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The structural and electron transport properties of the pure and Co-, Ti-, and Zr-substituted FeVSb half-
Heusler phases have been investigated using x-ray diffraction, Mössbauer spectroscopy, and Electron Probe
Microscopy Analysis as well as resistivity, thermopower, and Hall effect measurements in the 80–900 K
temperature range. In a parallel study, the electronic structures of FeVSb and the aforementioned alloys were
calculated using the Korringa-Kohn-Rostoker method with the coherent potential approximation(KKR-CPA)
in the LDA framework. The electronic densities of states and dispersion curves were obtained. The crystal
structure stability and site preference analysis were addressed using total energy computations. Most of these
experimental results correspond to electronic structure computations only if they take into account extra crystal
defects such as antisite defects or vacancies present to various extents in the samples. Indeed a remarkable
variation of KKR-CPA density of states occurring both in FeVSb and FeV1−xZrxSb including defects may
explain why FeVSb is not fully semiconducting as well as why there is a change of the thermopower sign in
the FeV1−xZrxSb versus x content.
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I. INTRODUCTION

Half-Heusler phases are particularly appealing systems
since a wide spectrum of complex physical properties ap-
pears in a relatively simple C1b structure. Many studies on
magnetic, transport, and electronic structure properties have
revealed that semiconductors, semimetals, Pauli metals, fer-
romagnets, half-metallic ferromagnets, or antiferromagnets
can exist in this series of compounds.1–3 On the whole, it has
also been noticed that such a variety of behaviors may come
from the presence of an energy gap in the density of states
for the valence electron count VEC=18.4,5 The semiconduct-
ing properties in the half-Heusler compounds were first de-
duced from the resistivity and optical measurements in
NiMSn (M =Ti, Zr, Hf)6,7 and later supported by band struc-
ture computations.8–10 Further theoretical works4,11–14 have
often disclosed that in various VEC=18 compounds an en-
ergy gap appears above the 9th band in a quite systematic
way. The gap varies from 0.3 eVsNiYSbd to 1.2 eV
sCoZrSbd in the LDA results. So, the transport and magnetic
properties of compounds(with VECÞ18) strongly depend
on the Fermi level position with respect to this gap. How-
ever, such a simple picture may be modified if different kinds
of atomic disorder(vacancies, antisite defects) arise.8,15,16

Further experimental works have presented new half-Heusler
systems,17–19 in which most of the VEC=18 compounds ex-
hibit semiconducting-like(or semimetallic-like) and Pauli
paramagnetic behaviors. Special attention was paid to inves-
tigations of remarkable thermoelectric properties, e.g., in
NiMSn (M =Ti, Zr, Hf)20,21 and CoMSb (M =Ti, Zr, Hf)22,23

upon doping with transition metal elements. All these find-
ings open apparently new perspectives for selected half-
Heusler materials as efficient thermoelectrics.24,25 In the

aforementioned context the electron transport characteristics
were also investigated in other C1b phases such as
FeVSb26,27 and NiRESb (RE=Tb, Dy, Ho).28 Moreover, a
metal-semiconductor-metal crossover with some unusual
thermopower variation versus composition has been recently
detected in Fe1−xNixTiSb29 and other solid solutions,30 which
gives additional experimental evidence for the VEC=18
band gap “rule” in disordered half-Heusler samples.

The half-HeuslerXYZphases are ternary compounds with
equal composition1:1:1, where X represents a transition
metal element,Y is either a transition metal, rare earth or
noble element, whereasZ denotes asp element such as Sn,
Sb, or Bi. These compounds crystallize in the face centered
cubic (fcc) structure(space groupF–43m, AgMgAs-type) as
shown in Fig. 1. Thus one unit cell holds four formula units
with the X, Y, and Z atoms located in the 4a:s0,0,0d,
4d:s 3

4 , 3
4 , 3

4
d and 4c: s 1

4 , 1
4 , 1

4
d positions, respectively. The ori-

FIG. 1. Crystal structure of half-Heusler FeVSb.
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gin of the unit cell is sometimes specified on theY atom.31

The C1b structure(Fig. 1) consists of four interpenetrating
fcc sublattices equally displaced along a body diagonal of the
unit cell, if accounting for a vacancy at 4b:s 1

2 , 1
2 , 1

2
d. This

structure can also be described as a rock-salt structure built
of Y andZ atoms, in which a half of the tetrahedral sites is
occupied byX atoms in an ordered way. When filling up
remaining voids with additionalX atoms, we obtain theL21
structure(space groupFm3m, Cu2MnAl-type) which is char-
acteristic of the normal HeuslerX2YZ phases. Some of the
C1b compounds, like FeVSb or NiVSb, may also crystallize
in a hexagonal structure(space groupP63/mmc, Ni2In-type)
under high temperature.17

In this work we present structural and electrical transport
properties of pure and doped FeVSb studied using x-ray dif-
fraction, Mössbauer spectroscopy, and Electron Probe Mi-
croanalysis(EPMA) as well as resistivity and thermopower
measurements. The substituted elements were Co(asn type)
and Ti, Zr (asp type). Furthermore, we report the electronic
structure of these systems based on the Korringa-Kohn-
Rostoker(KKR) calculations with the coherent potential ap-
proximation(CPA). A total energy analysis was also under-
taken to obtain insight into the structural stability of ordered
FeVSb and the site preference of substituted elements. The
electronic structure calculations were used for a qualitative
interpretation of experimental results.

The paper is organized as follows. In Sec. II we briefly
describe the sample preparation and the structural data analy-
sis. In Sec. III we present the results for pure FeVSb. First,
the band structure calculations are shown, then experimental
results of electron transport measurements such as the resis-
tivity rsTd and thermopowerSsTd are described. These are
discussed in the light of the band structure calculations, ac-
counting for various native defects in the crystal. In Sec. IV
we report the electronic structure and experimental results
for doped FeVSb and related systems, also accounting for
the aforementioned native defects. In Sec. V we summarize
this work, paying attention to the possible origins of agree-
ments and discrepancies between theory and experiments.

II. SAMPLE PREPARATION AND STRUCTURAL
ANALYSIS

Polycrystalline samples were prepared in an induction fur-
nace. High purity elements were melted in a cold water
cooled copper crucible under argon atmosphere. After melt-
ing the metals, antimony was added with a slight excess to
compensate for evaporation. The resulting compounds con-
tainedfcc andhcpphases. A differential thermal analysis was
performed to determine the cubic-hexagonal phase transition
temperature in FeVSb, which is near 700 °C. The samples
wrapped in molybdenum foil were annealed under helium-
hydrogen at 650 °C for one week. The composition and
structure of the compounds were investigated by x-ray dif-
fraction measurement and EPMA analysis. The cell param-
eters were established via a powder x-ray diffraction pattern
(Fig. 2) using high purity silicon as an internal standard.

Table I gives the room temperature lattice parameters of
pure and substituted(with Ti, Zr, and Co) FeVSb. The cubic

(AgMgAs-type) and hexagonal(Ni2In-type) structures were
observed in all investigated samples. The lattice constants of
both structural variants of FeVSb were found to be in perfect
agreement with the previously reported values.31 From a
comparison with experimental data obtained in the alloys
one concludes that the lattice constant in Fe1−xCoxVSb does
not change at least for a small Co amount. Conversely, a
significant enhancement of lattice parameters was detected in
FeV1−xTixSb when the Ti concentration increases in the cu-
bic structure(also in the hexagonal structure), which is prob-
ably due to quite different atomic radii of Ti and V. The
variation of the lattice constant in the cubic structure(for
0,x,0.2) follows more or less a straight line versus the Ti
content and is also close to values fitted to Vegard’s law
between FeVSbsa=5.826 Åd and FeTiSbsa=5.951 Åd.

Electron Probe Microanalyses were performed strictly at
the same working conditions in the investigated specimens
and enabled us to determine the relative proportions among
the different atoms with a standard accuracy of order of 1%.
On the whole we found that all annealed samples contained
various extents of an excess of antimony. Most of them also

TABLE I. Cell parameters of the cubic phase(AgMgAs-type)
and hexagonal phase(Ni2In-type) for investigated half-Heusler
samples.

Composition Lattice parameterssÅd
Cubic Hexagonal

FeVSb 5.826(1) a=4.229s4d c=5.443s1d
Fe0.98Co0.02VSb 5.826() a=4.224s8d c=5.451s9d
FeV0.95Ti0.05Sb 5.833(5) a=4.225s1d c=5.468s2d
FeV0.90Ti0.10Sb 5.842(6) a=4.219s8d c=5.502s2d
FeV0.85Ti0.15Sb 5.852(1) a=4.202s2d c=5.537s2d
FeV0.80Ti0.20Sb 5.856(9) a=4.198s6d c=5.543s8d
FeV0.90Zr0.10Sb 5.830(8)

FeV0.85Zr0.15Sb 5.869(7)

FIG. 2. X-ray diffraction pattern in FeVSb.
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displayed a deficiency of iron. The relative proportions of the
atoms in the investigated samples as derived from the EPMA
analysis are listed in Table II. Interestingly, a comparison of
obtained data for the isoelectronic series of compounds,
FeV1−xZrxSb and FeV1−xTixSb, indicated that the nonstoichi-
ometry is more pronounced in the Zr-containing samples
with respect to the Ti-containing ones. Further attempts to
prepare stoichiometric samples by melting elements within
the exact proportions led to similar results and the com-
pounds always exhibited an excess of antimony and a defi-
ciency of iron.

57Fe Mössbauer spectroscopy measurements were per-
formed to study a possible disorder in FeVSb. An iron spec-
trum was collected at room temperature using a standard
constant-acceleration spectrometer with the 25 mCi source
of 57Co in a rhodium matrix. The obtained Mössbauer spec-
trum (Fig. 3) can be analyzed with a singlet(single peak),
indicating that Fe atoms occupy exclusively one site. Note
that irons onX and vacancy sites possess an identical atomic
neighborhood and the two positions cannot be distinguished
within this technique. Moreover, both ordered FeVSb and
VFeSb crystallographic variants of the system are expected
to result in a singlet from the57Fe Mössbauer spectroscopy
due to the same point symmetry of both sites. Nevertheless,
recent neutron diffraction spectroscopy measurements32 ex-
cluded the VFeSb possibility. Table III gives a comparison of

observed x-ray diffraction intensity ratios with values calcu-
lated using Fullprof program33 for the perfectly ordered
sample as well as accounting for different types of disorder
(as large as 5%).29 The detected atomic disorder may arise
from the V/Sb exchange and should not be larger than 5%.
Additionally, an introduced excess of Sb on the Fe site(as
large as 5%) decreased only the I200/ I220 peak ratio.

III. FeVSb

A. Computational details

The band structure of an ordered FeVSb compound for
two allotropic forms(cubic and hexagonal) was determined
using self-consistent Korringa-Kohn-Rostoker(KKR) calcu-
lations within the local density approximation(LDA ). The
electronic structure of FeVSb, containing native crystal de-
fects (such as vacancies or antistructure defects), was also
investigated within the coherent potential approximation
(CPA) in KKR-CPA calculations. Since the KKR and KKR-
CPA codes are different, it was verified by our computations
of the limiting case of vanishing defects concentration, that
both gave similar results. Moreover, KKR total energy com-
putations were performed to determine the ground state of
crystallographic variants admitted in the half-Heusler C1b
structure(FeVSb, VSbFe, and SbFeV).

In the XYZhalf-Heusler structure,X, Y, andZ atoms are
on s0,0,0d, s 3

4 , 3
4 , 3

4
d, and s 1

4 , 1
4 , 1

4
d sites, respectively. So,

atomic occupancy in the FeVSb(X=Fe, Y=V, and Z=Sb)
and other crystallographic variants(VSbFe and SbFeV) can
be easily detected. The vacancy placed on thes 1

2 , 1
2 , 1

2
d site

was represented by an empty sphere with no nuclear charge
sZ=0d. This geometrical modification permitted us to in-
crease filling of the Wigner-Seitz cell by the nonoverlapping
spheres up to 68%, if equal radii were chosen for all atoms
and a vacancy. Such computational geometry enabled us to
perform an accurate comparison of local electronic proper-
ties for the same atoms placed in different atomic surround-
ings.

In the hexagonal structure of FeVSb(Ni2In-type) Fe, V,
and Sb occupy 2a:s0,0,0d, 2c:s 1

3 , 2
3 , 1

4
d and 2d:s 1

3 , 2
3 , 3

4
d

sites, respectively. Moreover, the electronic structure of other
crystallographic variants SbFeV and VSbFe in the hexagonal

TABLE II. Nominal and Electron Probe Microanalysis(EPMA)
composition of half-Heusler phases.

Nominal EMPA

FeVSb Fe0.98V0.99Sb1.03

Fe0.995Co0.005VSb Fe0.97Co0.006V0.99Sb1.03

Fe0.98Co0.02VSb Fe0.95Co0.02V1.02Sb1.01

FeV0.90Ti0.10Sb Fe0.96V0.9Ti0.1Sb1.04

FeV0.85Ti0.15Sb Fe0.98V0.86Ti0.15Sb1.01

FeV0.80Ti0.20Sb Fe0.99V0.77Ti0.22Sb1.02

FeV0.95Zr0.05Sb Fe0.95V0.98Zr0.02Sb1.05

FeV0.90Zr0.10Sb Fe0.96V0.97Zr0.03Sb1.04

FeV0.85Zr0.15Sb Fe0.95V0.93Zr0.07Sb1.05

TABLE III. Observed and calculated intensity ratio in FeVSb
(calculated x-ray intensities correspond to a disorder as large as
5%.)

Disorder type I111/ I220 I200/ I220

Experimental 0.39 0.43

Ordered 0.44 0.44

Fe on V site 0.44 0.44

Fe on Sb site 0.43 0.39

Fe on a vacancy site 0.41 0.44

V/Sb exchange 0.39 0.44

V/Sb exchangea 0.39 0.40

a5% Sb excess on Fe site in addition.

FIG. 3. Mössbauer spectrum in FeVSb.
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structure were also considered. All computations employed
the experimental values of the lattice constants(Table I). The
crystal potential of the muffin-tin form was constructed
within the local density approximation(LDA ), using the von
Barth-Hedin formula for the exchange-correlation part.34 The
Fermi level was determined directly from the generalized
Lloyd formula.35 The self-consistency cycles were repeated
until input-output potentials and charges inside muffin-tin
spheres were less than 1 mRy and 0.001 electron, respec-
tively. For the final potential, the total density of states
(DOS), site-decomposed DOS andl-decomposed DOS(with
lmax=2) were computed using the tetrahedronk-space inte-
gration technique. The dispersion curves Eskd were com-
puted along high symmetry directions in the irreducible part
of the Brillouin zone. More details concerning the KKR and
KKR-CPA methodology used in our computations can be
found in the papers.36–39

B. Electronic structure of pure FeVSb

From the previous theoretical studies we know that the
half-Heusler FeVSb with the C1b structure belongs to narrow
band semiconductors, which is often the case in the VEC

=18 compounds. The LDA energy gapsEgd is as large as
0.46 eV and arises between the L point at the top of the
valence band and the X point at the bottom of the conduction
band (Fig. 4). The KKR result is close to theEg value ob-
tained from the localized spherical wave method,40 LMTO27

and recently from the FP-LMTO41 computations. As the half-
Heusler structure is far from compact, it may be subject to
lattice instabilities. It was observed experimentally that
physical properties of these compounds strongly depend on
synthesis conditions and especially on thermal treatment.

In the half-Heusler unit cell, only three nonequivalent
atomic arrangements are possible: FeVSb, SbFeV, and
VFeSb. These three atomic arrangements have completely
different ground states, i.e., FeVSb is a semiconductor,
VFeSb a semimetal, while SbVFe is a metal(computed at
the experimental lattice constant). Figure 4 shows the disper-
sion curves in the vicinity of the Fermi level in these three
variants. We notice that in VFeSb the valence and conduc-
tion bands exactly touch the Fermi level(at different k
points) indicating a pseudo-gap behavior(we recall that a
similar electronic structure was found in the normal Heusler
Fe2VAl and Fe2VGa39,46), whereas in SbVFeEF apparently
crosses the bands along most of the BZ directions, resulting
in a finite density of states like in metals. The analysis of
electronic properties for various atomic arrangements were
already investigated in other C1b compounds with the
LMTO computations.10

Highly accurate calculations of the three aforementioned
cases revealed that the FeVSb configuration, which results in
a semiconducting ground state, was energetically much fa-
vored with respect to the other crystallographic variants(Fig.
5). Using the experimental lattice constant the total energy of
FeVSb was found to be about 2.1 eV and 4.3 eV lower than
the values computed in SbFeV and VFeSb, respectively. The
KKR preference of the FeVSb phase remains in fair agree-
ment with the recent FP-LMTO study.41 Furthermore, the
FLAPW calculations45 of NisTi,Zr,HfdSn and
NisSc,Y,LadSb have revealed evidently that the lowest en-
ergy atomic configuration corresponds to the semiconducting
state.

FIG. 4. KKR dispersion curves in FeVSb(semiconductor),
VFeSb(semimetal), and SbFeV(metal) in the C1b structure(see the
text).

FIG. 5. Total energy versus lattice constant in FeVSb(semicon-
ductor), VFeSb(semimetal), and SbFeV(metal).
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Figure 6 presents the total and site andl-decomposed
DOS in the lowest energy FeVSb compound. The band gap
in this system arises mainly from a strong hybridization of
the d states of the transition metal atoms(Fe mostly below
the gap, V mostly above the gap). The s and p states of Sb
add 8 states to the valence bands.14,41,42 According to the
previous and present KKR electronic structure computations
the stability of the VEC=18 compounds seems is due to the
presence of the energy gap at the Fermi level. In Fig. 6 we
also show the electronic structure of the high temperature
hexagonal phase of FeVSb. In contrast to the cubic phase, it
exhibits a continuous energy spectrum of DOS with a rather
high DOS value at the Fermi level attributed to large peaks
of d states detected on transition metal sites. As the DOS
values atEF satisfy the Stoner limit both on Fe and V, then
it is not surprising that the spin-polarized KKR computations
result in magnetic moments both on irons1.9 mBd and vana-
dium s0.9 mBd. However, arranging atoms in a different man-
ner in the hexagonal structure may lead to a nonmagnetic
ground state(due to low DOS atEF).

A comparison of the electronic structures occurring for
various atomic arrangements in the half-Heusler structure
gives only an approximate insight into electronic phenomena

that may occur in real samples, since the experimentally de-
tected disorder in the cubic FeVSb is not larger than a few
percent. Hence, intermediate cases should be investigated
theoretically for a better understanding(see Sec. III D where
KKR-CPA was used).

C. Electronic transport measurements

Electrical resistivities have been measured using the van
der Pauw method.43 Samples were prepared as square pieces
of approximately 434 mm with a thickness smaller than
1 mm by cutting with a diamond wire. The measurement
system allowed performing experiments in two temperature
regimes, either at lows80–350 Kd or at highs300–800 Kd
temperatures. In the Hall experiments the magnetic field was
reversed and the Hall resistivity was obtained asRH=frsHd
−rs−Hdg /2. Then the carrier concentration was deduced
from the relationn=sRHed−1 considering that only one type
of carrier was present. This should be valid due to the pres-
ence of defects(see the next section) and a transition to
intrinsic behavior only above 650 K as seen in the resistivity
measurements. Contacts to samples were made with silver
epoxy paint at low temperatures, while molybdenum rods
were applied at high temperatures. The measurements of the

FIG. 6. Total and partial DOS on Fe, V, and Sb sites in cubic
and hexagonal phases of FeVSb. In the site-decomposed DOSs, p,
and d contributions are plotted by dotted, dashed, and full lines,
respectively.

FIG. 7. Temperature dependence of the electrical resistivity and
mobility (inset) in FeVSb.

FIG. 8. Temperature dependence of the Hall constant and the
carrier concentration in FeVSb.
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thermopower were done using a standard differential
method.44

The temperature dependence of the electrical resistivity
from 4 to 950 K is shown in Fig. 7. It exhibits two types of
behavior: from 4 to 650 K, the resistivity curve increases
with temperature as in a metal and above 650 K it decreases
with temperature as in a semiconductor. The Hall resistivity
is negative(Fig. 8).

The mobility decreases when the temperature increases
and becomes very low at high temperature(Fig. 7). The car-
rier concentration is rather constant, near 1020 cm−3 and in-
creases only for the temperature range above 550 K(Fig. 8).
The negative Seebeck coefficient presents a minimum at
about 600 K and then increases(Fig. 9).

All these results exhibit two types of behavior versus tem-
perature: a metallic behavior below about 650 K, and a semi-
conducting one above 650 K. This change of behavior seems
to be best interpreted as a transition between a highly doped
saturation regime and an intrinsic regime above 650 K. The
corresponding gap value can be determined at high tempera-
ture using the activation lawr=r0exps−Eg/2kBTd whereEg

is the energy gap value andkB is the Boltzmann constant.
The obtained value forEg is about 0.19 eV.

D. Electronic structure of FeVSb with defects

The transport properties exhibit a rather metallic behavior
at low temperature while the band structure calculations pre-
dict a semiconductor. Moreover, the calculated gap is about
0.46 eV but the experimental gap is about 0.19 eV. The
known deficiencies of the LDA approximation(but these
usually lead to an underestimation of the band gap width)
and point defects are a possible explanation for these differ-
ences. We first investigated the effect of the site disorder of
V and Sb on the band structure. From the KKR-CPA com-
putations, we obtained upon the inclusion of V/Sb and Fe/V
antisite defects(conserving a1:1:1 stoichiometry among
Fe, V, and Sb) the Fermi level still located in the gap, with
the width of Eg progressively reduced when the number of
intermixing atoms increased.16 This effect was earlier de-
tected in pseudopotential computations for NisTi,Zr,HfdSn8

where the Zr/Sn disorder practically closed the energy gap at
15% of the exchanged atoms. This type of disorder reduces
the gap but the Fermi level remains inside the gap. The cal-
culation can explain the low value of the experimental gap,
but not the metallic behavior observed below 650 K.

From the above-mentioned EMPA analysis of several
FeVSb samples(Table II), with a deficiency of iron, we ex-
pect that some excess Sb or Fe vacancies may occur on the
Fe sublattice. This prompted us to study the effect of partial
disorder on the electronic states near the Fermi level using
the KKR-CPA computations. Figure 10 reports the evolution
of the KKR-CPA density of states taking into account various
kinds of disorders, namely Fe1−xVSb (vacancies on the Fe
site), Fe1−xVSb1+x (with an excess of Sb on the Fe site),
Fe1−xV1+xSb (with an excess of V on the Fe site). One notes
an unusual DOS variation versus defect concentration at the
conduction band bottom both in Fe1−xVSb and Fe1−xVSb1+x.
New states appear at the bottom of the conduction band,
which are partially occupied: both the Sb excess and the Fe
vacancy on the Fe lattice in FeVSb behave as electron do-
nors. This may be understood by considering the effect of a
single Sb impurity or vacancy on a Fe site. There is a much
higher d-state energy for Sb impurities(s-p element) or Fe
vacancies than for an Fe atom(transition element). So there
is a strong repulsive perturbation in thed channel on an
impurity site which expels thed states of this site from the
valence band up into the lower part of the conduction band.
A total of 10 filled d states is thus transferred from the va-
lence band to the conduction band. Since 5 valence electrons
are gained with the extra Sb atom and 8 valence electrons
lost with the removed Fe atom, this gives a total of 7 elec-
trons in the conduction band for each Sb impurity on the Fe
site (or 2 electrons for Fe vacancies). The KKR-CPA calcu-
lations agree well with these numbers and shows thatEF is
indeed located in the bottom of the conduction band. Since
these KKR-CPA calculations do take into account a finite
concentration of Sb impurities(or Fe vacancies) on the Fe
sites they also show a significant shrinking of the perfect
crystal gap. This may account for the experimental strongly
doped n-type behavior of FeVSb below 650 K. From the
above analysis one may also expect an unusual electronic
structure in the substituted FeVSb systems if the same native
crystal defects occur.

IV. DOPED FeVSb

A. Electronic structure of substituted FeVSb phases

We have investigated bothn doping with cobalt andp
doping with titanium and zirconium. As the site preference
for the substituted atom seems to be crucial in such analysis,
we first considered this point using the total energy KKR-
CPA results. Indeed, computations showed(Fig. 11) that Co
prefers the Fe site while both Ti and Zr should enter the V
site, which supports simple expectations based on proximity
in the periodic table(even at a rather high concentration).
Figure 12 shows the evolution of the density of states in
Fe1−xCoxVSb, FeV1−xTixSb and FeV1−xZrxSb with x=0.05,
0.10, and 0.15 accounting for the chemical disorder exclu-
sively on one site(without additional defects). The replace-

FIG. 9. Temperature dependence of the Seebeck coefficient in
FeVSb.

JODIN et al. PHYSICAL REVIEW B 70, 184207(2004)

184207-6



ment of Fe by Co in Fe1−xCoxVSb indeed shifts the Fermi
level into the conduction states due to an increased number
of electrons in the system, sinced states on the dilute Co
impurity on the Fe site practically do not modify the elec-
tronic structure near the gap. In the same way, the KKR-CPA
computations for the Ti-doped and Zr-doped FeVSb samples
show that the density of states of both impurities near the gap
does not affect the electronic structure of the host leading to
the Fermi level in the valence band. However, we note some
differences, i.e. the Ti-DOS(mostly of d symmetry) just be-
low the gap has a variation markedly stronger than that of the
Zr-DOS, which may have some consequences on the trans-

port behavior. This simple picture may be complicated by the
presence of native defects just like in the pure FeVSb case.
For instance, in FeV1−xZrxSb KKR-CPA computations ac-
counting for an extra disorder between Fe and Sb according
to the indications of the EPMA observations(Table II) lead
to the results given in Fig. 13. These show that the Zr addi-
tion (holes) first compensates the native defects(electrons),
and in order to observep doping one has to add more Zr.

B. Experimental results for n doping with Co

The resistivity curves of the undoped FeVSb sample and
the sample doped with 0.5% Co are similar(Fig. 14). The
curve of the doped sample increases with temperature until
about 750 K and, after, it decreases as for semiconductors
(intrinsic regime). The Seebeck coefficient is higher than that
of FeVSb(Fig. 15). The resistivity of the sample containing
2% Co is the lowest and is metallic-like in all the investi-
gated temperature range. This is in agreement with the lower
value of the Seebeck coefficient and the higher carrier con-
centration(Table IV). As noted above, the high Seebeck co-
efficient found in the 0.5% Co-doped FeVSb might be re-
lated to the strongly increasing DOS at the conduction band
edge, which corresponds to an increased effective masses of
electrons atEF. With further Co substitution the density of
states increases in a systematic way and the semiconducting-
like behavior is lost.

C. Experimental results for p doping with Ti and Zr

Figure 16 illustrates the effect of the Ti substitution on
temperature dependent resistivity curves in FeV1−xTixSb. At

FIG. 10. KKR-CPA DOS variation versus defect size in FeVSb(see the text). Fe1−xV1+xSb, Fe1−xVSb1+x, and Fe1−xVSb correspond to an
excess of V, an excess of Sb, and a vacancy on the Fe sublattice, respectively. Total, Fe, and V DOS are shown by full, dot-dashed, and
dotted lines, respectively.

FIG. 11. Total energy of Fe1−xMxVSb, and FeV1−xMxSb with
M =Co, Ti with respect to constituent atoms.
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high temperature, they tend to a common value near
20 mV m, confirming the transition toward the intrinsic be-
havior of FeVSb. However, at a low temperature range, the
resistivities are different and they range between 8 and
298 mV m. Except for the sample doped with 15% titanium,
the resistivity curves tend to become independent of the tem-

perature when the Ti concentration increases. The resistivity
appears to be controlled by the mobility, limited by impurity
disorder. In the case of FeV0.85Ti0.15Sb, a different behavior
is observed. The resistivity decreases with temperature as
T−3/2 and a reduction of the carrier concentration is also ob-
served. This semiconducting behavior is not understood yet.

FIG. 12. KKR-CPA DOS in substituted FeVSb phases. Dotted and thick full lines represent the total and impurity(Co, Ti and Zr) DOS
(in states/Ry/spin/atom), respectively.

FIG. 13. KKR-CPA DOS in Fe1−xsV-ZrdSb1+x (with 0.05, 0.1, and 0.15 Zr contents) versus Fe/Sb defects(see the text). Total, Fe, V, and
Zr-DOS are shown by full, dot-dashed, dotted, and dashed lines, respectively.
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All Ti-containing samples show a positive Seebeck coeffi-
cient at room temperature. Within the FeV1−xTixSb series of
compounds the largest thermopower value was reached in
FeV0.95Ti0.05Sb s+180mV/K d and then it decreases system-
atically when the Ti content increases. Figure 15 showsSsTd
curves in FeV1−xTixSb. A flat maximum ofSsTd can be ob-
served in the 500–600 K temperature range depending on
the Ti content. Note that no peculiar thermopower behavior
was detected in thex=0.15 sample, in spite of a resistivity
variation qualitatively different from other Ti contents. This
might be due to some sort of impurity ordering, but the struc-
tural studies did not show anything. A strong decrease of the
thermopower forT.600 K in FeV0.95Ti0.05Sb is due to a
rapid compensation of holes(dominating at low tempera-
tures) by thermally activated electrons when the temperature
approaches the intrinsic range. In phases containing more Ti,
the SsTd variations are slower. Although in the thermopower
measurements we obtained a high and positiveS even atx
=0.05 Ti, a change of the Seebeck coefficient sign in
FeV1−xTixSb (from high and negative atx=0.05 to high and
positive in x=0.15) was previously observed.27 From the
KKR-CPA results this might indicate that the two sets of

samples contained different amounts of compensated native
crystal defects.

The substitution with Zr leads to radical change of the
temperature dependent resistivity curves. From Fig. 17 we
see that all Zr-containing samples exhibit a semiconducting-
like character of resistivity curves. The strongestdr /dT
slope was observed atx=0.02, while other samples exhibitr
decreasing versusT more and more moderately as the Zr
content increases. The change in thedr /dT slope versus Zr
content is accompanied by a systematic increase of the hole
concentration, as found in the Hall effect measurements
(Table IV). The Seebeck coefficient in FeV1−xZrxSb changes
sign from negative to positive when the Zr content increases.
This can be understood if the compensation of electrons due
to native defects is taken into account(Fig. 13). The SsTd
curves measured in FeV0.98Zr0.02Sb indicates that the ther-
mopower is more or less constant over the whole tempera-
ture range.

As seen in Fig. 12 and 13, the Ti-DOS being located just
below the gap varies much more strongly than the Zr-DOS.
Such features may also contribute to the larger Seebeck co-
efficient in the Ti-doped samples with respect to the
Zr-doped case. Both the positive sign and the thermopower
decrease with the Ti content can be attributed to the Fermi
level position in the valence states and the increasing DOS at
EF found in the computations.

V. CONCLUSIONS

The resistivity and thermopower measurements in the
range of temperature 80–800 K in pure and substituted

FIG. 14. Temperature dependence of the electrical resistivity in
Fe1−xCoxVSb.

FIG. 15. Temperature dependence of the Seebeck coefficient in
half-Heusler phases:(1) FeVSb; (2) Fe0.995Co0.005VSb; (3)
FeV0.95Zr0.05Sb; (4) FeV0.95Ti0.05VSb; (5) FeV0.9Ti0.1VSb; (6)
FeV0.85Ti0.15VSb.

FIG. 16. Temperature dependence of the electrical resistivity in
Fe1−xTixVSb.

FIG. 17. Temperature dependence of the electrical resistivity in
FeV1−xZrxSb.
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sCo,Ti,Zrd FeVSb samples showed that their transport prop-
erties seem to originate not only from the type of doping
(hole or electron) of the substituted impurities, but also from
the native defects occurring in the systems. Indeed, the struc-
tural analysis showed that most investigated samples con-
tained an excess of Sb(or vacancies on the Fe sublattice) as
well as the disorder between V and Sb.45,46

The resistivity in FeVSb increased with temperature in a
metallic-like way, reaching a maximum near 650 K, which
was identified as the transition into an intrinsic semiconduct-
ing regime. The thermopower is large and negative.

The KKR-CPA study of various types of disorder in
FeVSb (nonstoichiometry, anti-site defects) revealed a re-
markable effects on density of states in the vicinity of the
gap, upon accounting for Sb impurity on Fe site and Fe va-
cancies. In such cases the simple VEC=18 rule for the semi-
conductivity occurrence in the half-Heusler systems, is no
longer maintained. All these results together show that
FeVSb as well as other VEC=18 half-Heusler compounds47

may also exhibit metallic-like behaviors at low temperatures.
On the other hand, the rather high thermopower observed in
this compound allows classifying FeVSb as a “dirty” semi-
conductor.

In Fe1−xCoxVSb, rsTd characteristics tended to metallic-
like behavior with an increasing cobalt content. A large and
negative Seebeck coefficient was detected at a small amount
of Co, whereas the thermopower was much smaller in the

x=0.02 sample. This was also supported by the electronic
structure calculations showing that the Fermi level shifts into
the conduction band versus the cobalt doping without DOS
shape modifications. The system becomes then more metal-
lic. Moreover, the nativen-type defects could not markedly
change this effect.

In the Ti-containing samples the thermopower was posi-
tive and large, as expected in systems doped withp-type
elements, but the change of thedrsTd /dT slope observed in
FeV1−xTixSb for x=0.15 appeared anomalous and was not
supported by the KKR-CPA DOS variation.

In FeV1−xZrxSb the Seebeck coefficient was much smaller
than in isoelectronic FeV1−xTixSb and changed sign from
negative sx=0.02,S=−20mV/K d to positive (x=0.03,S
= +40 mV/K d. In view of the electronic structure KKR-
CPA computations such a phenomenon seems to be pos-
sible when extra crystal defects, as detected by the EPMA
analysis, are taken into account in the calculations. Fe
vacancies or an Sb excess on the Fe-site introduce extra
electrons, which may not be compensated for low Zr dop-
ing.

In summary, this theoretical KKR-CPA study shows that
crystal imperfections may have a crucial role in electron
transport behaviors of the pure FeVSb and Co-, Ti-, and
Zr-substituted phases. Experimental data cannot be inter-
preted coherently from perfect crystal calculations. This con-
clusion also seems to be relevant to other half-Heusler sys-
tems with valence electrons close to 18, when various crystal
defects appear.

In the present paper we concentrate on the electronic
properties of pure and doped FeVSb. To assess these mate-
rials value as thermoelectrics, their thermal conductivitiesl
have to be measured and the so-called factor of meritZ
=S2/rl must be evaluated. Some preliminary measurements
have been performed.48 The highest values have been ob-
tained at T<600 K for FeV0.95Ti0.05Sb sZ=0.45d and
FeCo0.995Ti0.005Sb sZ=0.34d. These values are not bad, but
they are still insufficient for high performance thermoelec-
trics.
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