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We report the correlation between thermoelectric properties and electronic band structure of
thermoelectric Heusler alloy Fe,V,.Ti,Ga by comparing experimental measurements with
theoretical calculations. The electrical resistivity data show that the semiconducting-like behavior
of pure Fe,VGa is transformed to a more metallic-like behavior at x =0.1. Meanwhile, an enhance-
ment of the Seebeck coefficient was observed for all Ti doped specimens at elevated temperatures
with a peak value of 57 uV/K for x =0.05 at 300 K. The experimental results can be elucidated by
the calculated band structure, i.e., a gradual shifting of the Fermi level from the middle of the
pseudogap to the region of valence bands. With optimized doping, the thermoelectric power factor
can be significantly enhanced to 3.95mW m 'K 2 at room temperature, which is comparable to
the power factors of Bi,Tes-based compounds. The synergy of thermal conductivity reduction due
to the alloying effect and the significant increase of the thermoelectric power factor leads to higher

order zT values than that of prime Fe,VGa. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4934734]

The Heusler-type intermetallic alloys Fe,VAl and
Fe,VGa are known as non-magnetic semi-metals exhibiting
semiconductor-like behavior, as evidenced by their negative
temperature coefficients of resistivity.'> Their semiconductor-
like features are attributed to the appearance of a deep pseudo-
gap in the density of states in the vicinity of the Fermi level
that is due to the effect of hybridization between d and s-p
states.”* The pseudogap formation implies an indirect band
overlap between the electron and hole pockets at the Fermi
energy, i.e., a negative band gap E,=FE_ ., — E, <0,
where E. ,,,;, and E, . are the extrema of the conduction and
valence bands, respectively. The existence of a pseudogap in
Fe,VAI with a finite density of states at the Fermi level or
negative bandgap in the electronic structure has been revealed
by optical reflectivity and nuclear magnetic resonance experi-
ments.>® Recent band-structure calculations of Fe,VAl and
Fe,VGa also revealed the existence of a sharp singularity in
the density of state (DOS) near the Fermi level,”® suggesting
that both compounds probably have large Seebeck coefficients
and would be good candidates for thermoelectric application.
Moreover, the low-temperature specific-heat measurements
show a huge effective-mass enhancement in both com-
pounds.” In general, a semimetal with heavy band mass is
expected to have a large Seebeck coefficient.

Several reports have shown that off-stoichiometry or
partial substitution can effectively dope electrons or holes to
such a Heusler-type system thereby leading to dramatic
changes in the electrical resistivity p and Seebeck coefficient
S5.'912 Their variations can be understood by means of a
rigid band-like Fermi level (Eg) shift from the central region
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in the pseudogap. In a metallic system, the Seebeck coeffi-
cient at temperature T can be written as''

e (1 aN(E)

where N(E) is the density of state. A large Seebeck coeffi-
cient can be brought about by a low N(E) coupled with its
steep slope, ON(E)/OE, at the Fermi level E. Through proper
carrier doping, the thermoelectric power factor $%/p can be
modified and optimized. Much effort has been made to opti-
mize the power factor of Fe,VAI. For example, a substantial
enhancement of the power factor, up to 5.5 x 1073 W/mK?,
has been found in Sb-substituted Fe,VAI at room tempera-
ture,'® which is comparable to, and even larger than, the
power factors of bulk BiTe-based alloys."® This encouraging
result makes this material very attractive for thermoelectric
applications.

The thermoelectric performance of a material can usu-
ally be evaluated by using the dimensionless figure of merit
defined as zT = (Sz/p;c)T, where x is the total thermal con-
ductivity. In 2002, Lue and Kuo showed that the undoped
Fe,VGa might exhibit better thermoelectric performance
than Fe,VAL'* mainly due to its one-order higher electrical
conductivity, 20% lower thermal conductivity, and similar
Seebeck coefficient. In this work, the electronic structure and
thermoelectric-related properties of Ti-substituted Fe,VGa
are investigated. The calculated band-structures show the
existence of a pseudogap and sharp DOS edges adjacent to
it. The calculated band structures are further examined by
probing the electrical resistivity and Seebeck coefficient,
both of which are very sensitive to the details of the Fermi

© 2015 AIP Publishing LLC
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surface. The alloying effect on lattice thermal conductivity
by Ti substitution is also examined.

Ingots of Fe,V,_,Ti,Ga with nominal compositions of
x=0, 0.05, 0.1, 0.15, 0.2, 0.25 were prepared by repeated
arc melting of pure Fe (99.9%), V (99.7%), Ga (99.9999%),
Ti (99.5%) elements in an argon atmosphere. The ingots
were homogenized at 1273 K for 72 h in an evacuated quartz
capsule followed by furnace cooling. Their actual chemical
compositions were then determined by energy dispersive
x-ray spectroscopy (EDX). The electrical resistivity and
Seebeck coefficient were measured by an ULVAC ZEM-3
system. The thermal diffusivity of samples was measured on
a NETZSCH LFA 457 laser flash instrument. The thermal
conductivity was then calculated from the relationship
K =0aCpd, where o is the thermal diffusivity, C, is the heat
capacity according to the Dulong-Petit law, and d is the mass
density, measured by Archimedes’ method.

We have performed self-consistent electronic structure
calculations for Fe,V_,Ti,Ga Heusler alloys within the den-
sity functional theory with the local density approximation
(LDA). We used an accurate full-potential linearized aug-
mented plane wave (FLAPW) method, as implemented in
the WIEN2K code.'® The wave function, charge density, and
potential were expanded in terms of the spherical harmonics
inside the muffin-tin spheres. The cutoff angular moments
(L,nax) used were 10, 6, and 6, respectively. The wave func-
tion outside the muffin-tin spheres is expanded in terms of
the augmented plane waves (APWs) and a large number of
APWs (~70 APWs/atom, i.e., the maximum size of the crys-
tal momentum K,,,.=8/R,,,) were included in the present
calculations. To obtain accurate electronic band structures, a
fine 27 x 27 x 27 grid with 1470 k-points in the irreducible
Brillouin zone wedge (IBZW) is used. We consider the
Fe,V,_,Ti,Ga Heusler alloys to be in fully ordered cubic
L2; structure. The alloying effect was simulated by using the
virtual crystal approximation (VCA). In the present VCA
calculations, the V/Ti site is replaced by a virtual atom with
the atom number Z = (1 — x)Zy + xZ;, where Zy, and Zr; are
the V and Ti atomic numbers, respectively, and x is the Ti
composition. Experimental lattice constants are used for all
considered Heusler alloys.

Fig. 1(a) shows the overall XRD patterns for Ti-
substituted Fe,V;_,Ti,Ga with x = 0-0.25, which essentially
remain unaltered upon replacement of V by Ti. All of them
are identified as Heusler-type L2, structures, with no trace
of other phases. The corresponding lattice parameters of
the L2, phase as a function of doping content are given in
Fig. 1(b). Clearly, the lattice parameters for the Ti substitu-
tion increase linearly with the composition x. This indicates
that the V sites are replaced by Ti atoms in the well-ordered
L2, Heusler phase. Their actual compositions have also been
checked using EDX and found to be compositionally accu-
rate within the limit of EDX (<5%).

Fig. 2(a) shows the calculated energy bands of stoichi-
ometry Fe,VGa. At x=0, there are four bands crossing Ep
including three degenerate hole pocket sheets of the Fermi
surface centered at the I" point, formed by the intersection of
Er with the valence band along symmetry lines L-I"-X, and
an electron Fermi surface section centered at the X point
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FIG. 1. (a) X-ray diffraction patterns and (b) lattice parameters for
Fe,V,_,Ti,Ga ingot specimens for various x. The line represents linear fit.
The inset shows the crystal structure of Fe,VGa.

formed by the intersection of E; with the conduction band
along symmetry lines I'-X-W, with nearly the same effective
mass. This indirect overlap between the hole and electron
pockets infers electron and hole carrier compensation,
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FIG. 2. Band structure as well as total and site-decomposed density of states
(DOS) of Fe,V; _,Ti,Ga with x =0-0.25. Er denotes the Fermi level (OeV).
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thereby giving rise to a very small net number of carriers in
Fe,VGa, as evidenced by NMR relaxation and Hall-effect
measurements.>'® Figs. 2(b)-2(d) present the energy bands
for Ti doping levels of x=0.10, 0.20, and 0.25, respectively.
The appreciable downward shift of the Fermi level with
increase in x can be attributed to the increase in hole carriers
via substitution, since Ti ([Ar]3d24sz) has one less electron
in its valence shell than V ([Ar]3d’4s?).

The calculated total and partial atomic (Fe,V) DOSs for
Fe,VGa are also shown in Fig. 2(a). The total DOS has a
pseudogap near E due to the carrier compensation and sharp
DOS edges at ~0.05eV in the conduction band and at
—0.3eV in the valence band. From the partial DOS calcula-
tion, the sharp edges mainly originate from Fe-d states. Note
that the partial DOSs of Ga are not shown here because of
their negligible contribution. The pseudogap feature is
believed to be responsible for the semiconducting-like
behavior in the electrical resistivity in Fe,VGa. Figs.
2(b)-2(d) show the total and partial atomic (Fe,V/Ti) DOSs
for Ti-substituted Fe,V;_,Ti,Ga (x=0.1, 0.2, 0.25). Clearly,
the Fermi level is shifted toward valence band as V is substi-
tuted by Ti. It is noteworthy that when x reaches 0.2 the
Fermi level intersects with the DOS up turning point. This
dramatic rise in DOS is contributed not only from the hole
bands along L-I'-X but also from the newly formed hole
Fermi surface along I'-X-W, as shown in Fig. 2(c). The sharp
slope in DOS at the Fermi level is an important feature of a
large Seebeck coefficient.

Fig. 3(a) shows the temperature dependence of electrical
resistivity p(T) for Fe,V,_,Ti,Ga. Apparently, the substitu-
tion of Ti onto V sites effectively reduces the electrical resis-
tivity of Fe,V;_,Ti,Ga due to the increase of valence
electron numbers. For x=0 and 0.05 samples, the p(T)’s
show upturns near room temperature, indicating that both of
them possess semiconducting-like behavior at lower temper-
ature. Above 300 K, their temperature coefficients of resistiv-
ities are found to be positive. Such observations could be
attributed to the slight excess of Ga."” For x >0.1 samples,
the p(T)’s become lower and show traditional metallic
behavior. This can be explained by means of the Fermi level
shift as mentioned in Fig. 2. Since the DOS within the pseu-
dogap is very small, a small change in the electron/hole
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FIG. 3. (a) Temperature dependence of electrical resistivity p and (b)
Seebeck coefficient S for Fe,V;_,Ti,Ga with x =0-0.25.
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concentration could result in an appreciable shifting of the
Fermi level. For example, the Fermi energy shifts 0.15eV as
Ti content varies only 0.05 at. %.

The temperature dependence of Seebeck coefficient S(7)
for Fe,V,_,Ti,Ga is shown in Fig. 3(b). For Fe,VGa, as tem-
perature increases the Seebeck coefficient increases from
22 uV/K at 300K to a maximum S, of 25uV/K near
400K, followed by a reduction approaching zero. The posi-
tive values in the entire temperature range indicate that the
hole is the dominant carrier in the prime compound. This
result is consistent with the calculated energy bands depicted
in Fig. 2(a), which shows the existence of a relatively large
hole Fermi surface. For x =0.05, the S,,,, value dramatically
increases to 57 uV/K and the whole S curve shifts to more
than two times higher than that of prime Fe,VGa. It is known
that the Seebeck coefficient is a sensitive probe of energy
relative to the Fermi surface and can be expressed as'®

- <apsp - anS,1>7 -

ap + 0y

where S, ,, and ¢, , represent the Seebeck coefficients and
electrical conductivities for the p- and n-type carriers,
respectively. Such a large enhancement of S can be attributed
to the substantial downward shift of £ from the center of
the pseudogap to just beneath the extremum of the electron
pocket at the X point, leaving the framework of two-carrier
electrical conduction. The § curve of the x=0.1 sample
upsurges further, especially at elevated temperatures. As
depicted in Fig. 2(b), Er leaving the electron pocket
suppresses the thermal excitation of electrons, and results in
the enhancement of § in the higher temperature region.
Compared with the x=0.1 sample, the x=0.15 sample has
lower S values near room temperature but slightly higher S
values in the higher temperature region, 460-700K. The
Smax value reduces to 45 uV/K at 340 K. It is known that the
S value is inversely proportional to N(E) and proportional
to its slope ON(E)/OE at the Fermi level, as expressed in
Eq. (1). The further increase in Ti doping level, from x =0.1
to x=0.15, increases the total N(E) near Er, but its slope is
almost unchanged. This causes S curve and S,,.x values to
decrease. When x=0.2, the S curve again upsurges and
the S.x value achieves ~55 uV/K at 420K. As shown in
Fig. 2(c), the Fermi level Ey intersects with a high DOS
slope and leads to a significant enhancement in the S value,
because of the newly formed hole Fermi surface along
I'-X-W. When x further increases to 0.25, the S curve and
Smax Vvalues drop due to the higher N(E) but similar
ON(E)/OE at Ep, as depicted in Fig. 2(d). From Eq. (1), the
S value is proportional to the temperature; however, the S
curves of all samples go down with temperature increase af-
ter passing through the maximum Seebeck coefficient Sp,,x.
This can also be found in Fe,VAI Heusler systems in both
p- and n-type dopant specimens. It is obvious that the tem-
perature of Sy, shifts to higher temperature and the § curve
becomes more flat as Ti content increases. This is a clear
indication of less thermally excited electrons which jump
across the energy gap and compensate with positive carriers,
due to the lowering E..
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To evaluate the thermoelectric performance of
Fe,V,_,Ti,Ga, the thermal conductivity x is measured from
300 to 700K as shown in Fig. 4(a). The thermal conductivity
gradually decreases with increasing temperature for all
alloys. Moreover, the x(T) curve decreases with increasing
Ti content. To clarify the origin of the reduction in x(7), the
lattice thermal conductivity x; is estimated by k; =Kk — K,.
The electronic thermal conductivity k. can be evaluated
using the Wiedemann-Franz law x,p/T=L,, where L,
=2.45x 10"*W QK2 is the Lorentz number. As shown in
Fig. 4(b), x; decreases about 80% as x =0.25, indicating an
enhanced phonon scattering due to alloying effect of Ti sub-
stitution for V. It is noticed that although the x; curve of the
x=0.1 sample is lower than that of the x =0.05 sample near
room temperature, x(7) is almost the same at elevated tem-
peratures. This result indicates that the carrier contribution
to the thermal conductivity would be very significant while
the Fermi level leaves the pseudogap in the Ti doped
Fe,V,_,Ti,Ga Heusler system.

Fig. 4(c) shows the temperature dependence of power fac-
tor (Sz/p)of the various samples. All of the Ti-substituted
Fe,V,_,Ti,Ga samples show a larger power factor than that of
prime Fe,VGa because of their lower electrical resistivities
and higher Seebeck coefficients. As x=0.1 (Fe,V¢TipGa),
the power factor reaches 3.95mWm 'K ™! at room tempera-
ture. This value is compatible to the power factors of Bi-Te
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FIG. 4. (a) Temperature dependence of total thermal conductivity x, (b)
lattice thermal conductivity xp, (c) power factor Szlp, and (d) zT for
Fe,V,_,Ti,Ga with x =0-0.25.
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based compounds,'® Fe,VAl-based alloys,'? and Sr;_,La, TiO5
metallic perovskites,'® the known large power factor materi-
als near room temperature, and is about 50% higher than
the power factor of the similar Heusler compound
Fe2VOA9Ti0.1A1.20’21 At 340K, the power factor decreases to
22mWm 'K at x=0.15 because of the lower Seebeck
coefficient, it then increases again to 2.9 mW m 'K !asx
further increases to 0.2, due to the dramatic rise in DOS con-
tributed from the hole Fermi surface near the X point. Fig.
4(d) gives the temperature dependence of zT calculated
from the measured values of p, S, and x,,,. Significantly, an
upshift zT curve can be achieved by increasing Ti concentra-
tion. This is mainly due to the simultaneous increase of o
and S with lowering x. The highest zT is 0.07 at 420K for
x=0.2, which is a 12-fold increase between prime Fe,VGa
and Fe,V ¢Tip,Ga. However, the value is still an order of
magnitude smaller than those of state-of-the-art thermoelec-
tric materials such as Bi,Tes. It is worth mentioning that the
alloying of heavier atoms in such a Heusler alloy could
reduce the lattice thermal conductivity due to the enhance-
ment of phonon scattering. With the success of thermoelec-
tric power factor optimization by shifting Fermi surface, we
believe the substitution of heavier atoms has great potential
for investigating the possible enhancement of thermoelectric
performance in this class of materials. Fig. 5 gives the
temperature dependence of compatibility factor s of
Fe,V,_,Ti,Ga, an indicator of rational materials selection
and device design for segmented generators. Generally, if
the compatibility factors of the segmented materials differ
by a factor of two or more, the device efficiency will be sub-
stantially reduced.”? With increasing Ti concentration, the
compatibility factor s of Fe,V;_,Ti,Ga increases monotoni-
cally and attains 1 to 2 near room temperature, which is
compatible to current high-performance p-type Zintl phase
thermoelectrics such as EuZn,Sb, and Yb,;,MnSb,, 25

In conclusion, a strong correlation between electrical
conductivity, Seebeck coefficient, band structure, and den-
sity of state is revealed in Ti-substituted Fe,VGa through the
combination of theoretical calculations and experimental
measurements. Upon Ti substitution, the electron/hole pock-
ets near the band edges are modified and the Fermi energy Ey
downshifts, leaving the extrema of the conduction band at
x=0.1 and intersecting with an additional hole pocket at
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FIG. 5. Temperature dependence of compatibility factor s for Fe,V,_,Ti,Ga
with x =0-0.25.
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x=0.2. The electrical resistivity and Seebeck coefficient are
found to be very sensitive to the Fermi surfaces, determined
by the content of carrier doping. The suppression of carrier
compensation and the intersection of Ep with a high DOS
slope lead to a significant enhancement of the Seebeck coef-
ficient. Meanwhile, the suppression of thermal excitation
results in a slowed decrease of the Seebeck coefficient at
higher temperature and, consequently, a more flattening
temperature-dependent S curve. The synergy of the thermal
conductivity reduction due to the alloying of Ti into V and
the significant increase of the thermoelectric power factor
leads to higher zT values than that of prime Fe,VGa.

The authors would like to thank the Minister of Science
and Technology in Taiwan for financial supports. We are
grateful to Dr. Chien-Chih Yeh and the Center for
Measurement Standards, Industrial Technology Research
Institute in Taiwan for technical support.
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