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Linking the fundamental physics of band structure and scattering theory with macroscopic features such as
measured temperature dependencies of electronic and thermal transport is indispensable to a thorough under-
standing of thermoelectric phenomena and ensures more targeted and efficient experimental research. Regarding
Fe, VAl-based compounds, experimental work has seen mostly qualitative and often speculative interpretations,
preventing this class of materials from tapping their full potential when it comes to applications. In this paper,
the temperature-dependent Seebeck coefficient and electrical resistivity of a set of p-type and n-type samples
with the composition Fe,V,_,Ta,Al,_,Si, are presented from 4 K up to 800 K as well as the Hall mobility and
carrier concentration from 4 K to 520 K. We attempt a quantitative analysis of our data using a parabolic two-
and three-band model and compare the model results with those from density functional theory calculations.
Our findings show an increase of the band gap E, from almost zero in undoped Fe, VAl toward E, ~ 0.1eV
with increasing Ta substitution, consistent with results from first-principles calculations. Due to the resulting
enhancement of the Seebeck coefficient, the maximum power factor is boosted up to 10.3 mW/mK?, which
is, to the best of our knowledge, the highest value among n-type bulk semiconductor systems reported near
room temperature up until now. We further show that for the p-type Fe,V;_,Ta,Al compounds, the dominant
scattering mechanism of electrons is intrinsically different compared to the n-type samples, for which acoustic
phonon scattering can well describe the temperature-dependent Hall mobility in a broad range of temperatures.
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I. INTRODUCTION

Designing advanced functional materials with distinct
properties is a necessity for facing future problems such
as the global energy crisis. Thermoelectric materials, which
can directly convert waste heat into electricity via the See-
beck effect, are especially attractive for sustainable high-end
technological applications. The dimensionless figure of merit
ZT = WZAW)T determines the thermoelectric conversion
efficiency, with § being the Seebeck coefficient, p the elec-
trical resistivity, A, and Ap the electronic and lattice thermal
conductivity, and T the absolute temperature, respectively.
Among various material classes, Fe, VAl-based full-Heusler
compounds are being investigated due to a large peak of the
power factor PF = S2 /p at 300-400 K, where most waste
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heat is released to the environment [1-7]. Additionally, those
materials consist of ubiquitous elements and have chemical
and mechanical long-term stability [8,9].

The electronic structure of stoichiometric Fe, VAl has
mostly been reported as a narrow pseudogap system, with
the band gap E, ranging from — 0.2 eV to — 0.1 eV, to-
gether with a large differential density of states (DOS) at
either side of the Fermi energy Er. This was predicted by
several density functional theory (DFT) studies [10—15] and
indeed confirmed by numerous experimental works [16—18].
However, recent studies have brought into question whether
an indirect narrow-band-gap semiconductor is a more ac-
curate description of this compound [19,20]. Kato et al.
found that Si doping at the Al site in Fe,VAI can effec-
tively optimize the charge carrier concentration through a
rigid-band-like shift of Ep, which already allows for large
values of PF ~ 5.5 mW/mK? [1]. Even higher power
factors of up to 6.7 mW/mK? [21] and 6.8 mW/mK?>
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FIG. 1. Calculated electronic band structures at equilibrium vol-
ume (VASP-GGA) of (a) Fe, VAl and (b) Fe,TaAl with and without
spin-orbit coupling (SOC). Energy-derivative of the Fermi-Dirac dis-
tribution is plotted for 7 = 300 and 600 K.

[22] were found in the off-stoichiometric compounds
Feo_xVi4,Al1_,Siy and Fe, Vi, Alj_; respectively. The re-
cent focus of studies has therefore primarily been on the
reduction of the large lattice thermal conductivity with en-
couraging results obtained by heavy elemental substitution
[3,23-25], thin film deposition [26-29], or microstructural
tailoring [30]. In the case of heavy elemental substitution,
Terazawa et al. reported on the effect of a V/Ta substitution
with respect to the reduction of A}y through increased phonon
scattering [23,24]. However, the effect of this substitution
with respect to the electronic structure and Seebeck coefficient
is only scarcely and inconsistently reported in the literature
[31,32]. Ab initio calculations in the present paper suggest a
semimetal-insulator-like transition in the case of a full substi-
tution of V by Ta due to its higher d-orbital energies compared
to that of V (see Figs. 1 and 2). This should be an effective
strategy for enhancing the Seebeck coefficient. In fact, a recent
DFT study on Fe,TaZ (Z =Al, Ga, In) by Khandy et al
predicts maximum Seebeck coefficients of almost 700 1V /K
at T = 600K for optimally doped Fe,TaAl due to the larger
band gap [33]. Even for smaller doping concentrations, a
partial band-gap increase is noticeable in the calculated DOS
of this paper. We aim to experimentally demonstrate such
an opening of the band gap, causing an enhancement of the
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FIG. 2. Energy-dependent electronic density of states (DOS) of
(a) Fe, VAl and (b) Fe,TaAl at equilibrium volume (VASP-GGA).
V contributes delocalized states at the Fermi energy while the Ta
conduction band states are located far above Ef.

Seebeck coefficient and thermoelectric power factor. This is
expected to be realized in Fe, V_,Ta,Al;_,Si,.

II. EXPERIMENTAL METHODS AND
COMPUTATIONAL DETAILS

Bulk elements of high purity (Fe 99.99%, V 99.93%, Ta
99.95%, Al 99.999%, Si 99.9999%) were stoichiometrically
weighed and melted by high-frequency induction heating.
Polycrystalline samples of around 5 g were obtained, with a
mass loss of less than 0.1%, and evacuated in a quartz tube
at &~ 107> mbar for annealing at 1073 K for 168 h, followed by
furnace cooling. The crystal structure was probed with Cu-K«
radiation in a Bragg-Brentano geometry. Rietveld refinements
x-ray diffraction (XRD) performed and the lattice parameter
was obtained. For the high-temperature resistivity and See-
beck measurements, a conventional four-probe dc method
(ZEM3-ULVAC) was used, while for the low-temperature
Seebeck coefficient measurements from 4 K up to 300 K, an
ac method similar to the one in Ref. [34], using a toggled
heating technique (seesaw heating), was applied. The results
for the undoped Fe, VAl compound were taken from our pre-
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FIG. 3. XRD powder patterns of Fe,V,_,Ta,Al,_,Si, (upper
panel) and concentration-dependent lattice parameters taken at room
temperature (lower panel). The inset sketches the crystal structure of
Fe, VAL

vious study, where the electronic transport properties have
been extensively discussed and compared with DFT-derived
data using the BOLTZTRAP package [35]. Hall resistance was
measured using the van der Pauw technique with fields
up to 10 T. Alloy-averaged DOS of samples discussed in
this paper were calculated using the Kohn-Korringa-Rostoker
(KKR) Green’s function formalism under the coherent po-
tential approximation (CPA). The experimentally obtained
lattice constants were taken into account for the calculations.
Furthermore, the VIENNA AB INITIO SIMULATION PACKAGE
(VASP [36]) was applied for calculating the band structure
and DOS of relaxed Fe, VAl and Fe,TaAl using the standard
GGA-PBE functional for the exchange-correlation term. Re-
garding Fe,TaAl, a standard nonrelativistic calculation of the
band structure and one taking into account spin-orbit cou-
pling were performed. A plane-wave basis cutoff energy of
500 eV for Fe, VAl and 600 eV for Fe,TaAl were taken into
consideration for the calculations. After structural relaxation,
lattice parameters of 5.691 A for Fe, VAl and 5.903 A for
Fe,TaAl were obtained, which were used for the band struc-
ture and DOS calculations. The DOS was calculated on a grid

point density of 1000 eV ! using the tetrahedron method with
Blochl corrections.

III. RESULTS

A. Crystal structure

X,YZ full-Heusler systems crystallize in the fully ordered
Cu,;MnAl-type crystal structure which can be interpreted as
four interpenetrating fcc sublattices. However, antisite disor-
der is a common phenomenon in Fe, VAl-based compounds
and might change the cubic crystal structure with respect to
their space groups [17,37,38]. As can be seen in Fig. 3, all
samples show the typical Heusler-type (L2;) structure pattern
with no impurity peaks being visible. A more detailed study
on the solubility limit and XRD patterns in this series of
Heusler compounds can be found elsewhere [39]. The dimin-
ished intensity of the (111) Bragg peak in the diffractogram is
a strong indication for a CsCl-type disorder between V and
Al atoms, which share a similar surrounding in the crystal
lattice. The nominal composition of the undoped sample is
therefore better described as Fe, Vi_,, Al Al;_y, V,,. Rietveld
refinements allow us to obtain a rough approximation for the
fractional disorder concentration, x4 = 0.3 £ 0.1. The lattice
parameters in Fig. 3 match previously reported values and
decrease with increasing the Al/Si substitution but increase
linearly with the V/Ta substitution [2,4,40].

B. Electronic structure

Conventional DFT-based calculations implementing a
local density approximation (LDA) or general gradient ap-
proximation (GGA) exchange correlation functional have
predominantly referenced the electronic band structure of
Fe, VAI as a semimetal with an indirect negative band gap,
meaning an overlap of bands at different high symmetry points
in k-space. As illustrated in Fig. 1(a), a threefold degener-
ate hole pocket lies near Ep at the I' point and a sixfold
degenerate electron half pocket is located at the X point of
the first Brillouin zone. Those bands show a highly disper-
sive character. While the valence band is dominated by Fe
states, the conduction band is controlled by V states. GGA
calculations using VASP were also conducted for a complete
substitution of Ta on the V site of the L2; Heusler struc-
ture. The electronic band structure and DOS are shown in
Figs. 1(b) and 2(b), respectively. A complete opening of the
band gap can be observed, as the dispersive Ta states are
located well above the Fermi energy. Taking into account
spin-orbit coupling for Fe,TaAl reveals slight modifications
in the electronic band structure with the most notable be-
ing a sizeable splitting of the X valence bands. The energy
derivative of the Fermi-Dirac distribution, added in Fig. 1,
shows that the energy range which heavily contributes to
electronic transport is confined around the highly dispersive I"
valence bands and the X conduction band in Fe, VAI. Decreas-
ing the bipolar conduction by opening the pseudogap should
thus have a very promising effect on the Seebeck coefficient.
To understand the partial substitution effect on the elec-
tronic structure, alloy-averaged DOS were calculated for all
Fe,V_,Ta,Al,_,Si,-type samples synthesized and measured
in this paper. The Kohn-Korringa-Rostoker coherent potential
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approximation method (KKR-CPA) was applied, taking into
account the experimentally derived room-temperature lattice
parameters. Figure 4(a) shows the rigid-band-like shift of Ex
from the valence band edge toward the steep slope of the
conduction band caused by the Al/Si substitution. Figure 4(b)
shows a magnified image of the band gap, where the DOS
is governed by the previously mentioned dispersive bands. It
should be noted that for Fe,V;_,Ta,Al the Fermi energy is
located at the tail of the I' valence bands but much farther in
the conduction band for Fe,V_,Ta,Al;_,Si,, where the total
DOS has a steep slope and is about two orders of magnitude
larger.

C. Electronic transport
1. Seebeck coefficient

Figures 5(a) and 5(b) show the temperature-dependent
Seebeck coefficient S from 4 K up to 800 K for various
concentrations x of Fe,V;_(TayAl (p-type samples) and of
Fe,V,_,Ta,Aly¢Sip 1 (n-type samples), respectively. The sign
of § changes upon substituting Si on the Al site due to
the rigid-band-like shift of Ef into the conduction band [see
Fig. 4(a)], resulting in a change of predominant charge carrier
type from holes to electrons. It can be further seen that the
maximum values of the Seebeck coefficient S, in Fig. 4(a)
increase with Ta concentration as a consequence of the band
gap increase. Moreover, the low-temperature slope of S(7),
which corresponds inversely to the carrier concentration in the
single band picture, remains almost the same for all p-type
samples but gradually increases with x in the n-type samples.
This is in accordance with the opening of the band gap as
demonstrated in Figs. 4(b) and 4(c). The experimental data are
analyzed within a parabolic two-band (2PB) and three-band
(3PB) model (dashed and solid lines), which will be reviewed
in detail in Sec. V.

2. Electrical resistivity

Figure 6 summarizes the electrical resistivity of all samples
discussed in this paper. A drastic change upon Al/Si substitu-
tion toward a more metalliclike nature at low temperatures is
observed, which is overlain by a semiconducting contribution
at higher temperatures. This is in accordance with previous
observations on Fe; VAl;_,Si, [1,4]. As the isoelectronic sub-
stitution of V/Ta does not add any excess valence electrons, a
semiconductorlike behavior of Fe, VAl that has been reported
in the literature [5,41] remains for the p-type samples. It can
be seen that the residual resistivity psx strongly decreases
in Fe,V_,Ta,Al as x goes from 0 toward 0.1, whereas p4x
even slightly increases with Ta doping in the n-type samples
Fe,V,_,Ta,AlpoSip . To investigate this peculiar effect, we
examined the Hall carrier concentration and mobility in a
temperature range from 4 K up to 520 K. Such study can help
to microscopically understand the resistivity behavior and is
still lacking in the literature for this class of materials.
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FIG. 4. Energy-dependent DOS (KKR-CPA) of Fe,V,_,Ta,
Al,_,Si, at the respective experimental volume. The first panel
(a) demonstrates a rigid-band-like shift of the Fermi energy caused
by the Al/Si substitution, while panels (b) and (c) show an opening
of the pseudo band gap toward the conduction band side, which is
caused by the V/Ta substitution.
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FIG. 5. Temperature-dependent Seebeck coefficient of (a) Fe,
V,_,Ta,Al and (b) Fe,V,_,Ta,Aly¢Siyp for various concentrations
of x. Dashed and solid lines represent least-squares fits calculated
within a parabolic two-band (2PB) and three-band (3PB) model,
respectively. Details are explained in the text.

3. Hall mobility and carrier concentration

The Hall mobility uy and carrier concentration ny were
evaluated from measurements of the Hall resistivity pxy
in the linear response regime (low magnetic field limit).
The magnetic field dependence of the Hall resistivity of
F62V0_95T210.05A1 and F62V0.95Ta().05A10'9Si0.1 is shown in the
Supplemental Material [42]. With some exceptions, a linear
magnetic field dependence was observed for all tempera-
tures. While, for Fe, V_,Ta,Al, pyy is always positive, which
implies hole-dominant transport, Si-doped samples show a
negative Hall effect, corresponding to electron dominant
transport. This is consistent with our measurements of the
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FIG. 6. Temperature-dependent electrical resistivity of Fe,V;_,
Ta,Al,_,Si,. Dashed lines represent least-squares fits as explained in
the text.

Seebeck coefficient. Despite the linear Hall effect, bipolar
transport should be expected in these compounds, as sug-
gested by the temperature-dependent behavior of both the
Seebeck coefficient and electrical resistivity. Therefore, the
mobilities and carrier concentrations shown in this paper
merely represent the interplay of electron and hole contribu-
tions, much like the Seebeck coefficient.

Inspecting Figs. 7 and 8, it can be seen that both ny (7)) and
uu(T) display very different temperature-dependent behav-
iors for the p-type and n-type samples. While ny(7') is almost
constant up to 300 K in Si-doped samples, typical for metals,
a steep increase of the carrier concentration at low tempera-
tures is found for Fe,V;_,Ta,Al, presumably a measurement
artifact due to the anomalous Hall effect. The absolute values
of the carrier concentration are about one order of magnitude
higher in the n-type samples, causing the drastic decrease of
p mentioned above.

The Hall mobilities shown in Fig. 8 demonstrate distinct
differences between p-type and n-type samples. While for the
latter a monotonic decrease with increasing temperatures is
observed over the whole temperature range, up(7) becomes
almost constant for the former and even increases from 100
to 300 K. In addition, puy(7T') increases with Ta doping for the
p-type samples but is reduced for the n-type samples. We aim
to rationalize this utterly different behavior in Sec. V, using
the 2PB parameters, as derived from the Seebeck coefficient
modeling, to account for multiband contributions.

085202-5



F. GARMROUDI et al.

PHYSICAL REVIEW B 103, 085202 (2021)

@ Fe,V, Ta Al 4
10 :- 4 x=0 ljizdi]
— L v x =0.05 pA
=R
= |
=
0
S
1 - é
I A
1 1 1 1 1 1 1
[ ® Fe,V, Ta Al,Si,,
I 99, o
A x=0
— ® x=005 oH
g |
EO 10| ]
= f o =
= [ o N
= 0 o "
\S/D -
S I
1 1 1 1 1 1 1 1
0 200 400 600

T'[K]

FIG. 7. Temperature-dependent charge carrier concentration of
(a) Fe,V_,Ta,Al and (b) Fe, V,_,Ta, AlgoSig ;.

In conclusion, the temperature-dependent electrical resis-
tivity of the n-type samples is mostly dictated by w(7") up to
300 K, resulting in a metalliclike behavior, due to the almost
constant charge carrier density ny (7T ). The distinct increase of
the carrier concentration above room temperature explains the
semiconductorlike contribution to p(7") in Si-doped samples
at higher temperatures. Contrarily, Fe,V,_,Ta,Al shows a
weak temperature dependence of the mobility above 100 K,
indicating that electron scattering might be fundamentally
different in these compounds compared to the former.

IV. MODELING OF ELECTRONIC TRANSPORT

The measured experimental data in Sec. III will be ana-
lyzed by means of different phenomenological multicarrier
transport models. Since the temperature-dependent Seebeck
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FIG. 8. Temperature-dependent Hall mobility of Fe,V,_,Ta,
Aly_,Si,.

coefficient is more sensitive toward the electronic band struc-
ture than the electrical resistivity or mobility, which also
heavily depends on the carrier scattering, we started our anal-
ysis by least squares fitting S(7") in a wide temperature range.

The total Seebeck coefficient with contributions from an
arbitrary number of bands can be expressed by its respective
single-band contributions S;, which have to be weighted by
the respective single-band electrical conductivities o,

Y i NuiSio;
ZiNv,iUi '

where N, ; are the band degeneracies and i is the parabolic
band index. In the case of two bands, and by making the
substitution o/ := m,o0;, the total Seebeck coefficient can be
written as

Slot = (1)

S10'1*+8 520'2*

Stot = 2
tot of ¥eor (2
where we defined ¢ as
N,
g o= w2 3)
Ny, 1 my

In this notation, both S;, and o[, only depend on
the reduced chemical potential n; = Epl —E;; (i=1,2).
Furthermore, it can be quickly seen that the total temperature-
dependent Seebeck coefficient does neither depend on the
absolute values of the degeneracies nor the effective masses,
but only on their mutual relationship ¢. The distance of the
Fermi level toward the first band AEF, the band gap E, as well

085202-6



BOOSTING THE THERMOELECTRIC PERFORMANCE OF ...

PHYSICAL REVIEW B 103, 085202 (2021)

as ¢ were set as the fitting parameters of our model. We pre-
sumed m; = m, and N, ; = N, ». These ad hoc assumptions
will not influence the fitted band gap and Fermi level, but only
the conduction band mass m,, which can be quickly recalcu-
lated through ¢ when different ad hoc parameters are guessed.
All of the fitting parameters have a unique effect on S(T').
Thus, when modeling S(7") in a wide temperature range, un-
ambiguous results are assured. After using our experimental
Seebeck data in this spectroscopic way, we proceeded by at-
tempting to model the electrical resistivity and Hall mobility,
taking into account the very same band parameters to test the
validity of the model and extract further microscopic informa-
tion regarding carrier scattering mechanisms. The total Hall
mobility for carrier transport with multiband contributions can
be modeled by weighting the single-band mobilities w; with
the respective carrier densities n; and charges g; (¢ = *e for
holes and electrons, respectively):

g = 2o il
o Y Nvigilmil i

The single-band mobilities wu; are negative for electrons
and positive for holes like the Seebeck coefficient, following
the usual notation. The following section will discuss the
model results and aim to rationalize the experimental data,
presented in the previous section.

“

V. DISCUSSION

A. Seebeck coefficient and band gap

The Seebeck coefficient heavily depends on the energy
dependence of the charge carrier mobility @ (E') and the carrier
density n(E) = N(E)f(E), where N(E) is the electronic DOS
and f(E) is the Fermi-Dirac distribution. As an approxima-
tion, this relationship between S, w, and n can be expressed
by the well-known Mott formula [43]:

SZJT_ZET 1 9n(E) 1
3 —e n(E) OE

BM(E)) 5)

W(E) IE

Ef

Band-structure calculations predict that the substitution of V
by Ta leads to slight modifications of the DOS above Ef, re-
sulting in an opening of the pseudogap toward the conduction
band side (see Fig. 4). To substantiate this claim, we employed
the parabolic band (PB) model, whose applicability for this
class of materials was demonstrated in a recent study by
Anand et al. [19]. While the analyses in terms of the 2PB and
3PB model (see the Supplemental Material, Sec. 3 [42]) of the
temperature-dependent Seebeck coefficient of Fe, VAl reveal
a small band gap of E, = — 0.03 —0.002 eV, E, increases
up to 0.08 — 0.1 eV in Fe,V¢Tag Al. In the following, we
will demonstrate that the enhancement of S due to the V/Ta
substitution is best described by this increase of the band gap.
Therefore, by simulating the band structure with parabolic
bands, a relation between the temperature-dependent behavior
of § and E, is established.

At low temperatures, where S(7') remains almost linear
and is mostly governed by the influence of a single parabolic
band, one can write

wkg T

S| = —_—
151 2¢ EP

(6)

FIG. 9. Schematic sketch of the V/Ta substitution effect on the
electronic band structure and band gap of Fe, VAl-based (a) p-type
and (b) n-type samples. The energy scaling is in arbitrary units.

Equation (6) infers that the slope 9S/97T is inversely pro-
portional to the effective single-band Fermi level Elib, where
E:® denotes the distance from the conduction band bottom
E; .. or from the valence band top E , to the Fermi energy
Er [compare Figs. 9(a) and 9(b)]. Figure 5(a) shows the
maximum of S(7") of Fe,V,_,Ta,Al is shifted toward lower
temperatures, as x increases from 0 toward 0.05, correspond-
ing to a reduction of E. This effect can easily be understood
when looking at the calculated band structures of Fe, VAl and
Fe,TaAl in Fig. 1; it is also illustrated in the left panel of
Fig. 9(a). The d states of the dispersive Ta conduction band
are located well above Er. Therefore, the V/Ta substitution
causes electrons to occupy free states in the dispersive Fe
valence band, temporarily raising Er and lowering ES. This
causes a shift of Sy, toward lower temperatures as the Ta
content x goes from 0 toward 0.05. However, the slope 0S/0T
remains almost equal up to Sy, for Fe,V,_,Ta,Al as x goes
from 0.05 toward 0.1. This is another strong indication for
the postulated band gap increase, where the conduction band
bottom surpasses Er [sketched in the middle and right panel
of Fig. 9(a)]. With the Fermi level below the conduction band
edge, an increase of E, will no longer cause a significant
variation of ES®, thus yielding a similar slope of S(T').

For Fe,V,_,Ta,AlyoSip; (n-type samples) shown in
Fig. 5(b), the temperature-dependent Seebeck coefficient is
more complicated and will be discussed in the following.
Opposed to the p-type samples, the Fermi level is now located
close to a flat nonparabolic Fe band [Fig. 9(b)], character-
ized by a steep incline in the electronic DOS [Fig. 4(a)].
Least-squares fits in terms of the 2PB model yield band gaps
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FIG. 10. Temperature and band gap dependence of the Seebeck
coefficient for a fixed position of the Fermi energy Ef inside the
valence and conduction band; calculated within a parabolic two-band
model.

E, =0.12, 0.14, 0.16 eV for x =0, 0.025, 0.05, respec-
tively, contradicting the sometimes claimed rigid-band-like
shift of EF in this series of compounds [1,4]. Even though the
absolute value of E; may differ from the proper value for the
n-type samples, the tendency of the band gap increase with
Ta substitution is still apparent. Furthermore, the maxima of
S(T), ( Tnfax, Smax) shift toward lower temperatures, in contrary
to what one would intuitively expect for an increasing band
gap. The explanation to that effect requires a combination of
two distinct phenomena [see Fig. 9(b)]:

(i) Er is almost fixed in its position.

(ii) E, increases between the two parabolic bands.

While (ii) is effectively caused by the Ta substitution as
previously established, (i) is caused by the presence of the
strongly localized flat Fe band that provides an abundance of
free states for the electrons, which have been removed from
below Eg. Accordingly, the shift of Ef is significantly slowed
down by this barrier and Eg® decreases. This explains the
continuously increased slope of S(7") with increasing the Ta
content as observed in Fig. 5(b).

Employing the PB model, the temperature-dependent See-
beck coefficient is sketched in Fig. 10, highlighting the
dependence of Sy and 75 if the band gap Eg is varied
(0.04 < E; < 0.13 eV). Here, the model calculations assume
a fixed position of Ef inside the valence and conduction band
for p- and n-type samples, respectively. To summarize, the
values of Sy, are shifted toward higher temperatures in the
case of p type and lower temperatures for n-type samples;
curves calculated in terms of the PB model reveal convincing
agreement with the experimental data.

Values of the band gap have also been approximated using
the Goldschmid-Sharp formula [44],

EJS = 2¢|Smax Ty ©)

and are compared to the values obtained by the PB model in
Table I.

TABLE I. Band gaps and maximum Seebeck coefficients of
Fe,V,_,Ta,Al,_,Si,.

x EJS [eV] EZ [eV] S [LV/K]
y=0 0 0.02 0.002 75
0.05 0.04 0.02 90
0.1 0.07 0.1 120
y=0.1 0 0.08 0.12 —-120
0.025 0.09 0.14 —140
0.05 0.1 0.16 ~170

Figure 11 shows the Seebeck coefficient at 7 = 300 K
versus the chemical carrier concentration for the majority of
substitution studies from literature [1-5,7,23,25,45-50], to-
gether with data derived in the present paper. The opening
of the band gap as shown in this paper leads to the largest
obtained p-type and n-type values of the Seebeck coefficient
for stoichiometric Fe, VAl-based samples so far. Besides the
band-gap modifications, an increase of the effective mass is
likely in Fe,V,_,Ta,Al and in Fe,V,_,Ta,Aly¢Sip; due to
the band convergence in the conduction band, resulting in a
shift of Si.x toward higher carrier concentrations.

Figure 12 summarizes the opening of the band gap with
increasing Ta content in Fe, V_,Ta, Al, consistently predicted
by various phenomenological models and ab initio calcula-
tions. The band gap extracted from the VASP calculations
is in good agreement with the parabolic band model if the
standard GGA functional is replaced by an LDA+U approach
(U = 2.145 eV) in the calculations [35].

In conclusion, the effect of the V/Ta substitution on ther-
moelectric transport is best described by band convergence in
the conduction band and an increase of the band gap, which

200 r
T=300K | % x=0thiswork E,=0.002 eV
: e x=0, literature
| x =0, 2PB model Meg ~ 10 m,
|
kK x=005tiswok £ -5 ey
100 e x=0.05, literature 9
x = 0.05, 2PB model  Mcg™ 25 M,
* x=0.1, this work E =0.08 eV
— x = 0.1, literature 9
% x=0.1,2PBmodel Mg ~ 40 M,
-~ 0 |
>
3.
e
%)
-100
2200 F Fe VvV, Ta Al
I
PO [T TN T SN NN T W TN N TN TN TN TN N SN SN TN T NN Y SN TN TN N N T SO S N N1

2e+21 0 2e+21 4e+21 6e+21 8e+21 le+22

n[cm '3]

FIG. 11. Seebeck coefficient versus carrier concentration for dif-
ferent concentrations of Ta in Fe,V;_,Ta,Al, compared with data
from literature. The solid lines are calculated within a parabolic
two-band model for varying band gaps and effective masses.
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FIG. 12. Concentration-dependent increase of the band gap of
Fe,V,_,Ta,Al obtained from various phenomenological models and
DFT calculations.

has a unique impact on the temperature-dependent Seebeck
coefficient. The various features observed are well accounted
for within a PB model. This model also yields good quan-
titative agreement with ab initio calculations based on the
KKR-CPA method as well as the VASP code if an enhanced
exchange correlation (LDA+U with U = 2.145eV [35]) is
considered.

B. Electrical resistivity

In general, the electrical resistivity within the parabolic
band model is related to band-specific and band-independent
parameters and can be written as

1

= , 8
>.0i(T) KTFH12%. WL?FO(TH,T) ®

p(T) =

where K is a constant prefactor and 8 is a coefficient for
the temperature-dependent mobility, independent of the band
structure. In the case of acoustic phonon scattering 8 = —%,
whereas 8 = —% for alloy-disorder scattering. Fy(n;, T) is
the Fermi integral of zeroth order for each band depending
on the reduced chemical potential. Both have been obtained
from the above-mentioned Seebeck coefficient modeling and
are characteristic band parameters. Varying only the band-
independent parameters K and § in Eq. (8), the fits obtained
in Fig. 13 show fairly good agreement with the measured
high-temperature resistivity. This corroborates the previously
drawn picture of band structure modifications rendered in
Fig. 9.

The experimentally obtained low temperature resistivity
data, however, can hardly be understood within this model,
since a more detailed consideration of the electron-phonon
interaction is necessary. As successfully applied in several
previous studies [25,51], the Bloch-Griineisen formula can be
combined with a temperature-dependent carrier density for
modeling p(T) of such materials. Results of least-squares

1600
(@) Fe,V, Ta Al
1400
1200 4 x=0
_ A x=0.05
g 1000 C x=0.1
el
S 800 —— 2PB model
600
400
AN A AT
200 1 1 1 1
(b) Fe,V, Ta, Al Sig,
400 ' '
350
£l
a 300
=
Q
250 B x=0
v x=0.025
® x=0.05
200
—— 2PB model
150 [l 1 1 1
300 400 500 600 700 800
T [K]

FIG. 13. Temperature-dependent electrical resistivity above
300 K for (a) Fe,V,_,Ta,Al and (b) Fe,V,_,Ta,Aly9Sip; mod-
eled with parabolic band parameters obtained from fitting the
temperature-dependent Seebeck coefficient.

fits are shown as dashed lines in Fig. 6, revealing a reason-
able estimation of parameters such as the Debye temperature
®p. The latter can be used to calculate the mean sound
velocity vs. The values obtained for f, ®p, and v, are
summarized in Table II. Considering the values of B as well
as the temperature-dependent behavior of the Hall mobility,
we suggest that the carrier scattering mechanism in the p-
type compounds is inherently different than for the n-type
samples and cannot be understood by simple electron-phonon
scattering. Thus, absolute values for the Debye temperatures
and sound velocities are questionable and shown in brackets.
For the n-type samples, where a considerable contribution of
acoustic phonon scattering can be expected, more meaningful
results are obtained. However, the Debye temperatures are
still slightly overestimated compared to the directly measured
values from literature [52,53], which showcases the limits
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TABLE II. Parameters derived from modeling the electrical re-
sistivity of Fe,V,_,Ta,Al,_,Si,. The absolute values for the fitting
parameters shown in brackets are questionable, as explained in the
text.

x B Op [K] v [m/s]

y=0 0 —0.5 (803) (6250)
0.05 —-0.4 (700) (5510)

0.1 -0.3 (598) (4760)

y=0.1 0 —1.8 704 5540
0.025 —-1.7 637 5015

0.05 -1.6 514 4050

of the phenomenological models in the presence of anti-site
defects and disorder, which notably influence carrier transport
even in the extrinsic n-type samples.

The sound velocities and Debye temperatures decrease and
the lattice becomes less stiff with Ta doping. The tendency
of a softening of the crystal lattice is further substantiated
from an evolution of the deformation potential. Considering
again the parabolic band model, it can be seen that the fit
parameter B is closer to the alloy-disorder scattering limit in
Fe,V,_,Ta,Al (p type), while it is closer to acoustic phonon
scattering in Fe, V| _,Ta,AlySip; (n type). Even in undoped
Fe, VA, disorder scattering seems to play an important role,
which might be due to intrinsic antisite defects, as suggested
by the low x-ray intensity of the (111) Bragg peak in Fig. 3 and
also a large negative magnetoresistance at low temperatures
(Supplemental Material).

C. Mobility and scattering potentials

The impact of the charge carrier interaction with long-
wavelength acoustic phonons is proportional to the deforma-
tion potential Ep,, which, in first approximation, describes
the electronic band structure modifications due to collective
lattice vibrations. Here, we treated 8py, as a band-independent
fitting parameter that relates to the single-band mobility for
acoustic phonon scattering [54]

V2mel* vldn  Fo(n)
3(kgT )32 Egh Fip(mim

/“Lph,i = %5/2° (9)

i

where dy, is the material density and v; is the longitudinal
sound velocity, which was reasonably approximated to the
mean sound velocity vs by v; = 1.53 v5. On the other hand,
the alloy-disorder scattering constant Uy denotes the local
potential perturbations caused by atomic disorder and neutral
impurities. It relates to the mobility pgis via the Brooks for-
mula [55],

16en* No Fo(ni)
9V2(kgT)1/2 (xa — X2)UZ Fy p(niym>

Mdis,i = (10)

with Ny being the number of atoms per unit volume. For the
p-type samples, we considered another scattering mechanism
with ionized impurity scattering, where the mobility increases

with temperature:

3/2 Fo(mi)
Fip(mi)

The Mathiessen rule can be used for multiple scattering
mechanisms by summing up the reciprocal values of inde-
pendent scattering times. Thus, the temperature-dependent
mobility for combined scattering mechanisms is given by

Mph,i(T) pegis,i (T) tion,i(T)
tph,i(T) + pais,i(T) + tion,i(T)

For the total mobility from two or more bands, the mobility
has to be weighted with the respective carrier densities n; as
described in Sec. IV. This allows us to model the temperature-
dependent Hall mobility and extract information about the
dominant scattering mechanisms that limit carrier transport.

In Fig. 14(a), the temperature-dependent mobility is mod-
eled using Eqgs. (9) and (10). For Fe,VAI, both acoustic
phonon and disorder scattering can describe the data rea-
sonably well only above room temperature. As the Ta
concentration in Fe,V;_,Ta,Al is increased from 0 to 0.05,
only disorder scattering traces the temperature-dependent mo-
bility fairly well, while pure phonon scattering misses the
respective temperature dependence. Below room temperature,
both of these interactions fail to account for the experimen-
tally obtained mobility data. This suggests that the scattering
mechanism in these samples might be fundamentally differ-
ent and further interaction processes need to be taken into
consideration. A recent investigation of the charge transfer in
undoped Fe, VAl, derived by Bader’s approach, suggests that
all three atoms in the ternary compound become ionized, as
a significant charge transfer from Al and V to the neighbor-
ing Fe atoms occurs [35]. Hence, additionally taking ionized
impurity scattering into account, Eq. (11) indeed allows for
a much better fitting in the whole temperature range above
100 K [solid lines, Fig. 14(a)]. Therefore, we presume that
ionized and/or magnetic antisite defects might be the cause
for the total failure of Egs. (9) and (10) to describe the exper-
imental mobility data below 300 K. As the exact influence
of antisite disorder and phonon scattering is unclear in the
present p-type samples, a quantitative description about the
scattering potentials Uy, Epp and their evolution with V/Ta
substitution is hardly feasible. Despite the softening of the lat-
tice as well as the induced atomic disorder by heavy Ta atoms,
the electron mobility consistently increases in Fe,V;_,Ta,Al
for x =0 — 0.05 and even for the sample with x = 0.1,
which is not shown here.

The n-type samples Fe,V;_,Ta,Aly9Sig.;, on the other
hand, exhibit an opposite behavior and the Ta-doped sample
shows lower values of py in the whole temperature range. We
suppose that the band convergence and increase of effective
mass mentioned in Fig. 9 are most likely responsible for
this effect, together with the increased atomic disorder upon
alloying.

Figure 14(b) reveals a monotonic decrease of uy with
temperature for both n-type samples. Most convincing least-
squares fits are revealed, assuming only phonon scattering to
be the limiting scattering mechanism for the mobility. This
allows us to evaluate the phonon deformation potential. Using
a valence band mass of am, (a € R), the deformation po-

Mion,i ¢ T (11

Mcomb,i(T) = (12)
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FIG. 14. Temperature-dependent Hall mobility of (a) Fe,V,_,Ta,Al and (b) Fe,V,_,Ta,Aly¢Sig; the data was least squares fitted within
a parabolic two-band model assuming a valence band mass of |myg| = m.. Various scattering mechanisms were considered for the p-type
samples (a). A quantitative analysis is only possible for the n-type samples (b), where a much simpler behavior of the mobility is observed that
can be well described by acoustic phonon scattering in a wide temperature range 100 < 7" < 500 K.

tential decreases from Ep, = 3.6/al*/? to 1.9]a|*/* eV upon
increasing the Ta concentration from x = 0 up to 0.05. This
is a substantial reduction of the electron-phonon interaction
by more than 47%. The decrease in Ep, almost compensates
the decrease of the sound velocities and the disorder from

alloying as well as the increasing conduction band mass,
yielding comparable values of uy for the n-type samples
above room temperature. In a recent work on Fe,V|_, W Al
bulk systems, we showed that the experimentally obtained
electron mobility increases significantly as x goes from 0.05
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FIG. 15. Temperature-dependent power factor S>c times temperature for several high performance n-type materials from literature and the

present paper.
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up to 0.2, against all common expectations that the mobility
should decrease due to the decreased sound velocities and
substantial disorder caused by the V/W substitution [25].
Consistent with our current interpretation, this might also be
attributed to a reduction of the phonon deformation potentials.
If similar tendencies can be likewise observed for other 5d
heavy elements, this might pave the way for a new strategy
of increasing the thermoelectric performance in Fe, VAl-based
compounds.

D. Thermoelectric performance

Recently, it has been outlined that a larger value of the
thermoelectric power factor (PF) is more important for its
contribution to a given value of the figure of merit, ZT, than
a reduction of thermal conductivity [56]. For the latter, many
efforts like nanostructuring, providing scattering centers of all
length scales, or other approaches have already been under-
taken [30,57-60]. Hence, it is of great interest to find materials
with high power factors. Full-Heusler compounds are already
known for their intrinsically large PF. In this paper, we estab-
lished a significant improvement of the Seebeck coefficient
due to an increase of the band gap upon an increasing Ta
content in Fe,V|_,Tas Al and Fe,V;_,Ta,Aly¢Sip; as shown
in Fig. 12. Furthermore, the decreased deformation potentials
and Debye temperatures suggest a weakened electron-phonon
interaction. This allows for high values of the mobility, despite
the disorder created by elemental substitution. Ultimately, the
power factor is further enhanced up to 10.3 mW/mK? for
Fe;Vo.95Tag 0sAlg 9Sip.1, which is the highest value ever re-
ported in this class of bulk materials. We compare our two best
performing samples with various n-type materials from liter-
ature reported for high thermoelectric performance [61-71].
As suggested by Dehkordi et al. [72], it is advantageous to
multiply PF with the absolute temperature, when comparing
PF for different materials. Such a plot is shown in Fig. 15. It
can be seen that samples from the present paper significantly
outperform all other materials around room temperature and
are only surpassed by the intermediate valent system YbAls,
which has the highest power factor due to its very low resistiv-

ity of p3oox =~ 45 u2cm. Compared to the archetypal Bi,Tes
compound, for example, S>0'T is about 3—4 times higher in
our samples. Estimations on the global waste heat potential
[73] have suggested that the majority of waste heat (~ 63%)
arises at temperatures below 100 °C, which makes the material
presented in this paper extremely attractive for thermoelectric
energy applications.

VI. CONCLUSION

In summary, we investigated the V/Ta substitution effect
with respect to the electronic structure and temperature-
dependent electronic transport properties such as the elec-
trical resistivity, Seebeck coefficient, mobility, and carrier
concentration in Fe,V;_,Ta,Al;_,Si,-based samples. DFT
calculations and phenomenological models with respect to
the experimental data unambiguously conclude an opening of
the pseudo or small indirect band gap in terms of converging
conduction bands. This results in an improvement of the max-
imum Seebeck coefficients from 75 up to 120 and from —120
up to —170 uV/K for p- and n-type samples, respectively.

Additionally, the mobility of the predominant charge car-
riers remains high, despite the reduced sound velocities,
increased conduction band mass, and disorder introduced
by alloying. We suggest this results from the weakened
electron-phonon interaction in terms of decreasing deforma-
tion potentials, caused by the heavy elemental substitution of
Ta. It is argued that this peculiar behavior of the scattering
potentials can retain low values of the electrical resistivity.
Ultimately, an enhancement of the maximum power factor is
achieved with PF reaching up to PF,,x &~ 10.3 mW/mK? near
room temperature in Fe, Vg 95Tag 05 Alo.9Sip.1, which is among
the highest ever reported values for any bulk material.
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