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Electrical properties of NiS,_,Se, single crystals: From Mott insulator to paramagnetic metal
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Electrical resistivity p) and Seebeck-coefficient measurement3 ére reported for Nig ,Se, single
crystals in the range€€x=<0.71. There is a general trend toward increasing metallicity with increasiiy
the range 0.38 x<<0.51 a pronounced rise pfwith temperatureT) is observed where the antiferromagnetic
insulating(or antiferromagnetic metalliqgohase changes over to the paramagnetic insulating phase. The analy-
sis of a vs T curves suggests that in the low-temperature insulating state both holes and electrons participate
in charge transport. It is emphasized that the many changes in electrical characteristics occur without signifi-
cant alterations in the pyrite crystal structure, and that physical properties are greatly altered solely by adjust-
ment of the anion sublattice while the cation sublattice remains intact. The results concerning electrical
transport for the samples with 08&=<0.55 are interpreted qualitatively on the basis of an onset of the
Hubbard splitting into subbands at the transition to the insulggegiiconductingstate, which takes place in
the temperature interval50—-100 K upon heating the samples. The metallic state close to the metal-
semiconductor boundary is viewed as being an antiferromagnetic semimetal, with an anisotropic Slater gap.
[S0163-182606)06247-9

[. INTRODUCTION trical properties of Ni$S_,Se,. Pioneering and early studies
were carried out on single crystals grown by vapor transport

There is continuing interest in systems that undergdechniques;®>'* in  later ~ measurements  sintered
metal-insulator transitionéIT’s). Studies of this phenom- specimens'®?°were employed. While all of these studies
enon have generally been confined to transition-metal oxidedre qualitatively concordant there remain many questions.
where such effects are primarily encountered. The relate®ifficulties of electrical measurements on polycrystalline
system NiS_,Se, is unusual in two respects: first, it is a materials are well known. Furthermore, single crystals used
chalcogenide which exhibits metal-insulator transitions bein physical measurements to date were grown by chemical
tween magnetically ordered phases; second, its propertie€por transport techniques. As has been documented some
can be drastically altered by varying the composition of thelime ago?* the inclusion of carrier gases as a dopant impu-
anion sublattice, while the cation sublattice remains intactfity at the 100—-600-ppm level is unavoidable in such a pro-
This latter circumstance is encountered on|y very rare|y an@EdUl’e. This seriously affects the transport characteristics of
is very important, since the observed metal-insulator transithe host, at least in the range of compositions with0.6,
tions involve mainly the @ states of cations. In this manner, Where the material displays semiconducting characteristics.
the disorder effects are minimized and the transition is inWe therefore felt it appropriate to carry out a new set of
duced solely by the electron-electron interactions. Earliemeasurements on the NiS,Se, system(with x<0.71), in-
work reported in the literatur;?® as well as the present Volving single crystals grown in a Te flux, whereby the un-
investigation on NiS_,Se,, were motivated by the fact that intentional doping problem can be avoided. In such a situa-
NiS, is a magnetic insulator, whereas NiSe a good metal; tion the opening of the Mott-Hubbard gap, particularly at
these two Compounds form isostructural solid solutions acfinite temperature, is not hindered by extrinsic features in the
curately obeying Vegard's la&over the entire composition conductivity.
range G=x=<2. One therefore anticipates a rangecofalues
where thg glloy qlis_plgys intermediate anomalous electrical Il. EXPERIMENTAL TECHNIQUES
characteristics; this is indeed the case for :38<0.55. The
most important feature in this respect is the opening of a Polycrystalline NiS_,Se, was synthesized by heating
Mott-Hubbard gap when the temperature is increased, whicktoichiometric amounts of Ni, S, and Se at 730 °C for several
provides an unambiguous signature for Mott localization, aglays in an evacuated silica tube. Single crystals were grown
elaborated below. from these starting materials using Te as a flux, according to

There have been several prior investigations of the eleca procedure described elsewhere in détaif: this method
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was originally employed in the growth of RySRef. 25 WEl AFL Pl
and FeS (Ref. 26 single crystals. It was established via
x-ray dispersive analysis that no Te is detectable in the single
crystals obtained by this method. The presence of very small
amounts of Te would in any case not seriously affect the
electrical properties.

The electrical resistivity 4) was studied primarily by use
of the van der Pauw procedutérontacts were formed by
drying silver epoxy onto copper wires attached by silver 1.0F \
paint to samples approximately 1 mrin dimension. The 5 " \\
temperature was monitored with a calibrated carbon-glass 0-5¢ “\
thermometer and regulated with a temperature controller. o.cb:*'”f i
Data collection was automated. There is some uncertainty in 50 100 150 200 250 300
the absolute value gf because the correction for the ratio of @) T(K)
resistancesf, cited in Ref. 27, is not precisely known; for 5000
our samples it fell in the range=1f=0.8. For simplicity we i
set f=1; our conclusions and the comparison of our data
with earlier results remain essentially unaffected by this
choice. In a few instances a four-probe technique was em-
ployed; in this case thin gold wires were bonded to the crys-
tals with gold paste.

Thermoelectric measurements were carried out under
computer contréf using the slow-ac technique developed by 3
Chaikin and Kwak® Two samples were placed in parallel 1000[- §
between two individually heated quartz blocks; the tempera-
ture gradient of~1 K was software adjustable. Data were ol 00 i L
taken while the samples were warmed incrementally from () ° * wOTempo;rz(t]ure (K)2 oo
4.2 to 300 K, and equilibrated at a series of closely spaced
temperatures. The total processing times were of the order of FIG. 1. (a) Plots of resistivityp vs temperaturel for single
60 h per run. Corrections were applied for the thermal volt-crystals of Ni$_,Se, in the composition range€x<0.24. Data
ages of the gold electrodes. Below 30 K the data becamkgken using the van der Pauw technique. The regions of the various

unreliable because of interference by the phonon-drag pedk'@ses of Fig. 9 are indicated at the top of the diagrdnFour-
of Au. probe resistivity measurements of single crystals of NiSe,

All measurements were carried out on as-grown speci‘-’vIth x=0,0.24.

mens. It has been documented for Bi®Refs. 5,6 that rela-
tively small changes in cation/anion ratios do somewhat a
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f[ike those of(b) except that the resistivities are much lower
fect the electrical characteristics. A similar effects wasand the peaks in the resistivity curves decrease in magnitude

observed by us in comparing the electrical characteristics oefﬂd are b.rogdenr-_zdj) Forx20.§ thI? allp%rdisplays metallic
untreated Ni$_,Se,, x=0.51, with a sample that had been ¢ a_:_rsct?rzlstlcsplrlste_s n;o?otonlcahy W't. ' Fias. 7 and 8 f
annealed in a sealed quartz ampoule at 700 °C for 7 days. € thermoelectric data are shown in =gs. 7 an or

The detailed investigation of these effects will be the subjec amples in the composition range <8<0.44 and
of a future study. g ) ?).51sxs0.71, respectively. The quality of data below 30 K

is questionable because the corrections for the contribution

lll. EXPERIMENTAL RESULTS

WFI  AFl Pl

The variation in resistivity ) with temperature T) is P i A —
shown in Figs. 1-5 for various ranges»oin NiS,_,Se,. A s
summary is shown in Figs.(& and &b) as plots of loggp 5.0f ?
vs T for the entire concentration range under investigation. : 5 % o

Broadly speaking, one can discern four regime@s.The E 4. P % NIS, 128 ]
range G<x=<0.24: herep exceeds 1D Q cm asT—0; p E 3.cf o %038 ——]
passes through a small maximum between 50 and 130 Kand  ° s o x=0.40 ]
then drops steadily with rising temperature. Bor0.38, e 20 N
p(0) is approximately 10Q cm; for temperatures both be- M N
low and above the region of the shallow maximum the resis- “F S
tivity shows an exponential dependence, as discussed be- 0.0k il | N 1 -
low. (b) In the composition range 0.4=<0.51 the 0 50 100 150 200 250 300
resistivity is small both nga0 K and above 150 K. The T K

material exhibits a marked maximum at an intermediate tem- F|G. 2. p vs T for single crystal Ni$_,Se, for x=0.38, 0.40.

peratureT ,, for which p(T,,)/p(0) can approach a factor of The regions of the various phases of Fig. 9 are indicated at the top
10%. (¢) In the range 0.55x=<0.58 the features are rather of the diagram.
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T FIG. 5. p vs T for single crystal Ni$_,Se, in the composition

FIG. 3. p vs T for single crystal Nig_,Se, for x=0.44, 0.45.  range 0.55x=<0.71. The vertical bars indicate the temperature of
The regions of the various phases of Fig. 9 are indicated at the toghe AFM-PM transition shown in Fig. 9.
of the diagram.

_ magnetic susceptibility,”’Se NMR, and ®!Ni Mdssbauer

to « of the gold leads becomes uncertain due to the phonoryata. These phase diagrams are in qualitative agreement with
drag effect in gold. The measurements in Fig. 7 show &ne another, but differ in the exact placement of the phase
changeover in sign for some samples in the lower- angoyndaries on tha vs x plane. A composite sketch which
higher-temperature range and exhibit a peak at a temperatujgerpolates with some fairing between the various published
T, for all specimens at intermediate temperatures. The regiagrammatic representations is provided in Fig. 9; the
maining measurements in Fig. 8 all fall in the negative ranggjashed lines and horizontal bars indicate uncertainties or dif-
of a for T>30 K and are numerically small. ferences in the findings concerning the location of phase

Concerning resistivity, the above qualitative features argyoundaries. One should note the large variety of different

; H ; H a9 ..
in consonance with those reported in the literaftfel®The  phases that have been reported: for a key to the abbreviations
present resistivities are, however, higher by as much as two

orders of magnitude than those reported earlier, presumably
reflecting the absence of unintentional dopants that were in-
troduced by use of chemical vapor transport techniques. The

NiS_ Se
2-x X

variations ofa with T are similar to those reported earliér, :
except that the present numerical values are smaller by F
nearly a factor of five. This again is consistent with the g -OF 1 *
greater purity of our samples. E o 10s
e ; 4 0.24
A. Resistivity data > F .40,0.38
. Q —_/ 0.45
We now attempt to correlate the resistivity measurements = : ; ] g-g?
with phase diagrams cited in the literatdré;>1317:2%hese -2.0F 1~
are based on heat capacity, x-ray and neutron scattering, Y rorardfil I I I I BT
0 50 100 150 200 250 300
AFM 1Al PI (@) T (k)
140 Nis, Se
NiS, Se =0.51 X x
1.20 : — 2K 1. 8pr T LTI 0.58
; ' ] 0.55
1.00 | 4 S 2.0 ’ 1 0.64
G 1 5 § 22
O 080 E
E \ _g -0.50 F E _2 4 -]
=] ~aef o i 0.71
- 0.60 | \ %...50, / = -2.6
040 | O 7ot o -3 o E 0.8
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0.20 | -3.0
_3n....l....l....|....|...,|....'
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TK) FIG. 6. (a) Summary of experimental resistivity measurements

FIG. 4. p vs T for single crystal Nig 4s5€;5;. Inset shows plot  as plots of logg vs T for the composition range<9x<0.51. (b)
of log;gp vs 1T. The regions of the various phases of Fig. 9 areSummary of experimental resistivity measurements as plots of
indicated at the top of the diagram. log,gp vs T for the composition range 0.55«<0.71.
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FIG. 7. Thermoelectric properties for NiS,Se, in the compo- x in Ni Sp.xSex
sition range G=x<0.44. ) ) .

FIG. 9. Proposed composite phase diagram for the, NjSe,
see the figure caption. Consistent with earlier reports, magtyStem in the range0x<1, based on Refs. 4-7,9,13,17,20, and
netic ordering gives way to paramagnetism at higher temPresent results. Piparamagnetic insulator, AElantiferromagnetic

peratures and an increasing degree of metallicity arises as tfiuiator, WF=weakly ferromagnetic insulatdicanted antiferro-
Se/S ratio is increased magnet, AFM=antiferromagnetically ordered metal, PM

The resistivity curves are subdivided into categories ac_:paramagnetic metal. Hatched area and dotted line indicates re-
ions where various investigators reported different findings.

cording to sample composition, which, in turn, determines’
the type ofp(T) behavior. regime. The data in the loW- regime may be fit almost
(a) 0=x=0.24: Representative curves are shown in Fig.equally well to a variable range hopping law for charge car-
1(a). With rising T<30 K there is an initial drop ip, inthe  riers, namely, logyp=(T,/T)¥% However, unpublished
range where the weakly ferromagnetic insuldidi~I) phase  magnetic susceptibility data in our laboratory are incompat-
(actually, a canted antiferromagnetic strucjusestable. For ible with strictly localized charge carrier models. Therefore,
the fcc cationic sublattice a small anomaly is observed at thwe ascribe the activation energy to a Mott-Hubbard gap
transition to the antiferromagnetic insulating sté&&1) tran- €0~ 2¢&, present in both the AFI and PI phases.
sition. This is followed by a relatively flat region, coinciding _ In Fig. 1(b) are shown resistivity data taken by conven-
with the stability range of the AFI phase. FB& 50 K where tional four-pr_obe techmques._ The results are in essc_antlal
the paramagnetic insulataPl) regime prevails,p passes adreement with the data of Fig(al, though differences in
through a gentle maximum and then drops monotonicall)ﬂeta" remain. These do not alter the conclusions reached in
with rising T>120 K. Note that the position of the maximum S€¢- IV. _ _
is not related to the magnetic transition. The stability ranges (P) 0-38<x=<0.45: As is apparent from Figs. 2 and 3 one
of the various phases are indicated at the top of the diagranif'St €ncounters a range in whigh changes little withT.
Below 30 K and above 120 K the resistivity follows the According to Fig. (ﬁa)_ghe resistivities of these alloys lie in
Arrhenius law: plots of logyp vs LT are reasonably linear, the range 18<p=10"? O cm; there is thus a trend toward
with x-independent conductivity activation energies, metallicity with increasing. However, for temperatures be-
=300+ 20 and 105 10 meV below 30 K and above 120 K, low 50 K these compounds basically still remain in the
respectively. The larger activation energy in the [owe-  WFI/AFI regime of the phase diagram of Fig. 9. This is

gime may be due to the exchange splitting in the Bw- followed by a rapid rise op with T as one approaches the
AFI/PI boundary. The maximum ip coincides roughly with

or lies slightly above the transition to the paramagnetic insu-
lating (PI) phase. In the latter regime diminishes nearly
exponentially with risingT. The conductivity activation en-
ergies remain in the range of 18490 meV for all of the
samples. Correlating the resistivities with the different
phases is problematic: various authors differ in the precise
location of the steeply rising AFI/Pl phase bounddlipe
MN) shown in Fig. 9. Clearly, theoretical guidance is needed
here to sort out the qualitative trends of the data.

Of great interest is the set of resistivities fbx 30 K for
specimens within the range 08&=0.45. As is evident
from Figs. 2, 3, and @), p falls in the range of 10* to 1

Thermopower (pV/K)

8f g

_9:|.

50

FIG. 8. Thermoelectric properties for NiS,Se, in the compo-
sition range 0.5&x<0.71.
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0 cm and is almost independent ©f These quasimetallic
characteristics place NS ,Se, with 0.38<x=<0.45 in a cat-
egory between normal semiconductors and correlated metals
for which p~10~3 Q cm. This feature will be discussed in
more detail in Sec. IV.
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(c) x=0.51: These data are displayed in Fig. 4. Here IV. DISCUSSION
p~10"3 Q cm varies little withT up to 45 K. Beyond that
point one again observes a very marked rise afith T for - o :
the narrow temperature interval marking the corner of theWard_s metalhmty but exhibits clear correlated meta_lllq char-
AFI region in Fig. 9. The resistivity then peaks at a tempera2cteristics at all temperatures only fm90.582.3§6\ similar
ture slightly beyond the transition to the P! state and therirend is observed in thev ; _,Ti,) ,05 systen?* with in-
drops rapidly with risingT. The inset shows a plot of creasing Ti content, although in the latter case the resistivity
log;gp Vs 1T for the data beyond 80 K. The conductivity changes at the metal-insulator transition are discontinuous.
activation energy deduced from the Arrhenius plot for thisFor NiS;_,Se, the most spectacular changes in resistivity
composition has now dropped to 28 meV. (although continuoysare displayed in Figs. 3 and 4; these

(d) x=0.55, 0.58:This regime, shown in Fig. 5, top take place when with rising temperature the system trans-
curves, still exhibits a flat maximum in the resistivity which forms to the AFI phase. The sharp, though continuous, rise in
is greatly reduced compared to those in Fig. 4. As before, gi(T) is attributed to the opening of a Mott-Hubbard gap at
low temperatures the vs T curve for this sample is charac- the boundary. This interpretation is supported by two facts.
teristic of the AFM phase with a crossover to the(8trictly  First, the gap opens up as the temperature rises; this change
speaking, semiconductinghase. Beyond 300 K the resistiv- cannot be ascribed to the opening of a Slater gap associated
ity for the sample withx= 0.58 presumably drops with rising with the AFM to AFI transition, since the crystal symmetry
T, as shown in the earlier literatuté The vertical markers remains the same across the transition. Second, the continu-
indicate the transition temperature between the lowous increase op(T) across the phase boundary means that
temperature antiferromagnetic metalliGAFM) and the electron correlations, not a discontinuous change of the
higher-temperature paramagnetic metalRVl) regimes. magnetic-moment magnitude, provide the main contribution

(e) x>0.58: Here one finally encounters the paramagneticto the gap. However, a decisive test of our interpretation
metallic regime; the transition from the AFM to the PM re- would be provided by Hall-coefficient measurements in that
gime occurs without marked changesifT), as the moment  regime, since in the case of the Mott localization the carrier
value in the AFM phase is small. The resistivity of the mass should increase remarkably near the transifiof,
samples forT<50 K remains below 2 f cm: this limit  while leaving the carrier-concentration constant.
becomes progressively smaller as the compositieri is The sharp rise in resistivity in the temperature interval
approached and ultimately falls belgw=10"2 ( cm. 50-100 K cannot be interpreted as due to the spin-disorder

In conclusion, one can roughly divide the samples intoscattering. This is because the transition for appropriately
three categories(i) those for whichp(T) diminishes with  synthesized sampl&Sis of first order, indicating that mag-

T, with only a slight maximum close to the AFI-PI boundary, netic fluctuations near the transition are negligible. The re-
(i) those with a strong maximum close to the AFM-AFI sistivity peak is simply far too wide to be associated with any
boundary, andiii) metallic systemsx>0.58). We shall see scattering in a critical magnetic regime.

next that the thermopower data fall also in those three cat- We emphasize again that the NiSSe, system is un-
egories; this feature of the latter data will help us in identi-usual in that, even when the metallic configuration is stable
fying the opening of a Mott-Hubbard gap, associated withat low temperature, the system is driven toward a more in-
carrier localization. sulating state with rising temperature in the range 50-100 K.
This counterintuitive behavior must reflect the opening up of
a gap which is the result of a change in the nature of the
electronic states, since the magnetic ordering is of the same

In rationalizing the thermopower data one can, as in theharacter on both sides of the transition. A trace of this type
previous section, distinguish several regimes) for  of behavior is fund even for relatively low, where the in-
x<0.24 the thermopower is slightly positive and vanishes asulating state is stable at all temperatures. The fundamental
T=0; (ii) for 0.24<x=<0.48 « is negative at low and high reason for this changeover is provided by the near compen-
temperature, and positive in between; diid o is always sation of negative band enerdgelative to particle localiza-
negative forx=0.51. The simplest interpretation of the datation) of itinerant A electrons, and the positive repulsive in-
involving the Mott-Hubbard picture can be provided by as-teraction between them, as described in detail elsewhiet@.
suming that the thermopower is metalliclike and negativeThe entropy of itinerant electrons in the Fermi-liquidetal-
when Mott-Hubbard subbands collapse at high temperaturdic) state is smal(at low T) compared to the entropy change
so that a correlated met@hF or nof) is formed. By contrast, of the same electrons in the localized-moménsulating
«a is large and positive when the Mott-Hubbard subbands areonfiguration. Thus, with risin@, the entropy gain achieved
formed in the semiconducting range, ands also numeri- by localization drives the metal-insulator transitf5n® The
cally small at low temperatures. The interpretation of theusual ARl PI transition takes place at higher temperatures.
Seebeck coefficients in NiS,_,Seg and Ni;_,Cu,S, as  The second important factor of the Mott localization is the
provided by Adler and co-workers3®3'was based on a one- reentrant metallic behavior reached in the high-temperature
band electron correlation theory described in their publicaregime in a continuous manner. Such behavior must always
tions. An excellent data fit was achieved by use of this sixbe observed, since ultimately the entropy of the Fermi-liquid
parameter model for temperatures in excess of the peadtate is higher than that of localized spins as the high-
temperatureT,,, including changes in sign at elevated tem-temperature limit is approachedgln4 andkgIn2, respec-
peratures. However, this approach failed to reproduce thgvely, per electron, wherkg is the Boltzmann constant
observed drop inv with diminishingT below T,,. One additional basic feature of the data displayed collec-

As anticipated, with increasing, NiS,_,Se, moves to-

B. Seebeck measurements
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tively in Fig. 6@ should be analyzed. Namely, in the con- 10
centration rangex between 0.38 and 0.44 a quasimetallic
state is observed at low temperatures, with resistivities in the E 5 SToe
range 0.1-1Q cm, i.e., well above the Mott limit for the £ e T le ]y el
normal metallic state. These resistivities are nearly constant S 0 [eo—slo—e—ts-8/8 2 o 038
down to the lowest temperature of the measurements. Fur- X Ni
. . . . . L = iS_| Se o

thermore, the quasimetallic state is well defined, since it is € -5 22X %
also reached in the high-temperature regime, after peaking = ° 00
around 70 K. We regard this quasimetallic behavior as a § -io0p— : g'gg M
manifestation of thesemimetallic antiferromagnetic state ' °
This state will be discussed in detail separaf8iyve only -156 | |
mention that the Slater splitting in the AFM phase cannot be 0 50 100 150 200 250 300
complete since the cationic sublattice has the fcc structure. @ T (Ky
Therefore, there must be at least some points on the Fermi 20
surface, where the Slater gap vanishes. In such a situation the
antiferromagnetic semimetall{&FSM) state transforms into z 0 [%° 000
the AFI phase at the transition. The Mott-Hubbard gap thus S o
created is isotropic, being generated by the intra-atomic in- % -20 1S5, %, o
teraction. The usual magneti@FI— PI) transition takes v -40[— o 0.44
place at still higher temperature. > o

With regard to the Seebeck coefficient one should note ©o -60
the crossover or near crossover in the sigrvait low tem- - .
peratures and again at high temperatures. Though the data 3 -80
for x=0 and 0.24 were not taken to sufficiently high tem- -100 9
peratures to show the second sign change, the trends in Fig. 0 50 100 150 200 250 300
7 correspond well with those displayed in Ref. 11, where a {b) TK

crossover was reported in the 400-500 K range. We observe giG. 10. Plots ofx/p vs T as a test for the two-band conduction
that in the intermediate temperature range of the Pl phase thgodel. See text(@ x=0, 0.24, 0.381b) x=0.44.

Seebeck coefficient is positive and large, as is consistent

with a band struqture which has split into Mott-Hubbard sub-T there is an increasing imbalancedgo, Vs aya,, and in
bands. At very high temperatures, whégd becomes com-  the P| regime the hole contribution dominates the electron
parable to the band gap, the Seebeck coefficient is expecte@ntribution.

to decline to values consistent with those encountered ex- The maximum thermopower fok<0.44 corresponds
perimentally afT>150 K in Fig. 7 and to those reported in roughly to the maximum in resistivity, the presence of which
Ref. 11 for largerx at T>300 K. we have attributed to the opening of the Mott-Hubbard gap

By contrast, in the lowF range where the WFI and AFl i the spectrum. The hole contribution from the lower Hub-
phases are stabley is small under conditions where this bhard subband must exceed that of electrons excited to the
quantity should normally be large. This strongly suggestspper subband, whereas fae=0.61 the split-band picture
that in this range a two-band model is appropriate for the;eases to hold and the contribution is mainlytype. It is
interpretation of the data. It may be shown through standargdiear that in the whole range of concentration, where the
thermodynamic argumerifsthat the Seebeck coefficient of a m|T appears, the electron and hole contributions to the ther-
material in which electron and hole conduction occurs conmopower almost compensate each other. However, this two-
currently is given by carrier interpretation of transport requires further careful
analysis to incorporate the antiferromagnetic semimetallic
state mentioned earlier.

Last, in the regime where the system tends towards me-
tallicity, one anticipate® that || should be numerically
where a, and &, are the partial conductivities due to elec- small and should increase linearly with rising temperature.
tron and holes, respectively, and,,«,>0 are the corre- This is indeed the situation for the data displayed in Fig. 8 at
sponding partial Seebeck coefficients. In the AFM state th =150 K.
two-band picture is realized by the partly split Slater sub- It should be noted that the pyrite structure remains basi-

a=(—onaptopap)lo, o=o,+o,=1lp,

bands. cally unaffected by the various phase transitions indicated in
One check on the efficacy of this model is to utilize theFig. 9: there is no indication of either a broadening or a
experimental « and p values and to plota/p= splitting of the x-ray-diffraction peaks in the range from 4.2

—a,o,t+apo, Vs T, the calculations for &x<0.44 and  to 300 K22 The present results therefore can be understood
0.51=<x=<0.71 are displayed in Figs. (@ and 1@b). These in terms of electron correlation phenomena in the absence of
results provide evidence in favor of the hypothesis: at lowconspicuous lattice distortions. As already mentioned, these
T<150 K, a/p is close to zero in all cases, showing that thealterations are achieved solely by substitution of Se for S,
contributions— @, and a,a, are nearly in balance; i.e., while the Ni cation lattice is left intact. Nonetheless, further
the samples are intrinsic. For samples with0, 0.1, and 0.2 studies are required to locate more precisely the transition
the data of Ref. 11 show a similar trend. At more elevatedemperatures between various phases marked in Fig. 9.
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