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Thermoelectric properties of the semimetallic Heusler compounds Fe2ÀxV1¿xM „MÄAl, Ga…
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We have studied the thermoelectric properties of the stoichiometric and off-stoichiometric Heusler com-
pounds Fe22xV11xM (M5Al, Ga! between 10 and 300 K. Seebeck coefficient~S! measurements indicate that
stoichiometric Fe2VAl and Fe2VGa arep-type materials with moderateSvalues of about 30–40mV/K at room
temperature. Upon substituting the Fe site with V, a significant enhancement on Seebeck coefficients accom-
panied by a sign change are observed. On the other hand, the low-temperature resistivity (r) grows drastically
with V substitution for Fe, while the thermal conductivity (k) remains almost unaffected in the substitution
levels we investigated. These features are consistent with other experimental results and are related to issues
raised by band-structure calculations. The thermoelectric performance in these semimetallic Heusler com-
pounds is estimated to be an order of magnitude lower than conventional thermoelectric materials.

DOI: 10.1103/PhysRevB.66.085121 PACS number~s!: 72.15.Eb, 65.40.2b, 71.20.Be
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I. INTRODUCTION

Since the Skutterudite compounds were identified
promising candidates for advanced thermoelectric materia1

there is a growing interest in studying the thermoelec
performance of intermetallic systems. One of the groups
has been intensively investigated is the ternary half-Heu
compounds with MgAgAs structure. Materials of this typ
exhibiting semiconducting or semimetallic behavior we
originally found inMNiSn (M5Zr, Hf, Ti!.3 Thermoelectric
measurements on this system further indicated the posse
of large Seebeck coefficients (S).4,5 Experimental evidence
suggested that the large Seebeck coefficient would be
common feature for the semiconducting or semimetallic h
Heusler compounds.6–11 The observed highS values in the
half-Heusler phases can be associated with the presen
small gaps or pseudogaps at their Fermi-level density
states~DOS! with a size of several tenth electron volts.

Half-Heusler alloys~MgAgAs type! with general formula
XYZ (X and Y are transition elements;Z5Sn or Sb! are
derived from the cubicL21 Heusler phaseX2YZ by remov-
ing one of the equivalentX atoms, leaving a vacancy site
Due to this empty site,X neighboring atoms are more dista
(dX2X;4.2 A) than in the Heusler alloys (dX2X;3 A).
Consequently, it leads to a weaker overlap ofd-character
wave functions in the half-Heusler alloys, which gives rise
narrow bands in DOS spectra. Since theXYZsystems are far
from compact, they crystallize through covalent bonding,
cording to the chemical point of view. The ideal valen
electron concentration~VEC! is 8 or 18 electrons per for
mula unit, which corresponds to MgAgAs, NiTiSn, CoTiS
etc. Semiconducting behavior is usually found for VE
518 in this family, but disappears for other values of VE

On the other hand, the Heusler-type compounds co
monly appear as metals. However, semiconductinglike
havior was observed in Fe2VAl and Fe2VGa, as evidenced
by their negative temperature coefficient of resistivity.12–14

Several theoretical calculations15–18 predicted the presenc
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of a pseudogap in Fe2VAl, due to hybridization effects. The
pseudogap formation arises from an indirect band overla
the Fermi energy (Ef), and thus Fe2VAl is characterized as a
semimetal. Results of nuclear magnetic resonance~NMR!
~Ref. 19! are in good agreement with these calculations.
optical conductivity measurement on Fe2VAl further con-
firmed the existence of a pseudogap at the Fermi leve20

Band-structure calculations also indicated Fe2VGa to be a
semimetal,17,21 and a recent NMR study on this material h
revealed a small Fermi-level DOS within the pseudogap22

consistent with semimetallic characteristics. Moreover, lo
temperature specific-heat measurements on Fe2VAl and
Fe2VGa revealed a huge effective-mass enhancement,12,23,24

as compared to the values predicted by band-structure ca
lations. In general, semimetals with heavy band mass
expected to have large Seebeck coefficients.

Upon substituting V onto Fe sites, slightly off the st
ichiometric composition, results in a dramatic growth on t
low-temperature resistivity.12–14 This observation suggest
that both Fe22xV11xAl and Fe22xV11xGa systems forx
.0 contain fewer carriers. In this investigation, we thus p
form a systematic study of the thermoelectric properties
cluding electrical resistivity (r), Seebeck coefficient (S), as
well as thermal conductivity (k) on Fe22xV11xAl and
Fe22xV11xGa between 10 and 300 K. These measureme
allow us to examine the thermoelectric properties of th
semimetallic Heusler compounds in detail.

II. EXPERIMENTAL DETAILS AND RESULTS

The samples studied here were prepared by mixing ap
priate amounts of elemental metals. Briefly, mixture of hig
purity elements were placed in a water-cooled copper c
cible and then melted several times in an Ar arc-melt
furnace. For Fe22xV11xAl, resulting ingots were annealed i
a vacuum-sealed (1025 torr! quartz tube at 1000 °C for 2
days, and then further annealed at 400 °C for more than
h; this was followed by furnace cooling. The Fe22xV11xGa
©2002 The American Physical Society21-1
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compounds were annealed at 600 °C and then 400 °C.
same preparation technique has been used in other stud
these materials,12,23,25,26which is known to form in a single-
phaseL21 ~Heusler-type! structure. A CuKa x-ray analysis
on powdered samples from the annealed ingot was consi
with the expectedL21 structure, with no other phases prese
in the spectrum.

A. Electrical resistivity

The resistivity data were obtained by a standard dc fo
terminal method. In Fig. 1 we show the temperature variat
of electrical resistivity for Fe22xV11xAl and Fe22xV11xGa
measured during the warming process. We found that an
creasing vanadium substitution causes a drastic growth
the resistivity for both systems, and these materials bec
more semiconductinglike, consistent with previously
ported results.12,13 Such a substitution effect can be unde
stood by a reduction of the band overlap. Besides,
Fe22xV11xAl alloys consistently exhibit higher resistivit
compared to Fe22xV11xGa, indicating fewer charge carrier
in the Fe22xV11xAl system. This observation is in goo
agreement with the results of NMR and band-struct
calculations.

B. Seebeck coefficient

Seebeck voltages were detected using a pair of thin
wires electrically connected to the sample with silver pain
the same positions as the junctions of differential therm
couple. The stray thermal emfs are eliminated by apply

FIG. 1. Electrical resistivity as a function of temperature f
Fe22xV11xAl and Fe22xV11xGa.
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long current pulses (;100 s) to a chip resistor which serve
a heater, where the pulses appear in an off-on-off seque

The T-dependent Seebeck coefficient of Fe22xV11xAl
and Fe22xV11xGa is plotted in Fig. 2. The positive values o
Seebeck coefficient for the stoichiometric compounds
Fe2VAl and Fe2VGa indicate that hole-type carriers dom
nate the heat transport. In Fe2VAl, S increases with tempera
ture following a quasilinear behavior up to 300 K. On th
other hand, theT-dependentS of Fe2VGa exhibits a broad
maximum near 120 K, and then turns to a negative slop
high temperatures. The downturn ofS in Fe2VGa at high
temperatures is attributed to the contribution of therma
excited carriers across the energy gap. In fact, the value
energy splitting of 138 meV for Fe2VAl ~Ref. 18! and 110
meV for Fe2VGa ~Ref. 27! have been extracted from th
NMR spin-lattice relaxation rates. Thus our results of S
beck coefficient on Fe2VAl and Fe2VGa are reasonably con
sistent with the NMR measurements. For Fe2VAl, the split-
ting energy is relatively large, and such a thermally activa
response is expected to occur at higher temperatures, in
observed by Nishinoet al.27

For the nonstoichiometric samples, the sign ofS changes
to negative values in the Fe22xV11xAl system upon V sub-
stitution, indicating a change of conduction mechanism
dominant carrier in these compounds. The absolute valu
S increases initially withx, but tends to decrease with mor
V substitution onto Fe sites (x50.11). Broad minimums inS
appear at around 220 and 240 K forx50.02 andx50.05,
respectively. TheSminimum forx50.11 has not yet reache
up to 300 K, but the trend of flattening out onS at high
temperature is clearly seen in Fig. 2~a!. The upturn inS at
high temperatures could be ascribed to the thermally exc
positive carriers across the energy gap, and the width of

FIG. 2. Seebeck coefficient vs temperature in Fe22xV11xAl and
Fe22xV11xGa.
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THERMOELECTRIC PROPERTIES OF THE . . . PHYSICAL REVIEW B 66, 085121 ~2002!
in these alloys becomes narrower with increasingx. Such an
observation is in good agreement with the results of NM
for Fe22xV11xAl; the values of energy splitting of abou
138 meV for Fe2VAl ( x50) and 48 meV for Fe1.95V1.05Al
(x50.05) were reported.28 The maximum absolute value o
S as large as 130mV/K ~a factor of 5 larger thanx50) at
around 240 K was observed in Fe1.95V1.05Al, suggesting in-
deed a promising candidate for potential thermoelectric
plications in this system. For Fe22xV11xGa, theT-dependent
S exhibits similar behavior as in Fe22xV11xAl, but the up-
turns inS take place at lower temperatures. This provides
indication of narrower energy gaps in the Fe22xV11xGa sys-
tem. Interestingly, the Fe1.98V1.02Ga compound shows nega
tive values of Seebeck coefficient at low temperatures
then changes to positive values at high temperatures, cr
ing zero at around 170 K. The small absolute value ofS ~less
than 10mV/K below 240 K! implies that the electrons an
holes involved in the heat transport processes are ‘‘ne
compensated.’’ However, in the high-temperature regime
holes are dominate and thus contribute the positive See
voltage. For all Fe22xV11xGa alloys we investigated, th
largest absolute value ofS ;70 mV/K was found in
Fe1.95V1.05Ga near 140 K.

C. Thermal conductivity

To further evaluate the possibility for potential therm
electric applications in these materials, we perform
thermal-conductivity (k) measurements between 10 and 3
K. Thermal-conductivity measurements were carried out i
close-cycle refrigerator, using a direct heat-pulse techniq
Samples were cut to a rectangular parallelepiped shap
typical size of 1.531.535.0 mm3 with one end glued~with
thermal epoxy! to a copper block that served as a heat si
while a calibrated chip resistor as a heat source glued to
other end. The temperature difference was controlled to
less than 1 K to minimize the heat loss through radiatio
The temperature difference was measured by using an E-
differential thermocouple with junctions thermally attach
to two well-separated positions along the sample.

In Fig. 3, we display the observed thermal conductiv
for all studied samples. At low temperatures,k increases
with temperature and a maximum appears between 40 an
K, close to that reported for the half-Heusl
compounds.2,7,10This is a typical feature for the reduction o
thermal scattering at lower temperatures. The maxim
takes place at the temperature where the phonon mean-
path is approximately equal to the crystal site distance. A
passing through the maximum,k drops with increasing tem
perature, tending to vary with 1/T. An obvious trend found in
these measurements is thatk decreases with increasingx.
The reduction of heat conduction with substitution can
easily understood by a shorter phonon mean-free-path du
impurities or defects scattering. The total thermal conduc
ity can be expressed as a sum of lattice and electronic te
The lattice part is expected to follow 1/T behavior, as we did
observe here. Since the electronic contribution tok for all
studied compounds is small, the measured thermal con
tivity shown in Fig. 3 is essentially the lattice thermal co
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ductivity. The values ofk at room temperature are rathe
large for all samples we studied: 20–25 W/mK f
Fe22xV11xAl and 14–18 W/mK for Fe22xV11xGa, approxi-
mately one order of magnitude higher than those in the w
known thermoelectric materials (k;1.6 W/mK in Bi2Te3).

III. DISCUSSION

It is known that the Seebeck coefficient measurement
sensitive tool of probing the energy relative to the Fer
surface and the results could yield information about
Fermi-level band structure. According to the band-struct
calculations on Fe2VAl by Weht and Pickett,17 about 42% of
the electronic states at Fermi level arise from V-domina
electron pockets, with the others from Fe-dominated h
pockets. The positiveS value for Fe2VAl indicates that the
hole carriers are heavier and thus dominate the heat tr
port. Our result of Seebeck coefficient measurement
Fe2VAl is consistent with the theoretical predication, and
excellent agreement with the result of Hall-effe
measurements.29,30 We believe that such an argument is al
appropriate to the isostructure compound Fe2VGa.

Now, we discuss the off-stoichiometric effect on the Se
beck coefficient and Fermi-level band structure. Since
electron pockets arise from the V 3d bands, substitution of V
onto Fe sites would result in an increase of electronic carr
but a reduction of hole carriers. However, such a cha
could not be simply described by a rigid-band model, wh
only shifts Ef to a higher energy. By using the calculate

FIG. 3. Temperature dependence of the thermal conductivit
Fe22xV11xAl and Fe22xV11xGa.
1-3
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electron and hole effective masses of Fe22xV11xAl, 17 one
finds that the Fermi energy of Fe1.95V1.05Al shifted well out-
side the pseudogap. This prediction gives a significan
larger change in DOS at the Fermi level than what w
observed experimentally. A more realistic approach is p
vided by a recent Korringa-Kohn-Rostoker coherent pot
tial approximation~KKR-CPA! calculation for Fe22xV11xAl
and Fe22xV11xGa.21 Rather than filling states nearEf , the
effect of excess vanadium to stoichiometric Fe2VAl and
Fe2VGa is to enhance the low-lying V-dominated states. A
result,Ef moves up relative to the pseudogap. In addition
simple rigid band picture could not explain the decrease oS
value with a higher level of V substitution (x50.11). In
these compositions (Fe1.89V1.11Al and Fe1.89V1.11Ga), the
shift of Ef and band-edge modification both play importa
roles to reduce their effective masses and electron-hole s
metry, and thus reduce theS values.

It is worthwhile comparing our results with those found
the (Fe2/3V1/3)1002yAl y system.27 In that study a small devia
tion of Al content from the stoichiometric composition (y
525) causes a decrease in the low-temperature resist
and a significant increase in the Seebeck coefficient. Su
result is quite different from that observed in our prese
study of Fe22xV11xAl. Based on the band-structure calcul
tions for Fe2VAl, 15–18 either a slight increase or decrease
Al content would give rise to an increase of total density
states, which in turn leads to a reduction of the lo
temperature resistivity in (Fe2/3V1/3)1002yAl y . From the ap-
plication viewpoint, the efficiency of a thermoelectric mat
rial is given by the dimensionless parameter figure-of-m
ZT5S2T/rk. Accordingly, it would be reasonable to predi
that the (Fe2/3V1/3)1002yAl y system is an intriguing candidat
for low- and intermediate-temperature thermoelectric ap
cations. For the present studied systems, although the
level V substitution has a significant enhancement on
Seebeck coefficient (S), theZT values of these materials ar
still small. This is mainly due to the fact that the resistivi
e

s

a

i
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(r) increases drastically but the reduction of their large v
ues of thermal conductivity (k) is marginal with such a sub
stitution. The largestZT value found among the studie
compositions is only about 0.03~for Fe1.95V1.05Ga at around
140 K!, an order of magnitude smaller than convention
thermoelectric materials such as Bi2Ti3.

IV. CONCLUSIONS

In conclusion, a full investigation of the thermoelectr
properties of the stoichiometric and off-stoichiometric He
sler compounds Fe22xV11xM (M5Al, Ga! for x>0 was
performed. Seebeck coefficients are positive for the stoic
metric compounds Fe2VAl and Fe2VGa, signifying that hole-
type carriers dominate the heat transport. Upon V subs
tion, a significant enhancement accompanied by the s
change inS in both systems are observed. Such an effect
be attributed to the shift of Fermi energyEf and the modifi-
cation of electron and hole pockets near band edges.
observed upturns inS at high temperatures are presumab
due to the contribution of thermally excited quasipartic
across their energy gaps. These observations are cons
with previously reported experimental results and theoret
band-structure calculations. Although the nonstoichiome
alloys do exhibit much larger Seebeck coefficients, their h
values of resistivity and thermal conductivity make the
rather poor thermoelectric materials. Apparently, the therm
electric properties in these ternary semimetallic compou
have not been optimized and warrant further investigatio
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