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Thermopower across the insulator-metal divide in NiCr_,V,S; (0=x=<2)

Anthony V. Powell** Paz Vaqueird,and Tsukio Ohtari
1Department of Chemistry, Heriot-Watt University, Edinburgh EH14 4AS, United Kingdom
2Laboratory for Solid-State Chemistry, Okayama University of Science, 1-1Ridai-cho, Okayama 700-005, Japan
(Received 27 September 2004; published 22 March P005

Measurements of the Seebeck coefficient of phases in the series Ni(S, have been carried out over the
temperature range 89T/K=<700. The data demonstrate that with increasing levels of vanadium incorpora-
tion, there is a change from semiconducting to metallic behavior at a critical compositierx0s40.5. This
change in the nature of the electronic states is coincident with a structural distortion, previously identified by
powder neutron diffraction, involving the formation of zigzag cation chains within a dichalcogenide slab.
Analysis of the temperature dependence of the thermopower in the semiconducting and metallic regions
suggests that the transport properties are strongly affected by electron-phonon coupling, wkieb Bteads
to a small-polaron hopping conduction mechanism. Analysis of the conductivity data yields activation energies
of 28.1(1) and 60.83) meV for x=0.0 and 0.2, respectively.
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INTRODUCTION We have recently demonstratéd® through a series of
x-ray and neutron diffraction studies that cation partitioning

The insulator to metallTM) transition is of fundamental is seldom complete and, in ternary phases containing first-
importance in condensed-matter scieneed encompasses row transition metals, the cation distribution is dependent on
phenomena as diverse as metallization processes in stars ahé electronic properties of the constituent cations. In par-
size-induced transitions in microscopic metal particles. Fromicular, cations drawn from the early part of the transition
a chemical perspective, materials which lie close to the Miseries show a greater preference for sites in the fully occu-
divide are of immense interest owing to the unique propertiepied layer. This may be related to the ability of such cations
which they frequently exhibit and the opportunities affordedto delocalize electron density by direg}-t,, interactions.
to tailor such properties using chemical control. For ex-Recognizing this correlation has enabled us to design series
ample, it has been suggested that the remarkable supercasf-materials in which substitution may be effected selectively
ducting properties of the cuprates result from them being on
the borderline of electron localizatiénin addition, the ex-
ceptional magnetotransport properties exhibited by mixed
manganese perovskites are most marked at temperatures
close to that of a Ml transitiof.

Our recent investigations have been directed towards
mixed-metal sulphides which lie in this important region of
the electronic phase diagrait® Much of our work has in-
volved an examination of the effects of chemical substitution
in materials which adopt the monoclinic £ structure’1°
This is one of a range of ordered defect structures that may
be derived from that of nickel arsenide by removal in an
ordered manner of a fraction of the cations between alternate
pairs of anion layer$! The CgS, structuré? corresponds to
a cation deficiency of 25%. Vacancies are confined to layers
of octahedral sites between alternate pairs of anion layers,
with the result that the structure may be seen to consist of
dichalcogenidg MS,) units of edge-linkedViSg octahedra, a
separated by cation-deficient lay€Fsg. 1). Ordering of the
vacancies in these defective layers produces a two-
dimensional superstructure with dimensions related to those
of the primitive hexagonal unit ce{a,) by \,@apx a,. There
are two crystallographically distinct cation sites, as indicated

by the formulation(M)[M_]S,, where(M) and[M] denote FIG. 1. The ordered-defect §3, structure adopted by materials
sites in the vacancy and fully occupied layers, respectivelyef stoichiometryAB,S,. Cations in the fully occupied layer lie at
For ternary phaseAM,S,, two extreme cation distributions  the center of shadell Sy octahedra, which form a layer of stoichi-
are possible, corresponding to the norm@)[M,]S,, and  ometry MS,. Cations in the defect layer are represented by solid
inverse(M)[AM]S, structure types. circles.
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FIG. 2. Contrasting transport properties of the end-member
phases NiGiS, (solid points and NiV,S, (open points (a) See-
beck coefficient andb) resistivity. 8.0 = T T T T T
25 30 35 40
at one site. In the series NiggV,S,, this allowed us to 10T (K Y

study? the change in electron transport properties of semi-

conducting NiCsS,, as chromium in the dichalcogenide  FIG. 3. Conductivity data plotted in the forail against 17 for

layer is progressively replaced with vanadium to give, ulti-(a) NiCr,S; and (b) NiCry gV S, The solid line represents the

mately, metallic Ni\4S,. linear fit obtained for a polaronic hopping model, using E3).
The results reveal that the onset of metallic behavior in

NiCr;-,V,S, (0<=x=2) is associated with a structural distor- than the voltage drop. Therefore, in an effort to elucidate the
tion involving the formation of zigzag chains of cations nature of the electronic properties in the vicinity of the
within the dichalcogenide unit. However, as indicated in ourstructural distortion, the Seebeck coefficient has been deter-
previous study, while the temperature dependence of themined as a function of temperature for a range of composi-
resistivity clearly shows that the metallic behavior of M8/  tions in the series NiGrV,S, (0=<x=<2). The results
persists tox=0.8 and that all phases with<0.5 are semi-  demonstrate that the structural distortion is coincident with
conducting, there is a region of ambiguity that extends ovethe insulator-metal transition but also reveal that 8{&)

0.5<x<0.8. In this regiondp/dT is small and positive gependence is not that of a conventional metal or broadband
down to ca. 40 K, which is consistent with metallic behavior, semiconductor.

but on further cooling the resistivity shows a slight increase.
We attributed this effect to the dominance at low tempera-
tures of extrinsic contributions to the bulk resistance: in
particular grain boundary effects arising from the polycrys-  All samples were prepared by high-temperature reaction
talline nature of the materials. However, given that theat 800 °C of appropriate mixtures of the powdered elements
onset of the structural distortion occurs precisely in the rein evacuated, sealed silica ampoules. A combination of pow-
gion where the transport behavior is not well defined, it isder x-ray diffraction, thermogravimetry, and energy-

desirable to find an alternative probe of the nature of thelispersive x-ray microanalysis confirmed all materials to be
electronic states. The Seebeck coeffici@ithas been shown single phases, with unit-cell parameters consistent with the
to be less sensitive than resistance measurements &aoption of a CyS,-type structure and compositions in good

grain boundary effects in polycrystalline materials, becaus@greement with nominal stoichiometries. Powder neutron
the temperature drop between grains is less significardiffraction provided detailed structural information and dem-

EXPERIMENT
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onstrated that substitution takes place exclusively in the k(Ec-Ef

dichalcogenide slab. Full details of the preparation and char- S= T\ kT Al 1)
acterization of these samples have been presented B

elsewheré. where E¢ is the conduction band energlr is the Fermi

Measurement of the Seebeck coefficient of NiQ¥,S,  energy, and\ is a constant that depends on the nature of the
was carried out for several compositions in the rangeelectron scattering process. However, contrary to the tem-
0=x=2, with particular emphasis being given to the regionperature dependence expected from FL, the absolute
0.5<x<0.8. Data were collected both on heating and cool-alue of the Seebeck coefficient of NSy, increases on
ing over the temperature range 90/K <270 using appa- warming from 100 to 275 K(Fig. 2). The thermopower
ratus constructed in-house. However, there was little evishows a linear temperature dependence on warming to 200
dence of hysteresis in the data, and therefore only data fromK, after which a second linear region, with reduced gradient,
the heating runs are presented here. Copper wires were coi- observed. The change in slope at 200 K appears to be
nected to each end of a sintered ingot90% of theoretical  related to the onset of long-range magnetic ordeFatde-
density using gold paste. The sample assembly was entermined as 18®) K,2! which has been shown to be accom-
closed in a glass sheath filled with He exchange gas and thsanied by a decrease in the activation energy for electron
whole immersed in liquid nitrogen. The Seebeck voltagetransport, indicative of an appreciable contribution to the
corrected for the Cu wires, was determined with a temperaelectrical resistance of spin-disorder scattering of the charge
ture differential between the ends of the sample of ca. 4 Kzarriers?!
using an Okura Electric model AM-1001 microvoltmeter.  The increase i with increasing temperature is the be-
Additional data were collected at temperatures to 700 K, omavior expected for a metal. This indicates that the Fermi
both heating and cooling, using a pyrophyllite samplelevel is located within a band of allowed electron states with
mounting, in which a sintered ingot is sandwiched betweenransport occurring in the vicinity oEg.22 The metal-like
two baked pyrophillite plates, contained in a furnace. A tem-behavior ofS suggests that the carrier concentration is con-
perature gradient of c& K was measured with a differential stant within the temperature range studied. This is consistent
K-type thermocouple and the Seebeck voltage was measurggth the majority charge carriers being electrons, promoted
using gold wires. The gold wires and thermocouples werdrom donor levels located at energies below the conduction
kept in contact with the sample by the pyrophillite plates.pand which are small compared k. A constant carrier
Details of the experimental arrangement have been presentedncentration together with an activated resistivity indicates
elsewheré? that it is the mobility that is thermally activated. Activated

mobility arises from carrier localization, either due to disor-
der or electron-phonon couplirigolarons. Charge transport

RESULTS AND DISCUSSION then occurs by hopping between localized states in the vicin-
ity of the Fermi level. Mott and co-workeis?*have derived

Stoichiometric NiCS, is an intrinsic semiconductor in the following expression for the thermopower of such
which electron transport requires promotion of electronssystems:
from t,4-derived levels of Gilll) to a conduction band com-
prised of cation and anioe, states. While two contributions S=- ( ﬂsz)(de In(uoN) d_W> )
to the Seebeck voltage, of opposite sign arising from elec- 3e dE dE
trons and holes, might be expected, the markedly higher mo- o )
bility of the electrons in thee,-derived band causes the This expression is of the same functional for@+BT)
conductivity-weighted suff of the two contributions to be as that obtained empirically by Wood and EAfinfor
dominated by the negative contribution of the electrons. Furhopping of small polaron holes between inequivalent sites in
thermore, the ca. 2% sulphur deficiency that is necessary fdtoron carbides, wher@=kzF/2qW; (q is the electronic
the formation of single-phase material introduces donor levcharge,z the number of nearest neighboisthe intersite
els [formally Cr(I1)] below the conduction band, with the transfer energy, antl, the small-polaron binding energy
result that electrons are the dominant charge carriers. This Ehe gradient of ST) decreases from -0.78) uV K™
reflected in the Seebeck coefficient of 200 K2 deter- at T<181 K to -0.161) uV K2 above this temperature.
mined at 270 K. This value is in excellent agreement with theWe have previously shown that the conductivity of Niy
value of -219uV K~* at 300 K reported by Alberst al,'®  may be described in terms of a simple activated conduction
although it is somewhat larger in magnitude than that remechanism, with a change in activation energy at the
ported by Holt et al.l® This discrepancy may reflect magnetic ordering temperature. From the gradient of the
differences in sample preparation, as we have recent§T) plot, the quantity JZ/\NS is estimated as 2.7
showrf® that disordering of cations in Nig8, occurs at X102 erg? above Ty and 1.3x10%erg! below it.
the high temperatures used in synthesis, leading to differThese values are similar to those obtained for small-polaron
ences in physical properties for materials prepared under difgonduction in oxides® The small-polaron hopping conduc-
ferent rates of cooling. NiG8, exhibits thermally activated tion mechanism implied by the Seebeck data presented
conduction of the Arrhenius typé. For a conventional here would lead to a slightly differenfrom Arrhenius
broadbandn-type semiconductor, the thermopow& is  behavioj temperature dependence of the conductivity of the
given by?? form
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FIG. 4. Comparison of the variation with composition of the (2)
Seebeck coefficient at 270 olid pointg with the structural dis-
tortion corresponding to the formation of zigzag chains of cations,
indicated by the increase in the ratig/r, (open points

oT o gpexp(— WH/KT). 3

The plot of oT vs 1/T is linear in the high-temperature
region 290<T/K=<400 (Fig. 3, yielding a hopping
energy of 28.11) meV. As this is related to the polaron
binding energyw,, by W,=2W;,%® an estimate of 87 meV
is obtained for the intersite transfer energy at high
temperatures.

By contrast, at 270 K, the other end-member phase
NiV,S, exhibits (Fig. 2 a small negative thermopower
(|9=2.5uV K1), similar to that reported by Bouchard and N
Wold,?” which has a less marked temperature dependence t
that of NiCrS,. Although the resistivity data clearly indicate
metallic behavior for NiS,, |§ does not increase with in-
creasing temperature, as expected for conventional metalliyp)
diffusion thermopowef® but exhibits an almost linear de-
crease as the temperature is raised. This behavior has FIG. 5. The structural distortion within the dichalcogenide layer
been observed in a number of metallic alloys in whichof NiCra,V,S, (0=<x=<2): (a) the pseudohexagonal arrangement
phonon drag is suppres$@dand, in a more pronounced of cations in the dichalcogenide layer of the undistortedSgr
form, in the cuprate high-temperature superconducfots. Structure and(b) zigzag chains of cations directed alofigl0].
has been shovih that this anomalous behavior arises from Solid lines in(b) denote cation-cation distancesR..

electron-phonon interactions. Strong electron-phonon CoYgpich it assumes in the doped phases may indicate that hole-
pling for some of the carriers enhances the thermopowegy e conduction within the narroty,-derived band becomes
introducing into the expression for metallic diffusion ther- gominant. This behavior persistsxe 0.5, but increasing the
mopower additional terms whose relative weighting variesshromium content further produces a marked increase in
with temperature. Therefore, we conclude that while J8Y |9, the thermopower rapidly becoming more negative. The
may be described as amtype metallic material, it is an compositional variation ofS,;o « clearly demonstrates
unconventional metal in which electron-phonon interactionshat there is a significant change in the electronic states of
play an important role. Structural investigatiéhseveal a  NiCr,_V,S, betweenx=0.4 andx=0.5 and suggests that
vanadium-vanadium separation of ca. 2.9 A within thethe boundary between localized and itinerant electron states
dichalcogenide unit of Ni¥S,. This is below the critical dis- is in the region 0.4 x<0.5. When the compositional depen-
tance,R;, for direct tyy-ty, orbital overlap®> The metallic  dence ofSy x is compared with the structural evolution
behavior is therefore consistent with the broadening of vanagFig. 4), it is evident that the change in the nature of the
dium t,4 levels into a narrow one-dimensional band, whichelectronic states coincides with the onset of the structural
for the stoichiometric material is 2/3 filled. distortion involving formation of zigzag cation chaiBig.

Between the extremes of the two ternary end-membeg), as measured by the ratig/r5. The intrachain cation-
phases, the compositional variation of the Seebeck coeffieation separation is belo®,, suggesting that the distortion
cient at 270 K is nonlineaFig. 4). On doping the metallic leads to broadening of vanadiuty, levels into a narrow
phase Ni\ S, with chromium,S,7q  initially remains within ~ band, resulting in the transition from semiconducting to me-
a few uV K1 of zero, although the small positive value tallic behavior.
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FIG. 6. Seebeck coefficient data for nonstoichiometric materials " o . .
NiCr,_,V,S; (0.2<x=<1.2) collected over the temperature range FIG. 7. Seebeck coefficient data for nonstoichiometric materials
90sT/Kx<270. NiCr,V,S; (0.2<x=<1.2) collected over the temperature range

310<T/K=700.
Interpretation of the temperature dependence of the See-

beck coefficient of the nonstoichiometric phasB®y. 6) is  the description of these materials as poor metals. The tem-
complicated by the presence of multiple charge-carrier Scaégtirature dependence of the Seebeck coefficient also shows
tering mechanisms. In the present case, three broad cateqQyijence of significant electron-phonon coupling similar to
ries of behavior may be identified on cooling below FOOM ot of the end-member phase NB, resulting in a change
te.mperature. . The  thermopower  of semiconductingin sign of dS/dT at ca. 200 K for mz;terials witlk=0.5,0.6.
NICr; gV0.554 In the_ temperature range 1@0T/K$3OQ Seebeck data collected for nonstoichiometric materials at
shows an increase 'W. with increasing temperature S"T"'ar temperatures above ambigiftig. 7) reveal that at levels of

to that observed for NiGE,. However, the magnitude &is vanadium incorporationx=0.5, the materials behave as
markedly reduced from that of the er?d;mgmber phaie. A%onventional metals at higher temperatures. Materials with
qumg involves the substltuFlon of @H ) :d” with V(HI,)'d,’ vanadium contents af=0.5,0.6, for whichdS/dT changes

it corresponds to the creation of electron-hole pairs in the;iyh 5t ca. 200 K, exhibit thermopowers that increase linearly

tog-derived conduction band. Therefore doping involves an, temperature above ca. 375 K. By contrast]) for

increase in the charge carrier density, which lowers the eIecNiCrOBVL284 initially continues the trend established below

:pcal_reiﬁtarg:e zndi(as |sffc_)b_se:ve_(|zihhere, retglj_ltts 'g ‘? ridugtﬁ]bient temperature, the Seebeck coefficient becoming posi-
lon in the >eebeck coetlicient. € resistivity aata 1ofy,e apove 220 K, until a local maximum is reached at 423

NiCry gV, are reasonably well described by a variable-ranggc ",p,4e which temperature it shows a linear decrease with
hopping modef, which would lead to &> dependence to in,creasing temperature

the thermopower. However, the behavioi3T) is similar to In conclusion, by using a technique that is less susceptible

that of NiCpS,, including a decrease in gradient from  jntergranular effects than are conductivity measurements
—0.3035) to -0.1863) uV K™ in the region of the mag- o, oiycrystalline pellets, we have demonstrated that
netic ordering temperature &g~ 190 K. This suggests that e structural distortion which occurs in NICV, S,
conduction in NiCy gV S, is perhaps also better described 5t g 5<x <0.6 is coincident with a marked change in
as bemg due to sr‘r;all-;zcl)laronz hopping, and values ofjectronic states. However, both semiconducting and metallic
3.1x10** and 5.1x 10'° erg'* for J?/ W} are obtained above aterials exhibit unconventional behavior due to the effects
and belowTy, respectively. Further evidence for this mecha- ¢ electron-phonon coupling. We are currently using
nism is provided by the linearity of the plot @fT vs 1/T  chemical substitution to tune the structure of the dichalco-
over a similar range of temperature to that observed fogenide block in ordered-defect sulphides and have recently
NICr,S, [Fig. 3(b)], yielding an activation energ¥y of  gemonstratet that a change from triangular clustering
60.33) meV. _ _ to zigzag chains, with an accompanying change in transport
The thermopower at higher levels of dopifig=0.3,04  properties, may be induced by progressive substitution
shows a similar reduction relative to Nik&; as that ob- ¢ molybdenum in VM@S, by vanadium, indicating that

served in NiCy gV S, However, while the magnitude &  the formation of such chains is intimately linked to
remains consistent with the observed semiconducting behayjetallization.

ior, the S(T) dependence for these materials is much weaker

than for NiCk gV .S, |S varying by less than +4V K1 ACKNOWLEDGMENT
over the entire range of temperature studied. The absolute
value of the Seebeck coefficient for materials with 0.5 is We thank The Royal Society for supporting this work
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