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Effect of Ni on the transport and magnetic properties of Co;_,Ni, Sb;
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’Materials and Processes Laboratory, GMR&D Center, Warren, Michigan 48090
(Received 1 June 2001; revised manuscript received 9 October 2001; published 15 February 2002)

The filled skutterudite compounds based on the binary skutterudite CoSbs 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 an n-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 CoSbs; 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 Co;_ Ni Sby with x=0, 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 Ni** state, assumes the d° electronic configuration for the lower

energy nonbonding orbitals, and gives an electron to the conduction band.

DOI: 10.1103/PhysRevB.65.115204

I. INTRODUCTION

Skutterudites have received considerable attention over
the past several years as prospective novel thermoelectric
materials.'? The skutterudite structure, designated as MX,
(M=Co, Rh, or Ir and X=P, As, or Sb), is characterized by
two large voids (or cages) within the unit cell that can ac-
commodate certain rare-earth elements,’ alkaline earths, or
even monovalent thallium.’ In the filled skutterudites, the
filler atom R supplies extra electrons to the structure, so the
appropriate chemical formula is RT,X, , where T represents
a transition metal with one less electron than M thereby sta-
bilizing the structure. Filled skutterudites have much lower
thermal conductivities than their binary counterparts because
the guest atoms “‘rattle’” inside these oversized cages, dis-
rupting phonon transport. In the case of Ce,Fey_Co,Sb,,
Meisner et al.® found that a fractionally filled (near 50% void
occupancy) composition minimized the thermal conductivity.
Fe must be added to this compound in order to accommodate
Ce, though its exact role in the characteristics of the material
has been a puzzle (see, for example, Ref. 7). Further optimi-
zation of the thermoelectric properties of materials like this
one takes place via doping. Therefore, both p-type (e.g., Fe
on the Co site or Sn on the Sb site) as well as n-type dopants
must be identified and studied.

The skutterudites that have attracted by far the greatest
attention are compounds based on CoSb;. They show not
only some of the best thermoelectric characteristics, but the
constituent elements are also abundant, less volatile, and
markedly less expensive than most of the alternative skut-
terudite structures. CoSbs is a small gap semiconductor, and
transport properties of this material (single crystals as well as
polycrystalline specimens) have been studied
extensively.*~'* Some forty years ago, Dudkin and his
colleagues'*!> established that one could substitute on both
the transition-metal site and on the pnicogen lattice. We,
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PACS number(s): 71.55.Ht, 72.20.Pa, 72.20.Ee, 75.50.Pp

along with others,”'®~'® have shown that replacing a small
fraction of Co atoms with Fe has a remarkably strong influ-
ence on the nature of the charge-carrier transport and on the
propagation of phonons. Anno ef al."® have published re-
cently an interesting study that indicated a strong influence
of Ni on the electronic properties of CoSbs. In their work
they used Ni concentrations above 3 at. %, a rather high level
of substitution that resulted in 2-3 orders of magnitude
higher free carrier concentration than that observed in pure
CoSb;. We were interested in exploring the influence of
much lower doping levels of Ni, and in this paper we present
our findings on the influence of Ni at concentrations below
1 at. %.

At the heart of the issue of Ni-doped CoSbs is the valence
state of Ni. Previous magnetic studies? have suggested Ni is
in the low-spin (s=1/2) 3d’ configuration because of a
Curie-Weiss-like paramagnetic susceptibility; yet the carrier
concentration increases with Ni doping, which implies that
Ni takes a 3d® electronic configuration and should have zero
spin. In the course of our study, we discovered that very low
doping levels of Ni have a spectacular effect on the transport
behavior of the compound, especially at low temperature,
leading us to believe two conduction channels were neces-
sary to explain the behavior. A straightforward look at the
impurity states associated with the conduction band in CoSb;
shows a small ground-state Bohr radius because of the very
high dielectric constant and large electron effective mass. As
a result, impurity transport effects can reveal themselves up
to relatively high impurity concentrations. In this paper, we
present a model that takes into account transport in both the
conduction band and within donor impurity states formed by
the Ni impurities. This two-band model can explain both the
transport and magnetic properties of Co;_ Ni, Sbs.

II. SAMPLES AND EXPERIMENTAL TECHNIQUE

Polycrystalline CoSb; and its Ni-doped forms were pre-
pared from high purity starting materials (99.995% purity for
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FIG. 1. Electrical resistivity p of Co;_,Ni, Sb; versus tempera-
ture. The inset is a plot of resistivity at 300 K versus Ni concentra-
tion x.

Co, 99.999% purity for Sb, and 99.999% purity for Ni) by
induction melting the constituents at 1400 °C for a brief pe-
riod of time, followed by annealing at 700 °C under argon for
20 h. Sample stoichiometry is checked by electron-probe mi-
croanalysis. The skutterudite phase is confirmed by x-ray
power diffraction. Moreover, there is no secondary phase,
which is further confirmed by electron-probe microanalysis.
All samples are very close to stoichiometry. Electron back-
scatter imaging and optical microscopy revealed an average
grain size of 10 um. Samples are cut from the ingots with
typical dimensions 3 X3 X8 mm?.

Galvanomagnetic measurements are performed using a 16
Hz Linear Research bridge in conjunction with a cryostat
equipped with a 5 T superconducting magnet. Hall effect
studies are done in both positive and negative magnetic field
to correct for any misalignment of the Hall probes. Thermal-
transport studies are made with the aid of a longitudinal
steady-state technique in the range 2—300 K. We use copper-
constantan thermocouples made from very thin wires (25 wm
diameter) to measure a thermal gradient set up by a small
strain gauge heater attached to a free end of the sample. The
copper legs of the thermocouple serve as voltage probes for
thermopower measurements. Correction for the thermopower
of the copper legs is based on independent measurements of
their thermopower against a high-7'. sample and against a Pb
standard>! Magnetization measurements are done in a
quantum-design magnetometer between 10—300 K in applied
magnetic fields up to 5 T. For each sample the background
magnetic moment of the plastic sample container was sub-
tracted from the measured magnetic moment at each tem-
perature and at each magnetic field.

III. RESULTS

In Fig. 1, we plot the temperature dependence of the elec-
trical resistivity. At room temperature, the resistivity first in-
creases with the addition of Ni, reflecting the change from
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FIG. 2. Hall coefficient Ry for Co,_ Ni,Sb;y versus tempera-
ture. For x=0, Ry is positive; for x#0, Ry is negative.

the high-mobility p-type to low-mobility n-type conduction.
Further increase of the Ni concentration results in a reduction
of p(300 K) up to x=0.0075 where it begins to increase
slightly. Over the entire temperature range all samples dis-
play an activated behavior. While the low-temperature semi-
conducting behavior has been seen before,'"!? the increase in
resistivity over several orders of magnitude below about 50
to 100 K is a testament to the high purity and crystalline
quality of the samples; therefore, the possibility of gleaning
information from low-temperature transport measurements is
promising.

The Hall coefficient Ry as a function of temperature is
shown in Fig. 2. It should be noted that Ry showed some
variation with magnetic-field strength at lower temperatures
that suggests the participation of charge carriers from more
than one energy band. As CoSbs is a narrow-gap semicon-
ductor, the energy bands are expected to display a nonpara-
bolic dispersion for moderate carrier concentrations. How-
ever, as others have done,! we estimate the carrier
concentration assuming a parabolic band at room tempera-
ture using p,n=*1/(Rye) where e is the charge of the car-
rier. The pure CoSb; has a room-temperature hole concen-
tration of 3.7 10'7 cm™? which is low compared to that for
other polycrystalline CoSby .'*'®2? Rather, this carrier con-
centration is typical of that for single crystal CoSb;*!"1? and
this indicates very good stoichiometry. All of the Ni-doped
samples had negative Ry, indicating dominant n-type con-
duction. Figure 3 plots the room-temperature carrier concen-
tration in relation to Ni concentration. One can see that the
data fall on a straight line, except for the 0.5% Ni sample.
Therefore, a clear doping effect is apparent and is consistent
with Ni substituting for Co in the skutterudite lattice and
donating its extra electron to the conduction band. However,
at this temperature, the efficiency of the ionization is only
30%. The most striking feature in the Hall data is the sharp
peak at low temperatures that moves to lower temperatures
as the Ni concentration is increased. A similar effect was also
seen in the magnetoresistance (see below).
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FIG. 3. Room-temperature carrier concentration for

Co; _,Ni,Sb; as a function of Ni concentration. The open circle
represents data for the p-type pure CoSb; sample. The line is a
guide for the eye.

Figure 4 shows the temperature dependence of the Hall
mobility, uy=Ry/p, for all of the samples. At room tem-
perature, i of CoSby is approximately 1250 cm?/V s, which
compares well to previous reports'® for polycrystalline ma-
terial but is 2-3 times lower than that for single
crystals 31! For Ni-doped samples, u;=45cm?/V's for
0.1% Ni and decreases to 22 cm?/V s for 1% Ni. These val-
ues, as well as carrier concentration dependence, are the
same as that seen by Anno'® for Ni-doped CoSbs if one
makes an extrapolation to the lower carrier concentrations
considered here. The Hall mobility of n-type samples follows
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FIG. 4. Temperature dependence of the Hall mobility uy for
Co,_,Ni Sb;. The dependences expected from scattering due to
ionized impurities (T%?%) and acoustic phonons (1/T*?) are indi-
cated by dashed lines. The sharp decrease with temperature at the
lowest temperatures indicates a breakdown of the single-carrier pic-
ture. A T° dependence is also shown to highlight the strong tem-
perature dependence.
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FIG. 5. Temperature dependence of the thermopower S for
Co;_,Ni,Sbs.

roughly a 1/7%? dependence near room temperature indica-
tive of acoustic phonon scattering; however, the dependence
is shallower for the undoped sample, which suggests that
scattering due to impurities is also present. Below about 150
K, the slope of the curve is much steeper than a 7> depen-
dence that would be expected from ionized impurity scatter-
ing. In fact, for most of the samples, the slope approaches
T7. As the Ni content increases, the onset of a sharp decrease
in mobility occurs at lower temperatures, and finally is not
observed at all for x=0.01. We rule out grain boundary scat-
tering as being responsible for this effect because the tem-
perature dependence does not follow the known relation
wy* T~ 2 exp[—Ep/kgT] where Ej is the energy barrier at
grain boundaries >

In Fig. 5 we show the temperature dependence of the
thermopower § for Co;_,Ni Sb;. Pure CoSb; is p-type and
has positive room temperature thermopower. Ni concentra-
tions of only 0.1% drastically affect this picture, changing
the sign and showing the largest magnitude of approximately
—500 wV/K. Further addition of Ni increases the carrier con-
centration and, therefore, decreases the magnitude of § at
room temperature. The most interesting aspect of these data
is the dramatic low-temperature anomaly where the sign of S
is opposite to that of Ry . We reject phonon drag as an ex-
planation of this anomaly as it is absent in the x=0 sample.
For all of the Ni-doped CoSb; samples, the temperature de-
pendence of the peak positions in the Hall coefficient follow
a similar trend as the thermopower.

From the temperature dependence of wy, we have deter-
mined that the dominant carrier scattering mechanism at
room temperature for Ni-containing samples is acoustic pho-
non scattering. Then, assuming a single parabolic band, we
calculated the reduced Fermi energy » from the experimental
thermopower data using>*

kg

e

(1)

2F () }
Fo(n) gk
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where kp is Boltzmann’s constant, e is the charge of the
electron, and F, is a Fermi integral of order x. Using the
calculated 7, the carrier concentration n can be expressed as

2m kpT\?
”=47T<T) Fip(m), 2)
where m,, is the effective mass, 7T is the temperature, and # is
Planck’s constant. The effective masses as a function of Ni
concentration were calculated and had values between 3m,
and 4m , where m, is the free electron mass—no clear trend
was evident. Upon analysis of the temperature dependence of
the Hall mobility for the pure CoSb;, we note that the scat-
tering mechanism is of a somewhat mixed nature, though
primarily due to acoustical phonons yielding a hole effective
mass of 0.175m, .

Considering the fact that S becomes opposite in sign to
Ry and the Hall mobility has an unusually sharp drop at low
temperatures, we conclude that a second conduction channel
is necessary to explain the behavior. Several researchers have
indicated that impurity band conduction may become an is-
sue for nominally undoped, p-type CoSb; .!'~13 We show that
our data for lightly n-type Co,_ ,Ni, Sbs are also consistent
with the onset of impurity conduction at low temperatures
and the effect is much greater than what was expected. In the
discussion below, we attempt to interpret the data with this in
mind, and extend the analysis to better understand the strik-
ing features in the low-temperature transport for p-type and,
particularly, n-type samples. Then, we introduce and discuss
the magnetic susceptibility results.

IV. DISCUSSION
A. Nominally undoped p-type CoSb;

In Fig. 6(a), we show a plot of log(p) and log(Ry) as a
function of inverse temperature for the nominally undoped
CoSb; . The resistivity profile is very similar to those re-
ported by several researchers.!! !> The high-temperature re-
gion can be described by the equation p=p,exp[E,/(kzT)]
(shown by the solid line), where the activation energy, E,,
=51 meV and kjp is Boltzmann’s constant. This activation
energy could imply an intrinsic semiconducting energy gap
of ~102 meV. This result is in good agreement with previous
experiments and calculations.''*>2® R, has a maximum with
approximately exponential temperature dependence on both
sides of the peak that is a characteristic sign of the low-
temperature onset of transport in a band formed by shallow
impurity levels.

Arushanov ez al.'? described a very similar temperature
dependence of the Hall coefficient in lightly doped CoSb;
single crystals by assuming the existence of an acceptor im-
purity band. However, an additional deep acceptor level was
needed to account for the behavior because the value of the
activation energy estimated on the basis of the high-
temperature data (higher than R ,,,) was more than an order
of magnitude larger than the value derived from the low-
temperature region (lower than R,). They reported N,
=15-3%10"7 cm™? and N,,=1.2-14X10" cm™? for the
concentration of shallow and deep acceptors, respectively;
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FIG. 6. (a) Hall coefficient Ry and resistivity p versus tempera-
ture for CoSb;. The solid line indicates p(T)= p, exp[(E,/kgT)]
with E,=51 meV for T=125K. (b) Low temperature resistivity
characterized by p(T)=pq exp[(T,/T)""*] with To=584 K (solid
line), for T<30 K.

N;=09-1.6x10"7 cm™3 for the concentration of compen-
sating donor levels; and E  <ImeV and E,,
=38-47 meV for the activation energies of the shallow and
deep acceptor levels, respectively. Our data can also be de-
scribed using the same model as in Ref. 12, but with only
one acceptor level since the activation energies on either side
of R .« are approximately the same. We obtain a concentra-
tion of acceptor levels N,=1.4X 10" cm™3 with activation
E,=31.5meV and a concentration of compensating donors
N,=2.7x10"7 cm™3.

Below 30 K, p has a nearly exponential temperature de-
pendence with much lower activation energy, and clearly
much lower mobility as indicated by Fig. 4. The best fit [see
Fig. 6(b)] to the data in this temperature region was of the

form,
T\ /4
7

where p, is a material constant and T, is the characteristic
temperature of the system. Within a model of impurity con-
duction, this behavior could be indicative of Mott variable

p(T)=pg exp
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range hopping (VRH).?” This fit was substantially better than
if in Eq. (3) an exponent of 3 was used instead of 3, suggest-
ing there is no Coulomb gap. We cannot strictly exclude
other low-mobility transport mechanisms (e.g., small po-
laron) to account for this low-temperature behavior, but we
pursue hopping transport as a likely scenario given the prior
works suggesting impurity-transport effects at low tempera-
ture. The characteristic temperature is expressed as’’

Ba’
kBgf’

)

Ty
where o ! is the localization length of the impurity wave
function, gy is the density of states at the Fermi level, and 8
is a constant. Furthermore, we take

N,
8=, (5a)
o2
w= e’ (5b)
3 |15
"= ( 47N ) ’ (5¢)

where w is the impurity bandwidth (approximated by the
magnitude of the Coulomb interaction) and r is the distance
between impurities. Assuming @~ ! to be the Bohr radius,
ag=gq/(m,/my)0.52 A, of the ground state of the doping
impurity in a hydrogenic model, @~ ! is calculated to be ap-
proximately 100 A (assuming &,=33.5 (Ref. 28) and m,
=0.175m). From the fit it was found that T,=584 K, which
yields N,=6x10'7 cm™? if one takes 8=5.7.%" This value
is consistent with the estimate of N, from the Hall analysis
above. VRH is expected in impurity semiconductors at low
temperatures when w/kpT~2ar. This condition is satisfied
at these temperatures assuming the above parameters.

B. Ni-doped CoSb;

In Fig. 7, we plot log(p) versus inverse temperature for
Coy 997Nip g03Sbs . All of the resistivity curves have very
similar temperature dependences and are well described by
the equation

)= € " €1
p(T)=poexp ) TPerel T

e3(T)
+psexp T, T )

(6)

with the activation energies £y>¢&,>¢&5. For increasing Ni
concentration, these energy levels decrease, shifting the
“knee” between the middle and lower temperature regimes
to lower temperature. When compared to Hall data, it is seen
that the peak in Ry occurs at the temperature of the cross-
over between the middle (&) and lower (&3) activation re-
gions. From this observation we infer that the &, level is
associated with a donor impurity and &5 relates to hopping
within the impurity “band.” The g level is likely due to the
intrinsic band gap, but could arise from a deeper donor
level —we do not extend the data to high-enough tempera-
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The straight lines highlight regions of activated temperature depen-
dence. The inset indicates the low-temperature p data behaves ac-
cording to Eq. (3).

tures to get an accurate estimate of this energy level. g5 is
temperature dependent at very low temperatures, though a
distinct value of €5 is observed over an extended temperature
for x<<0.0075. Below about 5 K, the resistivities of all of the
samples again fit Eq. (3) (see inset to Fig. 7), which is sug-
gestive of VRH of carriers among the impurity states. Quan-
titative analysis of this behavior is not warranted given the
relatively narrow temperature range over which it is ob-
served.

Given the evidence for transport of electrons both in the
conduction band and among impurities, we analyze the trans-
port properties in terms of a simple, two-band model de-
scribed by n., w., 0., n;, u;, and o; that are the electron
concentration, mobility, and conductivity in the conduction
band and impurity states, respectively. The goal of this
analysis is to elucidate the physical mechanism responsible
for anomalous transport in Co;_ Ni Sby with x<<0.01. As
such, we focus on the low-temperature region near the peak
in Ry and the change of sign of S. These anomalous trans-
port features presumably exist at temperatures lower than
those explored for Cog 9Nigo;Sbs; therefore, we do not in-
clude this sample in the analysis. Within the framework of
semiconductor statistics and taking into account one donor
level and one compensating acceptor level, which is appro-
priate below 100 K,

Ny
n.+N,= . (7)
1+ yn. Ed
N, Pl kT

Here, N.=2(m,kzT/27h>)>* is the density of states in the
conduction band, N, is the concentration of compensating
acceptors, and the degeneracy factor vy is taken to be 6. Sofo
and Mahan have calculated the electronic band structure of
CoSbs and concluded that the conduction band at the gamma
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point is formed by a triply degenerate parabolic band of
heavy electrons degenerate with a nonparabolic band of light
electrons.” The total spin degeneracy in this case would be
8; however, in our simplification we ignore the light elec-
trons. In fact, the results are rather insensitive to the value of
v. Assuming n.<N, at sufficiently low temperature, Eq. (7)
can be written as

Nc Nd_ Na Ed 8
nC_ ,y Na exp kBT ( )
Then, the Hall coefficient and electrical conductivity are®
ol nil
Ry=——-, )
e(nc/-Lc‘+ niMi)
O-total:gc+a-i:nceﬂc+nie#i’ (10)

were n, is obtained from Eq. (8), and n;=N,—N,—n, . The
peak in Ry roughly corresponds to the case where o.~0;.
For temperatures below the peak, impurity conduction is the
dominant transport mechanism. The band and impurity mo-
bilities can be expressed as

w =AT 32,

E;
kT |’

(11)

w;=Bexp (12)

where A, B, and E; are constants. The form of the
conduction-band mobility follows from the assumption of
the dominance of acoustic phonon scattering. The particular
form of Eq. (12) was chosen to approximate the observed
low temperature dependence of the resistivity (n; is nearly
constant at low temperatures) and is not critical to the quali-
tative behavior since the essential feature of this model is
that w.> u; for all temperatures.

A simultaneous fit of the Hall and resistivity data to Eqs.
(9) and (10) was carried out and the results are shown as
dashed lines in Fig. 8. The fitting parameters are given in
Table I and several derived quantities are shown in Table II.
Clearly, the model describes well both the large variations
with temperature of the data as well as the overall trends as
Ni content increases. Semiquantitative agreement of the data
with the essential physics of the model are seen. First, the
calculated values of N, are within an order of magnitude of
the nominal concentrations of Ni atoms, Ny; in
Co;_,Ni, Sb;—we do not expect much better agreement
from this analysis. Therefore, we attribute the donor states
directly to the presence of Ni substituting for Co. Second, we
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FIG. 8. Temperature dependence of electrical resistivity p, Hall
coefficient Ry , and thermopower S for x=0.001, 0.005, and 0.0075
samples. The dashed lines are fits to Egs. (9), (10), and (13). Fitting
parameters for the Hall and resistivity data are given in Table II, and
for thermopower are N;=2X 10", 5x 10", and 310" cm™3 for
x=0.001, 0.005, and 0.0075, respectively.

note that Ny;'ap (as in Table II) is less than the value of
Ng;i"ag~026 (Mott criterion®'?) where N is the critical
concentration and thus our samples are on the insulating side
of the metal-insulator transition. For donor concentrations
near the insulating side of the Mott transition, it is known
that &, scales as N, ', which is observed. Third, the fact
that w./u; (Table IT) decreases as N, increases is consistent
with the magnitude of the density of states in the impurity
“band” increasing with N, . These observations lend support
to the model.

It is seen that the peak in Ry (the crossover from pre-
dominantly conduction band to impurity conduction) ap-
proximately matches the region where S=0. This sign rever-

TABLE I. Fitting parameters of the two-band analysis of the electrical transport for Co, _ ,Ni,Sbs.

A B N, N, E, E,

X (m*K>*/Vs) (m%/Vs) (10" cm™3) (10" cm™3) (meV) (meV)
0.001 7.1%x1073 5.39 0.3 14 242 0.0022
0.003 41%X1077 245 04 0.7 18.3 0.0017
0.005 53%1077 242 0.8 14 13.8 0.0015
0.0075 8.2X107° 1.09 1.6 0.2 8.3 0.0002
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TABLE II. Nominal concentrations of Ni impurity, Ny; , a com-
parison to the Mott criterion, N Ni”3 ap, calculated effective
masses, m, , the ratio of band to impurity mobility at 30 K, w./u; ,
and compensation ratio K for Co,_ ,Ni Sb;.

Nyi my Mol i K
X (10¥ em™®) Ny ap (my) (I'=30K) =N,/N,
0.001 1.1 0.11 3.60 1100 048
0.003 33 0.17 335 710 0.19
0.005 54 022 3.07 500 0.18
0.0075 8.1 0.20 3.92 90 0.11
001 10.8 023 3.76

sal in S is convincing evidence of impurity conduction, and
has been observed, e.g., by Geballe and Hull in Si (Ref. 33)
and recently in GaN.** Table II shows that the compensation
ratios K=N,/N, for the samples are less than 0.5, which
should give rise to impurity conduction with p-type
character.®® The total thermopower in terms of the contribu-
tiogr61 from the conduction band S.* and the impurity states
S0 18

SCO-C+SiG-i 13

- o,to; (13)
kB Nci

S, =F-2|5, +1n| —£ |, (14)
’ e ’ nc’,'

where &, ; is a term connected with the kinetic energy of the
charge carriers, N, ; is the density of states in the conduction
band (N,) and impurity states (N;), and we take (—) for S,
and (+) for S; . We set both &, and §; to zero, approximating
narrow band transport. N, is defined above and has a 7%
dependence, so S. depends only on the physical quantities
derived from Ry and p. The thermopower of the impurity
conduction is much harder to model, though the primary as-
pect of this term is that it is positive. As an approximation,
we take N, to be constant, and use it as an adjustable param-
eter in a fit to the data for Co;_,Ni Sb; with 0.001=x
=<0.0075. The values used in the fit are given in the caption
to Fig. 8 and are of the same order of magnitude as Ny;. The
transition temperature where S changes sign should scale
roughly with the depth of the donor band, &, which is what
we observe. A good fit is obtained employing this model in
this temperature region, further strengthening the two-band
picture.

Transverse magnetoresistance for Coggg9Nig o Sbsy as a
function of magnetic-field strength at several temperatures is
shown in Fig. 9. Below 30 K, the magnetoresistance is nega-
tive. This is a common feature in doped semiconductors near
the metal-insulator transition.>”® The electrons in the impu-
rity “band” should be scattered on ‘‘localized spins” of
partly isolated impurity atoms.* In the presence of a mag-
netic field, the spins become aligned and the scattering de-
creases, thereby reducing the resistance. Above 30 K, the
magnetoresistance is positive and depends quadratically on
the magnetic field as is expected from the deflection of the
electrons residing in an ordinary band via the Lorentz force.
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FIG. 9. Magnetic-field dependence of the transverse magnetore-
sistance Ap(B)/p(0) at several temperatures for the
COO '999Ni0 001 Sb3 Sample .

The peak near 40 K can be understood by taking into account
the temperature dependence of the mobility of both the con-
duction and impurity electrons. The same effect was seen in
impurity bands in GaAs.*

C. Magnetic Susceptibility

The magnetic moment M varies linearly with the mag-
netic field A at all temperatures and for all six samples mea-
sured. For CoSb;, we found a diamagnetic susceptibility
with a weak temperature dependence. The bonding configu-
ration that takes into account its transport and magnetic char-
acteristics was first postulated by Dudkin.*’ Three of the nine
Co (d’s?) electrons bond with the Sb atoms while the re-
maining six nonbonding electrons adopt the maximum spin-
pairing configuration, the zero-spin d° state. It is clear that
Ni, with one more electron than Co, can reside either in the
low-spin d” state (s=1/2) as a neutral impurity, or zero spin
d® state (s=0) plus donor electron (s=1/2). Anno® re-
ported an effective magnetic moment per Ni atom of about
1.7 (Bohr magneton) from a fit of the magnetic suscepti-
bility to a Curie-Weiss form for Co;_ ,Ni, Sb; with x>0.03
and concluded that Ni assumes the low-spin d’ configura-
tion. Like Anno, we obtain an effective magnetic moment
per Ni atom of approximately 1.7up as well (see below). If
this were to imply a single unpaired spin, i.e., a d’ state, the
Ni could not donate an electron to the conduction band con-
trary to the Ni-doping effect observed in the transport data.

To provide a consistent explanation of both transport and
magnetic properties of the Ni-doped CoSbs;, we analyze the
magnetic susceptibility y in the context of a doped semicon-
ductor. The transport data suggests that Ni provides an elec-
tron for transport at elevated temperatures and retains the
electron at low temperatures. In this case,!
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n

where y; is the temperature-independent diamagnetic contri-
bution from the ion cores, V is the sample volume, and g is
the Landé factor for electrons. The second term arises from
the unpaired spins of electrons localized at the donor impu-
rities, and the third term is the Pauli paramagnetic and Lan-
dau diamagnetic susceptibilities of the free band electrons. In
this formulation, we ignore the small diamagnetic contribu-
tion from the localized electrons and the effects due to inter-
actions of their local moments. Because of the heavy con-
duction band of CoSb; (about 3my), g2/4—1/3(mqy/m,)>
=1 if we let g=2. Furthermore, Boltzmann statistics apply
at all temperatures up to room temperature for these low
carrier concentrations, in which case dn./dn=n_/kpT. As a
result, Eq. (15) becomes

V,u2
ksT

where (n;+n,.)=N, is a constant. Therefore, the paramag-
netic susceptibility of the conduction electrons at high tem-
perature is the same as that of the localized impurity elec-
trons at low temperature. This can explain the Curie-like
behavior. In reality, there may be some magnetic correlations
that result in small deviations from a purely Curie tempera-
ture dependence. In Fig. 10, we show a fit of the magnetic
susceptibilities of Ni-doped samples using the Curie-Weiss
form,

C
X_Xpure:X0+ T+0.° (17)
cw
5 )
o x=0.001 _
—~ 4 v x=0003 A
£ v x=0.005 © e
2 m  x=0.0075 P
- o x=0.01 o
e 3 ——-Fits e .
= //o
3 70
= - _
el o
3 /7
v <°
= - 4
~ -~
o T
—7
e
o %
0 i | ! !

0 50 100 150 200 250 300
T(K)
FIG. 10. 1/(x—Xpuwe—Xo) Vversus temperature for all

Co; _,Ni,Sb; samples. Dashed lines are fits according to Eq. (17).
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TABLE III. The fitting parameters and the effective Bohr mag-
neton numbers P(up/Ni) per nickel atom for the magnetic suscep-
tibilities of Co;_ Ni,Sbs.

Xo c Ocw P
X 107¥ em?/fu) (1078 em®-K/fu)  (K)  (up/Ni)
0.001 7.766 8.526 1558  2.027
0.003 —0.875 26.45 1117 2062
0.005 —2.388 35.23 1599  1.843
0.0075 -1978 46.70 1732 1733
001 —1.361 62.43 1985 1.735

where .. is the magnetic susceptibility of the undoped
sample, x, is a small temperature-independent term reflect-
ing the difference of the ionic core contribution between the
pure and Ni-doped samples, C is the Curie constant, and 6.,
is the Curie-Weiss temperature. Table III lists the fitting pa-
rameters.

Our magnetic data suggests that the magnetic susceptibil-
ity, unlike the electron transport data, is not sensitive to
whether the electrons are in the impurity states or the con-
duction band. Instead of a core d’ state as proposed by Anno,
we believe the core electrons of Ni preserve the zero-spin d®
configuration and the Ni** state makes available a conduc-
tion electron for transport. At low T, this conduction electron
is recaptured by the Ni impurity as a localized spin with s
=1/2, consistent with the 1.7uz magnetic moment we ob-
serve. At high T, this electron becomes delocalized, and
gives rise to ‘““band” paramagnetism. We thus conclude that
Ni takes the tetravalent state Ni* ™, i.e., the Zero-spin d° elec-
tronic configuration. We, therefore, have a consistent picture
for both the transport and magnetic susceptibility of
Co, _,Ni,Sb; consisting of electrons residing in the conduc-
tion band and impurity states. A more sensitive test of the
valence state of Ni, e.g., electron paramagnetic resonance,
would be very revealing in confirming our picture.

V. SUMMARY

We performed transport and magnetic measurements on a
series of polycrystalline samples of the form Co;_,Ni, Sbs
with x=0, 0.001, 0.003, 0.005, 0.0075, and 0.01. Such
minute amount of impurity is sufficient to change the trans-
port from p type to n type. Ni doping dramatically changes
the temperature dependence of the thermopower. A very high
thermopower (S~ 500 nV/K) is achieved for x=0.001. At
low temperatures, very sharp peaks in the Hall coefficient are
observed to correlate with anomalous features in ther-
mopower. A two-band model consisting of the conduction
band and an impurity “band” formed by the Ni impurities
accounts for the observed behavior. The magnetic suscepti-
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 suggests
the Ni atoms are trivalent, making it difficult to account for
the clear doping effect Ni has on CoSb; . Our magnetometry
and transport data indicate that Ni takes the tetravalent state
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Ni*", assuming the d°® electronic configuration for the
lower-energy nonbonding orbitals, and gives one electron to
the conduction band. These results show that Ni acts as a
donor and may prove useful for optimizing the carrier con-
centration in optimally filled skutterudite materials.
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