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Heusler compounds with semiconducting properties represent an important class of functional materials.
Usually, research on these systems is guided by simple electron-counting rules, such as the Slater-Pauling
principle. Here, we report on the discovery of Heusler-type semiconductors, significantly deviating from
the Slater-Pauling rule. We theoretically predict the occurrence of nonmagnetic semiconducting ground
states in various highly off-stoichiometric full-Heusler alloys, where self-substitution leads to a band-gap
opening. This unexpected trend is confirmed experimentally by thermoelectric transport measurements on
a multitude of Fe,_», V| _,Al;43, samples with up to 20% substitution of Fe and V atoms. The band-gap
opening leads to an exceptionally large Seebeck coefficient in p-type Fe, VAl thermoelectrics, previously
limited by bipolar conduction and low-density-of-states effective mass. Consequently, our work presents a
paradigm to tune the band gap of Heusler compounds by self-substitution and introduces a hitherto unex-
plored class of semiconductors with exceptional thermoelectric properties, offering significant potential
for advancements in energy science and sustainable-energy technologies.
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I. INTRODUCTION

Heusler compounds in the X; YZ (full-Heusler) and XYZ
(half-Heusler) stoichiometry constitute one of the rich-
est material classes [1], encompassing over 1000 different
intermetallics with diverse physical and electronic prop-
erties, such as half-metallicity [2], nontrivial band topol-
ogy [3], superconductivity [4], or semiconducting states.
Recently, discoveries of a giant anomalous Nernst effect
due to a large variety of new topological phases have
sparked further interest in these compounds [5]. Thus,
potential applications of Heusler compounds reach from
the field of spintronics [6] and magnetism [7] toward
photovoltaics [6] and thermoelectrics [8,9]. For energy
technologies such as photovoltaics and thermoelectrics, the
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highly tunable band gaps of half-Heusler compounds are
particularly advantageous, positioning them as some of the
most promising materials for thermoelectric applications.
In contrast, full-Heusler compounds typically have smaller
band gaps, limiting their direct application in energy
technologies. Nevertheless, full-Heusler compounds, espe-
cially Fe,VAl-based materials, continue to attract sig-
nificant research interest due to their cost-effective con-
stituents and favorable mechanical properties [10—17]. The
development of strategies to modify the electronic struc-
ture of full-Heuslers is crucial for unlocking their full
potential.

Notably, the electronic structure of Heusler compounds
depends mainly on the valence electron concentration per
atom (VEC), which in turn can be used to effectively and
reliably predict and tune the electronic as well as the mag-
netic ground state [1]. For instance, Heusler compounds
with exactly six valence electrons per atom are typi-
cally semiconductors with vanishing magnetic moment m,
whereas m increases linearly for VEC < 6 (see Fig. 1).
This is subsumed in the well-known Slater-Pauling (S-P)
rule, which was originally developed by Slater and Pauling

Published by the American Physical Society
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FIG. 1. Deviation from the Slater-Pauling (S-P) rule. (a) The
reported band gap E, and (b) magnetic moment m of various
types of Heusler alloys as a function of the number of valence
electrons per atom. The filled symbols depict theoretical val-
ues, while the open symbols are values found experimentally.
All compounds fall on a single line for the regular Heusler com-
pounds in panels (a) and (b), which is commonly described by
the S-P rule. The strongly off-stoichiometric Heusler compounds
presented here are an exception and do not follow this universal
rule for a higher concentration of the Z element. This has also
been confirmed experimentally for Fe;_»,V|_,Al;3,, as shown
by the open red symbols. The magnetic measurements depicted
in (b) are presented in detail in Appendix C 1, while the refer-
enced table with the depicted values for E, and m extracted from
literature is attached as Supplemental Table [18].

to comprehend the electronic and magnetic properties of
simple transition-metal alloys [19,20] and has later been
summarized for full-Heusler compounds by Galanakis
et al. [2]. Exceptions to this rule are rare, with only spe-
cial cases such as the eight-electron half-Heuslers (HHs)
[21] or the RNiSb compounds with a VEC of > 9 [22],
deviating from the conventional S-P behavior. Heusler
compounds with a VEC close to 6 generally fulfill the S-
P rule, regarding their electronic and magnetic structure.
This fact is illustrated in Fig. 1, which shows the calcu-
lated energy band gaps and magnetic moments of hundreds

of Heusler-type compounds as a function of their VEC.
It can be seen that VEC = 6 marks an insulating non-
magnetic singularity in a vast sea of adjacent magnetic
metals. A comprehensive list of all members of the Heusler
family in Fig. 1 that satisfy the S-P rule is in the Sup-
plemental Table [23]. The relevant papers [24—87] have
been collected employing conventional search engines as
well as natural-language-processing tools as implemented
in DIMENSIONS.AI [88].

In HHs with VEC = 6, yielding 18 electrons per for-
mula unit (f.u.), the most electropositive element donates
its valence electrons, resulting in closed shells on all atoms,
a finite band gap, and a zero magnetic moment, in agree-
ment with the S-P rule. It follows naturally that changing
the number of electrons by chemical substitution would
destabilize the compounds and would result in a shift of
the Fermi level out of the gap. Hence, the majority of sta-
ble HH compounds feature a valence electron count of six
per atom [89]. For full-Heusler materials, the outer d shells
of the X and Y elements are not fully filled. The band gap
results from the splitting of their d states into e, and 7,
orbitals due to the crystal field of their surroundings. This
leads to much smaller band gaps in this class of materi-
als. In fact, for full-Heusler materials, band gaps have only
been reported in unstable or metastable compounds such
as Fe;NbAI [90] or Fe,TiSi [91]. The nature of the chemi-
cal bonding in Heusler compounds rationalizes the validity
of the S-P rule as a simple chemical electron-counting
rule.

Moreover, guided by the S-P rule, novel Heusler-type
semiconductors have been discovered in recent years.
Some noteworthy examples with promising thermoelec-
tric properties include so-called double half-Heuslers
(XYY Z,), such as Ti,FeNiSb, [92], three-quarter Heuslers
(X15Y2), e.g., Ruy 5ZrSb, with 21 valence electrons [93],
or off-stoichiometric variations such as Nbg g4CoSb. Inter-
estingly, these vacancy-afflicted half-Heusler compounds
were first described as stoichiometric 19-valence electron
compounds [94,95].

After thorough investigation, however, it was found that
NbCoSb crystallizes with vacancies as NbygCoSb (VEC
= 6) and has excess elemental Nb impurities [32,96,97].
Therefore, crucially, all of these examples satisfy the S-P
rule, as can be seen in Fig. 1.

Here, we report on the discovery of strongly off-
stoichiometric full-Heusler compounds, which form a band
gap and therefore show significant deviations from the
S-P rule with respect to both their electronic and their
magnetic properties [see the red symbols in Figs. 1(a)
and 1(b)]. The commonly used presentation of the mag-
netic moment per atom versus the VEC fails to follow
the S-P relation for the X,_»,Y;_Zi 13, alloys, as none
of the compounds are magnetic. Moreover, when increas-
ingxuptox = 0.11 (VEC = 5.65), a significant band-gap
opening is observed, also contradicting the S-P rule with
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regard to their electronic structure. Full-Heusler semicon-
ductors, although predicted theoretically, have not been
experimentally realized so far as bulk materials as they
are either semimetallic, such as Fe, VAl and Fe,VGa
[98], or metastable, such as Fe,NbAl [90] or Fe,TiSi
[91]. Therefore, our findings present a propitious approach
toward achieving highly off-stoichiometric, yet stable, full-
Heusler semiconductors. By combining efforts of density-
functional-theory (DFT) calculations and thermoelectric
transport as well as magnetic experiments on a large num-
ber of samples, we demonstrate that off-stoichiometric
full-Heusler compounds with a X, 5, Y2} 13, stoichiom-
etry exhibit semiconducting properties if the additional Z
atoms are incorporated as antisite defects on the X and Y
sites [see Fig. 2(a)]. In the following, the theoretical and
experimental evidence for this unexpected violation of the
S-P rule will be presented.

II. MATERIALS AND METHODS
A. Computational details

DFT calculations were conducted wusing the
Perdew-Burke-Enzerhof (PBE) general-gradient approxi-
mation as implemented in the Vienna ab initio simulation
package (VASP) [99—104]. To simulate the disorder, 3 x
3 x 3 supercells with a total of 108 atoms were created
for the substituted cases. For different substitutions, the
appropriate number of X and Y atoms from the respective
lattice site were replaced with the Z atoms. The supercells
were then relaxed regarding their volume as well as atomic
positions, employing a 5 x 5 x 5 k-mesh and an energy-
cutoff value of 450 eV. For the self-consistent calculations,
a finer £ mesh of 8 x 8 x 8 was used, to reduce the noise in
the electronic density of states (DOS). We used the tetra-
hedron method with Blochl corrections to set the partial
occupancies for each orbital.

To extract the partial DOS of Al atoms sitting at
different lattice sites, i.e., Alg., Aly, and Alp;, a dis-
ambiguation of these atoms was implemented into the
POSCAR structure file. The Bader volumes extracted from
the regular self-consistent calculation were approximated
to be spherical and the Wigner-Seitz radius of the
respective atoms were adjusted accordingly. The element-
decomposed DOS is depicted in Fig. 3(b), normalized with
the number of atoms per element in the unit cell.

B. Synthesis and characterization

All samples analyzed in this work were synthe-
sized under an argon atmosphere using a high-frequency
induction-melting furnace. The samples were weighed
using a high-precision scale and elements with a purity of
99.99%, 99.95%, and 99.999% for Fe,V and Al, respec-
tively. The mass loss was below 0.1% for all samples,
yielding well-defined stoichiometry in our samples, which

was also checked by X-ray fluorescence for selected sam-
ples in an earlier work [105]. The XRD patterns were mea-
sured using a commercial device from PANalytical and
the lattice parameters were extracted via Rietveld refine-
ments as implemented in PowderCell (see Appendix B 1).
Electron microscopy was performed using an FEI Quanta
250 field-emission gun (FEG) scanning electron micro-
scope (SEM) and an FEI TECNAI F20 FEG transmission
electron microscope, as available at the USTEM research
facility [106].

C. Thermoelectric measurements

Transport measurements above room temperature were
conducted on bar-shaped samples using the ZEM-3 from
ULVAC RIKO. Low-temperature Seebeck coefficients
were measured on the same samples using a home-made
setup inside a He-bath cryostat, employing the seesaw-
heating technique [107] to cancel out interfering volt-
ages, similar to other works [108,109]. Low-temperature
resistivity measurements were conducted using the four-
point measurement within a He-bath cryostat. The low-
temperature Seebeck and resistivity data were adjusted to
the high-temperature measurement by multiplying by a
constant factor in the range of 0.95 < x < 1.05 to account
for the slight mismatch in absolute values.

D. Analysis of transport data

The temperature-dependent Seebeck-coefficient data
were analyzed using a three-parabolic band model within
the framework of the Landauer theory. Assuming acous-
tic phonon and alloy-disorder scattering, the dependence
of the energy on the carrier scattering time is given by

(B, T) « t(TE™'"?, (1)

where 73 depends on the type of scattering process [110].
As for the Seebeck coefficient, any energy-independent
prefactors cancel out; hence S(7) of a single band can be
described by Fermi integrals of the first and zeroth order,
as [10,110]

k Fi(n,
S(D:f[ﬂ—ﬂ}

2
Fo(n, 1) )

where 7 is the chemical potential, T is the temperature, e
is the elementary charge, and F), is the respective Fermi

integral:
Fo(n,T) = /

Considering multiple bands, the total Seebeck coeffi-
cient S; can be calculated by adding up the single-band

§"d&

1+ e(é m’ 3)
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contributions weighted with their conductivity, using

S, = 2,8,0, ,
3,0,

“)

where 0, o« 1/m, is inversely proportional to the respec-
tive band mass m,. Assuming that, in total, three bands
are relevant for transport, this leads to five fitting param-
eters, including the position of the Fermi level Er with
respect to the first band, the position of the other two bands
with respect to the first band, E,» and Eg3, and the rel-
ative weighting parameters, o, and o3, of the respective
bands. The position of the first band is set to 0 and the
relative weighting parameter o to —1, as the other values
are relative to these and E¢; and o7 can be chosen arbitrar-
ily without affecting the results. The closest distance of the
bands at the band gap, either £, or Eg,, denotes the effec-
tive band gap of the compound extracted from the model,
which is plotted in Fig. 5(c). The resulting fitting param-
eters of all analyzed samples are given in Table S2 of the
Supplemental Material [23].

III. ELECTRONIC STRUCTURE

To determine the electronic DOS of Xj73Y) 892133,
depicted in Fig. 3, reasonably large supercells contain-
ing 108 atoms, with six Zy and three Zy antisites, were
constructed. For Fe; 5, Vi_,Alj 3y, this was shown to be
the most favorable arrangement [111,112]. For comparison
with experimental data, we put special emphasis on the cal-
culation of this system. Calculations on small numbers of
different antisites conducted in the past have found detri-
mental effects of the substitutions on the electronic band

gap of full-Heusler compounds. [111-114] Nonetheless,
for all considered full-Heusler compounds, we have found
a band-gap opening if the Z atoms are distributed evenly on
the X and Y sites as antisites, even for large substitutions
(see Fig. 1).

For Fey75Vog9Alj33, a total of 15 randomized anti-
site configurations were calculated in this way and aver-
aged, weighted with their formation energy, employing the
Boltzmann average:

E,llilDOSne (_Eform,n)/kBT)

DOSaV = » 15 le(*Eform,n)/kBT)
n=

; )

where Efom, is the respective formation energy, DOS,, is
the respective electronic DOS, 7 is the averaging temper-
ature, and kg is the Boltzmann constant. The results for
different averaging temperatures 7 are depicted in Fig. 2,
together with the formation energy as a function of the
electronic energy gap. The randomization of the antisite
positions was done using true random numbers employ-
ing atmospheric noise [115]. The resulting DOSs were
then averaged using these Boltzmann weights to obtain
a robust result (for details, see the Supplemental Mate-
rial [23]), which is depicted in Fig. 3(a) and reveals
striking changes in the electronic structure with Al self-
substitution. Notably, at the highest averaging temperature
(11 000 K), the formation energies are largely disregarded,
resulting in a more uniform averaging of the DOSs.

For the other stoichiometries varying in Al concentra-
tions, we started from the most favorable supercell of
Fe178Vo.g9Al; 33 and added or removed antisite defects to
create supercells for different x values. Again, different
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FIG. 2. The analysis of the different antisite configurations of Fe; 75V s9Al; 33. (a) A sketch of the full-Heusler crystal structure of
Fe, VAL, with Al replacing Fe and V atoms on random lattice sites. (b) The Boltzmann-averaged DOS over all 15 supercells for different
averaging temperatures. The energetically less favorable antisite configurations are only relevant for the highest averaging temperature
of 11000 K. (c) The correlation of the extracted band gap with the configuration energy of the different supercells, normalized to the
most favorable one: Ey = Egom, — Ery. Evidently, the more favorable antisite configurations exhibit larger band gaps. The linear

regression acts as a guide to the eye.
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antisite configurations were tested to assess the influence
of the antisite positions on the electronic structure for
different x. The unfolded band structures for different stoi-
chiometries ranging from x = 0 to x = 0.22 are displayed
in Appendix A. For stoichiometric Fe, VAI, our calcula-
tions reveal a profound pseudogap, aligning with recent
literature observations [9,14,116]. Notably, the introduc-
tion of Al into the compound induces substantial changes
in the DOS at the valence-band edge, accompanied by a
band-gap opening of approximately 0.3 eV. As illustrated
in the inset, the number of electrons per atom is reduced
from 6 to 5.65, in agreement with the diminished number
of electrons in the valence band. One can clearly see that
the Fermi level Efg, however, remains in the energy gap
for the highly off-stoichiometric Fe; 75V g9Al 33. More-
over, when testing the effect of different values of the
on-site Coulomb interactions U — J, we have found only
negligible changes in the electronic structure for the off-
stoichiometric compounds.

(a) 7
12 _é ey g o 2'65
% 7
3
o 81
-+
©
-+~
K23
(%)
O 4
(@]
— Fe,VAI
— Fe;78VogsAl1 33
0 T
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E-E; (eV)

FIG. 3.

XuUuwkK L W r

The partial DOS of Fe;75Vog9Al;33 depicted in
Fig. 3(b) reveals that, remarkably, aluminum atoms still
contribute very few states to the DOS close to the Fermi
energy, even for the compound with x = 0.11, for which
Al atoms make up one third of all atoms in the super-
cell. Instead, the sharp rise in the DOS below Ef is
constituted by resonant localized states, attributable to
all constituent elements of the compound. Hence, the
changes in the electronic structure can be understood as
changes to the hybridization between the constituent ele-
ments by the Al substitution, rather than as addition of
Al impurity states to the DOS. Out of the Al atoms,
evidently, the Alg. antisites feature the largest contribu-
tion to the DOS per atom around Eg. To further elu-
cidate the changes in the electronic structure caused by
the Z-element off-stoichiometry, we have calculated the
unfolded band structure of the most stable supercells for
several members of the Heusler family using BANDS4VASP
[117,118]. The band structures of Fe;75Vog9oAl;33 and

(b)
partial DOS
< == Fe
& v
S~ \
g Al |
] — AlonFe
) — AlonV
€
8
g
n
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XUWK L w r

L r

The electronic structure of strongly off-stochiometric full-Heusler compounds X, 5, Y1 _,Z113.. (a) A schematic of the full-

Heusler crystal structure, with additional Z atoms occupying the X and Y lattice sites as antisite defects. (b) A comparison of the
electronic density of states (DOS) of pristine Fe, VAl and averaged Fe; 75V 39 Al| 33. A strong change in the DOS at the Fermi level Er
is observable, together with the opening of an energy gap. The inset reports the integrated DOS in states per atom, showing a decrease
of the total number of states per atom in Fe; 73V g9Al; 33 below Er. (¢),(d) The unfolded band structure of two novel semiconductors,
(c) Fe;73Vog9Al; 33 and (d) Ruy 73TaggeAl; 33. The color code depicts the spectral function A(k, Er) obtained from the unfolding
calculations. For better comparison, the band structure of the parent stoichiometric compounds is superimposed as a white solid line.
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Ru; 78TaggoAl; 33 are shown in Figs. 3(c) and 3(d), as
two representative examples. Compared to their stoichio-
metric full-Heusler counterpart, a significant broadening
of the dispersive conduction band is observable, effec-
tively shifting the edge toward higher energies. For both
compounds, this leads to the opening of an indirect band
gap of the order of 0.3 eV, while Er remains pinned
at the valence-band edge within the band gap. Notably,
this semiconducting ground state constitutes a signifi-
cant deviation from the S-P behavior for full-Heusler
materials.

Hybridization-induced band gaps in transition-metal
aluminides have been discussed by Weinert and Watson
[119]. Besides RuAl, and FeAl,, they have also inves-
tigated Fe, VAL, tracing back the (pseudo) band gap to
hybridization between the transition metals (TMs) and Al
on the one hand and the lack of AI-TM d-d hybridization
on the other. In our off-stoichiometric Heusler compound,
this effect is increased by the additional Al substitution on
Fe-V sites. As the Aly antisites have their d states at much
higher energies than V, the V—V bonds are disturbed,
leading to the observed broadening of the conduction band
at the X point [as evident from Fig. 3(c)]. Focusing on the
Fe states that dominate the valence band, the Al antisites
lead to a sizable loss of coordination between Fe atoms,
penalizing the orbital hybridization. As a consequence, the
Fe states become more localized, giving rise to flat Fe
bands, akin to resonant levels, at the I" point. Similar con-
siderations can be drawn for Ru; 73Tag g9 Al; 33 in Fig. 3(d)
and for other full-Heuslers, such as Fe; 75V 39Ga; 33 and
Fe| 73Nbg g9 Al 33, where the chemical bonding works in a
similar manner. We note that such flat bands at the Fermi
energy are of great interest in fundamental solid-state
physics, as the small kinetic energy of charge carriers com-
pared to the Coulomb interaction can give rise to exotic
quantum phases of matter [120,121]. Indeed, we have
observed peculiar anomalies in various low-temperature
transport properties that will remain a subject for future
studies.

IV. EXPERIMENTAL RESULTS

To confirm the DFT calculations, we synthesized a
multitude of Fe;_5,Vi_xAljy3; samples with the amount
of Al substitution reaching from x =0 to x =0.2
(Fe; VAI—Fe | 4VpgAlyg). In Fig. 4(a), we display the
structural properties of stoichiometric Fe; VAI in compar-
ison to off-stoichiometric Fe;78Vog9Al;33. As evidenced
by X-ray powder diffraction, both compounds crystallize
in the L2; full-Heusler structure, as all peaks are clearly
present. The evolution of the experimentally determined
lattice parameter with increasing x shows linear behav-
ior, indicating full solubility along the transition. The
slight disparity in absolute values of the lattice parameter
between DFT and experiment is a known anomaly
in Fe, VAL, which has been reported in the literature

(a) — Fe,VAI - theor. = Fey o Vi Aliiay
L — Fe,VAl-exp. T 585 (24
B | — FerrgVogAliss o
:‘é‘ 1.78 V0.89/7\11.33 jE: 5.80
=} =
o) 8 5.75
— L
KA S 570 e experiment
z g . ~ ADFT
8 0.00 0.05 0.10 0.15 0.20
[} X
fhar}
= |
- 26 28 307 32
A
|
80

10 um

10 um

Weight %| Atomic % | Error %
Fe 54.2 43.7 1.9
Vv 25.5 22.5 2
Al 20.3 33.9 7

» Fe1.7510.04V0.910.02A|1.3510.09

FIG. 4. The structural analysis of Fey 5, Vi_yAl 13-
(a) The X-ray diffraction (XRD) patterns of Fe,VAl and
Fe;78Vos9Alj33; all peaks of the L2; structure are clearly
visible, without any impurity peaks. The inset on the right
shows the comparison of the experimental lattice parameters
of Fey 5, Vi_yAl 43y, extracted from Rietveld refinements,
with the lattice parameters obtained from the DFT calculations.
(b) Thr electron-dispersive X-ray spectroscopy (EDX) of the
sample Fe;73Vog9Al;33. The scanning electron microscopy
(SEM) image and the EDX mapping of the three elements Fe,
V, and Al on the right exclude any impurity phases. The total
composition was determined to be Fe;75V(9Al;3s5. Panel (c)
depicts a TEM image at very large magnifications for the same
sample, confirming that the main matrix of the compound is
single phase and homogeneous at the nanoscale.
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previously [98,111,122,123]. Moreover, the slope of the
concentration-dependent increase of the lattice parame-
ter agrees remarkably well with that extracted from DFT
calculations, as depicted in the inset. The high toler-
ance toward a large degree of antisite disorder in Fe, VAI
is well known and likely results from the similar sizes
of the atomic radii and the highly symmetrical cubic
crystal structure. For the Fe, ,,Vi_,Alj43, compounds,
the stability is possibly increased further by the band-
gap opening, as it separates bonding from antibonding
states. The composition and homogeneity of these sam-
ples were confirmed by energy-dispersive X-ray spec-
troscopy (EDX) and transmission electron microscopy
(TEM), as shown in Figs. 4(b) and 4(c). The EDX mea-
surements reveal that samples such as Fe;73V(g9Alj 33
maintain the intended stoichiometry without detectable
microscale impurities. The TEM measurements further
confirm the absence of nanoscale impurities, aside from
minor V4Al,C precipitates accounting for less than 1%
of the volume (see Appendix B). This high degree of
compositional homogeneity, even at the nanoscale, is cru-
cial for accurately assessing the thermoelectric properties
and understanding the electronic structure for materials
optimization.

Narrow-gap semiconductors, such as those predicted
theoretically in Fig. 3, are of great interest for energy
applications such as thermoelectrics, which seamlessly
convert heat into electricity and vice versa. It is well known
that S(7) of narrow-gap semiconductors strongly depends
on the band gap [128]. Therefore, we have studied the
temperature- and composition-dependent thermoelectric
properties of a large number of Fe,_5, V;_, Al 3, samples.
In Fig. 5, we show the experimental data for the Seebeck
coefficient as a function of the temperature and the VEC.
Moreover, we compare the band gap extracted from the
experimental S(7) curves by employing a triple parabolic
band model with the prediction from DFT calculations,
assuming alloy disorder and acoustic phonon scattering.
Inspecting the S(7) of Fe, »,Vi_Alj43, in Fig. 5(a), it
can be seen that the maximum Seebeck coefficient Spayx 1S
increased significantly (by approximately 100%) for the Al
off-stoichiometry of x = 0.11.

Simultaneously, the temperature of the maximum 7;,,y
is shifted toward higher values, from about 200 K for
Fe, VAL to about 400 K for Fe;75Vo.g9Al;33. These sys-
tematic changes in S(7) are typical for an increase of
the band gap. Indeed, by using the triple parabolic band
model to fit the experimental S(7) curves, a tiny band
gap, E, ~ 0.02 eV, is found for pristine Fe, VAL but a
sizable £, of about 0.3 eV is found for strongly off-
stoichiometric Fe;73Vg9Alj33. These values are very
consistent with those predicted theoretically by our ab ini-
tio band-structure calculations [see Figs. 3(c) and 3(d) as
well as by Refs. [9,123]]. The main difference between the
DFT and the experimentally derived electronic structures

<
Z ol < ® e Fey Vi Al %
- e Doping studies [10]
40 + o Other full-Heuslers ]
[59-62] o
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*
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s | s ¢
@ °
o *0
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FIG. 5. The experimental results for Fe, ., Vi_ Al 13,. ()

The experimental data of the temperature-dependent Seebeck
coefficient for x = 0 and x = 0.11 in gray and green, respec-
tively. The solid lines depict the three parabolic band model
fit, applied to assess the effective band structure close to Er as
sketched in the insets. The data and the fitting results for all sam-
ples are shown in Appendix C 2. (b) The Pisarenko-style plot at
T = 300 K reveals a significant deviation from the S-P behavior
demonstrated in doping studies [10], and for other full-Heuslers
[124—127], when plotting raw Seebeck data versus the valence
electron count per atom (VEC). (c) The composition-dependent
behavior of the band gap extracted from fitting experimental S(7)
curves and DFT calculations (see Appendix A), respectively. The
trend follows the raw Seebeck values at 7= 300 K depicted
in (b). For both, the band gap E, increases with increasing Al
concentration up to a maximum at around x = 0.11 and VEC =
5.65, before decreasing again for higher Al concentrations.
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is the different position of the Fermi level, with Ey slightly
doped into the valence band for the latter. This can most
likely be explained by a low concentration of Vg, antisite
defects present in the samples, as rationalized by additional
calculations depicted in Fig. S2D of the Supplemental
Material [23].

In Fig. 5(b), we show the room-temperature Seebeck
coefficient of Fe, 5, Vi_;Alj;3, as a function of the
valence electron concentration per atom, compared to pre-
vious doping studies in Fe, VAl-based compounds as well
as other members of the full-Heusler family. It can be
seen that in contrast to the predicted vanishing Seebeck
effect for conventional doping, an anomalous increase
of the Seebeck coefficient is obtained at VEC =~ 5.65,
which corresponds to the off-stoichiometric composition
Fe|78Vo.80Al; 33. Indeed, not only does the enhanced See-
beck coefficient constitute a record among p-type full-
Heusler compounds but it also signifies a severe deviation
from the rigid-band-doping scenario as well as the S-P rule
(red solid line). Notably, for p-type Fe, VAl-based com-
pounds, increasing the band gap and therefore the Seebeck
coefficient is one of the key targets to improve thermo-
electric performance and bring these compounds closer
to application [9,129]. Previous p-type doping studies
in Fe, VAI thermoelectrics have achieved Seebeck coef-
ficients up to 110 wV/K, which represents a significant
bottleneck for achieving competitive TE performance with
their n-type counterparts: a simple estimation of the maxi-
mum figure of merit zT of Fe, VAl-based compounds with
a Seebeck coefficient of 110 wWV/K versus compounds
with Spax = 150 wV/K reveals a doubling of zT},,x from
0.64 to 1.27 [130] when neglecting the lattice thermal
conductivity.

This has motivated us to theoretically study the unfolded
band structures of off-stoichiometric Fe, 5, V|_ Al 13, at
different Al concentrations to investigate the evolution of
the band gap and the electronic structure near Eg, with
varying stoichiometry. In Fig. 5(c), we show a compari-
son of the band gaps from DFT calculations (Appendix A)
with those obtained by modeling numerous experimental
S(T) curves of Fe,_»,V|_yAlj 43y, using a triple parabolic
band model (for the complete set of temperature-dependent
Seebeck-coefficient data, see Appendix C) [9,10,116]. We
find a remarkable agreement not only in terms of absolute
values but especially regarding the overall domelike shape
and pronounced peak at x ~ 0.11. For higher Al substitu-
tions, the flat impurity bands are shifted into the band gap,
effectively reducing E,. Moreover, for 0.05 < x < 0.17,
the fitting model yields an additional flat valence band
close to Ef, which is reminiscent of the unfolded band
structures of those compounds, depicted, e.g., in Fig. 3(c)
and also in Appendix A. The band gaps extracted indepen-
dently from the temperature-dependent resistivity applying
the Arrhenius law also confirm this behavior, as shown in
Appendix C 3.

V. CONCLUSIONS

In summary, we have found an unexpected band-
gap opening in off-stoichiometric Heusler compounds
Xy 0. Y1_+Z1y3; with x >0, in contradiction to the
S-P rule. The similarity of the electronic structure
determined by independent experimental methods for
Fe; 7. Vi_yAlj 3, corroborates our theoretical predictions
and constitutes solid evidence for the emergence of a
semiconducting nonmagnetic ground state in these sys-
tems. This not only opens a new avenue for tuning the
electronic structure of full-Heusler compounds but also
brings Fe, VAl-based compounds closer to practical ther-
moelectric applications due to the substantial increase in
S(T). Compared with the existing literature on p-type
full-Heusler compounds, the Seebeck values reported here
constitute record-high values, exceeding those of existing
materials by over 20%, without targeted material opti-
mization. Therefore, we conclude that the ultrahigh off-
stoichiometry with respect to the Z element constitutes
a general approach to achieve stable full-Heusler semi-
conductors with promising thermoelectric properties. This
approach significantly extends the phase space of ternary
Heusler compounds as functional materials and could lead
to the discovery of multiple so-far-unexplored systems
with intriguing physical properties, helping to satisfy the
need for optimized electronic materials in the field of
energy sciences. Not only is it remarkable that semicon-
ducting states are found beyond the S-P principle but it is
also unique that such types of electronic band structures
can be found in heavily disordered structures.
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APPENDIX A: DFT RESULTS

1. Different stoichiometries

To study the impact of varying Al concentrations in
Fey_5,Vi_yAl} 43y, different stoichiometries were analyzed
using DFT calculations. The electronic band structures of
all calculated compositions ranging from x =0 to x =
0.22 are plotted in Fig. 6. The supercells were created on
the basis of the most stable antisite configuration (AC) of
Fe|78Vo.890Al; 33, randomly adding or removing the respec-
tive amount of substitutional Al antisites. For the different
Al concentrations, again different antisite configurations
were tested and the stability of the DOSs against changes
in the ACs was analyzed. As an example, the stability
of the electronic DOS for different antisite configura-
tions of Fe; 7,V gsAl; 45 is demonstrated for the respective
band structures of three different ACs in Fig. S1C of the
Supplemental Material [23].

APPENDIX B: STRUCTURAL
CHARACTERIZATION

1. X-ray diffraction

The lattice parameters depicted in Fig. 4(a) were
extracted from X-ray diffraction using Rietveld refine-
ment as implemented in the crystallographic software
PowderCell. The fit of the model on the raw data of
Fe;73Vog9Al;33 is shown as an example in Fig. 7.
Although the absolute peak heights and widths of full-
Heusler materials can be affected by grinding during prepa-
ration for powder diffraction [131], the refinement shows
excellent agreement.

2. Transmission electron microscopy

To ensure full homogeneity also at medium scales, the
Fe|75Vo.89Al; 33 sample was also analyzed using TEM
with lower magnifications. At the lower microscale, pre-
cipitates of V4Al4C can be detected (see Fig. 8). Their
volume fraction is far less than 1% and thus their influence
on the material properties is negligible. Furthermore, the
energy loss by channeled electrons (ELCE) method was
employed to probe the distribution of the Al antisites on
the Fe and V sites, respectively. Using electron energy-loss
spectroscopy (EELS), the Bloch-wave symmetry can be
exploited to obtain site-selective information on the con-
stituent elements. The different EELS spectra reveal an
apparent trend of Al substitution at the Fe and V sites (see
Fig. 9).

APPENDIX C: ADDITIONAL MEASUREMENT
DATA

1. Magnetization measurements

To measure the magnetization, cubic pieces of about 50
mg were cut out of the samples and mounted on a brass

sample holder to be used for the vibrating-sample magne-
tometer (VSM). The commercially available VSM insert
for the physical-properties measurement system (PPMS)
from Quantum Design was used to conduct the mea-
surement. We used a vibration frequency of 20 Hz to
achieve a good signal-to-noise ratio. First, a field sweep
at room temperature from —9 to 9 T was measured. The
temperature-dependent magnetization was then measured
from 300 to 2 K, with a cooling rate of 10 K/min, applying
a field of 0.1 T. Furthermore, magnetic field sweeps were
done from —9 to 9 T at 20 and 2 K with a sweeping rate of
0.01 T/s, interrupting the cool-down. Another temperature-
dependent sweep was done while warming up from 1.9 to
300 K, with a rate of 3 K/min and a magnetic field of 1 T.

As shown in Fig. 1, the synthesized Fe;_»,Vi_xAlj i3y
samples in this work do not follow the S-P prediction of
their electronic structure regarding the band gap as well
as the magnetic properties. While the S-P rule predicts a
magnetic moment of

M = Ny — 24 pg/fu., (CD)
the semiconducting band structure with fully filled Fe
valence bands and unfilled V-dominated conduction bands
precludes spin polarization. Indeed, spin-polarized cal-
culations were performed and showed no discrepancy
between majority and minority spins in the DOS. The mag-
netic properties of pristine Fe, VAl found in the literature
vary strongly because of different synthesis methods and
annealing conditions. It is generally established as a non-
magnetic semimetal, containing magnetic antisite defects.
For an Fey antisite pair, it has been shown experimentally
as well as theoretically that it exhibits a magnetic moment
of 3.7 uB. These impurities can form magnetic clusters and
lead to superparamagnetic behavior in the experimental
compound [132].

In this work, Fe and V atoms are actively replaced by
Al, reducing the valence electron concentration from 24 e~
per f.u. down to values as low as 21.6 e~ per f.u. Following
the S-P rule [Eq. (C1)], this should lead to strong magnetic
moments of 1.3 and 2.4 pg per f.u. forx =0.11 and x =
0.2, respectively.

However, the temperature-dependent magnetization
shown in Fig. 10(a), measured at H = 1 T, reveals very
low absolute values and apparent paramagnetic behavior,
with the magnetization M rising in a 1/7 manner toward
low temperatures. As the absolute values of the magneti-
zation are very low, with around 0.006 pg per fu.at1 T
at 1.9 K, it is certain that the bulk of the sample is not fer-
romagnetic, demonstrating the violation of the S-P rule in
these compounds.

Moreover, the absolute magnetization drops notably
with increasing Al substitution, compared to the pristine
material, as illustrated in the inset of Fig. 10(a). This
behavior indicates a reduction of magnetic Fe antisite
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The band structures of Fe,_,,V|_,Al 43, for different Al concentrations. (a)«f) The spectral functions 4(k, Ef) extracted

from the unfolded band-structure calculations of Fe,_,,V;_,Al; 3, for x = 0.04,0.07,0.11,0.15,0.19 and 0.22. For x < 0.11, a clear
transition from a pseudogap system to a semiconductor can be observed, while for higher x, the impurity bands are shifted into the
gap, effectively reducing it. In general, the edge of the V-dominated band at the X point of the Brillouin zone is shifted toward higher
energies and broadens with increasing Al substitution. For very high antisite concentrations x, the band structure becomes decoherent,

as the periodicity of the lattice is heavily disturbed.

defects by increasing amounts of excess Al atoms, which
can be made plausible by the excess of Al antisites sup-
pressing other defects.

The absence of ferromagnetism in the off-stoichiometric
Fey 2, Vi_xAljy3; compounds is highlighted through a
comparison with Mn,_,Co, Al full-Heusler compounds,
which adhere to the S-P rule. As shown in Fig. 10(b),
this comparison underscores the substantial difference in
magnetization between the two material systems.

2. Analysis of the Seebeck coefficient

The temperature-dependent Seebeck-coefficient data
were fitted using a three parabolic band model as described
in Sec. II. The raw experimental data are shown in Fig. 11
as the colored points. The respective curves resulting from
the fits are plotted as solid lines in the same color. The
extracted fit parameters, which lead to the plotted theoret-
ical curves, are presented in Table S2 of the Supplemental
Material [23]. For completeness, the simple analysis with
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FIG. 7. The Rietveld refinement of the XRD pattern. An exam-

ple of Rietveld refinement shown for Fe;73Vg9Al; 33, with
normalized counts over the diffraction angle 26. The experimen-
tal XRD pattern is depicted as the black line, while the fitted
crystal structure is depicted by the solid red line. The difference
between experiment and theory is plotted as the green solid line
at the bottom. From the refinement, the lattice parameter of the
sample has been determined to @ = 5.81 A.

the Goldsmid-Sharp (GS) formula for estimating the band
gap in semiconductors was conducted. For a measurement
curve with the maximum Seebeck Sy.x and the respective
temperature at the maximum 71y, the band gap E, of the
sample can be estimated as [128]

E, ~ 2e|Smax| Tmax- (C2)

Applying this formula yields a similar behavior for the
composition-dependent evolution of the band gap for the

FIG. 8. A TEM image of Fe; 738Vo.39Al; 33. Small precipitates
of V4Al4C are observable at medium magnifications. They are
likely caused by small amounts of carbon contained in the raw
elements. Their volume fraction has been estimated to be smaller
than 1%.

Intensities
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FIG. 9. The EELS analysis of the site occupancies of the Fe,V,
and Al atoms. (a) The different momenta of the channeled elec-
tron beam used to analyze the site occupancy in the sample.
We measured between the 000 symmetry reflection and the 220
symmetry of the crystal. (b) An analysis of the energy loss
by channeled electrons in Fe; 75V g9Al;33. A similar trend of
V-Fe and Al-Fe site occupation for the angular-dependent elec-
tron energy-loss spectra is observable, indicating an equal distri-
bution of Al antisites on the respective lattice sites.

Fey 5, Vi_yAlj43, sample series, with a maximum evolv-
ing around x = 0.11 [see Fig. 12(d)]. However, the abso-
lute values of E, are significantly underestimated by a
factor of around 2 for the system presented here. It is well
known that the GS formula can lead to erroneous results
for small-gap systems [133]. This is mainly due to the
assumption of equal effective masses of the relevant bands
my/m; = 1, which is not the case in this study. Especially
for majority carriers with higher effective mass, this can
lead to an underestimation of the band gap £,. Therefore,
this formula gives an easy but only crude estimation for the
band gap. For the Fe, _»,V|_,Al;13, compounds, there is a
large discrepancy between the band masses of the valence
and conduction bands. Hence, the parabolic band model is
a better tool for estimating the electronic structure of this
system, as also discussed in the main text.

3. Analysis of electrical resistivity

To corroborate the experimental results in the main
text, the electrical resistivities of selected samples of
Fe;_p,Vi—xAljy3, with x ranging from 0 tp 0.2 were
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FIG. 12. An analysis of the electrical resistivity of the Fe, ,,V|_,Al; 13, compounds. (a) The temperature-dependent electrical
resistivity p(T) for different x in the range 0 < x < 0.2. At low temperatures, the resistivity behavior is reminiscent of bad metals,
while at high temperatures, the resistivity drops due to the contribution of the conduction band. (b) The Arrhenius plot, showcasing
activated behavior across an energy gap at high temperatures, by plotting Inp(7) versus 1/7. For x = 0 and x = 0.11; as an example,
the fit is drawn as a straight solid line. (¢) A comparison of the extracted band gaps from the DFT calculations, the analysis of S(7),
and the analysis of o (7). The band gap obtained from the Arrhenius relation has been adjusted by substracting the energy difference
of the Fermi level Ey to the valence-band edge from the extracted transport gap, as these samples are slightly doped. (d) The extracted

band gap from the temperature-dependent Seebeck-coefficient data using the simple Goldsmid-Sharp formula [128].

analyzed regarding their temperature-dependent behav-
ior at high temperatures, where thermal activation across
the band gap leads to a semiconductinglike behav-
ior (dp/dT < 0). The measurement data, obtained from
Ref. [105], are depicted in Fig. 12(a). To keep the plot man-
ageable, only specific compositions along the transition
from x = 0 — 0.2 have been plotted. Apart from Fe, VAl
(x = 0), all samples show metallic resistivity behavior at
low temperatures, as the Fermi level is intrinsically doped
inside the valence band due to Fey exchange antisite
defects. As discussed in Ref. [104], the residual resis-
tivity ratio (RRR) of the metallic behavior is very low
and decreases with increasing x. At high temperatures, the

conduction band becomes relevant for electronic transport,
leading to a significant decrease of the resistivity, which is
also reflected in the Seebeck data at similar temperatures
(see Fig. 11). This activated behavior can be fitted with the
Arrhenius relation, to obtain an estimate for the effective
transport gap from the electrical-resistivity data:

p(T) ~ Ae"s/M 7 (C3)
where kg is the Boltzmann constant and £, and A4 are the
fitting parameters. To visualize this relation, in Fig. 12(b)
we show In(p(T)) vs 1/T. Two fits forx = 0 andx = 0.11,
which exhibit significant transport gaps, are depicted as
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FIG. 10. The magnetic properties of the Fey 5, Vi_ Al 3,
samples. (a) The temperature-dependent magnetization for differ-
ent Al concentrations x at a field of B = 1 T. The inset highlights
the decrease of magnetization with rising Al at low temperatures.
(b) A comparison of the magnetization of the Fey_», V|_ Al 13
compounds with the full-Heusler system Mn,_, Co, VAl [38],
obeying the S-P rule. A clear distinction can be made, as the mag-
netization values of the off-stoichiometric Heuslers presented
here are magnitudes lower, ruling out ferromagnetic ordering in
these samples.

representative examples. To compare the transport gaps
obtained from the Arrhenius relation with the band gap,
we have subtracted it with the position of the Fermi level
with respect to the valence-band edge, obtained from the
Seebeck fit. While it is a rough approximation, as only
few measurement points have been taken at the relevant
temperatures, the results shown in Fig. 12(c) are quite con-
vincing. Again, the absolute values for the band gap E,
obtained from fitting p (7) are in agreement with the values
obtained from fitting the temperature-dependent Seebeck,
as well as the values obtained from our DFT calculations.
While the composition dependence shows some devia-
tions, a clear maximum of E, evolves around the com-
position of x = 0.11. This is further confirmation of the
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FIG. 11. The Seebeck coefficient of the measured
Fey_» Vi_xAlj43c samples with the respective fits. The
temperature-dependent thermopower data of all measured
samples of Fe, 5,V _,Alj3,. The points depict the measured
values, while the solid lines represent the curves of the fitting
procedure to approximate the effective band structure. For every
S(T) curve, the fit is very close to the experiment. The resulting
fitting parameters can be found in Table S2 of the Supplemental
Material [23].

band gap opening in these compounds and the interesting
electronic structure of the Fe,_,,V|_,Al;13, compounds.
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