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We report results of measurements of electrical conductivity, thermoelectric power, and Hall effect on
single crystals of NiS,_,Se, (0.1 <x < 1.5). These results cannot be understood using the one-electron
approximation but are explained quantitatively by assuming both strong electronic correlations and strong
electron-phonon interactions in the 3d e, band associated with the nickel ions. The NiS,_, Se, compounds are
of particular interest insofar as they permit study of the effect of increasing bandwidth without a change of
the basic occupation of states in the correlation-split e, bands. In our model, pure stoichiometric
NiS,_,Se, (x <0.6) is a Mott insulator with an energy gap due to the correlation splitting of the nickel e,
band. However, in all real samples, nonstoichiometry and/or traces of impurities lead to a small
concentration of free carriers at all temperatures. These carriers form small polarons, which ordinarily
conduct only by means of thermally activated hopping in a very narrow band. For 0.45 < x <0.6, the
conductivity decreases with increasing temperature below about 100 K. We interpret this unusual behavior
as due to small-polaron band conduction, a phenomenon predicted by Holstein and others at low
temperatures but heretofore unconfirmed. For x > 0.6, small polarons do not form, and the system is

metallic at all temperatures.
I. INTRODUCTION

For the last decade the pyrite transition-metal
dichalcogenides have been intensively studied.
Since the pioneering work of Bither,' various at-
tempts have been made to understand the electronic
properties of these materials.?~*° At present the
electronic properties of these materials are
thought to be controlled by the properties of the
3d e, band of the transition-metal cations.

The 3d e, band contains four states per cation,
so that FeS, has an empty ¢, band, ZnS, has a
completely filled e, band whereas CoS, and CuS,
have one-quarter and three-quarter filled e, bands,
respectively.” The insulating or metallic proper-
ties of these compounds are for the most part as
predicted above by the ¢, band filling; FeS, and
ZnS, are insulators and CoS, and CuS, metallic,
On this scheme, nickel disulfide should have a
half-filled band, but it turns out to be semiconduc-
ting. To explain the apparently anomalous beha-
vior of NiS, it was suggested that NiS, is a Mott
insulator due to electron-electron correlations in
the e, band.'*™® It has been recently demonstra-
ted'*!? that the Mott-insulator picture does indeed
account for the transport properties of NiS,.

By alloying NiS, with CoS, forming solid alloys
of the form Ni,_,Co,S, it is possible to study the
evolution of this system from a semiconductor to
a metal.” Recently, results of systematic mea-
surements of several transport properties of
Ni,_,Co,S, have been reported.'***> A theoretical
model that depends on both strong electronic cor-
relations and electron-phonon coupling has been
used to interpret the conductivity and thermoelec-
tric power data quantitatively for these materials,
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explaining anomalies in the observed behavior.

In this paper we report the corresponding trans-
port properties of the alloy system NiS,_.Se,.
NiSe, is metallic in agreement with arguments
based on the filling of the 3d e, band so that in-
creased selenium concentration must eventually
yield a semiconductor-metal transition. Such a
transition was observed in the Ni, _,Co,S, sys-
tem,”™! but in that case the alloying introduced
holes in the valence band. In the NiS,_,Se, sys-
tem, the alloying simply increases the bandwidth
without changing the carrier concentration. The
data on the Ni, _,Co,S, system could be explained
only by the assumption that the effective electronic
bandwidth in the 3d e, band is extremely narrow.'
This assumption provided a fit to the data for
temperatures in excess of about 100 K. Such nar-
row bandwidths require the existence of small
polarons, and, in fact, small polaron hopping was
found to dominate the transport even after the cor-
relation-induced gap collapsed.'’ In this regard,
introduction of Se in place of S is extremely inter-
esting, since the increased bandwidth should lead
to a breakdown of the previous theory at higher
temperature.”

Conductivity measurements have previously
been reported'® for the NiS,_,Se, system for
0<T<300 K. In this work, we extend these mea-
surements to 600 K and provide a quantitative fit
for the data in the semiconducting regime. We al-
so report the results of thermoelectric power
measurements over the same temperature range
and fit the data in the semiconducting region using
the same model. For 0.4<x<0.6, at very low
temperature, 50 < T<150 K, we identify the pre-
dominant transport mechanism as conduction in a
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small-polaron band.’* In this regime, the electri-
cal conductivity decreases with increasing tem-
perature due to a decrease in bandwidth, much as
originally was predicted by Holstein.!* Finally,
we present some general discussion on the con-
nection between this interpretation of the NiS,_,Se,
transport properties and recent attempts to un-
derstand the electronic properties of NiS,."»!2

1. EXPERIMENTAL DETAILS

The experimental procedures used in this work
are similar to those used by Mabatah ef al.'* and
are described more fully elsewhere.'® Single
crystals of NiS,_,Se, were grown by chemical va-
por deposition in a manner similar to previous
work,'? except that bromine rather than chlorine
was used as the transport agent. Stoichiometric
mixtures of pure nickel, sulfur, and selenium were
used to prepare a polycrystalline starting mater-
ial, from which single crystals were grown. The
sulfur and nickel were “Specpure” powders from
Johnson Matthey chemicals, and were pure to
within a few parts per million. The selenium used
was selenium shot (99.99%) from Ventron Alfa
Products. The samples were characterized by x-
ray lattice constant measurements, utilizing the
observed linear increase in lattice constant
with increasing Se concentration x.'°® (We denote
by x and x* respectively the nominal Se concentra-
tion and that determined by lattice constant mea-
surements using Ref. 16.) The lattice constant
measurements were made on back reflection
for 26 in the range 120 < 26 < 165° using a powder
Norelco diffractometer. All our samples for
0.1 < x< 0.8 were found to be stoichiometric to
within 5% except for the x=1.5 sample, which
was selenium deficient by ~15%. This selenium
deficiency is probably due to the ~10% sulfur ex-
cess used in the crystal growth process as re-
quired by the phase diagram for the disulfide for-
mation. Table I gives the values for x and x* for
the samples used in the present study.

Conductivity measurements were made for the
temperature range 4 < 7 <600 K using a 4-probe
van der Pauw technique'” and Hall mobility mea-
surements for six NiS,_,Se, samples in the range
0.1 < x< 0.8 for the temperature range 80< T <300
K and the magnetic field range 0< B< 15 kG.
Thermopower measurements were made in the
range 80 < 7T< 600 K using the heat pulse tech-
nique.'®

III. RESULTS
A. Electrical conductivity

The results of the conductivity measurements
for NiS,_,Se, 0.1 < x<1.5 shown in Fig. 1 indicate
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TABLE 1. Lattice constant a for various nominal
selenium concentrations x of the NiS,., Se, system.

Nominal selenium

concentration
x x*2 ao(;x)
0P 5.6874
0.1 0.10 5.7020
0.2 0.20 5.7170
0.3 0.29 5.7206
0.4 0.40 5.7463
0.52 0.51 5.7589
0.55 0.54 5.7616
0.8 0.77 5.7770
1.5 1.20 5.8410
2.0° 5.9604

2x* is Se concentration determined from x-ray mea-
surements.

bThe results for NiS, and NiSe,, i.e., x=0 and x=2.0
are taken from Ref. 1.

thermally activated behavior for x < 0.55 and tend
to a common maximum of ~10° @' cm~! at high
temperatures. The results for x < 0,55 are qual-
itatively similar to those for pure NiS, and for
Ni,_,Co,S, withy <0.05. These data show three
distinct activation energies (see Fig. 2). These
activation energies all decrease with increasing
x, and approach zero as x approaches 0.6 (see
Fig. 3), the Se concentration at which the insula-
tor-to-metal transition occurs. For higher x,
the samples are metallic over the entire range
of temperature 4< 7< 600 K. Samples with low
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FIG. 1. Conductivity versus inverse temperature.
The experimental data are shown using the symbols of
the legend. The solid lines are the theoretical fits
made for the semiconducting regime x <0.55. The data
for NiS, are taken from Ref. 11.
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FIG. 2. Conductivity versus inverse temperature for
NiS, gSeq ;. The three activation energies E,, E,, and

E; are obtained from the slopes of the lines shown in
the figure.

selenium concentrations, x < 0.3, have at all tem-
peratures a conductivity behavior similar to pure
NiS, and to Ni,_,Co,S, for y <0.05; on the other
hand, the three samples in the range 0.4 < x<0.55
exhibit a transition at low temperatures (7< 100
K) to a metalliclike state as shown in Fig. 4. This
is in agreement with Bouchard ef al.'® who also
reported this low-temperature quasimetallic
phase that does not occur in pure NiS,. Bouchard
et al.*® have carried out an intensive study of the
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FIG. 3. Activation energies E,, E,, and E; vs se-
lenium concentration x. E,; corresponds to low tem-
perature, E, to intermediate temperature, and E; to
high temperature (see Fig. 2). All the activation en-
ergies E, approach (broken curves) zero for x~ 0.6
at the metal~insulator transition.
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FIG. 4. Resistivity versus temperature for the same
data as in Fig. 1 but giving emphasis to the low-temper-
ature behavior. These data compare well with results
in Ref. 13 for T <300 K, the temperature range of that
reference.

conductivity of the NiS,_,Se, system. In our work,
we focus our attention mainly on the behavior of
this system in the semiconducting regime. Our
results are in general agreement with those of
Bouchard et al.'® with regard both to the values

of x for which the semiconductor-to-metal transi-
tion exists and to the low-temperature (7< 100 K)
behavior of compounds with 0.4 < x< 0,55,

B. Hall effect

Hall-effect data could prove to be extremely
useful in understanding the transport mechanisms
in the Ni,_,Se,  system. However, the Hall signal
was too small to detect with our equipment over
the temperature range 80 < T< 300 K and magnetic
field range 0 < B< 15 kG; thus, only an upper bound
of y, < 0.8 cm?/V-sec can be given for the Hall
mobility.

C. Thermoelectric power

Figure 5 shows the results for the thermoelec-
tric power as a function of temperature for vari-
ous Se concentrations with x< 0,55, For this
range of Se concentrations, the thermopower is
small and approximately temperature independent
above a “saturation temperature” T, at which
point S approaches its high-temperature limit S..
It is clear from Fig. 5 that T, decreases with in-
creasing x. The saturation value of the thermo-
power S, tends to a constant value (S,=~ - 30
wV/K), independent of x, in the saturation regime
T> T, for 0.2< x<0.55. Other characteristic
temperatures such as the thermopower peak tem-
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FIG. 5. Thermoelectric power versus temperature.
The experimental data are for various Se concentrations
(see symbol legend) and the solid curves represent the
theoretical fit. The NiS, data are taken from Ref. 11.

perature T, (where S is 2 maximum S,) and the
crossover temperature T, (where S changes sign)
are also decreasing functions of the Se concentra-
tion x. A summary of the dependence of the criti-
cal parameters on Se concentration is given in
Table II. The temperature dependence of the ther-
mopower for x< 0,55 is qualitatively the same

as in the Ni, _,Co,S, system in the range 0<y
<0.12."* Also the y dependence of the S,, T,, T,,
T, parameters in the Ni, _,Co,S, system is very
similar to their x dependence in the NiS,_,Se, sys-
tem.!’ The saturation value S, for the two sys-
tems also has approximately the same magnitude
with S, =-30 uV/K for the NiS,_,Se, system and
S, =-38 uV/K for the Ni,_,Co,S, system.

For x=0.8, which is metallic for the entire tem-
perature range 4 < 7T< 600 K, the thermopower
decreases linearly with temperature as expected
(see Fig. 6).
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FIG. 6. Thermoelectric power versus temperature
for NiS, ,Seq g. The data are shown by circles and the
line is passed through the experimental points.

IV. DISCUSSION

A. Semiconducting region

The main features of a theoretical model that
accounts for the electrical conductivity and ther-
mopower for the Ni,_,Co,S, system have been re-
ported elsewhere.”!'+*? In this section we show
that this model is also capable of explaining the
transport properties of the NiS,_,Se, system. Ac-
cording to the model, the 3d ¢, band is split by
strong electronic correlations with a resulting
energy gap E,=U- A, where U is the intraionic
Coulomb repulsion and A is the bandwidth. In
pure NiS,, the lower band is full and the upper
band is empty, so that NiS, is a semiconductor.
Hall measurements indicate that transport can be
associated with carriers having large effective
masses, thereby suggesting the formation of small
polarons.!* If small polarons form, we can expect
that A« U, so that E, ~ U. The temperature depen-
dence of the energy gap is then given by U(7)
=U,-vkT, where U, is the value of U at T=0 and
y is a constant.!® This allows us to distinguish

TABLE II. Values for various thermopower parameters for NiS,.,Se,, 0 <x <0.55.

Selenium
concentration Ty S,° T,® Sgoo? T,®
x (K (HV/K) (1:9] #V/K) (K)
0 500 450 230 -6 NA (>600)
0.1 480 330 225 -23 NA (>600)
0.2 455 287 200 -29 550
0.3 387 275 187 -29 475
0.4 295 113 145 -28 400
0.52 138 0 138 -29 400
0.55 138 0 138 -29 400

yi

3T, is the crossover temperature, i.e., temperature where the thermopower vanishes.
bS, is the peak or maximum thermopower.
°T, is the temperature at which a peak thermopower occurs.

95400 is the thermopower at 600 K, which for x >0.1 is equivalent to S..

®T, is the temperature at which the thermopower becomes temperature independent.
For the available temperature range, T, is not observed for x <0.1. It is assumed to be
higher than the highest temperature (600 K) for which measurements were made (see

Ref. 15).
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three temperature regimes in the semiconducting
region, with activation energies E,, E,, and E,
(see Fig. 2). These activation energies generally
increase with temperature and decrease with se-
lenium concentration. For example, E, =4 meV,
E,=T8meV, and E; =240 meVfor the NiS, ,Se, ,
sample (see Fig. 2). These activation energies are
used to fit the exponential dependencies of the elec-
trical conductivity in the semiconducting region.
All three temperature regimes have been also ob-
served for the Ni,_,Co,S, system in the dilute lim-
it (y £0.05).* The main difference between the
two systems is that in the Ni, _,Co,S, system, E;
decreases with increasing y for 0.05 <y <0,12,11+12
We have not observed any such decrease of E, in
the NiS,_,Se, system.,

In the NiS,_,Se, system, the substitution of Se
for S does not change the carrier concentration.
In nominally pure NiS,, the electrical conductivity
is dominated by a small number of holes in the
valence band,'* arising from nickel vacancies.?®
We expect that similar defects are responsible
for the free carriers in the NiS,_,Se, system.
Since the thermopower is positive at low tempera-
tures for x< 0,52, the free carriers are predom-
inantly holes. These holes form small polarons
in the lower of the correlation-split bands. For
kT« U, the electrical conduction is due almost
entirely to the thermally activated hopping of
these small polarons in the valence band, At high-
er temperatures (2T~0.1 U) the number of car-
riers increases roughly as exp(~U/2kT) due to
thermal depopulation of the valence band. In the
semiconducting region, the conductivity and ther-
mopower are given by!?:21+22

_4ny(T)ep Rexp(~BE,) exp{BU}[1 + R? eXP{BU}
[1+ 2R exp{BU} + R? exp{BU} P

(1)

_=k(___BU _k
= e (1+R2exp(ﬁU)+1nR) e @)

where U=U,-ykT and U, is the zero-temperature
band gap, y the temperature coefficient of band
collapse, i, the infinite temperature mobility, E
the hopping activation energy, 7 an entropy term,?
and

R= eB(E _U) — y+[y +(1 _y2)e-8tl]1/2

1-9
where 9§ is the free-hole concentration resulting
from nonstoichiometry.'?*** Thus, the adjustable
parameters in this model are U,, v, Ly, Eg4, 11, and
9. The present curve-fitting procedure is similar
to that recently reported for the Ni,_,Co,S, sys-
tem,'*+'2 the main difference being that j, the ef-
fective hole concentration in the NiS,_,Se, system,

) 3)

is a small undetermined parameter of the order
of magnitude of the free-hole concentration found
in nominally pure NiS, (y <0.01).2° The parame-
ter y thus plays a similar role to the doping con-
centrationy in the Ni,_,Co,S, system, where the
holes are introduced systematically via cobalt
doping.!!+!?

The following procedure is used to obtain the
parameters that enter Eqgs. (1) and (2), thereby
yielding the theoretical curves shown in Figs. (1)
and (5):

(a) The hopping energy E, is chosen to be the
slope of Ino vs 1/7T at low temperatures in the
regime where the activation energy is E, (see Fig.
2).

(b) U, is determined by the slope of lno vs 1/T
in the regime where the activation energy is E,.

(c) An estimate for y is obtained from the ther-
mopower crossover temperature 7, as given by
Bari.,?

(d) An estimate for y, is obtained by the param-
eters E4, U,, and y determined above, together
with an estimate for j taken from Refs. 12 and 20
to fit Eq. (1) at one intermediate temperature.
NO(T) is taken as the nickel concentration ~5.4
x10% ¢cm~3, Suitable adjustments of the parame-
ters are then made to obtain the best fit for o (see
Fig. 1).

The parameters found for o are then used to
make an estimate of the thermopower, neglecting
for the moment the entropy term —(2/e)n. The
constant entropy term is then chosen to shift the
calculated curve so that agreement with the ex-
perimental curves is obtained.

Table III and Fig. 7 give the variation of the pa-
rameters with selenium concentration x. It is
clear that the parameters U, and E, vary mono-
tonically and relatively slowly with x and approach
those previously used for pure NiS,."* (The other
parameters y, u,, and y are relatively insensitive
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FIG. 7. Plot of Uy(A) and Ey4(B) (meV) vs selenium
concentration x. Both energies approach zero at
x =~0.6, where the semiconductor-to-metal transition
occurs. The values of the parameters for NiS, obtained
from Ref. 11 are shown by V.
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TABLE II. Values for various parameters for semiconducting NiSy.,Se,, 0.1 <x <0.55.

Selenium
concentration U,? Eu® e

x (meV) (meV) ve (cm?/V sec) ne yt
0.1 450 70 4.5 1.8 0.29 0.007
0.2 400 70 4.5 2.0 0.29 0.008
0.3 350 70 4.0 1.8 0.32 0.009
0.4 250 40 3.5 2.0 0.29 0.009
0.52 160 10 3.0 1.3 0.29 0.01
0.55 160 10 3.0 1.4 0.29 0.01

2V, is the zero-temperature band gap.
PE, is the hopping activation energy.

®vy is the temperature coefficient for band-gap collapse.

94, is the infinite temperature mobility.
°7 is an entropy parameter.
fJ is the effective hole concentration.

to x.) This gives us some confidence that the mod-
el makes physical sense, It can be seen from
Figs. 1 and 5 that the model does provide a good
fit to the electrical conductivity and thermopower
data for the NiS,_,Se, system in the semiconducting
region. The maximum carrier mobilities p
=, e F#/*T at 600 K are in the range 0.4<u<1.1
cm?/V-sec for all x. These values are sufficiently
small so that small-polaron transport is likely.

At low temperatures, the assumption A < kT is
invalid so that the model does not apply. This ex-
plains why the data in Figs. 1 and 5 deviate from
the theoretical predictions in the low-temperature
regime., As the selenium concentration increases,
.the bandwidth increases, and we should expect an
increase in the critical temperature below which
the model becomes inadequate. For x< 4, dis-
crepancies between theory and experiment appear
below about 120 K, whereas near x=0.6 the model
is inapplicable below 160 K.

To summarize, the main characteristics of our
model for the NiS,_,Se, system are: (a) The e,
band in NiS, is Hubbard-split into two bands sep-
arated by U, at T=0 K. (b) For pure NiS, the
lower band is filled and the upper band is empty
so that NiS, is a semiconductor. (c) However,
nonstoichiometry in NiS, leads to a small hole
concentration (<1%) caused mainly by nickel va-
cancies, in agreement with the vacancy concentra-
tion measured by Krill et al.?*®° Addition of sele-
nium leads to an increase in the concentration of
nickel vacancies. (d) The temperature dependence
of the energy gap is taken to be U(T)= U, ~vkT.*®
(e) The bandwidth A is assumed to be small com-
pared to the band gap U, (i.e., A<« U,); this ap-
proximation defines our use of the term narrow
band. Inthe NiS,__Se, system, A is likely to be

larger than in pure NiS, since substitution of Se
for S results in a broadening of the bands.

B. Semiconductor-to-metal transition

For 0.4<x<0.55, the samples appear to undergo
a transition to a metallic state at low temperature.
This is surprising in view of the fact that the sys-
tem remains semiconducting at high temperatures
even after the correlation splitting of the bands
vanishes.! However, as Holstein has shown, at
very low temperatures a small-polaron band
should form,'* in which conduction is bandlike.
However, the bandwidth exponentially decreases
with increasing temperature until it becomes
smaller than the uncertainty in energy due to the
finite lifetime of the band states. Above this tem-
perature, conduction occurs predominantly via
thermally activated hopping of small polarons.
Thus, we should expect a region of exponentially
decreasing conductivity at very low temperature
followed by a region of exponentially increasing
conductivity at higher temperature. The plot of
conductivity as a function of temperature shown in
Fig. 8 shows essentially the behavior predicted by
Holstein'* with polaron-band formation dominating
below T=100 K. In a somewhat more accurate
calculation by Lang and Firsov,? the transition
temperature between the two regimes was found
to increase with increasing bandwidth. Figure 8
shows that the transition temperature increases
from about 70 K for x=0.47 to about 120 K for x
=0.55. Since the bandwidth is increasing with x,
this is in agreement with the results of Lang and
Firsov.'*?* For x<0.4, the polaron-band regime
moves to sufficiently low temperatures so that it
has not yet been observed. This is presumably
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FIG, 8. Conductivity versus inverse temperature
10%/T for NiS,_,Se, showing polaron-band behavior at
low temperatures. The conductivity data for x=0.55
and 0.52 are from our data and the data for x=0.50 and
0.47 are from Ref. 13.

also the case for the Ni, _,Co,S, system fory
<0.12,'*:!2 The exponential decrease of band-
widths with increasing temperature taken together
with the band narrowing effect at zero tempera-
ture due to small-polaron formation'* explains
why the narrow bandwidth approximation is valid
for materials such as NiS, and NiO.?® A rough
estimate of the band narrowing can be made by
writing the polaronbonding energy as E,~2Ey and
taking 7Zw, a typical lattice mode energy as 7w,
~1k6,, where 6, is the Debye temperature. For
NiS,, k6,~4, leading to a band narrowing factor
exp(—E,/fiw,) ~10"!, We would also like to point
out that the theories by both Holstein'* and Lang
and Firsov?®are somewhatidealized. They assume

perfect crystals and their calculations are for a
nonadiabatic regime.

CONCLUSIONS

We have measured the electrical conductivity,
Hall effect, and thermoelectric power as a func-
tion of temperature for single crystals of the
NiS,_,Se, system (0 < x<1,5). All results are
consistent with the recent conclusions of Mabatah
et al.” that NiS, is a Mott insulator because of the
correlation splitting of the Ni 3d ¢, band. In all
real samples, Ni vacancies and/or trace impuri-
ties lead to small hole concentrations. As Se re-
places S, the bandwidth increases. For x<0.55,
transport at all temperatures is due to thermally
activated hopping of small polarons. For 0.45<x
< 0.6, conduction occurs predominantly in a small-
polaron band below about 100 K, as predicted by
Holstein'* and others.?® For x> 0.6, the system is
metallic at all temperatures.
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