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Thermoelectric properties of quaternary Heusler alloys Fe,VAl,_,Si,
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We report the effects of Si substitution on the temperature-dependent electrical resistivity, Seebeck coeffi-
cient, as well as thermal conductivity in the Heusler-type compound Fe, VAL It is found that the substitution of
Si onto the Al sites causes a significant decrease in the electrical resistivity and lattice thermal conductivity.
A theoretical analysis indicated that the reduction of lattice thermal conductivity arises mainly from point-
defect scattering of the phonons. With slight substitution, the Seebeck coefficient changes sign from positive
to negative, accompanied by the appearance of a broad minimum at high temperatures. These features are
associated with the change in the electronic band structure, where the Fermi level shifts upwards from
the center of the pseudogap due to electron-doping effect. For x>0.1 in Fe,VAl,_.Si,, no broad minimum
in the Seebeck coefficient appears, indicative of a dramatic modification in the band structure of these mate-
rials. While the thermoelectric performance improves with increasing Si concentration, the largest figure-of-
merit ZT value among these alloys is still an order of magnitude lower than conventional thermoelectric

materials.
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I. INTRODUCTION

Heusler-type intermetallics with general formula X,YZ
(where X and Y are transition metals and Z often is an
element from columns III-VI in the Periodic Table) have
attracted considerable attention due to their various transport
and magnetic features. Semiconductors, semimetals, normal
Pauli metals, weak ferromagnets, antiferromagnets, as
well as half-metallic ferromagnets exist in this class of
materials. Among these alloys, the Fe,VAl compound has
been characterized as a nonmagnetic semimetal.! The
semimetallic nature of Fe,VAl is attributed to the presence
of a pseudogap around the Fermi level, as a result of the
slightly indirect overlap between the electron and hole
pockets.>® The observed exotic behavior in the electrical
resistivity, nuclear magnetic resonance (NMR) Knight shift,
and spin-lattice relaxation rate have been associated with the
thermally excited quasiparticles across the pseudogap.'’ A
further optical conductivity study on Fe,VAl has confirmed
the existence of a pseudogap in the vicinity of the Fermi
level ®

Fe,VSi, which also belongs to the group of Heusler
compounds, exhibits a structural transition along with anti-
ferromagnetic ordering at Ty=123 K.°>-!! Since Fe,VAI and
Fe,VSi are isostructural, it thus allows us to prepare a series
of Fe,VAI,_Si, over a full range of composition (0=x
=1) by alloying these two systems.!>!3 Previously we have
reported the effects of Al substitution on the Si sites of
Fe,VSi, focusing on the evolution of structural and elec-
tronic properties.'* Both theoretical results and experimental
observations consistently yield a disappearance of the struc-
tural transition beyond a critical concentration x.=~0.25 for
Fe,VSi|_Al.
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As approached from the other end compound Fe,VAlI,
many efforts have been made for the optimization
of the thermoelectric performance via substitution because of
the possession of a sharp puseudogap near the Fermi
level. Actually Nishino and co-workers have reported
a systematically thermoelectric study of Si-substituted
Fe,VAl and found a substantial enhancement on the
power factor up to 55X107°W/mK? at room
temperature.'>'® This encouraging result suggested that the
Fe,VAl system could be a potential candidate for the
thermoelectric applications.

From the application viewpoint, the efficiency of a
thermoelectric material is given by the dimensionless figure-
of-merit ZT=S>T/pk. Here p is the electrical resistivity,
and « the thermal conductivity, S the Seebeck coefficient,
and T the absolute temperature. In general, the difficulty
in achieving good thermoelectric performance is character-
ized by the need to minimize the thermal conductivity
of materials, while enhancing their electrical conductivity.
Hence, the knowledge of the thermal conductivity would
provide important guidelines for the improvement of the
thermoelectric performance. In this work, we mainly concen-
trated on the variation of the thermal conductivity of
Fe,VAI,_Si, with x ranging from 0 to 0.5. To provide a
complete study of the thermoelectric properties, new mea-
surements of the electrical resistivity and Seebeck coefficient
were also performed. We observed a significant decrease of
lattice thermal conductivity (x;) accompanied by a large en-
hancement of electrical conductivity. An analysis of lattice
thermal conductivity further indicated that the point-defect
scattering of the phonons plays an important role in the re-
duction of «;. In addition, the evolution of the Seebeck co-
efficient in this class of materials was used to characterize
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FIG. 1. (a) X-ray-diffraction patterns in Fe,VAl,_Si,. (b) Lat-
tice parameter vs Al concentration as obtained from Xx-ray
diffraction.

the electronic structure, in accordance with the band-
structure calculations.

II. EXPERIMENTAL RESULTS AND DISCUSSION
A. Sample preparation

Polycrystalline Fe,VAl,_,Si, samples were prepared by
an ordinary arc-melting technique. Briefly, a mixture of
appropriate amounts of high-purity elemental metals was
placed in a water-cooled copper crucible and then melted
several times in an argon flow arc melter. The weight loss
during melting is less than 0.5% for each compound. To
promote homogeneity, these ingots were annealed in a
vacuum-sealed quartz tube at 800°C for two days, followed
by furnace cooling. This is a typical process to form in a
single-phase L2, (Heusler-type) structure.'’-1

A room-temperature x-ray diffraction taken with Cu K«
radiation on powder Fe,VAI,_.Si, samples is shown in Fig.
1(a). It is seen that the diffraction spectra in these alloys were
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FIG. 2. Electrical resistivity as a function of temperature for
Fe,VAI,_,Si,.

identified in the expected L2, structure, with no sign of the
presence of other phases. In a more detailed analysis of the
x-ray data, the Heusler-type structure was refined with the
Rietveld method. We thus obtained the lattice constant, a, for
each composition with the variation as a function of x illus-
trated in Fig. 1(b). It clearly demonstrates that the lattice
constant decreases consistently as Fe,VAI deviates from its
stoichiometry, indicating that the Al sites are successfully
replaced by Si atoms, according to Vegard’s law. It is noted
that the linewidths of the (220) diffraction peak look broader
for x=0.02 and 0.05, presumably attributed to significant dis-
order in the samples. In fact, the antisite disorder commonly
appears in the Fe,VAl-based compounds, depending on the
process of heat treatment.!”!® Attempts to trace the amount
of the disorder phase through the analysis of the peak inten-
sity ratios of each individual composition failed to produce a
definite result. In spite of this discrepancy, such an unavoid-
able disorder effect turns out to have a minor an influence
on the variation of the measured quantities, and the conclu-
sions drawn from the present investigation should remain
reliable.

B. Electrical resistivity

Electrical resistivity for the Fe,VAI,_Si, alloys was
obtained by a standard dc four-terminal method during the
warming process. The evolution of electrical resistivity
with Si substitution is presented in Fig. 2. It is apparent
that the substitution of Si onto the Al sites effectively reduces
the electrical resistivity of Fe,VAI Such a trend is consistent
with the previous observations,'>!>1¢ attributed to an in-
crease of electron carriers via substitution, as Si has
one more electron in its valence shell than Al. While all
Si-substituted samples exhibit metallic behavior (positive
temperature coefficient in p), the residual resistivity p, re-
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FIG. 3. Seebeck coefficient vs temperature in Fe,VAI;_ Si,.

mains large (~200-800 w()cm) for Fe,VAl,_,Si, with
0.02=x=0.1. In this respect, these materials are better
classified as semimetals. A further interpretation will be
given below in accordance with the features of the Seebeck
coefficient.

C. Seebeck coefficient

It is known that the Seebeck coefficient measurement is a
sensitive probe of energy relative to the Fermi surface and
the results would provide information about the Fermi level
band structure. Here the Seebeck coefficients were measured
with a dc pulse technique. Seebeck voltages were detected
using a pair of thin Cu wires electrically connected to the
sample with silver paint at the same positions as the junction
of a differential thermocouple. The stray thermal electromo-
tive force (emf) is eliminated by applying long current pulses
(~100 s) to a chip resistor that serves as a heater, where the
pulses appear in an off-on-off sequence.

The T-dependent Seebeck coefficient of Fe,VAl,_Si, is
shown in Fig. 3. For the stoichiometric compound, the mea-
sured S is found to be positive in the entire temperature range
we investigated. Such a finding suggests that the dominant
carriers are hole-type in Fe,VAl, being consistent with the
previous results.!31516.2021 Thijs is also in good agreement
with the band-structure calculations, which revealed the ex-
istence of large hole pockets near the Fermi level density of
states (DOS) in Fe,VAL?> When replacing Al by Si, the sign
of S reverses, which is associated with an increase of elec-
tron carriers, as expected from the nominal valences of Al
and Si. Since the DOS within the pseudogap is very small, a
change in the carrier concentration would result in an appre-
ciable upward shift of the Fermi energy (Ey) within a simple
rigid-band scenario. This shift reduces the hole pockets but
enlarges the electron pockets, leading to the n-type carriers
dominating the thermoelectric transport in the Si substituted
Fe,VAI alloys. Therefore, the observed sign reversal in §
could be realized within the framework of two-carrier elec-
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trical conduction. Accordingly, the total S can be expressed
2
as

0,5, + 0,5
§= |t ) 1
( o, + 0, ) M
where S, , and o, , represent the Seebeck coefficients and

electrical conductivities for the p- and n-type carriers, re-
spectively. Since the signs of S, and §,, are opposite, tuning
these quantities could result in a sign change in S, as we did
observe in the present study.

For Fe,VAI,_Si, with 0.02=x=0.1, the Seebeck coeffi-
cient develops a broad minimum at high temperatures and
the corresponding valley position shifts to higher tempera-
tures as x increases. It should be pointed out that such a
tendency has been also observed by Nishino et al.'>!¢ The
upturn in S at high temperatures is presumably due to the
contribution of thermally excited quasiparticles across their
pseudogaps. Similar features have been found in other semi-
metallic Heusler systems such as Fe,VGa and Fe,TiSn.?3?*
Upon heating, intrinsic electrons and holes are excited. If the
holes have a slightly higher mobility than the electrons in
these materials, the p-type carriers will eventually govern the
thermal transport, leading to positive S values at high tem-
peratures. In addition, the upward shift of Er will cause a
higher activated energy for the hole carriers thermally ex-
cited across the pseudogap. Therefore, the S minimum shift-
ing toward higher temperature with increasing x can be
qualitatively understood in terms of this picture. It is noted
that a plateau was also observed around 30 K in these alloys,
ascribed to the phonon-drag effect. The phonon-drag peak is
commonly seen in metals and is generally active at low
temperatures.

On the other hand, no high-7 broad minimum in S appears
for x>0.1, consistent with the reported result.'® This obser-
vation suggests that the Fermi level has moved out of the
pseudogap with high Si contents, resulting in ordinary me-
tallic characteristics for these alloys. As a matter of fact, the
curves of the 7-dependent S exhibit linear behavior at high
temperatures, a signature for typical metals. One can thus
extract the value of Ej through the classical formula |S||
=’7T2kéT/ 2eEr, assuming a one-band model with an energy-
independent relaxation time. The values of Ej were found to
increase monotonically from 1.57 eV for x=0.2 to 2.20 eV
for x=0.5, obtained by fitting the data between 190 and
300 K. Note that E here represents a measure from the bot-
tom of the conduction band to the Fermi level, simply based
on a single-band picture. However, as indicated by the elec-
tronic band structure of Fe,VAL>> the conduction band lo-
cated at the X point is twofold degenerate. Therefore, when
considering the detailed band features, E should be reduced
to 0.79 and 1.10 eV for x=0.2 and 0.5, respectively. In spite
of the difference, a band filling effect seems to be sufficient
to understand the observed tendency, as the replacement of
Al with Si is effectively dumping electrons in the conduction
band.

It is of importance to address that our previous study re-
vealed Er~1.57 eV in the system of Fe,VSi;_ Al for
0=x=0.25 (Ref. 14). Since the conduction band of Fe,VSi
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contains two broad bands,® a more realistic estimate of E F
would be 0.79 eV, by analogy to the above treatment. Such a
value is found to be quite close to the result yielded from the
band calculation on the Fe,VSi,_ Al alloys.'# Also the value
of Er has been found to be insensitive to the composition
change, implying that the Fermi level is located at the posi-
tion with a large electronic density of states, resulting in a
minor influence on the Ep shift via electron doping. In fact,
this description agrees well with the band calculation of
Fe,VSi;_,Al,, in which E has moved away from the valley
to the vicinity of the peak of the DOS.!'*

Based on the above analyses, we concluded that the semi-
metallic nature still remains for Fe,VAl,_.Si, with x=0.1.
Upon further Si substitution for Al, the Fermi level has
shifted out of the pseudogap. As a consequence, a marked
reduction in the electrical resistivity together with a disap-
pearance of the high-7" minimum in the Seebeck coefficient

are observed.

D. Thermal conductivity

To further evaluate the possibility for potential thermo-
electric applications in these materials, we performed
T-dependent thermal conductivity measurements. Thermal
conductivity measurements were carried out in a closed-
cycle refrigerator, using a direct heat-pulse technique.
Samples were cut to a rectangular parallelepiped shape of a
typical size of 1.5X 1.5 5.0 mm? with one end glued (with
thermal epoxy) to a copper block that served as a heat sink,
while a calibrated chip resistor as a heat source was glued to
the other end. The temperature difference was detected by
using an E-type differential thermocouple with junctions
thermally attached to two well-separated positions along the
sample. The temperature difference was controlled to be less
than 1 K to minimize the heat loss through radiation, and the
sample space is maintained in a good vacuum (approxi-
mately 107 torr) during measurements. All experiments
were performed on warming with a rate slower than 20 K/h.
The uncertainty of our thermal conductivity is about 20%,
mainly arising from the error on the determination of the
geometrical factor of these samples.

In Fig. 4, we display the observed thermal conductivity
for all studied samples. At low temperatures, k increases
with temperature and a maximum appears between 50 and
80 K. This is a typical feature for the reduction of thermal
scattering in solids at low temperatures. A remarkable trend
found in « is that the height of the low-temperature peak
decreases gradually with increasing the substitution level,
indicative of a strong enhancement in the phonon scattering
by Si substitution. Generally, the total thermal conductivity
for ordinary metals and semimetals is a sum of electronic
and lattice terms. The electronic thermal conductivity
(k,) can be evaluated using the Wiedemann-Franz law
k.p/ T=L,, where p is the measured dc electric resistivity
and Ly=2.45X 10" W QK2 is the Lorentz number. The lat-
tice thermal conductivity (k;), obtained by subtracting «,
from the observed k, is plotted in Fig. 5.

As one can see, the value of k; reduces dramatically
with increasing x in Fe,VAI,_Si,. To clarify the origin of
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FIG. 4. Temperature dependence of the total thermal conductiv-
ity in Fe,VAI,_,Si,.

the significant reduction of «;, we modeled the T-dependent
k; using the Debye approximation. Such an analysis has
been successfully applied to the p-type skutterudites and
other materials,>>?’ and the obtained fitting parameters
would provide information about the phonon scattering
mechanisms in the studied samples. In the model of the
Debye approximation, «; is written as?%%°

kg (kBT>3J00/T xte* J
K= — | — ———dx,
L om0\ & 0 T;](ex— 1)?

where x=hw/kgT is dimensionless, w is the phonon
frequency, % is the reduced Planck constant, kj is the Boltz-
mann constant, 6, is the Debye temperature, v is the average
phonon velocity, and T,Zl is the phonon scattering relaxation

(2)
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FIG. 5. Lattice thermal conductivity vs temperature for the
nonstoichiometric Fe,VAI,_,Si, alloys. Inset: lattice thermal con-
ductivity vs temperature for stoichiometric Fe,VAl. The solid lines
represent the calculations based on Egs. (2) and (3).
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TABLE I. Lattice thermal conductivity fitting parameters deter-
mined from Egs. (2) and (3).

x v/L (10° s7h A (1074 §3) B (10718 s/K)
0.02 22 29 9.9
0.05 2.6 42 8.1
0.10 1.3 9.1 3.6
0.20 23 8.5 47
0.30 25 9.9 4.8
0.40 1.4 18.1 53
0.50 4.0 17.1 53

rate. Here T;l is the combination of three scattering mecha-
nisms and can be expressed as

v
7'131 == +Aw* + Bo’Te 57 (3)

where the grain size L and the coefficients A and B are fitting
parameters. The terms in Eq. (3) represent the scattering
rates for the grain-boundary, point-defect, and phonon-
phonon umklapp scattering, respectively. In general, the
grain-boundary scattering is a dominant mechanism for the
low-temperature «;, while the umklapp procedure is impor-
tant at high temperatures. The point-defect scattering, on the
other hand, has a strong influence on the appearance of the
shape and position of the phonon peak occurring in the in-
termediate temperature regime. Taking 6,=450 K given
from the specific-heat measurement for Fe,VAL?>® the experi-
mental data of all studied samples can be fitted very well for
T<120 K. The fitting curves are drawn as solid lines in Fig.
5, and the resulting parameters are listed in Table I. Notice
that the fitting curves deviate from the data points for
T>120 K. We attempted to include the electron-phonon in-
teraction in the calculations, but such an effort yielded no
significant improvement to the overall fit. We thus conclude
that the electron-phonon scattering has a minor influence on
the lattice thermal conductivity in Fe,VAI,;_ Si,. The discrep-
ancy between the measured data and the fit at high tempera-
tures may arise from radiation losses during the experiments,
the temperature dependence of the Lorentz number, and the
undetermined Debye temperatures for the substituted com-
pounds. This discrepancy, however, has little effect on the
following discussion.

As indicated from Table I, the ratio of v/L is about 10° s
with no obvious tendency among these samples. Taking an
estimated v=5000 m/s for all studied materials, the reason-
able grain size L ranging from 1.2 to 3.7 um can be ob-
tained. Also the umklapp coefficient B scatters around in
these samples, presumably due to the unknown Debye tem-
perature for these materials (except for Fe,VALI). It should be
noted that even though the Debye temperature is a significant
factor for the umklapp scattering rate, it only affects the fit-
ting result at high temperatures. On the other hand, a system-
atic change of the parameter A is extracted from the fit,
where A increases with increasing Si content. According to
the model proposed by Klemens,?! the prefactor A is associ-
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ated with the concentration of point defects. Therefore, the
parameter A increasing with x suggests that the reduction of
the phonon peak via Si substitution is strongly related to the
appearance of point defects. We argue that these point de-
fects are not originated from the mass fluctuations between
Si and Al, since their atomic size and mass differences are
less than 4%. Rather, other lattice imperfections, such as va-
cancies, are introduced with Si substitution, which in turn
give rise to a considerable amount of point defect to the
substituted samples.

E. Figure of merit

For the present system, the ZT value increases signifi-
cantly with increasing Si concentration, as demonstrated in
Fig. 6. This is mainly due to the fact that both p and «
decrease drastically with Si substitution, although the S en-
hancement is moderate. As one can see, a 20-fold increase in
the ZT value at room temperature between Fe,VAl and
Fe, VAl ¢Siy is achieved. However, the highest ZT (~0.036
at 300 K) found among the studied compositions is still an
order of magnitude smaller than that of the state-of-the-art
thermoelectric materials such as Bi,Te;.’? It is worth men-
tioning that a recent study of Ge-substituted Fe,VALl alloys
showed a promising improvement of Z7 up to 0.13 at room
temperature for Fe,VAl)oGe,; (Ref. 33). Since Ge and Si
are isoelectronic, the electronic contribution from both sub-
stituents is almost identical, retaining the low electrical re-
sistivity as well as the large Seebeck coefficient. However,
Ge atoms are heavier than Si, making Ge a more efficient
scattering center in reducing the lattice thermal conductivity
due to the enhancement of phonon scattering. This result
brings up the important issue of heavier atoms substitution
on the thermoelectric performance in Fe,VAIl and certainly
warrants further investigations.

III. CONCLUSIONS

A systematic study of the thermoelectric properties on
Fe,VAl,_,Si, (x=0.0-0.5) was performed. Upon Si substi-
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tution for Al, the Fe,VAl,_,Si, alloys exhibit a significant
reduction in p and a sign change in S, due to electron doping
to the samples. Besides, broad minimums in S were observed
for 0.02=x=0.1, and the corresponding minimum shifts to
higher temperatures for larger x. Such a feature was attrib-
uted to the contribution of thermally excited quasiparticles
across their pseudogaps, and the latter tendency was
connected to the shift of Fermi energy Ey within a rigid-band
picture. With further substituting for x>0.1, the Fermi
energy has moved out of the pseudogap, leading to ordinary
metallic behavior for those alloys. The absence of a
minimum in S and a consistent increase in E with increasing
x support this scenario. In addition, the dramatic reduction of
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the lattice thermal conductivity in Fe,VAl,_,Si, is strongly
related to the introduction of point defects by Si substitution.
Finally, we demonstrate that Si substitution for the Al sites in
Fe,VAI represents a good opportunity for improving its ZT
value, although these values are still small compared to the
conventional thermoelectrics.
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