over the entire
temperature range of the measurement. The fit to the data
shown by the solid line in Fig. 9(a) yields
C=8.15X10*emuK/g, x,=6.02X10"7 emu/g, and
0=20 K. The Curie constant is approximately half that for
BaCoS,, and corresponds to a p,¢/ Co=1.84 up as expected
for independent Co** ions with S=1/2. The value of y, is
about an order of magnitude smaller than for BaCoS, and
BaCo 5Cuy 5S,. In Fig. 9(b) the resistivity for temperatures
above 50 K is plotted on a logarithmic scale as a function of
1/T. The resistivity of BajsLagsCojsCugsS, is several or-
ders of magnitude greater than that of BaCoS,, and does not
exhibit the rapid saturation at lower temperatures. If one fits
the resistivities at the highest temperatures to p(7)
cexp(E,/kT) the value of E, is similar for both compounds.
However, the resistivity of BagysLaysCogsCugsS, is quite
well described by p(T)xexp[(T,/T)"?] as shown by the

104426-5



J. W. SCHWEITZER

30 1
Ba 05 La U.SCOD.S Cu D.SSZ
251 e BaCoS,

20 BaCo ,.Cu, S,
15

b s I

xgT (10 * emu-K/g)

0 100 200 300 400

gyyvv Vv YV v v
10-2_4.\-,M"WWVVV

0.005 0.010
1T(K™)

108  (b)

P (2 cm)

0.015 0.020

FIG. 9. (a) Susceptibility times temperature vs temperature and
(b) resistivity vs inverse temperature for Bag sLag sCog 5Cug sS, and
related compounds.

solid line that is the fit of this expression to the data with
Ty=2.64x10* K. This behavior is indicative of variable
range hopping where there is a Coulomb gap as expected for
these compounds.

In the case of the BaCo,_,Ni,S, series>*® substitution of
Ni on Co sites produces a continuous change from the anti-
ferromagnetic semiconducting phase to a paramagnetic me-
tallic phase with the crossover in both the electrical and mag-
netic properties occurring near x=0.25. Recently high-
resolution angle-resolved photoemission spectroscopy?!
(ARPES) has been used to clarify the electronic structure and
the importance of strong electron correlations on both sides
of this metal-insulator transition. Results are consistent with
a finite Mott-Hubbard energy gap in the insulating phase and
a Fermi energy in the metallic phase that crosses a Hubbard
band that originates predominantly from the 3d,>_,> orbital.
There appears to be a continuous evolution of the electronic
structure where electron correlation becomes less important
as the Ni content increases such that band calculations®>?3
can adequately describe the metallic BaNiS, compound. In
this series the initial decrease in Ty with x is about a factor of
4 slower than for the Cu substitution and there is no spin
glass phase at low temperature. In this Ni substituted series
the w,sr per Co atom derived from the Curie-Weiss behavior
above T is much smaller than would arise from independent
S=1/2 Co** and S=0 Ni** ions as might be expected near a
crossover to a metallic phase.

However, in contrast to Ni in BaCo;_Ni,S,, Cu in
BaCo;_,Cu,S, should be a hole dopant. If the holes were
localized at sites occupied by Co atoms, one would have the
mixture of Co** and Co’* that is ruled out by the suscepti-

3,
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bility results unless clusters of antiferromagnetically corre-
lated spins exist above the ordering temperature. If the holes
are itinerant, one would expect a crossover to metallic be-
havior in the (Co,;_,Cu,S4), sheets as x increases to a sig-
nificant fraction, but this is not seen in the resistivity results.
Neither simple picture can describe the observations. It is
clear that strong electron correlation and strong disorder play
essential roles in characterizing the electronic states of the
BaCo,_,Cu,S, compounds.

In addition to the problem of the understanding how the
electronic structure changes with the Cu substitution, there is
the problem of understanding the spin-glass behavior. The
magnetic phase diagram of Fig. 7 is remarkably similar to
that of La,  Sr,CuO, for x<0.06. This well-studied
system,’* belonging to the simplest structure class of the
high-T- cuprate superconductors, has a zero-temperature in-
sulator to superconductor transition with increasing x at x
=0.06. The Néel temperatures and spin-glass ordering tem-
peratures of La,_,Sr,CuQO, as a function of Sr content from a
compendium of literature data are shown in Figs. 10.3 and
10.4, respectively of Ref. 24. In their insulating regimes both
La,_,Sr,Cu0O, and BaCo,_,Cu,S, exhibit a phase with long-
range three-dimensional antiferromagnetic ordering with an
in-layer arrangement of the moments and also canonical
spin-glass behavior at low temperatures. In La,_, Sr,CuQO, the
antiferromagnetic region extends to near x=0.02, and at low
temperatures there is a spin-glass phase that coexists with the
long-range antiferromagnetic order. Here the magnetic entity
that freezes is believed to be a spin distortion in the CuO,
plane bordering each Sr ion. For 0.02<x<<0.06, there is a
low-temperature spin-glass phase where the Curie constant
for the susceptibility above the spin-glass transition is
anomalously small. This spin-glass phase is identified as a
cluster spin glass, and a microscopic model for the spin tex-
ture has been created? to quantitatively explain this anoma-
lously small Curie constant.

The short-range two-dimensional antiferromagnetic corre-
lations that are required for the description of the spin-glass
phases in La,_,Sr,CuQO, are clearly shared by BaCo,_,Cu,S,.
Therefore, it is reasonable to assume that the spin-glass
phase in BaCo,_,Cu,S, for x<<0.2 coexists with the antifer-
romagnetic order and is associated with a magnetic distortion
located in the neighboring Co sites at each Cu site. It is
interesting to note that the phase diagram for both systems
show that T((x) depends linearly on x in this region. For
x>0.2, the much smaller Curie constant C than predicted for
independent paramagnetic Co ions indicates that the spin-
glass phase in this region is formed out of clusters of anti-
ferromagnetically correlated spins. However, this is only a
very general picture without any microscopic details for the
moments involved.

The compounds La,CuO, and BaCoS, have nearly iden-
tical antiferromagnetic structures if Co®* is low spin S=1/2,
and also their Néel temperatures are about the same indicat-
ing that the strength of the exchange coupling of the mo-
ments is very similar in both systems. However, the elec-
tronic structures of these compounds are likely to be
significantly different owing to the very different chemical
environment of the transition metal ion. Although both are
layered compounds, Cu is octahedrally coordinated in
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La,CuO, and these octahedrons vertex share to form the
CuO, layers, while Co in BaCoS, is in the lower symmetry
square pyramidal coordination and these pyramids edge
share to form the Co,S, layers. Owing to the importance of
strong electron correlation, simple band calculations cannot
reliably describe the electronic structures. The recent ARPES
study?! of BaCo,_,Ni,S, near the metal-insulator transition
identifies some of the differences. In addition, the doping
involved in the La,_ Sr,CuO, and BaCo,_,Cu,S, systems is
very different. The Cu doping of BaCoS, is expected to in-
troduce holes in the Co,S, layers but it also introduces dis-
order in these layers, while the Sr doping of La,CuO, only
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introduces holes that reside principally in the CuO, layers.
Therefore disorder is expected to be very important in the
BaCo;_,Cu,S, system. Also the level of doping required for
a particular magnetic phase is an order of magnitude larger in
the BaCo;_,Cu,S, system. Thus it seems that understanding
the BaCo;_,Cu,S, system will involve considerable new
physics, however, the remarkable similarities with the nor-
mal state La,_ Sr,CuO, suggest that further studies of
BaCo;_,Cu,S, that elucidate microscopic properties would
have potential for contributing to our understanding of the
cuprate superconductors.

*Electronic address: john-schweitzer @uiowa.edu
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