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Electrical and selected spectroscopic measurements on single
crystal NiS22xSex (04x40.71) samples are interpreted in
terms of a qualitative band structure scheme that resolves several
unusual experimental observations. The guiding principle is that
the degree of electron correlation can be controlled by varying
the degree of substitution of Se for S. ( 1999 Academic Press

INTRODUCTION

There has been recent renewed interest in the electrical
properties of the NiS

2~x
Se

x
system because one can drasti-

cally alter the degree of electron correlation through substi-
tution of Se for S in the anionic sublattice while keeping the
electron concentration constant and the cationic sublattice
intact. In contrast, such alterations have generally been
achieved in oxides or chalcogenides by aliovalent substitu-
tions in the cation sublattice or by changes in composition,
both of which alter the total electron count. Another sim-
plifying aspect is the fact that in "rst approximation the
pyrite structure remains unaltered as the system passes
through several transformations. This permits one to con-
centrate on electronic phenomena without the distracting
complications associated with changes in lattice symmetry.
However, the electrical properties of NiS

2~x
Se

x
present

some puzzles that need to be resolved; this is the subject area
of the present paper. Professor Rouxel was greatly interest-
ed in the relationship between band structure and electrical
characteristics of chalcogenides; thus, it is appropriate to
consider certain aspects of the problem in this article which
is dedicated to his memory.

The "rst systematic study of the resistivity and related
physical properties of NiS

2~x
Se

x
was published by the

DuPont group (1) in the early seventies. Subsequent invest-
igations on both single crystals and polycrystalline speci-
mens are in reasonable accord with this work and with each
other. In Fig. 1 we show recent data (2) on the resistivity (o)
versus temperature (¹ ) of single crystals grown from a Te
#ux (3); samples obtained by this technique contain no
detectable amount of Te. One should note the great vari-
ation in electrical characteristics: In the range 04x[0.35
68
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the alloy remains an insulator; plots of logo vs 1/¹ exhibit
two regions of linearity, corresponding to conductivity ac-
tivation energies of 0.33 and 0.11 eV at low and intermediate
temperature regions. For compositions 0.38[x[0.60 the
alloys are metallic-like in the cryogenic temperature range,
as judged by the near constancy of the o vs ¹ plots. Beyond
that point a large rise in o with rising ¹ occurs (amounting
to factors as large as 700), followed by a maximum, and by
an exponential decay of o with increasing ¹ ; the alloys have
transformed into insulators. The compound with x"0.38
exhibits an exceptionally high value of o"140 ohm-cm in
the metallic range below 70 K. Moreover, the sequence of
a metal changing to an insulator with increasing temper-
ature is unusual; for most materials undergoing a metal}
insulator transition the inverse trend is encountered. For
xZ0.60 the materials are poor metals over the entire meas-
ured ¹ range, as signi"ed by a moderate rise of o with ¹. All
of these distinctly di!erent characteristics in the same
system remain to be explained.

Problems are compounded when one considers the ther-
moelectric properties of this series; two systematic studies
(2, 4) yielded fairly concordant results. Figure 2 shows plots
(2) of Seebeck coe$cients (a) versus temperature (¹ ). Speci-
mens with low Se content, 04x[0.24, are characterized by
small a values in the cryogenic temperature range, precisely
where the resistivity is very high. This regime is then fol-
lowed by a rise of a to large values and by a subsequent
decline as ¹ is increased. In contrast, for xZ0.5 the Seebeck
coe$cients remain very small and gradually become more
negative as ¹ is increased. These trends should also be
explained.

We now attempt to address these matters in terms of
a proposed band structure that is useful in rationalizing the
observations.

QUALITATIVE BAND STRUCTURE SCHEME

We adopted as our point of departure the qualitative
band structure scheme originally set up by Goodenough (5)
and by Rouxel (6) for chalcogenides. The scheme is based on
the hybridization of the Ni eg and t

2g states with the



FIG. 1. Resistivity o vs temperature ¹ for a variety of NiS
2~x

Se
x
alloys with 04x40.71. Curves line up with the designated compositions. After Ref. (2).
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X (X"S, Se) 3p or 4p states (hereafter designated as X pp)
and with the (X!X )~2 molecular units (hereafter desig-
nated as X ppp). Due to symmetry mismatch the t

2g linkages
are expected to be quite weak, i.e., almost nonbonding. The
eg states hybridize strongly with the anionic states; they
therefore lie at the top of the occupied states and broaden
into a narrow band through hybridization with the X pp
orbitals while retaining the eg type symmetry. The X pp
states are expected to broaden into a wide band through the
same hybridization process. Lastly, the X ppp states likely
form very narrow bands,through weak eg hybridization,
yielding a bonding and antibonding con"guration separ-
ated by a large energy gap. The resulting energy band
structure is schematically depicted in Fig. 3a. This rather
crude presentation is buttressed through more quantitative
calculations based on cluster models (7}9).



FIG. 2. Seebeck coe$cients a vs temperature ¹ for a variety of
NiS

2~x
Se

x
alloys with 04x40.71. Curves at 100 K line up with the

designated compositions for x50.51.
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In stoichiometric NiS
2~x

Se
x

the relatively narrow
eg band is half-"lled; the material is then expected to be
a poor metal, as is the case for alloys with signi"cant
admixture of Se (xZ0.60). However, as the Se content is
reduced one expects the cation}anion orbital overlap to
become progressively reduced; correspondingly, the eg band
is narrowed and the electron correlation e!ects become
more signi"cant. Ultimately, a point is reached where the
Mott}Hubbard transition sets in: the eg band is split into
two subbands, bonding and antibonding, separated by an
energy gap;. This is the situation depicted in Fig. 3b which
holds for moderate values of;; at ¹"0 the lower subband
is "lled and the upper subband is empty. The material is
now an insulator, in consonance with alloys in the range
04x[0.35. However, an alternative disposition is shown
in Fig. 3c; this applies if the gap ; is very large. In these
circumstances the top of the X pp* valence band is separ-
ated from the bottom of the Ni eg antibonding band by
a gap *(;. The material then becomes a charge transfer
insulator of the type "rst described by Zaanen et al. (10).
Last, we show in Fig. 3d the case where the two gaps are
nearly comparable, with * only slightly larger than ;.
Which of these cases applies to the NiS

2~x
Se

x
system must

be decided by experiment.

METAL+INSULATOR TRANSITIONS DRIVEN BY
ELECTRON CORRELATION EFFECTS

We next show how a metal}insulator transition may be
characterized thermodynamically. On a very elementary
basis consider "rst an assembly of N electrons that are
frozen on N atomic sites; this represents the limiting case of
the half-"lled eg band with zero bandwidth. We take the
zero of energy to coincide with the energy of these localized
electrons. Their entropy is given by S

-
/N"k

B
ln 2 (where

k
B

is the Boltzmann constant), because a given electron can
reside on any site in either the spin up or the spin down
con"guration with equal probability. The free energy is then
given by

F
l
/N"!k

B
¹ ln 2. [1]

Next consider an assembly of N itinerant interacting
electrons. It may be shown (11) that at low temperatures
their heat capacity obeys the Sommerfeld relation
C/N"c¹, but the appropriate Sommerfeld constant c is
related to c

0
(that of free electrons) through the expression

c"c
0
/', where ' is a band narrowing factor 04'41

whose value is speci"ed by the theory (11). For strongly
interacting electrons ' may become quite small, rendering
c very large. This, in fact, is a hallmark of a system of highly
correlated charge carriers. The energy of such a collection is
speci"ed by E/N": c¹d¹"c¹2/2#E

0
and the entropy

is given by S/N": (C/¹ )d¹"c¹. Accordingly, the free
energy of the itinerant electrons is

F
*
/N"E

0
!c¹2/2. [2]

We now have a means of ascertaining which state prevails
by a comparison of the free energies. In Fig. 4 we show a set
of parabolas, representing Eq. [2] for a variety of di!erent
intercepts E

0
, and a straight line passing through the origin

representing Eq. [1]. The value of E
0

is dictated by two
factors: The "rst factor is the average kinetic energy of the
electron in the eg band. Relative to the chosen zero of energy
this quantity is given by !'DeN D , where the band narrowing
factor ' enters again and where e6 is the average energy of
the equivalent assembly of noninteracting electrons. The
second factor is the potential energy of interaction; for
simplicity we assume that only two electrons temporarily



FIG. 3. Proposed qualitative band structure diagram for NiS
2~x

Se
x
. Shaded areas indicate occupied band states. For details see text.
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residing on the same atomic site interact with a Coulomb
repulsion energy ;

0
. The total repulsion energy is then

given by ;
0
g, where g is the probability that a given site is

doubly occupied by two electrons with reversed spins. Ac-
cordingly,

E
0
"!'DeN D#;

0
g. [3]

When electrons interact only weakly ;
0
g;'DeN D, in

which case E
0
is a large negative quantity; the corresponding

parabola 1 everywhere lies below the straight line in Fig. 4;
hence, the metallic phase is stable throughout the entire
¹ range. This is the situation that prevails for alloys with
xZ0.60. These alloys are, however, expected to be poor
metals because the bandwidth= of the eg band is already
small to begin with, and because= is further reduced by the
factor '(1.

Curve 3 represents the interesting case where the alge-
braic sum renders E

0
considerably less negative. Now

a double intersection of the parabola with the straight line
occurs. At low temperatures a metallic phase is stable; the
parabola lies energetically below the straight line. As ¹ rises
there is a point where a transition to the localized, insulating
phase takes place. This latter phase remains stable until the
second intersection occurs, at which point there is
a transition back to the metallic regime, which then prevails
up to high temperatures. One therefore encounters reen-
trant metallic behavior. Such a situation is experimentally
observed in the V

2
O

3
alloy system (12).

Curve 4 applies when the kinetic and potential energies
are nearly in balance but ;g('DeN D. One sees that over
a limited low temperature range the metallic phase is the
stable one, but beyond the intersection point the system
switches over to the insulating regime. A second intersection
is, in principle, possible, but would occur at very elevated
temperatures where the compound is no longer stable. This
is believed to be the applicable situation for the NiS

2~x
Se

x
system with 0.38[x[0.60.

While the present oversimpli"ed model cannot be ex-
pected to be correct in detail it provides a crude rationaliza-
tion of the experimental observation that the low
temperature phase of this set of alloys is metallic (though
displaying large resistivities) and that with rising ¹ a gap
opens up in the density of states. In the experiments this
change actually occurs over a narrow temperature range,
rather than as sharply as predicted by the present argu-
ments. The discrepancy arises because a number of impor-
tant factors have been left out of consideration, such as



FIG. 4. Proposed qualitative band structure diagram for NiS
2~x

Se
x

alloys. For details see text.
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electron}lattice interactions and magnetic ordering phe-
nomena.

Last, curve 2 represents the case where ;g slightly ex-
ceeds 'DeN D. In this case the intercept E

0
is positive; now the

insulating phase is stable at low temperatures, and
a transition to the metallic state occurs at more elevated ¹.
This is the situation normally encountered in materials
exhibiting metal}insulator transformations.

Summarizing, we see that the transitions in Figs. 1b and
1d can be rationalized by assuming that there is a near
balance between the kinetic energy of the electrons and the
potential energies of their interactions, the latter being
somewhat less pronounced. In these circumstances the
transition is largely entropy driven.

THERMOELECTRIC PHENOMENA

The Seebeck coe$cients (a) of several NiS
2~x

Se
x

alloys
are shown in Fig. 2. One of the arresting features of these
data is that they do not track the resistivity curves. This
violates the general trend whereby materials with high resis-
tivity also display large Seebeck coe$cients. In particular,
the Seebeck coe$cients for NiS

2
, or for alloys with low Se

content, are very small at cryogenic temperatures, i.e., pre-
cisely in the range where the resistivity rises inde"nitely as
¹P0. Also, in compositions where the alloys exhibit the
resistivity humps the Seebeck coe$cients remain largely
una!ected.

One way of escaping these dilemmas is by invoking the
strong correlation e!ects described earlier: for x[0.35 the
Ni eg band is split into two subbands as shown in Figs. 3b
and 3d. This re#ects a more complex band structure wherein
the fermi surface in reciprocal space contains several elec-
tron and hole pockets. In these circumstances the two sub-
bands are expected to be near mirror images of each other,
and the alloys to be almost intrinsic semiconductors.
Straightforward analysis (13) shows that the Seebeck coe$-
cients of such intrinsic materials are given by

a"!

k
B
e C

c!1

c#1 A2#
e
G

k
B
¹B#

3

4
ln

m
n

m
p
D , [4]

where e is the magnitude of the electronic charge, c is the
ratio of electron to hole mobility, e

G
is the relevant gap, and

m
n

and m
p

are the e!ective masses of electrons and holes,
respectively. In the present case it is expected that c+1 and
that m

n
"m

p
, whence a is almost zero and virtually inde-

pendent of temperature. This rationalizes the experimental
observations for the compositions x[0.35 at low temper-
atures. If additionally the gaps * and ; are comparable,
with *';, as in regime d of Fig. 3, then with rising
temperature charge carriers will in increasing numbers be
promoted from the wide pp* into the narrow eg bands. The
much more mobile carriers in the pp* states dominate the
electrical characteristics, so that the alloys gradually assume
the thermoelectric properties of semiconductors for which
hole transport in a single band dominates. a therefore rises
with increasing ¹ toward the larger values assumed by this
class of materials. This trend is ultimately interrupted by the
continually increasing density of mobile carriers, which
gradually renders the alloys more metallic and thereby
diminishes a. The Seebeck coe$cient then passes through
a maximum, while the resistivity simply continues to fall
with rising temperature.

A similar explanation is expected to hold for material
with 0.38[x[0.60. As the Se content rises the cation}anion
interactions become stronger and the gap * is expected to
increase (through a greater degree of hybridization) to the
point where thermal excitations from the pp* to the eg states
become negligible. Because of the larger admixture of ani-
onic states by hybridization the eg band is now also wider, so
that regime a in Fig. 3 should prevail; correspondingly, a has
the small values appropriate to a half-"lled band. As the
Mott}Hubbard transition to the insulating state takes e!ect
with rising temperature, the eg band splits into the two
nearly symmetric subbands. The alloys remain intrinsic, so
that Eq. [4] is expected to apply; hence, a still remains small.
The sharp rise of o with ¹ thus is therefore not mirrored in
the Seebeck data. Continued excitation of charge carriers
across the Hubbard gap; does not fundamentally alter this
situation; a remains small over the entire temperature range
under study.

Finally, in the metallic regime xZ0.60 the standard
expression for a of a nearly free electron gas is given
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by (13)

a"!n2k2
B
¹/3ek

0
, [5]

where k
0
is the energy di!erence between the fermi level and

the conduction band edge. The linear ¹ variation and
anticipated small values of a are re#ected in Fig. 2b, in
which the greatly expanded ordinate scale exaggerates even
submicrovolt #uctuations of the thermoelectric voltages.

SPECTROSCOPIC STUDIES

There remains one unresolved issue: In a study of ultra-
violet photoemission spectroscopy of NiS

2
(14) the re-

searchers stress their belief that the highest occupied state is
S 3p-like and not Ni 3d-like. This would seem to invalidate
the prior arguments and speak in favor of regime c of Fig. 3.
However, one must recall in these experiments one does not
directly observe any transitions but only the Ni 3d and S 3p
densities of state. Furthermore, in ultraviolet spectroscopy
the intensity of d}d* transitions is much lower than the
intensity of S 3p}Ni 3d transitions. Thus, the stronger p}d
excitations mask the much weaker spectroscopic d}d
transitions. In these circumstances, so long as the pp* states
lie slightly lower in energy than the 3d states, the electronic
properties at low temperatures are governed by the d}d*
energy separation, whereas truly spectroscopic measure-
ments should re#ect the 3p}3d energy di!erences.

CONCLUSIONS

On the basis of electrical resistivity and Seebeck coe$c-
ient measurement, arguments have been adduced to indicate
that the likely qualitative band structure scheme that pre-
vails for NiS

2~x
Se

x
is that shown in Figs. 3a, 3b, and 3d. For

alloys with small admixtures of Se scheme Fig. 3b is com-
patible with the data. As x is increased the Mott}Hubbard
and charge transfer excitation gaps become comparable, as
shown in Fig. 3d. For alloys with x50.65 the band struc-
ture may be characterized by Fig. 3a. However, the great
di!erence in potential of Se2~ vs S2~ energies, with respect
to the hybridization involving Ni 3eg levels, renders likely
the onset of Anderson localization states in the wings of the
eg band. This may account for the very poor metallic behav-
ior of alloys with a high Se content, x50.65.
Obviously, these qualitative considerations must ulti-
mately be supplanted by reliable quantitative band struc-
ture calculations that follow up the initial e!orts cited in
Refs. (7}9). These then need to be extended to the more
general class of transition metal chalcogenides to character-
ize the pioneering experimental research in this area by
Rouxel and co-workers.
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