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Compounds of the Se-doped layered transition-metal sulfide series,BdigeS, ,Se, (y<0.4) were
prepared and structural, magnetic, and electrical properties were investigated. These compounds exhibit the
unusual first-order antiferromagnetic semiconductor to paramagnetic metal transition with decreasing tempera-
ture that was previously seen in the sulfur-deficient BaGNi,S, , series. This transition is associated with
a major structural change. The previously unknown crystal structure of the low-temperature phase is reported.
Electrical resistance and magnetic susceptibility measurements are used to construct the phase diagram for
BaCaq Nig 1S, ,Se,. Doping with Se increases the insulator-metal transition temperature, but has very little
effect on other properties since it substitutes for S only in the BaS layers.

[. INTRODUCTION paper we will describe this structure, report electrical and
magnetic properties for sintered polycrystalline samples, and
The sulfur-deficient BaGo yNi,S, serie$ exhibits a  construct the phase diagram for the Ba@dip 1S, ySe, sys-
puzzling first-order insulator to metal transition with decreas-tem. In addition we discuss some materials issues such as the
ing temperature near 200 K for compositions in the rangdailure of rapidly quenched samples to exhibit the transition
0.05=x,y=0.20. Recently we have found the same transi-and the importance of proper annealing of samples.
tion in the stoichiometric BaGaNiyS,-,Sg, series. This Above the insulator-metal transition temperature the
transition is associated with a major crystalline distortion to aStructural, electrical, and magnetic properties of these
structure of lower symmetry. What is remarkable is thatBaCaqdNig1S,-,Se compounds are qualitatively identical
these materials exhibit semiconducting, antiferromagneti¢Vith those of the parent compound BaGoShis layered
behavior at high temperatures, and metallic, Pauli paramagtansition-metal sulfide is a semiconductor that exhibits long-
netic behavior at low temperatures. Thus two commorfange antiferromagnetic order beldiy=310 K. The resis-
mechanisms for metal-to-insulator transitions with decreastivity above the Nel temperature is characterized by a small
ing temperature, namely antiferromagnetic ordering andhermal activation energy of approximately 0.15 eV. Since
crystalline structure distortion, are associated with this tranthe quasi-two-dimensional Co-S layers in the Bagstuc-
sition, and yet the transition is from insulator to metal with ture are expected to give rise to antibondirfy bands at the
decreasing temperature. Thus these materials present anotfr@mi level, it is most probable that BaCoiS an antiferro-
challenge to our understanding of metal-insulator transitionsmagnetic insulator as the result of strong electron correla-
Although the sulfur-deficient series has received considertions. Indeed, band structure calculatibhgor the metallic
able attention, the crystal structure of the low-temperatur€ompound BaNi§ which is nearly isostructural® with
metallic phase had not been fully characterized and in somBaCo$, predict partially filledd,2_y2 ¢* bands near the
cases incorrectly described as a very small monoclinic disFermi energy that overlag,>_,2 andd,,, subbands. Thus
tortion of the high-temperature structure. Since knowing theBaCo$S and the series BaGo,Ni,S, have received consid-
low-temperature structure is a prerequisite for any seriousrable attentiofr?! since BaCo$ is a probable quasi-two-
attempt to understand the physics involved, we have devotedimensional Mott-Hubbard insulator that exhibits a Mott
considerable effort to determine this structure. Our previousransition as Ni is substituted for Co.
single-crystal x-ray studies of the sulfur-deficient compounds Initial interest in BaCo$ was owing to the observation
had identified the fundamental monoclinic unit cell, but hadthat its structural, magnetic, and electrical properties are
failed to refine satisfactorily the atomic positions owing to quite similar to those of La&CuQ,, the parent compound of
complications associated with twinning and superstructureghe highT cuprate superconductors. Unfortunately it has
Fortunately we have been to able to determine the lownot been possible to create a superconducting phase by dop-
temperature structure using single-crystal x-ray diffractioning (namely substituting for Baas in the case with
results for the stoichiometric Se-doped compounds. In thida, ,(Ca,Sr,Ba)CuQ,. However, by chemical substitution
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in BaCoS$ it is possible to produce a rich diversity of struc- starting with powders of the binary sulfides and selenides,
tural, magnetic, and electronic phases as a function of tenBaS, CoS(a mixture of Cg@Sg and B-CoS j), NiS, CoSe,
perature and chemical composition. Substitution of Co by Niand NiSe. Stoichiometric quantities of the reactants were
produces a continuous change from the antiferromagnetimixed, pressed into pellets, and sealed in quartz tubing at a
semiconducting phase to a paramagnetic metallic phase withressure less than 10 torr. The sealed tubes were heated
the crossover in both the electrical and magnetic propertiegy 300 °C at 5 °C/min and held for 5 h, raised to 900 °C at
occurring nearx=0.25 in the BaCp ,Ni,S, (0<x<1)  10°C/min and held for 16 h, and quenched in water. The
series:"**Also Cu has been substituted for Co up to a con-samples were then ground, pressed, resealed, and heated rap-
centration ofx=0.5. Compounds in the BaG€o,CuS; se-  idly to 900 °C where the sample was held for 24 h before
ries are semiconducting but there is a rapid decreadg,in being quenched.
with increasing .Cu concentrati03n with a crossover near It is knowrP that BaCo$ is a metastable compound that
=0.15 to a spin glass pha$™ In addition, the series o pe prepared above 850 °C and rapidly quenched to pre-
B<a6_0X7K)X((|;Z% 2(5;(?.5(1)\./27ge(§nefs.tuzcﬁegnd Ba_,BiCo% (X vent decomposition into B&€0oS; and CoS upon cooling.
B Interest in the BaCa ,Ni,S, series where sulfur va- CKeWise, the quenching of the BagNip 1S, -, S¢ samples
XXy is1 required to avoid multiphase samples with significant

cancies are introduced has arisen due to the insulator—metg CoS, contamination. Following this procedure we were
transition near 200 K. Following the initial repbtthat pre- ¥ ; g P
ble to prepare sintered single-phase samples of

sented magnetic susceptibility, electrical resistance, and . o
some structural data, there have been additional studies fAC@.dNi01S,-,S§ for y=0.4. The samples varied in color
characterize this anomalous transition. These includesvo Tom black to dark gray with increasing Se content and con-
bauer and specific he#thigh pressurd”2 neutron powder (@inéd very small platelike crystals.

diffraction2° far-infrared reflectivity®® and thermal transport ~ Finally the samples were annealed in sealed quartz tubes
studies® Also a similar transition has since been seen indt 540°C for 5 h. As in the case of the previously studied
Ba,_,K,C0S,.24 Our motivation for doping with Se was an Sulfur-deficient compounds BaggNip 1S, (0<y=<0.2),
attempt to raise the transition temperature for possible applf@Pidly quenched samples do not undergo the insulator-to-
cations. We had found that a significant amount of Se couldnetal transition with deqreasmg temperature unless they are
be substituted for S in BaCg@nd that Se goes on the S sites @'nealed. The annealing parameters for the Se-doped
in the Ba$ layers. Thus doping Se in compounds that exhibg@mples were determined by trial and error. Samples an-
the transition would be expected to raise the transition temP€@led at temperatures above 550 °C for a few hours would

perature since the transition temperature in these compoung@ntain significant amounts of BaoS;, while samples an-
is known to decrease with increasing pres&lféand the Nnealed at temperatures below 525°C for many hours would
larger Se expands the lattice. We found this to be the cas@0t exhibit the insulator-to-metal transition. The annealing
but we also found that vacancies are not required for théresumably reduces pinning imperfections.
transition to occur. We have investigated the stoichiometric
BaCaq Nig 1S, Sg, series where we have found it easier to
produce samples that yield reproducible structural, electrical,
and magnetic properties that vary systematically with the Se  Powder XRD patterns were obtained at room temperature
composition. While it is interesting to find the transition in and 110 K for all the BaCgyNi, ;S,-,Sg, samples. The data
this new series, the most important result of this investigawere collected with a Siemens D 5000 diffractometer using
tion is the characterization of the low-temperature crystalCu K« radiation. These patterns were used to confirm the
structure. lattice structure, inspect for additional phases, and determine
In this paper we report on the new Se-doped stoichiodattice constants. Also single crystals were extracted from the
metric BaCq gNig 1S, ,Sg compounds. In Sec. Il we de- BaCq ¢Nig1S; gS6 sample and data collected on an Enraf-
scribe experimental procedures. We discuss in some detalonius CAD4 four-circle diffractometer and also on a
the synthesis of these materials since the magnetic and eleBruker Smart 1000 charge-coupled devig@CD) system.
trical measurements are quite sensitive to small concentrarhe single-crystal diffraction measurements were used to de-
tions of other barium cobalt sulfides, in particular,BaS;.  termine the previously unknown crystal structure of the low-
Also proper thermal treatment of the samples during prepatemperature metallic phase.
ration is required for samples to exhibit the insulator-metal Magnetic susceptibility measurements were made in sev-
transition. In Sec. Il we report on the crystal structures aseral applied fields between 1 and 50 kOe and at temperatures
characterized by single-crystal and powder x-ray diffractionbetween 5 and 350 K using a Quantum Design superconduct-
(XRD) studies. dc magnetic susceptibility measurements arsg quantum-interference devicéSQUID) magnetometer.
used to characterize the magnetic properties, while dc resi¥he susceptibilities of the samples in the series
tance measurements are used to examine the conducti®aCq Nij ;S,-,Sg, showed no observable field dependence

B. Experimental details

properties. for this range of fields. Resistance measurements as a func-
tion of temperature were made on bars cleaved from the
Il. EXPERIMENTAL PROCEDURES sintered polycrystalline pellets. The measurements were per-
: formed with a current of 1 mA using a standard four-wire
A. Synthesis

configuration with copper wire contacts that were attached
Polycrystalline samples of BaggNig 1S, ,Sg were pre-  with silver epoxy. The current was reversed during each
pared using conventional solid-state reaction techniquemeasurement.
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lll. EXPERIMENTAL RESULTS 6.55

A. Crystal structures BaCOO_gNio,gNi0,132-ysey

The layered compound BaNi®as a tetragonal structure
with P4/nmmsymmetry? where there are two formula units  —,
per unit cell. The dimension of this tetragonal cell perpen-ﬂ.
dicular to the layers is approximately twice the parallel di- <2
mensions. In this structure the Ni sites are pentacoordinate(§ 645 -
to S sites in a square-pyramidal environment. These edge £

6.50

sharing pyramids alternate above and below the plane that i§
formed by the basal-plane(8 sulfur atoms. The Ni atoms o 640
and $2) sulfur atoms form (Nig,), sheets within which the .8
Ni atoms are displaced above and below tli2) plane. The §

apical 1) sulfur atoms together with the Ba atoms form

slightly distorted rocksalt layers between these Ni-S sheets.
The BaCo$ structure 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 .30 I L L L

opens from 90° to 90.42)°. This structure has been refined 0.0 0.1 0.2 0.3 0.4 0.5

in the monoclinicP2/n space grouf.Since this distortion Se Concentration y

leaves the two axes with equal lengths, there is a larger

equivalent C-centered orthorhombic unit cell. The structure FIG. 1. Lattice constants of orthorhombic Bafehiy 1S, ,Sg

has also been refined in the orthorhomBimmasymmetry>  as a function of Se concentratignat room temperature. Lines are

These two refinements yield essentially identical results fofinear fits toy<0.4 measurements.

the structure and have similarly good estimates for the qual-
observed at lower concentrations. It thus appears that the
ity of the fit of the single-crystal x-ray data. Previous

studied! of the BaCq_,Ni.S, series have shown that this maximum Se concentration is nea+ 0.5 where one-half of

the §1) sites would be occupied. From the structure and the
distortion in BaCogis rapidly suppressed by Ni substitution Iatt|ce constants one can calculate interatomic distances. In

such that the compounds are tetragonalxsr0.1. e y=0 compound the Co{3) distances are 2.32 A, the
The structure of the room-temperature semlconductlnq:O S2) are 2.39 A, and the Co-Co distance is 3.55 A For
phase of the BaGaNig:S,-,Se compounds exhibits a y =04 these lengths are about 0.03 A larger.
monoclinic  distortion  relative to the tetragonal = The antiferromagnetic-semiconductor to paramagnetic-
BaCq gNig1S, structure that increases with increasing Semetal transition that occurs at lower temperatures is associ-
concentration. This distortion is the same as in BaCe$  ated with a radical structural change. From XRD studies at
cept that it is smaller even at the largest Se doping possiblew temperatures on a number of single crystals in the
(y~0.5). Single-crystal XRD data fory=0.2 sample were sulfur-deficient  series BaGo,Ni,S,_y, and on
refined to a residual indeR,=0.017 in theP2/n space BaCq Niy S, sS6 crystals, we have been able to obtain a
group using the monoclinic primitive cell. The most interest-fairly satisfactory picture of the crystal structure in the low-
ing result from this refinement is that the Se substituted for Semperature metallic phase. This structure determination has
only on the §1) sites, the sulfur sites in the BasS layers. Thisbeen a very difficult problem requiring advanced analysis of
is probably a simple consequence of Se being too large t@ata collected with an area detector. Full details will be pre-
substitute on the @) sites of the (CgdNig 1)-S sheets. The sented elsewhere. Also some of the sulfur-deficient com-
property that Se can substitute for S only in the BaS layerpounds studied earlier showed evidence for superstructures.
does not depend on whether the sample was annealed aftgowever, the fundamental structure is a monoclinic structure
quenching. Also we have seen exactly the same result with ghat results from a shearlike displacement of the BaS layers
BaCo$ gSe), crystal. of the high-temperature orthorhombic structure that produces
As in the case of BaCg$ the high-temperature a monoclinic angle of 98.98°. Although individual BaS lay-
BaCaq Nig 1S, Sg, structure can be equally well described ers are only slightly distorted, there is a major rearrangement
in theCmmaspace group using the larger C-centered orthoof atoms in the Co-S sheets. The coordination of Co atoms
rhombic cell. Since the low-temperature structure resultingvith sulfur atoms changes from fivefold where the Co was
from the phase transition requires a monoclinic primitive cellcentered in a square pyramid to a fourfold coordination
corresponding to a distortion of this orthorhombic cell, it iswhere Co is now in a distorted tetrahedron. Furthermore,
convenient to think of the high-temperature structure ineach Co atom shares its tetrahedron at the edges with that of
terms of the orthorhombic description. Hence, in Fig. 1 wea neighboring Co such that the Co-Co distance is only 2.6 A
give the room-temperature lattice constants for the orthoas compared with the 3.6 A Co-Co distance in high-
rhombic unit cell of BaCggNig 1S, ,S€, as a function of Se  temperature phase. These Co-dimer units then share vertices
concentratiory=<0.5 determined by powder XRD. As the Se to form the Co-S layer. Since neighboring units are oriented
concentration increases froys=0 toy=0.4, the lattice con- differently, the primitive monoclinic cell contains four for-
stants increase linearly. Fgr=0.5, the powder diffraction mula units. There is a 1.5% increase in volume associated
patterns showed the presence of additional phases and théth the transition, the volume being greater in the low-
lattice constants were inconsistent with the linear increaseemperature phase.

6.35
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FIG. 2. Crystal structure of the low-temperature monoclinic
phase of BaCgyNig 1S, ,Sg,. Small dark spheres denote Co sites,
intermediate spheres Ba sites, and large light spheres S sites. Low-Temperature Phase

The monoclinic structure determined for the low- FIG. 3. Perpendicular view of the &%, sheet of
temperature phase of the B&@Nio_lsz—ys@ compounds is BaCaq JNig 1S, ,Seg, for the low-temperature phase and the high-
shown in Fig. 2. The diagram is two unit cells high and temperature phase. Small spheres denote Co sites, and large spheres
oriented so as to show the displacement of the BaS layers Sites-

and the resulting monoclinic angle. A clearer picture of the .
rearrangement that occurs in the Co-S sheets is given in Fid.N€ result that the XRD data for the high-temperature phase

3, which shows the structure of the Co-S sheet for both th&Puld be refined in th&&mma symmetry where &) and
low- and high-temperature phases. The crystallographic pa2) &ré equivalent might be explained by there being unre-
rameters  for the low-temperature  phase  ofSOlVéd wins.

BaCaq, Nig 1S, 556 refined in the monoclinicPa space Powder XRD patterns were obtained for all the

group are given in Table I. For each site listed there is aF’aC%fJNi_Q-lSZ*VSQ/ samples at 110 K, which is well below
symmetry related site ak( L, —y,z). This multiplicity of 2 the transition temperature. These patterns clearly show that a
2 3 .

compares with that of 4 for the Ba, Co(1$, and $2) sites
Oflthgtorth?:lr:onéblg(llmma's;trtl;]Ctur(ih Inhourb.notft:ltlo? the tropic displacement parametefrsl (A ?)], and site occupation
S(1) sites of the BasS layers In the orthorhombiC STUCIUTE arg, g (SOB for BaCo Nig 1S, ¢S&» refined in the space group
replaced by the @) and 34) sites in the monoclinic struc- Pa to R,=0.07. The lattice parameters aee=6.618(5) A , b

ture with Pa symmetry, the 8l) sites being below the G8, -6.382(7) A,c=9.094(9) A, and3=98.97(11)°.
sheets and the(8) sites above. Similarly @) sites in the

TABLE I. Fractional atomic coordinatex{y,z), equivalent iso-

Co,S, sheets are replaced by slightly noncoplané) &nd  atom X y 7 Usqg SOF
S(3) sites. The four Co-S distances, calculated from the data

in Table I, range from 2.19 to 2.27 A and the @pCo(2)  Ba(l) 0.6612 0.2549 0.7990 0.015 1
distance is 2.57 A. The Co-S distances are significantlpa2) 0.2515  0.2452  0.1972  0.015 1
shorter than in the high-temperature phase where the Co a€o(1) 0.1067 0.1968 0.5960 0.022 1
oms have a fivefold coordination with the sulfur atoms.Co(2) 0.7997 0.2904 0.3975 0.014 1
These shorter distances are similar to the distances found B(1) 0.7330 0.2508 0.1460 0.017 0.74
Co;S, and C@S; for four coordinate Co. The G)-Co(2) Sd(1) 0.7330 0.2508 0.1460 0.017 0.26
distance of 2.57 A is similar to the 2.50 A distance in Cos(2) 0.0730 05044  0.4785  0.013 1
metal. Finally, as seen from the results for the site occupas(3) 0.8438 0.9974 0.5207 0.019 1
tion factors given in Table I, Se substitutes for S preferensgs) 0.1670 0.2466 0.8449 0.020 0.92
tially on the §1) sites. This is consistent with the observa- gg4) 0.1670 0.2466 0.8449 0.020 0.08

tion thaty=0.5 seem to be the limit for the Se concentration.
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FIG. 5. The electrical resistance for Bafahlig 1S, 856, as a
FIG. 4. X-ray powder diffraction pattern of BaggNiy;S, ;Se 3  function of temperature on warming and cooling.
at 110 K with background subtracted, and calculated patterrg)for

the low-temperature phase affa) the high-temperature phase. charge transport to be mostly confined to the Co-S sheets,

this observation is consistent with the structural result that
o _ . o _ shows Se confined to the BasS layers. The temperature depen-
significant fraction of the material remains in the high- gence is essentially the same as seen in the sulfur-deficient
temperature phase as we had previously seen in the case %CQ),QNiO,lsz—y (0.05<y=<0.20) series as previously
the sulfur-deficient BaCo ,Ni,S, , compounds. We have reportedt namely, there is an approximatep
not attempted to investigate how this fraction might depend=p,exp(A/kgT) behavior at high temperature, a hysteretic
on the annealing temperatures and times used in preparingansition, and a significantly smaller resistivity at low tem-
the samples, or on the grinding to produce powders from th@eratures that is nearly temperature independent. The electri-
sintered samples. Our main motivation for the low-cal resistivity for BaCgoNig ;S; 55, is shown in Fig. 5.
temperature powder studies was to confirm that the structurghe sample was initially cooled to 5 K, and resistance mea-
determined for the single crystals is the unique structure fosurements were made as the sample warmed to 375 K and
the low-temperature phase of the Ba@uig;S,-,S6 com-  then cooled back to 5 K. Resistivities for these sintered poly-
pounds. The XRD pattern for thg=0.3 sample at 110 K crystalline samples were estimated from the resistance mea-
with background subtracted is shown in Fig. 4. We find thatsurements with no correction for porosity or intergrain ef-
the pattern calculated for a 55:45 mixture of the low- andfects. A fit of the resistivity above 325 K to the exponential
high-temperature phases yields a good fit of the measuragehavior givesA =0.11 eV. In the series the values far
pattern. The powder patterns calculated for the low- andall between 0.07 and 0.11 eV, there being an initial increase
high-temperature structures are shown separately in th@é A with increasing Se concentration followed by a de-
lower part of the figure for comparison with the measuredcrease. It is unlikely that this activation energy is attributable
pattern. These calculated patterns include a simple correctian an intrinsic band gap, since we have seen significant varia-
for a preferred orientation since the crystals of these materition in A for samples of the same nominal composition that
als are platelets which orient when the powders are pressegere prepared with different reactants or were quenched and
into the holders. For the other samples where<4%0.4,  annealed differently. The drop in resistivity at the insulator-
we find similar results. The percentage of low-temperatur@o-metal transition is in the range of two orders of magni-
phase material was variable but in the range from 50% taude. For the series we find that the low-temperature resis-
60%. However, foy=0.0 the powder XRD pattern at 110 K tjvities decrease with increasing Se doping fromr @0 3
shows additional features. It appears that without the Se dopx 102 () cm. However, since the samples are quite porous
ing several related low-temperature structures are possible a#d the powder XRD studies show that only some fraction of
has been indicated by our earlier work on the sulfur-deficien sample undergoes the transition, the resistivity of the low-
BaCq - xNixS,-, compounds. temperature phase in the plane of the Co-S sheets is probably
much smaller. Thus the data support the interpretation of the
low-temperature phase as a poor metal with a resistivity
similar to that of BaNi$. Finally the transition temperature
The electrical resistivities measured for sintered polycrysincreases with increasing Se concentration, being approxi-
talline bars of BaCggNig 1S, ySg, with y<0.4 do not de- mately 25% higher in thg=0.4 compound than in the un-
pend strongly on the Se concentration. Since one expectfoped compound.

B. Resistance and magnetic susceptibility
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FIG. 6. The magnetic susceptibility for Bagio ;S; sS& » as FIG. 7. Phase diagram for BagNio;S,,Se, . The different

a function of temperature where the sample was first cooled in zerBhases are paramagnetic insula@MI), antiferromagnetic insula-
field, a field of 1.0 kOe applied, and measurements made as tH€" (AFI), and paramagnetic meté?MM). The Neel temperatures
sample was warmed and then cooled. for PMI-AFI transitions are denoted by the solid circles, and the

transition temperatures for AFI-PMM are denoted by squares and

The temperature dependence of the magnetic susceptibiiamonds as determined from resistance and magnetic susceptibil-
ity for BaCaq, gNig 1S, 558, is shown in Fig. 6. The data ity, respectively; solid and open symbols for cooling and warming,
presented is for a zero-field-cooled/field-cooletFC/FQO respectively. The lines are estimates for the phase boundaries based
set of measurements, i.e., first the sample was cooled to 5 & linear fits to the transition temperatures.
in zero magnetic field; then a field of 1.0 kOe was applied
and measurements taken as the sample was warmed to 35Giction of the material undergoes the transition, it is likely
and cooled back to 5 K. The behavior of the susceptibility isthat the true susceptibility of the low-temperature phase is
the same as previously reportetbr the sulfur-deficient much smaller than the 210~® emu/g. Thus the suscepti-

BaCq Nig1S;-y (0.05<y=<0.20) series; namely, Curie- bility of the low-temperature phase is consistent with a para-

We|ss bghawor at high temperat'u.re, a brogd max'mum.ass?ﬁagnetic metal similar to BaNjSBelow 50 K irreversibility
ciated with a second-order transition to antiferromagnetic or-

) - is seen in the ZFC/FC data that is not seen if the magnetic
der, and at lower temperatures a first-order transition t

predominantly Pauli paramagnetic behavior. Using the tem%eld is applied before cooling. This could indicate a small
mount of a ferromagnetic phase or a spin-glass phase. Also

perature where the susceptibility is a maximum as an esti X ) i .
mate of the Nel temperatureT), we find Ty=280 K as there is an increase _W|th decregsmg tgmpgrature at lower
compared with 310 K for BaCoSwhere antiferromagnetic tgmperatures tht is Ilkely associated with dllpte concentra-
ordering has been clearly identified by neutron diffractionfion of magnetic impurity ions. From an analysis of measure-
studiesi>*3The lower value foiTy is fully attributable to the ~Ments bela 5 K and in fields up to 50 kOe we estimate the
Ni concentration being 0.1 as shown by the dependence dPagnetic impurity concentration to be of the order of 100 to
Ty on Ni concentration found in the BagoNi, S, series?t 500 ppm, which is reasonable for the purity of the starting
For the BaCggNigS,_,S€, series withy<0.4, the mea- Mmaterials. o . -
sured susceptibilities showed no systematic dependence on From the resistivity and magnetic susceptibility data one
the Se concentration except for an increase in the insulatocan construct a phase diagram for Bg@ti 1S, ,Sg,. The
metal transition temperature with Se concentration. Agairresult is shown in Fig. 7. The boundary between paramag-
this is consistent with our finding that Se substitutes for Snetic insulator(PMI) and antiferromagnetic insulat¢AFI)
only in the BaS layers. In contrast, in the is determined by the temperature of the peak in the suscep-
BaCq Nip 1S,y (0.05<y=0.20) seriesTy increases with tibility although this transition can also be seen in the resis-
increasing S deficiency. tivity as a less well-defined local maximum in the logarith-
For all the samples the susceptibility below the insulator-mic derivative of the resistance. Owing to the hysteresis in
metal transition is of the order of>210 ® emu/g as com- the first-order antiferromagnetic-insulator—paramagnetic-
pared with low-temperature susceptibilities of 2 metal(AFI-PPM) transition, transition temperatures are indi-
X107 emu/g for the paramagnetic metal Bablind 5 cated for both warming and cooling. The actual values are
x 10" ® emu/g for antiferromagnetic semiconductor BagoS determined from the midpoints of the nearly discontinuous
(or BaCq Nig 1S,y samples that have not been annealedransitions in both the resistivities and magnetic susceptibili-
and therefore do not exhibit the transitjo®ince only some ties. The width of the hysteresis is essentially independent of
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the Se concentration and equal to about 35 K. The AFI-PMMayered late transition-metal sulfides. In the case of Co the
boundary drawn is a straight-line fit of the averages foronly examples are BaCg%nd TICgS,. Now that the low-
warming and cooling. temperature structure is known it might be possible to calcu-

This phase diagram for BageNig 1S, ,Se, as a function  late electronic properties for a quantitative understanding.
of Se concentration can be compared with the previously Although we use the term paramagnetic metal for the
published’ diagram for BaCgg¢Ni, S, ¢ as a function of low-temperature phase, the physics is probably much more
pressure. In that case the AFI-PMM transition temperatur@xotic than this term implies. Far-infrared studies in
decreased with increasing hydrostatic pressure such th&aCaq gNig1S; gindicated an anomalous metallic state with a
dT/dp=—240 K/GPa, andly was nearly independent of very small ratio of carrier density to effective mass
pressure fop<0.2 GPa. In the present case of the Se-dopednm,/m* ~ 10 cm™3).%° The metallic behavior is possibly
compoundsTy, is nearly independent of the Se concentrationassociated with a small concentration of charge carrying ex-
anddT/dy=100 K for the slope of the AFI-PMM coexist- citations relative to the quasi-2D lattice of valence-bonded
ence curve. Thus the effect of doping with Se is essentiallfCo dimers. Also in this picture the magnetic transition is
equivalent to an increasing negative pressure. This is consifrom an antiferromagnetic state to a valence-bond state. In
tent with the Se ion being significantly larger than the S ionthe antiferromagnetic state, as characterized by neutron dif-
and the observation that Se substitutes for S only in the BaBaction studies?**?°the Co above and below the S plane
layers. each form two-dimensional antiferromagnetic lattices. Since

the coupling between nearest-neighbor Co sites is frustrated,
IV. DISCUSSION the dimer(valence-bongstate could certainly have the lower
energy in this localized electron picture.

Knowledge of the structure of the low-temperature phase On a qualitative level the more puzzling problem is the
is certainly a prerequisite for understanding this unusuatequired higher entropy of the antiferromagnetic semicon-
insulator-to-metal transition that has been found to occur f06ucting phase relative to the paramagnetic metallic phase.
certain ranges of composition in BafgNi,S,_y,  Based on the pressure studféshe entropy change at this
Ba, (K(C0S, and now also BaGo,Ni,S, ,Sg. Al-  first-order transiion was estimated to be 0.6
though we have been able to fully characterize the structure-g.2 cal/mol K(note thatNzkg In 2=1.4 cal/molK). Since
only in the case of the Se doped series, it is clear from ouf js unlikely that electronic or magnetic contributions to the

previous work on the sulfur-deficient series that the dis-entropy are greater in the high-temperature phase, the higher
placed BaS layers, the Co dimers, and the fourfold coordinagntropy is probably associated with a greater lattice contri-
tion of each Co atom with its sulfur neighbors, are commomnyytion.

structural features of the low-temperature phase in all these
materials. Since the BaS layers are only slightly distorted, it
is reasonable to try to explain the required lower energy for
this phase in terms of the rearrangement of the atoms in the
Co-S sheets. In support of this view is the observation that This work was supported in part by National Science
the type of square lattice of Cg$units that characterizes Foundation Grants No. DMR-93-18333 and DMR-93-18385,
the sheets in the high-temperature phase is exceptional far Carver Scientific Research Initiative Grant.
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