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We have studied the thermoelectric properties of the stoichiometric and off-stoichiometric Heusler
compounds Fg,Ti,,Sn between 10 K and 400 K. It is found that the electrical resistivity and
Seebeck coefficient are very sensitive to the off-stoichiometry. Seebeck coeffitBent
measurements indicate that all studied materialspatygoe materials with moderat8 values of

about 20—3QuV/K at room temperature. Broad maximums at around 330 K are obsen&tbin

FeTiSn and FegsTig 955N, and this maximum shifts to higher temperatures with replacing more Ti

for Fe. These features are consistent with other experimental results and are related to issues raised
by band-structure calculations. )04 American Institute of Physid©OI: 10.1063/1.1776639

. INTRODUCTION the most-studied isostructural compoung\&&l. >**In order
to learn more about the electronic structures ofTFen, we

The cubic L2 Heusler alloygCu,MnAl-type) with gen-  have performed a systematic study of the thermoelectric
eral formulaX,YZ whereX andY are transition metals, and properties including electrical resistivity, Seebeck coeffi-
Z often is an element witlsp-type valence electrons from cient S, as well as thermal conductivity on Fe_,Ti;.Sn
columns Il through VI in the periodic table, have been of with —0.05<x=0.10. These measurements allow us to ex-
considerable interest due to their unusual magnetic and tranamine the evolution of the pseudogap and other band fea-
port properties. Semiconductors, semimetals, normal Pautures with respect to composition change in these alloys.
metals, weak ferromagnets, antiferromagnets, as well as half-
metallic ferromagnets exist in this class of materials. Thg|. EXPERIMENTAL DETAILS AND RESULTS
variety of physical behavior observed in these Heusler com- . . )
pounds seems to be related to strong modifications of the —Polycrystalline Fe,Ti, ,Sn samples were fabricated by
electronic structure near the Fermi level, as the number diiXing appropriate amounts of elemental metals. A mixture
valence electrons per formula ur,) changeé.‘aA recent of hlgh-punty elements was placed. on ayvater—cooled copper
theoretical study using the full-potential screened KorringaSTucible and then melted several times in an Ar arc-melting

Kohn-Rotoker method on several Fe-based Heusler a||0y§1rnace. Due to the volatility of Sn at high temperatgres, we
indicated that the total spin moment per unit ¢&l,) scales started with excess Sn for each sample and determinexi the

with Z,, following the simple Slater-Pauling rul,=(Z, values in Fe.,Tiy,,Sn after preparing the ingots, assuming

—24) 4 Accordingly, the net moment disappears Watfx 24 that the weight loss during melting arose entirely from the Sn
which corresponds to F¥¢Al, Fe,VGa, etc. The Heusler al- element_. To promote homogeneity, these ingots were an-
loys with Z,=24 are of particular interest, as semiconductingnealed in a vacuum-sealed quartz tube at 800 °C for three

or semimetallic behavior are commonly observed in thisdays and then followed by furnace cooling. Subsequent x-ray

family.5‘1°Most intriguingly, the reported physical properties engaIysi; OI: pO\?/dered specim_er? S verirl:ied :]he singlz—phgse
of F&VAI are reminiscent of heavy fermions in many 1 cubic Heusler structure, with no other phases evident in

aspects. the diffraction patterns.

FeTiSn, which also belongs to the group of Heusler ) o
alloys withZ,= 24, is found to be nonmagnetic, in agreementA- Electrical resistivity

X . . 2

with the aforementioned Slater-Pauling relgtfi_?)ﬁ. The The electrical resistivity data were obtained by a stan-
temperature dependence o_f the electrical resistivity dls.pl.ayaard dc four-terminal method. In Fig. 1 we display the tem-
typical semimetallic behavior, and an optical conductivity perature variation of normalized electrical ~resistivity
meas_urement on E_élSn further_conﬁrm_ed a low carrier p(T)/p(300 K) for Fe,_,Ti;.Sn measured during the warm-
density at the Fermi levéf consistent with band-structure ing process. On the whole, the character of the normalized

. 1-14, e ) !

calculations: Anomalous low-temperature specific heat gjectrical resistivity is sensitive to the composition change.
was also found for FAiSn, yielding a huge effective mass \ye found that an increase of titanium substitution for iron
enhancement as compared to the value predicted by bandayses a substantial growth of the electrical resistivity of
structure calculationt. These features are quite similar to Fe,_Ti1,, SN, as the system exhibits metallic behavior with
x=<0.05 but shows semiconducting characteristics with
dElectronic mail: ykkuo@mail.ndhu.edu.tw x>0.05. The room-temperature electrical resistivities are on
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FIG. 1. Normalized electrical resistivity(T)/p(300 K) vs temperature for
Fe,TiySn.

the order of 1l cm for FeTiSn and 3 nf)l cm for
Fe o0Ti1 105N, respectively, indicative of a semimetallic na-
ture of these alloys. We notice that such a character is qui
similar to those observed in the F¢V ., and Fg_,V 4., Sys-
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function of temperature. For all studied compositions, the
values ofS are positive suggesting that the thermal transport
is governed by hole-type carriers for these materials. At
around 30-40 K, clear peaks $idevelop. The coincidence
of the maxima in the Seebeck coefficient and thermal con-
ductivity indicates that the low-temperature variatiorSiits
due to the phonon-drag effect. In addition, broad maximums
in S were found at around 340 K for botk=0 and x
-0.05 samples. However, th& maximum has not yet
reached up to 400 K witk> 0, but the trend of flattening out
at higher temperatures is clearly seen. We attribute this fea-
ture to the thermally excited negative carriers across the band
edges near the Fermi surface, and the band splitting within
these alloys becomes wider with increasing in
Fe_ TiinSn.

It is known that the Seebeck coefficient measurement is
a sensitive probe of the energy relative to the Fermi surface,
and the results could reveal information about the Fermi-
level band structure. From the band calculations, TFn,
characterized as a semimetal, has a slightly indirect overlap
between electron and hole pockets which yields a small den-

[sity of states at the Fermi surfate'* The observed positive

Seebeck coefficient for all studied compositions of

tems, where these materials become more semiconductinf&-xTi1«Sn suggests the hole pockets are larger than the

like with increasingx value®®891®

B. Seebeck coefficient

Seebeck coefficients for the f€Ti;,,Sn series were

measured with a dc pulse technique. Seebeck voltages we

detected using a pair of thin Cu wires electrically connecte
to the sample with silver paint at the same positions as t

electron ones or a higher hole mobility, leading to fhype
carriers dominating their transport properties.

As temperature increases, intrinsic electrons and holes
are excited across the pseudogap. If the electrons have a
slightly higher mobility than the holes at high temperatures,

e o . -
he thermal transport is increasingly dominated reyype

hgarriers. As a result, the positive Seebeck coefficient would

junction of a differential thermocouple. The stray thermald€crease after passing through a broad peak, as we found in

emfs were eliminated by applying long current pulges

these materials. Such an interpretation is consistent with op-

~100 $ to a chip resistor which serves as a heater, where thiical conductivity measurements, where a peak at 7000 cm

pulses appear in an off-on-off sequence.
In Fig. 2, we show the observed Seebeck coefficient as
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FIG. 2. Seebeck coefficient vs temperature foy_f&,,,Sn.

was observed and attributed to excitation of quasiparticles
across the pseudogap in the optical spectrum gfisa*® In
addition, the peak positions i8 appear to shift to higher
temperatures with increasing, indicative of a wider
pseudogap for higher Ti content in F€Ti;,,Sn. Accord-
ingly, substituting Ti on Fe sites has an effect on band edge
modification which leads to an enhancement of band split-
ting for these compounds.

It is worthwhile comparing the preser8 results in
Fe,_,Ti1,Sn with those of the Fe,V,,,Ga and Fe, VAl
compounds® The observeds maximum appears at around
340 K for FeTiSn—higher than for F&/Ga (~130 K) and
compatible with F&VAI (~300 K). It thus indicates that the
size of the pseudogap in F8Sn is close to that of R¥/Al,
which has been determined to be 0.2-0.3 eV by nuclear
magnetic resonace and optical conductivity measure-
ments>’1’ Notice that the value of the pseudogap deduced
from the Seebeck coefficient measurement is a bit smaller
than those predicted from band-structure calculations for
FezTiSn.ll'14 We believe that atomic disorder is responsible
for this discrepancy, as suggested by Jezierski and
Slebarski*
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and semimetals is expressed as a sum of electronic and lat-
tice terms. The electronic thermal conductivity,) can be
evaluated using the Wiedemann-Franz layxL,T/p. Here

the Lorentz numbet.,=2.45x 108 W Q/K? and p is the
measured resistivity data. This estimate gives a very small
contribution of ., suggesting that the thermal conductivity
shown in Fig. 3 is essentially due to the lattice thermal con-
ductivity («,). It is noted that the¢ features in Fg,V,,,Ga
and Fe_ V1, Al behave in a similar mannéf.We thus con-
clude that at least in this regard, the total thermal conductiv-
ity is dominated byk, for the semimetallic Heusler-type al-
loys.

K (W/m K)

IlIl. CONCLUSIONS

In summary, transport and thermoelectric properties in-
10 100 cluding electrical resistivity, Seebeck coefficiers, as well

T (K) as thermal conductivityc in the Heusler-type compounds
Fe,_,Ti,,Sn were studied in detail. We found that the elec-

FIG. 3. Temperature dependence of the observed thermal conductivity itrical resistivity and Seebeck coefficient are very sensitive to

Fe,TiznSn. the off-stoichiometry. The downturns Bat higher tempera-
tures are presumably due to the contribution of thermally
C. Thermal conductivity excited quasiparticles across their band edges. These features

Thermal conductivity measurements were carried out irfire consistent with the band signatures determined from the

a close-cycle refrigerator, using a direct heat-pulse techniqu@@nd-structure calculations.
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