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Thermoelectric properties of the semimetallic Heusler compounds ke ,V,,M (M=Al, Ga)
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We have studied the thermoelectric properties of the stoichiometric and off-stoichiometric Heusler com-
pounds Fe_,V;,.,M (M=AI, Ga) between 10 and 300 K. Seebeck coefficigtmeasurements indicate that
stoichiometric FgVAI and Fe,VGa arep-type materials with modera@values of about 30—4@.V/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 resigtiyitwns drastically
with V substitution for Fe, while the thermal conductivitg) 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.
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. INTRODUCTION of a pseudogap in B®¥AI, due to hybridization effects. The
pseudogap formation arises from an indirect band overlap at
Since the Skutterudite compounds were identified ashe Fermi energyE;), and thus FgVAl is characterized as a
promising candidates for advanced thermoelectric matérialssemimetal. Results of nuclear magnetic resonaiidR)
there is a growing interest in studying the thermoelectric(Ref. 19 are in good agreement with these calculations. An
performance of intermetallic systems. One of the groups thabptical conductivity measurement on J¥al further con-
has been intensively investigated is the ternary half-Heuslefirmed the existence of a pseudogap at the Fermi &vel.
compounds with MgAgAs structure. Materials of this type Band-structure calculations also indicated,V@8a to be a
exhibiting semiconducting or semimetallic behavior weresemimetat’?*and a recent NMR study on this material has
originally found inMNiSn (M = Zr, Hf, Ti).2 Thermoelectric revealed a small Fermi-level DOS within the pseudotfap,
measurements on this system further indicated the possessioonsistent with semimetallic characteristics. Moreover, low-
of large Seebeck coefficientS).*°® Experimental evidence temperature specific-heat measurements opVAe and
suggested that the large Seebeck coefficient would be thee,VGa revealed a huge effective-mass enhanced?ént*
common feature for the semiconducting or semimetallic half-as compared to the values predicted by band-structure calcu-
Heusler compound$:*! The observed higl$ values in the |ations. In general, semimetals with heavy band mass are
half-Heusler phases can be associated with the presence @fpected to have large Seebeck coefficients.
small gaps or pseudogaps at their Fermi-level density of Upon substituting V onto Fe sites, slightly off the sto-
states(DOS) with a size of several tenth electron volts. ichiometric composition, results in a dramatic growth on the
Half-Heusler alloySMgAgAs type with general formula  low-temperature resistivii#~** This observation suggests
XYZ (X and Y are transition elementZ=Sn or Sb are  that both Fe_,V, Al and Fe_,V,,,Ga systems forx
derived from the cubi¢.2, Heusler phas&,Y Z by remov- >0 contain fewer carriers. In this investigation, we thus per-
ing one of the equivalenK atoms, leaving a vacancy site. form a systematic study of the thermoelectric properties in-
Due to this empty siteX neighboring atoms are more distant cluding electrical resistivity ), Seebeck coefficienty), as
(dx_x~4.2 A) than in the Heusler alloysd{_x~3 A).  well as thermal conductivity §) on Fe_,V;. Al and
Consequently, it leads to a weaker overlapde¢haracter Fe,_,V,.,Ga between 10 and 300 K. These measurements
wave functions in the half-Heusler alloys, which gives rise toallow us to examine the thermoelectric properties of these
narrow bands in DOS spectra. Since ¥\éZsystems are far semimetallic Heusler compounds in detail.
from compact, they crystallize through covalent bonding, ac-
cording to the chemical point of view. The ideal valence Il. EXPERIMENTAL DETAILS AND RESULTS
electron concentratioVEC) is 8 or 18 electrons per for-
mula unit, which corresponds to MgAgAs, NiTiSn, CoTiSb, The samples studied here were prepared by mixing appro-
etc. Semiconducting behavior is usually found for VEC priate amounts of elemental metals. Briefly, mixture of high-
=18 in this family, but disappears for other values of VEC. purity elements were placed in a water-cooled copper cru-
On the other hand, the Heusler-type compounds comeible and then melted several times in an Ar arc-melting
monly appear as metals. However, semiconductinglike befurnace. For Fg ,V,,Al, resulting ingots were annealed in
havior was observed in Al and FeVGa, as evidenced a vacuum-sealed (10 torr) quartz tube at 1000 °C for 2
by their negative temperature coefficient of resistivity"*  days, and then further annealed at 400 °C for more than 12
Several theoretical calculatioris®® predicted the presence h; this was followed by furnace cooling. The FgV,,,Ga
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FIG. 1. Electrical resistivity as a function of temperature for
F&-xViixAl and Fg_,Vy . Ga. long current pulses+100 s) to a chip resistor which serves

a heater, where the pulses appear in an off-on-off sequence.
compounds were annealed at 600 °C and then 400 °C. The The T-dependent Seebeck coefficient of ,EgV, ., Al
same preparation technique has been used in other studiesasfd Fg_,V,,Ga is plotted in Fig. 2. The positive values of
these material®?32>?which is known to form in a single- Seebeck coefficient for the stoichiometric compounds of
phasel 2, (Heusler-type structure. A CuK a x-ray analysis Fe&VAl and FeVGa indicate that hole-type carriers domi-
on powdered samples from the annealed ingot was consistenate the heat transport. In JMAl, Sincreases with tempera-
with the expected 2, structure, with no other phases presentture following a quasilinear behavior up to 300 K. On the
in the spectrum. other hand, thél-dependens of Fe,VGa exhibits a broad
maximum near 120 K, and then turns to a negative slope at
high temperatures. The downturn 8fin Fe,VGa at high
temperatures is attributed to the contribution of thermally

The resistivity data were obtained by a standard dc fourexcited carriers across the energy gap. In fact, the values of
terminal method. In Fig. 1 we show the temperature variatiorenergy splitting of 138 meV for BE®¥Al (Ref. 18§ and 110
of electrical resistivity for Fg_,V,,,Al and Fe_,V,,.,Ga meV for FeVGa (Ref. 27 have been extracted from the
measured during the warming process. We found that an ilNMR spin-lattice relaxation rates. Thus our results of See-
creasing vanadium substitution causes a drastic growth opeck coefficient on FE&/Al and FeVGa are reasonably con-
the resistivity for both systems, and these materials becomsistent with the NMR measurements. For,¥&l, the split-
more semiconductinglike, consistent with previously re-ting energy is relatively large, and such a thermally activated
ported resultd?*® Such a substitution effect can be under-response is expected to occur at higher temperatures, indeed
stood by a reduction of the band overlap. Besides, th@bserved by Nishinet al?’
Fe,_V1.xAl alloys consistently exhibit higher resistivity For the nonstoichiometric samples, the sigrnSathanges
compared to Fe ,V,,Ga, indicating fewer charge carriers to negative values in the ke, V. ,Al system upon V sub-
in the Fe_,V,.,Al system. This observation is in good stitution, indicating a change of conduction mechanism or
agreement with the results of NMR and band-structuredominant carrier in these compounds. The absolute value of
calculations. Sincreases initially withx, but tends to decrease with more
V substitution onto Fe sitex&0.11). Broad minimums i
appear at around 220 and 240 K for0.02 andx=0.05,
respectively. Th& minimum forx=0.11 has not yet reached
Seebeck voltages were detected using a pair of thin Cup to 300 K, but the trend of flattening out @at high
wires electrically connected to the sample with silver paint atemperature is clearly seen in Figia2 The upturn inS at
the same positions as the junctions of differential thermohigh temperatures could be ascribed to the thermally excited
couple. The stray thermal emfs are eliminated by applyingoositive carriers across the energy gap, and the width of gap
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in these alloys becomes narrower with increasin§uch an
observation is in good agreement with the results of NMR
for Fe, V1, Al; the values of energy splitting of about
138 meV for FgVAI (x=0) and 48 meV for FggsV oAl
(x=0.05) were reporte®® The maximum absolute value of
Sas large as 13@V/K (a factor of 5 larger thax=0) at
around 240 K was observed in £V osAl, suggesting in- E
deed a promising candidate for potential thermoelectric ap- ¥
plications in this system. For ke,V, . ,Ga, theT-dependent 104 (a) FexxV1Al
S exhibits similar behavior as in ke, V., Al, but the up-
turns inStake place at lower temperatures. This provides an
indication of narrower energy gaps in the,FgV, , ,Ga sys- 0
tem. Interestingly, the RggV/, oJGa compound shows nega- 30
tive values of Seebeck coefficient at low temperatures and
then changes to positive values at high temperatures, cross-
ing zero at around 170 K. The small absolute valu& @éss

than 10uV/K below 240 K) implies that the electrons and x=0.00
holes involved in the heat transport processes are “nearly x=0.02
compensated.” However, in the high-temperature regime the x=0.05
holes are dominate and thus contribute the positive Seebeck x=0.11
voltage. For all Fe_,V;.,Ga alloys we investigated, the
largest absolute value of ~70 uV/K was found in (b) FeaxV1:xGa
Fe g5V1 o:Ga near 140 K.
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To further evaluate the possibility for potential thermo- (K)
electric applications in these materials, we performed FIG. 3. Temperature dependence of the thermal conductivity in
thermal-conductivity ) measurements between 10 and 300Fe, V1Al and Fg_,V,,,Ga.
K. Thermal-conductivity measurements were carried out in a
close-cycle refrigerator, using a direct heat-pulse techniqueductivity. The values of« at room temperature are rather
Samples were cut to a rectangular parallelepiped shape tdrge for all samples we studied: 20-25 W/mK for
typical size of 1.5 1.5x 5.0 mn? with one end gluedwith Fe_Vi.:xAland 14-18 W/mK for Fe_,V,,Ga, approxi-
thermal epoxy to a copper block that served as a heat sinkmately one order of magnitude higher than those in the well-
while a calibrated chip resistor as a heat source glued to thknown thermoelectric materialsct~1.6 W/mK in Bi,Tes).
other end. The temperature difference was controlled to be
less tha 1 K to minimize the heat loss through radiation.
The temperature difference was measured by using an E-type
differential thermocouple with junctions thermally attached It is known that the Seebeck coefficient measurement is a
to two well-separated positions along the sample. sensitive tool of probing the energy relative to the Fermi

In Fig. 3, we display the observed thermal conductivitysurface and the results could yield information about the
for all studied samples. At low temperatures,increases Fermi-level band structure. According to the band-structure
with temperature and a maximum appears between 40 and &@lculations on F&/Al by Weht and Pickett about 42% of
K, close to that reported for the half-Heusler the electronic states at Fermi level arise from V-dominated
compound$:"°This is a typical feature for the reduction of electron pockets, with the others from Fe-dominated hole
thermal scattering at lower temperatures. The maximunpockets. The positiv& value for FgVAI indicates that the
takes place at the temperature where the phonon mean-freleele carriers are heavier and thus dominate the heat trans-
path is approximately equal to the crystal site distance. Afteport. Our result of Seebeck coefficient measurement on
passing through the maximum,drops with increasing tem- Fe,VAI is consistent with the theoretical predication, and in
perature, tending to vary with T/ An obvious trend found in  excellent agreement with the result of Hall-effect
these measurements is thatdecreases with increasing  measurements:*°We believe that such an argument is also
The reduction of heat conduction with substitution can beappropriate to the isostructure compound\Fea.
easily understood by a shorter phonon mean-free-path due to Now, we discuss the off-stoichiometric effect on the See-
impurities or defects scattering. The total thermal conductivbeck coefficient and Fermi-level band structure. Since the
ity can be expressed as a sum of lattice and electronic termslectron pockets arise from the \Wdands, substitution of V
The lattice part is expected to followTLbehavior, as we did onto Fe sites would result in an increase of electronic carriers
observe here. Since the electronic contributiorxtdor all but a reduction of hole carriers. However, such a change
studied compounds is small, the measured thermal conduceuld not be simply described by a rigid-band model, which
tivity shown in Fig. 3 is essentially the lattice thermal con- only shifts E; to a higher energy. By using the calculated

C. Thermal conductivity

Ill. DISCUSSION
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electron and hole effective masses of, 8/, ,Al, 1" one  (p) increases drastically but the reduction of their large val-
finds that the Fermi energy of FgV; osAl shifted well out-  ues of thermal conductivity«) is marginal with such a sub-
side the pseudogap. This prediction gives a significantlystitution. The largesZT value found among the studied
larger change in DOS at the Fermi level than what werecompositions is only about 0.0%or Fe, g5V, osGa at around
observed experimentally. A more realistic approach is pro140 K), an order of magnitude smaller than conventional
vided by a recent Korringa-Kohn-Rostoker coherent potenthermoelectric materials such as,Bis.
tial approximationKKR-CPA) calculation for Fg_,V,, Al
and Fe_,V,.,Ga?! Rather than filling states ne&, the
effect of excess vanadium to stoichiometric,¥&l and
Fe,VGa is to enhance the low-lying V-dominated states. Asa In conclusion, a full investigation of the thermoelectric
result,E; moves up relative to the pseudogap. In addition, goroperties of the stoichiometric and off-stoichiometric Heu-
simple rigid band picture could not explain the decreas® of sler compounds ke,V,.,M (M=Al, Ga) for x=0 was
value with a higher level of V substitutionx&0.11). In  performed. Seebeck coefficients are positive for the stoichio-
these compositions (FgyV11:Al and Fg ggV11:Ga), the  metric compounds B¥Al and FeVGa, signifying that hole-
shift of E; and band-edge modification both play importanttype carriers dominate the heat transport. Upon V substitu-
roles to reduce their effective masses and electron-hole syntion, a significant enhancement accompanied by the sign
metry, and thus reduce ti&values. change inSin both systems are observed. Such an effect can
It is worthwhile comparing our results with those found in be attributed to the shift of Fermi energy and the modifi-
the (Fe3V1/3)100-yAly systent’ In that study a small devia- cation of electron and hole pockets near band edges. The
tion of Al content from the stoichiometric compositioly (  observed upturns i at high temperatures are presumably
=25) causes a decrease in the low-temperature resistivitgue to the contribution of thermally excited quasiparticles
and a significant increase in the Seebeck coefficient. Such across their energy gaps. These observations are consistent
result is quite different from that observed in our presentwith previously reported experimental results and theoretical
study of Fe_,V,_,Al. Based on the band-structure calcula- band-structure calculations. Although the nonstoichiometric
tions for FgVAI, 1> 8either a slight increase or decrease ofalloys do exhibit much larger Seebeck coefficients, their high
Al content would give rise to an increase of total density ofvalues of resistivity and thermal conductivity make them
states, which in turn leads to a reduction of the low-rather poor thermoelectric materials. Apparently, the thermo-
temperature resistivity in (BgV1/3)100-yAly. From the ap-  electric properties in these ternary semimetallic compounds
plication viewpoint, the efficiency of a thermoelectric mate-have not been optimized and warrant further investigation.
rial is given by the dimensionless parameter figure-of-merit
ZT=ST/p«. Accordingly, it would be reasonable to predict
that the (Fg;3V1/3) 100- yAly System is an intriguing candidate
for low- and intermediate-temperature thermoelectric appli- We are grateful to Professor J. H. Ross, Jr. of Texas A&M
cations. For the present studied systems, although the lowdniversity for the early guidance of related projects. This
level V substitution has a significant enhancement on thevork was supported by National Science Council, Taiwan
Seebeck coefficient), theZT values of these materials are under Grant Nos. NSC-91-2112-M-006-03€.S.) and
still small. This is mainly due to the fact that the resistivity NSC-91-2112-M-259-015%Y.K.K).

IV. CONCLUSIONS
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