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Effect of Ni on the transport and magnetic properties of Co1ÀxNixSb3
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The filled skutterudite compounds based on the binary skutterudite CoSb3 are currently being investigated
for their potential applications as thermoelectric materials. One route to optimization of these compounds is by
doping on the Co site. An obvious candidate for ann-type dopant is Ni, since it has one more electron in its
valence shell than Co. Up to now, however, only high concentrations of Ni in CoSb3 have been studied; and the
valence of Ni in this compound and its influence on the transport and magnetic properties has been an open
question. We present electrical resistivity, thermopower, Hall effect, magnetoresistance, and magnetic suscep-
tibility measurements on polycrystalline,n-type Co12xNixSb3 with x50, 0.001, 0.003, 0.005, 0.0075, and
0.01. Our results show that in these low concentrations Ni has a dramatic effect on the transport properties. A
two-band model is proposed that takes into account transport in both the conduction band and within donor
impurity states formed by the Ni impurities. This model provides a consistent explanation of both the anoma-
lous low-temperature transport properties as well as the Curie-Weiss behavior of the magnetic susceptibility.
We conclude that Ni takes the tetravalent Ni41 state, assumes thed6 electronic configuration for the lower
energy nonbonding orbitals, and gives an electron to the conduction band.

DOI: 10.1103/PhysRevB.65.115204 PACS number~s!: 71.55.Ht, 72.20.Pa, 72.20.Ee, 75.50.Pp
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I. INTRODUCTION

Skutterudites have received considerable attention o
the past several years as prospective novel thermoele
materials.1,2 The skutterudite structure, designated asMX3
~M5Co, Rh, or Ir andX5P, As, or Sb!, is characterized by
two large voids~or cages! within the unit cell that can ac
commodate certain rare-earth elements,3 alkaline earths,4 or
even monovalent thallium.5 In the filled skutterudites, the
filler atom R supplies extra electrons to the structure, so
appropriate chemical formula isRT4X12, whereT represents
a transition metal with one less electron thanM thereby sta-
bilizing the structure. Filled skutterudites have much low
thermal conductivities than their binary counterparts beca
the guest atoms ‘‘rattle’’ inside these oversized cages,
rupting phonon transport. In the case of CeyFe42xCoxSb12,
Meisneret al.6 found that a fractionally filled~near 50% void
occupancy! composition minimized the thermal conductivit
Fe must be added to this compound in order to accommo
Ce, though its exact role in the characteristics of the mate
has been a puzzle~see, for example, Ref. 7!. Further optimi-
zation of the thermoelectric properties of materials like t
one takes place via doping. Therefore, bothp-type ~e.g., Fe
on the Co site or Sn on the Sb site! as well asn-type dopants
must be identified and studied.

The skutterudites that have attracted by far the grea
attention are compounds based on CoSb3 . They show not
only some of the best thermoelectric characteristics, but
constituent elements are also abundant, less volatile,
markedly less expensive than most of the alternative s
terudite structures. CoSb3 is a small gap semiconductor, an
transport properties of this material~single crystals as well a
polycrystalline specimens! have been studied
extensively.8–13 Some forty years ago, Dudkin and h
colleagues14,15 established that one could substitute on b
the transition-metal site and on the pnicogen lattice. W
0163-1829/2002/65~11!/115204~9!/$20.00 65 1152
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along with others,7,16–18 have shown that replacing a sma
fraction of Co atoms with Fe has a remarkably strong infl
ence on the nature of the charge-carrier transport and on
propagation of phonons. Annoet al.19 have published re-
cently an interesting study that indicated a strong influe
of Ni on the electronic properties of CoSb3 . In their work
they used Ni concentrations above 3 at. %, a rather high le
of substitution that resulted in 2–3 orders of magnitu
higher free carrier concentration than that observed in p
CoSb3 . We were interested in exploring the influence
much lower doping levels of Ni, and in this paper we pres
our findings on the influence of Ni at concentrations bel
1 at. %.

At the heart of the issue of Ni-doped CoSb3 is the valence
state of Ni. Previous magnetic studies20 have suggested Ni is
in the low-spin (s51/2) 3d7 configuration because of
Curie-Weiss-like paramagnetic susceptibility; yet the carr
concentration increases with Ni doping, which implies th
Ni takes a 3d6 electronic configuration and should have ze
spin. In the course of our study, we discovered that very l
doping levels of Ni have a spectacular effect on the transp
behavior of the compound, especially at low temperatu
leading us to believe two conduction channels were nec
sary to explain the behavior. A straightforward look at t
impurity states associated with the conduction band in Co3
shows a small ground-state Bohr radius because of the
high dielectric constant and large electron effective mass
a result, impurity transport effects can reveal themselves
to relatively high impurity concentrations. In this paper, w
present a model that takes into account transport in both
conduction band and within donor impurity states formed
the Ni impurities. This two-band model can explainboth the
transport and magnetic properties of Co12xNixSb3.

II. SAMPLES AND EXPERIMENTAL TECHNIQUE

Polycrystalline CoSb3 and its Ni-doped forms were pre
pared from high purity starting materials~99.995% purity for
©2002 The American Physical Society04-1
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Co, 99.999% purity for Sb, and 99.999% purity for Ni! by
induction melting the constituents at 1400 °C for a brief p
riod of time, followed by annealing at 700 °C under argon
20 h. Sample stoichiometry is checked by electron-probe
croanalysis. The skutterudite phase is confirmed by x-
power diffraction. Moreover, there is no secondary pha
which is further confirmed by electron-probe microanalys
All samples are very close to stoichiometry. Electron ba
scatter imaging and optical microscopy revealed an ave
grain size of 10mm. Samples are cut from the ingots wi
typical dimensions 33338 mm3.

Galvanomagnetic measurements are performed using
Hz Linear Research bridge in conjunction with a cryos
equipped with a 5 T superconducting magnet. Hall eff
studies are done in both positive and negative magnetic
to correct for any misalignment of the Hall probes. Therm
transport studies are made with the aid of a longitudi
steady-state technique in the range 2–300 K. We use cop
constantan thermocouples made from very thin wires~25 mm
diameter! to measure a thermal gradient set up by a sm
strain gauge heater attached to a free end of the sample
copper legs of the thermocouple serve as voltage probe
thermopower measurements. Correction for the thermopo
of the copper legs is based on independent measuremen
their thermopower against a high-Tc sample and against a P
standard.21 Magnetization measurements are done in
quantum-design magnetometer between 10–300 K in app
magnetic fields up to 5 T. For each sample the backgro
magnetic moment of the plastic sample container was s
tracted from the measured magnetic moment at each
perature and at each magnetic field.

III. RESULTS

In Fig. 1, we plot the temperature dependence of the e
trical resistivity. At room temperature, the resistivity first i
creases with the addition of Ni, reflecting the change fr

FIG. 1. Electrical resistivityr of Co12xNixSb3 versus tempera-
ture. The inset is a plot of resistivity at 300 K versus Ni concent
tion x.
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the high-mobilityp-type to low-mobilityn-type conduction.
Further increase of the Ni concentration results in a reduc
of r~300 K! up to x50.0075 where it begins to increas
slightly. Over the entire temperature range all samples
play an activated behavior. While the low-temperature se
conducting behavior has been seen before,11,13the increase in
resistivity over several orders of magnitude below about
to 100 K is a testament to the high purity and crystalli
quality of the samples; therefore, the possibility of gleani
information from low-temperature transport measurement
promising.

The Hall coefficientRH as a function of temperature i
shown in Fig. 2. It should be noted thatRH showed some
variation with magnetic-field strength at lower temperatu
that suggests the participation of charge carriers from m
than one energy band. As CoSb3 is a narrow-gap semicon
ductor, the energy bands are expected to display a nonp
bolic dispersion for moderate carrier concentrations. Ho
ever, as others have done,1 we estimate the carrie
concentration assuming a parabolic band at room temp
ture usingp,n561/(RHe) wheree is the charge of the car
rier. The pure CoSb3 has a room-temperature hole conce
tration of 3.731017 cm23 which is low compared to that fo
other polycrystalline CoSb3 .13,18,22 Rather, this carrier con-
centration is typical of that for single crystal CoSb3

8,11,12and
this indicates very good stoichiometry. All of the Ni-dope
samples had negativeRH , indicating dominantn-type con-
duction. Figure 3 plots the room-temperature carrier conc
tration in relation to Ni concentration. One can see that
data fall on a straight line, except for the 0.5% Ni samp
Therefore, a clear doping effect is apparent and is consis
with Ni substituting for Co in the skutterudite lattice an
donating its extra electron to the conduction band. Howe
at this temperature, the efficiency of the ionization is on
30%. The most striking feature in the Hall data is the sh
peak at low temperatures that moves to lower temperat
as the Ni concentration is increased. A similar effect was a
seen in the magnetoresistance~see below!.

-
FIG. 2. Hall coefficientRH for Co12xNixSb3 versus tempera-

ture. Forx50, RH is positive; forxÞ0, RH is negative.
4-2
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Figure 4 shows the temperature dependence of the
mobility, mH5RH /r, for all of the samples. At room tem
perature,mH of CoSb3 is approximately 1250 cm2/V s, which
compares well to previous reports13 for polycrystalline ma-
terial but is 2–3 times lower than that for sing
crystals.8,10,11 For Ni-doped samples,mH545 cm2/V s for
0.1% Ni and decreases to 22 cm2/V s for 1% Ni. These val-
ues, as well as carrier concentration dependence, are
same as that seen by Anno19 for Ni-doped CoSb3 if one
makes an extrapolation to the lower carrier concentrati
considered here. The Hall mobility ofn-type samples follows

FIG. 3. Room-temperature carrier concentration
Co12xNixSb3 as a function of Ni concentration. The open circ
represents data for thep-type pure CoSb3 sample. The line is a
guide for the eye.

FIG. 4. Temperature dependence of the Hall mobilitymH for
Co12xNixSb3 . The dependences expected from scattering due
ionized impurities (T3/2) and acoustic phonons (1/T3/2) are indi-
cated by dashed lines. The sharp decrease with temperature
lowest temperatures indicates a breakdown of the single-carrier
ture. A T5 dependence is also shown to highlight the strong te
perature dependence.
11520
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roughly a 1/T3/2 dependence near room temperature indi
tive of acoustic phonon scattering; however, the depende
is shallower for the undoped sample, which suggests
scattering due to impurities is also present. Below about
K, the slope of the curve is much steeper than aT3/2 depen-
dence that would be expected from ionized impurity scat
ing. In fact, for most of the samples, the slope approac
T5. As the Ni content increases, the onset of a sharp decr
in mobility occurs at lower temperatures, and finally is n
observed at all forx50.01. We rule out grain boundary sca
tering as being responsible for this effect because the t
perature dependence does not follow the known rela
mH}T21/2exp@2EB /kBT# whereEB is the energy barrier a
grain boundaries.23

In Fig. 5 we show the temperature dependence of
thermopowerS for Co12xNixSb3. Pure CoSb3 is p-type and
has positive room temperature thermopower. Ni concen
tions of only 0.1% drastically affect this picture, changin
the sign and showing the largest magnitude of approxima
2500mV/K. Further addition of Ni increases the carrier co
centration and, therefore, decreases the magnitude ofS at
room temperature. The most interesting aspect of these
is the dramatic low-temperature anomaly where the sign oS
is opposite to that ofRH . We reject phonon drag as an e
planation of this anomaly as it is absent in thex50 sample.
For all of the Ni-doped CoSb3 samples, the temperature d
pendence of the peak positions in the Hall coefficient follo
a similar trend as the thermopower.

From the temperature dependence ofmH we have deter-
mined that the dominant carrier scattering mechanism
room temperature for Ni-containing samples is acoustic p
non scattering. Then, assuming a single parabolic band
calculated the reduced Fermi energyh from the experimental
thermopower data using24

S52
kB

e F2F1~h!

F0~h!
2hG , ~1!

r

to

the
ic-
-

FIG. 5. Temperature dependence of the thermopowerS for
Co12xNixSb3 .
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DYCK, WEI CHEN, YANG, MEISNER, AND UHER PHYSICAL REVIEW B65 115204
where kB is Boltzmann’s constant,e is the charge of the
electron, andFx is a Fermi integral of orderx. Using the
calculatedh, the carrier concentrationn can be expressed a

n54pS 2mnkBT

h2 D 3/2

F1/2~h!, ~2!

wheremn is the effective mass,T is the temperature, andh is
Planck’s constant. The effective masses as a function o
concentration were calculated and had values betweenm0
and 4m0 , wherem0 is the free electron mass—no clear tre
was evident. Upon analysis of the temperature dependen
the Hall mobility for the pure CoSb3 , we note that the scat
tering mechanism is of a somewhat mixed nature, tho
primarily due to acoustical phonons yielding a hole effect
mass of 0.175m0 .

Considering the fact thatS becomes opposite in sign t
RH and the Hall mobility has an unusually sharp drop at l
temperatures, we conclude that a second conduction cha
is necessary to explain the behavior. Several researchers
indicated that impurity band conduction may become an
sue for nominally undoped,p-type CoSb3 .11–13We show that
our data for lightlyn-type Co12xNixSb3 are also consisten
with the onset of impurity conduction at low temperatur
and the effect is much greater than what was expected. In
discussion below, we attempt to interpret the data with thi
mind, and extend the analysis to better understand the s
ing features in the low-temperature transport forp-type and,
particularly,n-type samples. Then, we introduce and disc
the magnetic susceptibility results.

IV. DISCUSSION

A. Nominally undoped p-type CoSb3

In Fig. 6~a!, we show a plot of log(r) and log(RH) as a
function of inverse temperature for the nominally undop
CoSb3 . The resistivity profile is very similar to those re
ported by several researchers.11–13 The high-temperature re
gion can be described by the equationr5r0 exp@Ea /(kBT)#
~shown by the solid line!, where the activation energy,Ea
551 meV andkB is Boltzmann’s constant. This activatio
energy could imply an intrinsic semiconducting energy g
of ;102 meV. This result is in good agreement with previo
experiments and calculations.11,25,26RH has a maximum with
approximately exponential temperature dependence on
sides of the peak that is a characteristic sign of the lo
temperature onset of transport in a band formed by sha
impurity levels.

Arushanovet al.12 described a very similar temperatu
dependence of the Hall coefficient in lightly doped CoS3
single crystals by assuming the existence of an acceptor
purity band. However, an additional deep acceptor level w
needed to account for the behavior because the value o
activation energy estimated on the basis of the hi
temperature data~higher thanRmax! was more than an orde
of magnitude larger than the value derived from the lo
temperature region~lower than Rmax!. They reportedNA1
51.5– 331017 cm23 andNA251.2– 1.431017 cm23 for the
concentration of shallow and deep acceptors, respectiv
11520
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Nd50.9– 1.631017 cm23 for the concentration of compen
sating donor levels; and EA1,1 meV and EA2
538– 47 meV for the activation energies of the shallow a
deep acceptor levels, respectively. Our data can also be
scribed using the same model as in Ref. 12, but with o
one acceptor level since the activation energies on either
of Rmax are approximately the same. We obtain a concen
tion of acceptor levelsNa51.431018 cm23 with activation
Ea531.5 meV and a concentration of compensating don
Nd52.731017 cm23.

Below 30 K, r has anearly exponential temperature de
pendence with much lower activation energy, and clea
much lower mobility as indicated by Fig. 4. The best fit@see
Fig. 6~b!# to the data in this temperature region was of t
form,

r~T!5r0 expF S T0

T D 1/4G , ~3!

wherer0 is a material constant andT0 is the characteristic
temperature of the system. Within a model of impurity co
duction, this behavior could be indicative of Mott variab

FIG. 6. ~a! Hall coefficientRH and resistivityr versus tempera-
ture for CoSb3 . The solid line indicatesr(T)5r0 exp@(Ea /kBT)#
with Ea551 meV for T>125 K. ~b! Low temperature resistivity
characterized byr(T)5r0 exp@(T0 /T)1/4# with T05584 K ~solid
line!, for T<30 K.
4-4
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range hopping~VRH!.27 This fit was substantially better tha
if in Eq. ~3! an exponent of12 was used instead of1

4, suggest-
ing there is no Coulomb gap. We cannot strictly exclu
other low-mobility transport mechanisms~e.g., small po-
laron! to account for this low-temperature behavior, but w
pursue hopping transport as a likely scenario given the p
works suggesting impurity-transport effects at low tempe
ture. The characteristic temperature is expressed as27

T05
ba3

kBgf
, ~4!

wherea21 is the localization length of the impurity wav
function,gf is the density of states at the Fermi level, andb
is a constant. Furthermore, we take

gf5
Na

w
, ~5a!

w5
e2

«0r
, ~5b!

r 5S 3

4pNa
D 1/3

, ~5c!

where w is the impurity bandwidth~approximated by the
magnitude of the Coulomb interaction! and r is the distance
between impurities. Assuminga21 to be the Bohr radius
aB5«0 /(mp /m0)0.52 Å, of the ground state of the dopin
impurity in a hydrogenic model,a21 is calculated to be ap
proximately 100 Å~assuming«0533.5 ~Ref. 28! and mp
50.175m0!. From the fit it was found thatT05584 K, which
yields Na5631017 cm23 if one takesb55.7.27 This value
is consistent with the estimate ofNa from the Hall analysis
above. VRH is expected in impurity semiconductors at l
temperatures whenw/kBT;2ar . This condition is satisfied
at these temperatures assuming the above parameters.

B. Ni-doped CoSb3

In Fig. 7, we plot log(r) versus inverse temperature fo
Co0.997Ni0.003Sb3 . All of the resistivity curves have very
similar temperature dependences and are well describe
the equation

r~T!5r0 expS «0

kBTD1r1 expS «1

kBTD1r3 expS «3~T!

kBT D ,

~6!

with the activation energies«0.«1.«3 . For increasing Ni
concentration, these energy levels decrease, shifting
‘‘knee’’ between the middle and lower temperature regim
to lower temperature. When compared to Hall data, it is s
that the peak inRH occurs at the temperature of the cros
over between the middle («1) and lower («3) activation re-
gions. From this observation we infer that the«1 level is
associated with a donor impurity and«3 relates to hopping
within the impurity ‘‘band.’’ The«0 level is likely due to the
intrinsic band gap, but could arise from a deeper do
level—we do not extend the data to high-enough tempe
11520
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tures to get an accurate estimate of this energy level.«3 is
temperature dependent at very low temperatures, thoug
distinct value of«3 is observed over an extended temperat
for x,0.0075. Below about 5 K, the resistivities of all of th
samples again fit Eq.~3! ~see inset to Fig. 7!, which is sug-
gestive of VRH of carriers among the impurity states. Qua
titative analysis of this behavior is not warranted given t
relatively narrow temperature range over which it is o
served.

Given the evidence for transport of electrons both in
conduction band and among impurities, we analyze the tra
port properties in terms of a simple, two-band model d
scribed bync , mc , sc , ni , m i , ands i that are the electron
concentration, mobility, and conductivity in the conductio
band and impurity states, respectively. The goal of t
analysis is to elucidate the physical mechanism respons
for anomalous transport in Co12xNixSb3 with x,0.01. As
such, we focus on the low-temperature region near the p
in RH and the change of sign ofS. These anomalous trans
port features presumably exist at temperatures lower t
those explored for Co0.99Ni0.01Sb3 ; therefore, we do not in-
clude this sample in the analysis. Within the framework
semiconductor statistics and taking into account one do
level and one compensating acceptor level, which is app
priate below 100 K,

nc1Na5
Nd

11
gnc

Nc
expS Ed

kBTD . ~7!

Here,Nc52(mnkBT/2p\2)3/2 is the density of states in th
conduction band,Na is the concentration of compensatin
acceptors, and the degeneracy factorg is taken to be 6. Sofo
and Mahan have calculated the electronic band structur
CoSb3 and concluded that the conduction band at the gam

FIG. 7. log(r) versus inverse temperature for Co0.997Ni0.003Sb3 .
The straight lines highlight regions of activated temperature dep
dence. The inset indicates the low-temperaturer data behaves ac
cording to Eq.~3!.
4-5
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DYCK, WEI CHEN, YANG, MEISNER, AND UHER PHYSICAL REVIEW B65 115204
point is formed by a triply degenerate parabolic band
heavy electrons degenerate with a nonparabolic band of
electrons.29 The total spin degeneracy in this case would
8; however, in our simplification we ignore the light ele
trons. In fact, the results are rather insensitive to the valu
g. Assumingnc!Na at sufficiently low temperature, Eq.~7!
can be written as

nc5
Nc

g S Nd2Na

Na
DexpS 2

Ed

kBTD . ~8!

Then, the Hall coefficient and electrical conductivity are30

RH5
ncmc

21nim i
2

e~ncmc1nim i !
2 , ~9!

s total5sc1s i5ncemc1niem i , ~10!

werenc is obtained from Eq.~8!, andni5Nd2Na2nc . The
peak inRH roughly corresponds to the case wheresc;s i .
For temperatures below the peak, impurity conduction is
dominant transport mechanism. The band and impurity m
bilities can be expressed as

mc5AT23/2, ~11!

m i5B expF2
Ei

kBTG , ~12!

where A, B, and Ei are constants. The form of th
conduction-band mobility follows from the assumption
the dominance of acoustic phonon scattering. The partic
form of Eq. ~12! was chosen to approximate the observ
low temperature dependence of the resistivity~ni is nearly
constant at low temperatures! and is not critical to the quali-
tative behavior since the essential feature of this mode
that mc@m i for all temperatures.

A simultaneous fit of the Hall and resistivity data to Eq
~9! and ~10! was carried out and the results are shown
dashed lines in Fig. 8. The fitting parameters are given
Table I and several derived quantities are shown in Table
Clearly, the model describes well both the large variatio
with temperature of the data as well as the overall trend
Ni content increases. Semiquantitative agreement of the
with the essential physics of the model are seen. First,
calculated values ofNd are within an order of magnitude o
the nominal concentrations of Ni atoms,NNi in
Co12xNixSb3—we do not expect much better agreeme
from this analysis. Therefore, we attribute the donor sta
directly to the presence of Ni substituting for Co. Second,
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note thatNNi
1/3aB ~as in Table II! is less than the value o

Ncri
1/3aB;0.26 ~Mott criterion31,32! whereNcri is the critical

concentration and thus our samples are on the insulating
of the metal-insulator transition. For donor concentratio
near the insulating side of the Mott transition, it is know
that «1 scales asNd

21/3, which is observed. Third, the fac
that mc /m i ~Table II! decreases asNd increases is consisten
with the magnitude of the density of states in the impur
‘‘band’’ increasing withNd . These observations lend suppo
to the model.

It is seen that the peak inRH ~the crossover from pre
dominantly conduction band to impurity conduction! ap-
proximately matches the region whereS50. This sign rever-

FIG. 8. Temperature dependence of electrical resistivityr, Hall
coefficientRH , and thermopowerS for x50.001, 0.005, and 0.0075
samples. The dashed lines are fits to Eqs.~9!, ~10!, and~13!. Fitting
parameters for the Hall and resistivity data are given in Table II, a
for thermopower areNi5231019, 531019, and 331019 cm23 for
x50.001, 0.005, and 0.0075, respectively.
TABLE I. Fitting parameters of the two-band analysis of the electrical transport for Co12xNixSb3 .

x
A

~m2K3/2/Vs!
B

~m2/Vs!
Nd

(1019 cm23)
Na

~1018 cm23!
Ed

~meV!
Ei

~meV!

0.001 7.131025 5.39 0.3 1.4 24.2 0.0022
0.003 4.131025 2.45 0.4 0.7 18.3 0.0017
0.005 5.331025 2.42 0.8 1.4 13.8 0.0015
0.0075 8.231025 1.09 1.6 0.2 8.3 0.0002
4-6
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EFFECT OF Ni ON THE TRANSPORT AND MAGNETIC . . . PHYSICAL REVIEW B65 115204
sal in S is convincing evidence of impurity conduction, an
has been observed, e.g., by Geballe and Hull in Si~Ref. 33!
and recently in GaN.34 Table II shows that the compensatio
ratios K5Na /Nd for the samples are less than 0.5, whi
should give rise to impurity conduction withp-type
character.35 The total thermopower in terms of the contrib
tion from the conduction bandSc

36 and the impurity states
Si

36 is

S5
Scsc1Sis i

sc1s i
, ~13!

Sc,i57
kB

e Fdc,i1 lnS Nc,i

nc,i
D G , ~14!

wheredc,i is a term connected with the kinetic energy of t
charge carriers,Nc,i is the density of states in the conductio
band (Nc) and impurity states (Ni), and we take~2! for Sc
and~1! for Si . We set bothdc andd i to zero, approximating
narrow band transport.Nc is defined above and has aT3/2

dependence, soSc depends only on the physical quantiti
derived fromRH and r. The thermopower of the impurity
conduction is much harder to model, though the primary
pect of this term is that it is positive. As an approximatio
we takeNi to be constant, and use it as an adjustable par
eter in a fit to the data for Co12xNixSb3 with 0.001<x
<0.0075. The values used in the fit are given in the cap
to Fig. 8 and are of the same order of magnitude asNNi . The
transition temperature whereS changes sign should sca
roughly with the depth of the donor band,«1 , which is what
we observe. A good fit is obtained employing this model
this temperature region, further strengthening the two-b
picture.

Transverse magnetoresistance for Co0.999Ni0.001Sb3 as a
function of magnetic-field strength at several temperature
shown in Fig. 9. Below 30 K, the magnetoresistance is ne
tive. This is a common feature in doped semiconductors n
the metal-insulator transition.37,38The electrons in the impu
rity ‘‘band’’ should be scattered on ‘‘localized spins’’ o
partly isolated impurity atoms.39 In the presence of a mag
netic field, the spins become aligned and the scattering
creases, thereby reducing the resistance. Above 30 K,
magnetoresistance is positive and depends quadraticall
the magnetic field as is expected from the deflection of
electrons residing in an ordinary band via the Lorentz for

TABLE II. Nominal concentrations of Ni impurity,NNi , a com-
parison to the Mott criterion,NNi

1/3 aB , calculated effective
masses,mn , the ratio of band to impurity mobility at 30 K,mc /m i ,
and compensation ratioK for Co12xNixSb3 .

x
NNi

(1019 cm23) NNi
1/3 aB

mn

(m0)
mc /m i

(T530 K)
K

5Na /Nd

0.001 1.1 0.11 3.60 1100 0.48
0.003 3.3 0.17 3.35 710 0.19
0.005 5.4 0.22 3.07 500 0.18
0.0075 8.1 0.20 3.92 90 0.11
0.01 10.8 0.23 3.76
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The peak near 40 K can be understood by taking into acco
the temperature dependence of the mobility of both the c
duction and impurity electrons. The same effect was see
impurity bands in GaAs.30

C. Magnetic Susceptibility

The magnetic momentM varies linearly with the mag-
netic fieldH at all temperatures and for all six samples me
sured. For CoSb3 , we found a diamagnetic susceptibilit
with a weak temperature dependence. The bonding confi
ration that takes into account its transport and magnetic c
acteristics was first postulated by Dudkin.40 Three of the nine
Co (d7s2) electrons bond with the Sb atoms while the r
maining six nonbonding electrons adopt the maximum sp
pairing configuration, the zero-spind6 state. It is clear that
Ni, with one more electron than Co, can reside either in
low-spind7 state (s51/2) as a neutral impurity, or zero spi
d6 state (s50) plus donor electron (s51/2). Anno20 re-
ported an effective magnetic moment per Ni atom of ab
1.7mB ~Bohr magneton! from a fit of the magnetic suscept
bility to a Curie-Weiss form for Co12xNixSb3 with x.0.03
and concluded that Ni assumes the low-spind7 configura-
tion. Like Anno, we obtain an effective magnetic mome
per Ni atom of approximately 1.7mB as well ~see below!. If
this were to imply a single unpaired spin, i.e., ad7 state, the
Ni could not donate an electron to the conduction band c
trary to the Ni-doping effect observed in the transport da

To provide a consistent explanation of both transport a
magnetic properties of the Ni-doped CoSb3 , we analyze the
magnetic susceptibilityx in the context of a doped semicon
ductor. The transport data suggests that Ni provides an e
tron for transport at elevated temperatures and retains
electron at low temperatures. In this case,41

FIG. 9. Magnetic-field dependence of the transverse magnet
sistance Dr(B)/r(0) at several temperatures for th
Co0.999Ni0.001Sb3 sample.
4-7
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x~T!5x i1
niVmB

2

kBT
1mB

2V
]nc

]h Fg2

4
2

1

3 S m0

mn
D 2G , ~15!

wherex i is the temperature-independent diamagnetic con
bution from the ion cores,V is the sample volume, andg is
the Lande´ factor for electrons. The second term arises fro
the unpaired spins of electrons localized at the donor im
rities, and the third term is the Pauli paramagnetic and L
dau diamagnetic susceptibilities of the free band electrons
this formulation, we ignore the small diamagnetic contrib
tion from the localized electrons and the effects due to in
actions of their local moments. Because of the heavy c
duction band of CoSb3 ~about 3m0!, g2/421/3(m0 /mn)2

>1 if we let g52. Furthermore, Boltzmann statistics app
at all temperatures up to room temperature for these
carrier concentrations, in which case]nc /]h>nc /kBT. As a
result, Eq.~15! becomes

x~T!5x i1~nc1ni !
VmB

2

kBT
, ~16!

where (ni1nc)5Nd is a constant. Therefore, the parama
netic susceptibility of the conduction electrons at high te
perature is the same as that of the localized impurity e
trons at low temperature. This can explain the Curie-l
behavior. In reality, there may be some magnetic correlati
that result in small deviations from a purely Curie tempe
ture dependence. In Fig. 10, we show a fit of the magn
susceptibilities of Ni-doped samples using the Curie-We
form,

x2xpure5x01
C

T1ucw
, ~17!

FIG. 10. 1/(x2xpure2x0) versus temperature for a
Co12xNixSb3 samples. Dashed lines are fits according to Eq.~17!.
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where xpure is the magnetic susceptibility of the undope
sample,x0 is a small temperature-independent term refle
ing the difference of the ionic core contribution between t
pure and Ni-doped samples,C is the Curie constant, anducw
is the Curie-Weiss temperature. Table III lists the fitting p
rameters.

Our magnetic data suggests that the magnetic suscep
ity, unlike the electron transport data, is not sensitive
whether the electrons are in the impurity states or the c
duction band. Instead of a cored7 state as proposed by Anno
we believe the core electrons of Ni preserve the zero-spind6

configuration and the Ni41 state makes available a condu
tion electron for transport. At lowT, this conduction electron
is recaptured by the Ni impurity as a localized spin withs
51/2, consistent with the 1.7mB magnetic moment we ob
serve. At highT, this electron becomes delocalized, a
gives rise to ‘‘band’’ paramagnetism. We thus conclude t
Ni takes the tetravalent state Ni41, i.e., the zero-spind6 elec-
tronic configuration. We, therefore, have a consistent pict
for both the transport and magnetic susceptibility
Co12xNixSb3 consisting of electrons residing in the condu
tion band and impurity states. A more sensitive test of
valence state of Ni, e.g., electron paramagnetic resona
would be very revealing in confirming our picture.

V. SUMMARY

We performed transport and magnetic measurements
series of polycrystalline samples of the form Co12xNixSb3
with x50, 0.001, 0.003, 0.005, 0.0075, and 0.01. Su
minute amount of impurity is sufficient to change the tran
port from p type ton type. Ni doping dramatically change
the temperature dependence of the thermopower. A very h
thermopower (S;500mV/K) is achieved forx50.001. At
low temperatures, very sharp peaks in the Hall coefficient
observed to correlate with anomalous features in th
mopower. A two-band model consisting of the conducti
band and an impurity ‘‘band’’ formed by the Ni impuritie
accounts for the observed behavior. The magnetic susc
bility is also analyzed within the picture of donor~localized!
and band~itinerant! electrons, thereby resolving the seem
ingly inconsistent Curie-Weiss-like behavior that sugge
the Ni atoms are trivalent, making it difficult to account fo
the clear doping effect Ni has on CoSb3 . Our magnetometry
and transport data indicate that Ni takes the tetravalent s

TABLE III. The fitting parameters and the effective Bohr ma
neton numbersP(mB /Ni) per nickel atom for the magnetic susce
tibilities of Co12xNixSb3 .

x
x0

~10230 cm3/f.u.)
C

~10228 cm3-K/f.u.)
ucw

~K!
P

(mB /Ni)

0.001 7.766 8.526 15.58 2.027
0.003 20.875 26.45 11.17 2.062
0.005 22.388 35.23 15.99 1.843
0.0075 21.978 46.70 17.32 1.733
0.01 21.361 62.43 19.85 1.735
4-8
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Ni41, assuming thed6 electronic configuration for the
lower-energy nonbonding orbitals, and gives one electro
the conduction band. These results show that Ni acts
donor and may prove useful for optimizing the carrier co
centration in optimally filled skutterudite materials.
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