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According to theoretical predictions [Phys. Rev. Lett. 114, 136601 (2015)], Sb substitution in Fe,TiSn full-
Heusler compounds is thought to enhance the n-type thermoelectric power factors. We prepare Fe,TiSn samples
with 0%, 10%, and 20% Sb substitution on the Sn site and study the effects of the heat treatment protocol and of Sb
substitution by structural characterization, electrical, thermoelectrical, and thermal transport measurements from
room temperature down to 10 K, and by comparison with ab initio calculations. For the undoped Fe, TiSn phase,
we find a bad metallic gapless transport behavior in the as-cast sample and a small gap semiconducting behavior
for the annealed samples. These observations, together with the p-type character emerging from the Hall effect
and Seebeck effect, are explained by ab initio calculations, provided that antisite disorder and vacancy defects are
included. In these undoped Fe, TiSn samples, we find that increasing thermal annealing temperature up to 800 °C
slightly decreases the carrier concentration, enhances the Seebeck coefficient in the low-temperature regime
(below 100-200 K), induces magnetic ordering at low temperature (<150 K), and improves the thermoelectric
figure of merit and power factor in the low-temperature regime (below ~200 K). As for Sb substitution, we find that
10% substitution increases hole carrier concentration and induces a weakly metallic behavior as compared to the
semiconducting behavior of the corresponding undoped annealed samples. On the other hand, 20% substitution
lowers the carrier density and increases the resistivity by a factor ~50, with semiconducting behavior measured in
the whole temperature range. We interpret the observed effect of Sb doping as a complement to disorder. Indeed,
using first-principles techniques we unearth the experimental signature related to density of states features induced
by native impurities in the realized samples. The Seebeck coefficient exhibits a maximum at around 200-250 K for
the undoped and 20%-doped samples, as typical of semiconducting compounds, while it increases monotonically
with temperature for the metallic 10%-doped sample. The latter behavior, joined with the good electrical properties
of the 10% sample, determines the room-temperature power factor of ~1.3 x 107* W K=2m™! in the 10% Sb-

doped sample, more than twice as much as to the value of the undoped sample.

DOLI: 10.1103/PhysRevMaterials.2.075403

I. INTRODUCTION

The recovery of waste heat, or at least a fraction of it, could
significantly reduce overall energy consumption and prevent
huge economic losses. Solid-state thermoelectrics enable di-
rect and reversible conversion between heat and electricity
and provide a promising solution for converting waste heat
to electrical power. A measure of the conversion efficiency of
thermoelectric material is its figure of merit Z T, defined as

S’o
ZT = —T,
k
where S, o, T, and «k are respectively the Seebeck coeffi-
cient, the electrical conductivity, the absolute temperature,
and the total thermal conductivity, the latter being composed
of contributions from the lattice (k;) and the charge carriers
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(k.). As k., and o are positively correlated in all known
materials, the most effective way to reduce « is to reduce « .
Indeed, one of the most pursued approaches in the research
for new thermoelectrics is to use nanostructured features to
tune electrical and thermal transport, quasi-independently, in
such a way that irreversible heat transport is minimized while
simultaneously maintaining good electrical properties. Three
general strategies to reduce the lattice thermal conductivity are
as follows: (i) induce phonon scattering within the unit cell by
creating rattling structures or point defects such as interstitials,
vacancies, or by alloying; (ii) use complex crystal structures to
separate the electron crystal from the phonon glass, i.e., achieve
a phonon glass without disrupting the crystallinity of the
electron-transport region; and (iii) scatter phonons at interfaces
in multiphase composites mixed at the nanometer scale, such as
thin-film superlattices, intimately mixed composite structures,
and randomly stacked nanocrystals. Theoretical prediction for
lower limits of thermal conductivity in materials can be by far
overcome via nanostructuring [1]. In general, minimization of
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lattice thermal conductivity can be obtained by introducing
defects of different dimensionality to limit the mean free
path of phonons of different wavelengths in systems with
weak chemical bonds and/or heavy atomic masses, which are
associated to reduced group velocity of acoustic phonons, in
systems with complex crystal structures and/or large primitive
cells, where the relative contribution of acoustic phonons to
heat transport is reduced [2]. On the other hand, maintaining
good electrical properties requires maximizing the power
factor PF = S%c, which is generally achieved by targeting
a high carrier mobility, as well as by selecting materials
with favorable electronic structure. Indeed, in the direction
of material screening, optimal thermoelectric properties are
searched in crystalline materials (possibly exploring chemical
substitutions in known thermoelectric materials) with unique
structure-property relationships that yield the desired combina-
tion of properties to maximize PF and ZT . Multiple strategies,
when combined in a single system, can lead to enhanced
thermoelectric performance. This is called a panoscopic [3,4]
approach and it includes the following:

(i) all-scale hierarchical architecturing,

(i) matrix/inclusion band alignment engineering, and

(iii) intramatrix electronic structure engineering.

Clearly other material requirements are important for ap-
plications, such as thermal stability, mechanical strength at
high temperatures, and composition with abundant, cheap, and
nontoxic elements.

Among promising thermoelectric materials, Skutterudites
[5], clathrates [6], half-Heusler [7,8], and full-Heusler [9]
compounds represent efficient examples of the phonon-glass
electron-crystal concept first introduced by Slack [10]. In
these compounds, guest atoms introduced into the voids of
an open cage structure, the so-called “phonon rattlers,” act as
phonon-scattering centers and interact with a broad spectrum
of phonons, thus reducing the phonon thermal conductivity. At
the same time, electronic properties are determined mainly by
the cage structure framework, i.e., the electron-crystal, and are
preserved upon introduction of disorder into the cage voids.
Moreover, the complex crystal structure and stoichiometry
of Skutterudites, clathrates, half-Heusler, and full-Heusler
compounds offers multiple opportunities not only of creating
rattling structures and point defects such as interstitials, vacan-
cies, and disorder due to alloying, but also of engineering the
electron [11] and phonon [12,13] band structure.

Full-Heusler compounds [9] have a general formula X,Y Z,
where X, Y, and Z represent a combination of a large variety
of elements (X = Mn, Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag,
Cd, Ir, Pt, Au; Y = Li, Be, Sc, Ti, Cr, Mn, Fe, Co, Ni,
Y, Zr, Nb, Mo, Hf, W, rare earth; Z = B, Al, Si, Zn, Ga,
Ge, As, In, Sn, Sb, Pb, Bi). Heusler phases are stable up to
high temperatures and are generally composed of abundant,
cheap, and nontoxic elements. They often display considerable
amounts of atomic disorder, specifically, a natural tendency
toward off-stoichiometry, predictable from thermodynamic
theory, which creates natural (intrinsic) doping via vacancies,
antisites, or swaps [ 14—17], and may affect transport properties,
as observed experimentally in full-Heusler Fe,TiSn [16],
and predicted even more dramatically in ferromagnetic full-
Heusler compounds [15]. Their crystal structure is composed
by four interpenetrating fcc lattices. From the electrical point

of view, they are half-metallic and their properties depend
more on the valence count than on constituent elements.
The thermoelectric behavior has been mostly studied in half-
Heusler compounds, as they have narrow bands, associated to
high effective masses, which yields large Seebeck coefficients.
Half-Heusler compounds exhibit a Seebeck coefficient S up
to ~300 uV/K at room temperature and high electrical con-
ductivity (~1000-10000 ' cm~") [18-22]. Their relatively
high thermal conductivity (as high as 10 Wm~! K=!) must
be reduced. Lattice thermal conductivity has been reduced
and ZT enhanced in these compounds by nanostructuring,
introduction of electrically nonactive nanocomposites, phase
separation, deposition of thin films and multilayers, and iso-
electronic alloying, which enhances the phonon scattering
by point defects due to mass differences (mass fluctuations)
and size differences (strain field impurities) between the
impurity atoms and the host atoms, without introducing charge
disorder [9]. Moreover, it is possible to dope each of the
occupied fcc sublattices individually in order to optimize
thermoelectric properties. For example, it is possible to alter
the number of charge carriers by doping on the Z position,
and simultaneously introduce disorder by doping on the X and
Y position, resulting in mass fluctuations, which can decrease
the lattice thermal conductivity «;. Within the half-Heusler
family, TiNiSn-based compounds are promising as n-type
thermoelectrics and TiCoSb- and FeRSb-based (R =V, Nb,
Ti) compounds as p-type thermoelectrics. Noteworthy, ZrNiSn
can be converted from n-type to p-type by addition of Co and
Ir; these p-type and n-type materials are thermoelectrically
compatible and have similar thermal expansion coefficients,
they are industrially processable and made of available and
low-cost elements, and moreover they have good mechanical
properties and thermal stability; hence they are remarkable
candidates for thermoelectric modules. Record values of ther-
moelectric figure of merit Z7 have been obtained in n-type
Ti0'5ZI'()_25Hf()_25NiSIl0_998Sb0.0oz (ZT = 1.5 at 700 K [23],
ZT = 1.2at 830K [24]) and in p-type FeTip,NbygSb (ZT =
1.1 at 1100 K [25]). In full-Heusler systems, lower figure-
of-merit values ZT = 0.1-0.2 have been obtained [26-28],
but remarkable power factors PF ~ 6.5 mW/mK? at 340 K
in Fe; Vi, Al (x = 0.05) [28] and PF ~ 0.4mW/mK? at
room temperature in Fe, ,Mn, TiSn(x = 0.0185) [29] suggest
that a significant edge of improvement could exist if the thermal
conductivity is decreased and PF is further increased via ma-
nipulation of electronic properties, e.g., via doping. Hole-type
doping in Fe, TiSn has been explored by Mn substitution on the
Fe site in samples prepared by arc melting plus spark plasma
sintering (SPS) [29], and a more than double increase in the PF
at room temperature has been measured in the doped samples
as compared to the undoped one, which has been attributed to
enhanced density of states close to the Fermi level. Fe, VAl can
be doped n-type or p-type both on the V [28,30,31] and on the
Al [28,32] site, and power factors in the range 5-9 mW/ mK?
above room temperature have been obtained by doping.

A recent theoretical work [11] has verified that, to en-
hance PF, good thermoelectric materials should combine
(i) a distribution of carrier energy as narrow as possible
and (ii) high carrier velocities in the direction of the ap-
plied field [33]. Satisfying both of these criteria seems dif-
ficult in practice, as narrow energy distributions are typically
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associated with flat energy bands while high carrier veloci-
ties are necessarily associated with highly dispersive bands.
Ab initio calculations on Fe, Y Z full-Heusler compounds with
Y =Ti, Zr, Hf and Z = Si, Ge, Sn have suggested that by
engineering the appearance of flat-and-dispersive Fe e, states
at the bottom of the conduction bands, originating from highly
directional orbitals, n-type power factors 4—5 times larger than
in classical thermoelectrics (such as PbTe or Bi,Tes) can be
obtained within a rigid-band approach at room temperature
[11]. Another theoretical work has predicted that, thanks to
such flat bands as close as 0.04 eV to the Fermi level [16],
carrier doping in the range 10°-10*' cm~2 in full-Heusler
Fe, TiSn may yield enhanced thermoelectric properties and ZT
values as large as 0.6 at room temperature [34], consistently
with the predictions of Ref. [11]. In the present work, the
exploitation of the Fe e, “flat-and-dispersive” band, located at
the bottom of the conduction band, is witnessed by explicitly
substituting part of the Sn atoms by Sb. This procedure, on
one side, furnishes charge carriers to the system, shifting the
Fermi level close to this band and, on the other side, does
not perturb it, keeping thus the rigid-band picture valid. Our
goal is exploring the predicted increment of the power factor
from a combined experimental and theoretical approach. We
prepare Fe,TiSn full-Heusler samples with 0%, 10%, and
20% Sb substitution on the Sn site via an arc-melting route
and postannealing. After optimization of the heat treatment
protocol, carried out by characterization of structural as well as
electrical and thermoelectrical properties of undoped samples,
we explore the effect of Sb substitution on electrical and
thermoelectrical properties from room temperature down to
low temperature. We interpret our data with ab initio calcu-
lations of electronic band structure, demonstrating the crucial
role of antisite defects and atomic vacancies on the transport
properties of real samples. Despite the detrimental role of
such atomic disorder, which is not addressed in Ref. [11],
responsible for p-type power factors at room temperature
~107*WK=2m™!, 2 orders of magnitude smaller than the
n-type values predicted in ideal Fe,TiSn;_,Sb,, we obtain a
twofold improvement of the room-temperature power factor in
the 10% Sb-doped sample as compared to the undoped sample.

II. METHODS

Polycrystalline samples of Fe,TiSn, Fe,;TiSng¢Sby 1, and
Fe,TiSng gSby, are prepared starting from pure elements
(99.9 wt % purity for Fe and Sn, 99.99 wt% purity Ti, and
99.999 wt% Sb) weighed in stoichiometric quantities. The
metals, in small pieces, are first pressed together to form a
pellet and then arc melted in a high-purity argon atmosphere,
after the fusion of a Ti-Zr alloy as a getter. The buttons are
remelted several times after turning them upside-down, in
order to ensure a good homogenization. After melting, the
samples are wrapped in Ta foils, closed in silica ampoules
under vacuum, and annealed. The annealing conditions are
chosen after some preliminary tests on the undoped compound,
treated at temperatures between 600 °C and 800 °C for a time
varying between 7 and 30 days. A thermal treatment at 700 °C
for 8 days is then applied to all samples as a compromise
between results in terms of phase purity and homogeneity and
an overly long annealing time.

Both as-cast and annealed samples are characterized by
x-ray powder diffraction and microscopic techniques. X-ray
diffraction analysis is carried out by means of a powder
diffractometer in reflection mode (Bragg-Brentano geometry,
Ni-filtered Cu Ka or Fe-filtered Co Ko radiations, silicon
as an internal standard, a = 5.4308 10\). Intensity data for
Rietveld refinements are collected in 10-110° 29 range, with
0.02° in § steps and counting times of 15-20 s/step. The
structural fits are done by means of the FULLPROF program
[35]. The homogeneity of the samples is checked by a scanning
electron microscope—energy dispersive system (EDS) (Leica
Cambridge S360, Oxford X-Max20 spectrometer, with soft-
ware Aztec). After standard micrographic preparation, the
specimens are graphitized and analyzed at a working distance
of 25 mm, with acceleration voltage 20 kV.

Magnetic susceptibility x (T) is measured in a commercial
superconducting quantum interference device (SQUID) mag-
netometer by Quantum Design from 1.8 to 300 K in magnetic
fields 50-100 Oe. Electrical resistivity (p), magnetoresistivity,
and Hall resistance (Rpy) measurements by four-probe tech-
nique are performed in a physical properties measurement
system (PPMS) by Quantum Design at temperatures from
room temperatures down to 10 K and in magnetic fields up
to 90000 Oe. The Seebeck (§) effect and thermal conductivity
() are measured with the PPMS thermal transport option in
continuous scanning mode with a 0.4 K/min cooling rate.

III. COMPUTATIONAL DETAILS

Density functional theory (DFT) [36] calculations are
performed using the CRYSTAL code [37,38] within the B1
Wu-Cohen [39] (B1-WC) hybrid functional. The full-electron
basis sets are taken from Ref. [40] for Fe, Ref. [41] for Ti,
and Ref. [42] for Sn. A 9 x 9 x 9 Monkhorst-Pack grid of k
points in the irreducible Brillouin zone is used to ensure a total
energy convergence of about 0.01 meV and is used to perform
the relaxation of the pristine structure. An 18 x 18 x 18 mesh
is used to refine the electronic structure after relaxation. The
energy convergence criterion has been fixed to 10~ Ha for the
self-consistent field calculations. For geometry relaxation of
the pristine phase, we fix a threshold of 3 x 10~* Ha/Bohr
on the root-mean-square values of energy gradients and of
1.2 x 1073 Bohr on the root-mean square values of atomic
displacements. A Gaussian smearing of the Fermi surface is set
to 3.2 x 10~* Ha. For transport properties, we use the BOLTZ-
TRAP [43] code, which performs calculations of the transport
and thermoelectric tensors within the Boltzmann semiclassical
approach and in the constant relaxation time approxima-
tion (CRTA), exploiting the eigenenergies as calculated from
DFT (with a denser k-space sampling of 53 x 53 x 53). The
thermoelectric properties of doped Fe,TiSn are calculated
considering a shift of the chemical potential © with respect
to electronic states in a rigid-band approximation. Within the
CRTA, the scattering mechanisms are purposely ignored and
the Seebeck and Hall coefficients do not depend anymore on the
relaxation time. Possible native point defects are also studied
ina2a x 2a x 2a (a = 5.912 A) cubic supercell (128 atoms)
containing one defect (with density of about 6 x 10%° cm™).
Ti and Sn neutral vacancies (referred to as Vs, and Vg in
the text) are modeled by means of the ghost atoms, i.e., the
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FIG. 1. Rietveld refinement plot of the as-cast Fe,TiSn sample.
Red, black, and blue lines correspond to experimental, calculated,
and difference (observed minus calculated) curves, respectively.
Vertical bars represent Bragg positions of reflection peaks. The sample

contains elemental Sn as secondary phase (4 wt %). Rp = 2.31 (main
phase Fe,TiSn), R,,, = 2.03, x2 =1.53.

associated cores and electrons are removed from the cell but
the basis set associated to the original atom remains on the
site to properly model the electron density within the vacancy
[38]. Regarding the antisite defects, we build two systems
by switching the position of nearest-neighbors Ti-Fe (Tig.)
and Sn-Fe (Sng.). The electronic structure of the supercells is
estimated at the fixed pristine geometry (a) usinga5 x 5 x 5k
grid, since the geometrical relaxation of the atoms surrounding
the defect is not expected to change the donor/acceptor nature
of these defects.

IV. EXPERIMENTAL RESULTS

A. Undoped Fe,TiSn samples annealed
at different temperatures

The results of both x-ray diffraction and microscopy evi-
dence that the Fe, TiSn phase with Heusler’s L2, -type structure
(cF16, Fm-3m, prototype: MnCu,Al) forms already in the as-
cast sample, in agreement with the thermodynamical stability
predicted by theory [11] and with known data on ternary
Ti-Fe-Sn phases available in the literature [44]. The x-ray
pattern of the as-cast sample is shown in Fig. 1. The EDS
analyses show a compositional variability within ~1 at% in
the undoped sample, with Fe slightly in excess and Ti slightly in
defect with respect to the ideal stoichiometry 2:1:1. Moreover,
the formation of the Fe, TiSn phase is always accompanied by
the presence of one or more extra phases in small percentages
(<5 wt %), which are typically Sn and/or Ti finely dispersed in
the matrix, but also binary or ternary compounds. In particular,
the as-cast sample contains traces of Sn (see Fig. 1) and Ti. The
sample annealed at 600 °C contains traces of FeSn and Sn,
while in the sample annealed at 800 °C, the two ternary phases
(Fe, Ti)Sn, and Fe,(Ti,Sn) appear in addition to small traces
of Sn and Ti. Among all samples, the one annealed at 700 °C
proved to be the most homogeneous, with only the presence
of Sn as an extra phase; consequently, 700°C is chosen for
the thermal treatment also of the Sb-doped samples. Yet we
find that the heat treatment is mostly effective in reducing the
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23 2 i
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F —e— Fe,TiSn annealed at 700°C
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FIG. 2. (a) Resistivity curves of Fe,TiSn prepared with different
heat treatments. (b) Carrier density curves of the same samples
extracted from Hall effect measurements. (c) carrier mobility curves
of the same samples.

stresses and strains caused by the rapid cooling of the sample
after the arc-melting process, while it has only a minor effect
in improving the sample monophasicity. Detailed structural
analysis will be published elsewhere [45].

In Fig. 2, we present resistivity, carrier density, and mobility
curves measured in undoped samples obtained by different
thermal treatments, namely, as cast and annealed at 600 °C,
700°C, and 800 °C for several days. In all cases, two or three
pieces of the prepared lump are measured and compared, as
a test of homogeneity. The absolute values are affected by a
significant uncertainty (~20%) related to the estimation of the
geometrical factors due to the irregular shape of the pieces.
However, the temperature dependence evidences the transport
mechanisms come into play. In Fig. 2(a), the resistivity p curves
exhibit either a gapless bad metallic behavior with positive tem-
perature derivative dp/dT above 100 K (as-cast sample) or a
small gap semiconducting behavior with negative temperature
derivative dp/dT above 100 K (annealed samples). In all cases
the temperature dependence is very weak, in contrast with the
larger negative temperature derivative dp/dT that could be
expected from the ideal Fe, TiSn compound with ~1-eV band
gap in the calculated electronic structure [11,34]. In Ref. [16],
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the small gap semiconducting behavior is ascribed to Fe-Ti
antisite disorder. The shapes of the curves are consistent with
literature data on either Fe-deficient samples (compare the
Fe-deficient sample Fe; ¢TiSn in Ref. [46]) or samples with
excess Fe and deficient Ti stoichiometry (compare the Fe-Ti
off-stoichiometric samples Fe, osTig9sSn in Refs. [47,48]).
This literature comparison suggests that an exact determination
of stoichiometry is extremely difficult; however, our energy
dispersive x-ray (EDX) analyses indicate ~1 at% Fe excess
and ~1 at% Ti deficiency, in agreement with Ref. [47]. In
Fig. 2(b), the carrier concentrations extracted from the Hall
effect measurement in a single band picture are plotted as a
function of temperature. The temperature dependence is weak.
The carrier density increases below 50 K with decreasing
temperature, more visibly for the as-cast and 600 °C annealed
samples. This crossover at 50 K is the counterpart of the
crossover observed in the resistivity curves, more evident for
the as-cast and 600 °C annealed samples. In the temperature
regime above 50 K, the carrier density values are all around
10*! cm~3. Itis seen that with increasing annealing temperature
the carrier density slightly decreases. The positive sign of
the Hall signal points to hole-type carriers. In Fig. 2(c), the
carrier mobilities are extracted from the inverse product of
resistivity and carrier concentration. Values in the range of
a few to tens of cm? V~!s~! are obtained, and a trend of
increasing mobility with mcreasing annealing temperature is
seen, possibly suggesting that annealing heals microstructural
or substitutional disorder. Following Ref. [49], we estimate
the degree of atomic disorder from the relative height of x-ray
diffraction peaks: the ratio of (111) to (220) peak intensities
is used as a measure of Ti-Sn antisite disorder and Ti or Sn
vacancies, while the ratio of the (200) to (220) peak intensities
is used as a measure of disorder in the Fe site. We find
that both ratios 111/ 120 and Iy / Ir20 increase monotonically
and almost double with increasing annealing temperature up
to 800°C. Hence, x-ray data confirm the result from carrier
mobility that annealing heals atomic disorder.

In Fig. 3, we present magnetoresistivity (o(H)-p(0))/p(0)
curves measured at selected temperatures for the as-cast sample
and for the sample annealed at 700 °C, the latter being repre-
sentative of the magnetoresistivity behavior of all the annealed
samples. Whereas for the as-cast sample an almost vanishing
magnetoresistivity lower than 0.6% at 90000 Oe is observed,
in the annealed samples a sizeable negative contribution is
observed at low temperature. While below 50 K the cusplike
shape of the magnetoresistivity curves is suggestive of a weak
localization mechanism, at intermediate temperatures of 100—
150 K the negative few percent magnetoresistivity may be of
magnetic origin.

In Fig. 4 we present the Seebeck coefficient S, thermal
conductivity «, thermoelectric figure of merit ZT, and power
factor S%o curves as a function of temperature. The Seebeck
curves in Fig. 4(a) are positive for all samples, indicating
that thermoelectric transport is dominated by hole carriers. S
values are in the range of 10-20 ©'V/K at room temperature.
The S curve of the as-cast sample increases monotonically,
almost linearly, with increasing temperature, as expected from
a metal with constant carrier density, while the S curves of the
annealed samples exhibit a broad maximum at around 200-250
K, which tends to shift to higher temperatures with increasing
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FIG. 3. Magnetoresistivity curves of Fe,TiSn as-cast (upper
panel) and annealed (lower panel) samples.

50000

annealing temperature. Seebeck curves of such shapes are
typical of semiconducting samples. These behaviors suggest
that the hole carriers have a degenerate or metallic character
in the case of the as-cast sample and a thermally activated
character for the annealed samples, consistent with the re-
sistivity curves shown in Fig. 2(a). The thermal conductivity
curves shown in Fig. 4(b) are characterized by a maximum
slightly below 100 K, which marks the crossover between the
low-temperature regime, where « increases with temperature
due to increasing excitation of phonon modes, and the high-
temperature regime, where phonon-phonon scattering counter-
balances the further activation of phonon modes. The sharpness
of the peak demonstrates the good structural quality of the
samples, as such a peak would be easily washed out by any type
of disorder that is effective in limiting the phonon mean free
path. The room-temperature values of the thermal conductivity
are pretty low, in the range of few W K~! m~!. In Fig. 4(c),
the figure-of-merit ZT curves are plotted. Values in the range
1073-1072 are reached at room temperature. Interestingly,
mainly as a result of the S temperature dependence, the ZT
curve of the as-cast sample is smaller in the temperature range
below 200 K but monotonically increases with temperature
up to room temperature, whereas for the annealed samples
the ZT curves exhibit a maximum below room temperature.
The behavior of S curves is also reflected in the power factor
curves, shown in Fig. 4(d). Also, in this case the S%0 curve of
the as-cast sample monotonically increases with temperature
up to room temperature, while the curves of the annealed
samples exhibit a maximum below room temperature. Note-
worthy, the sample annealed at 800 °C has the largest power
factor of ~107*WK~2m~!, around 200-250 K. This value
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FIG. 4. (a) Seebeck coefficient curves of Fe,TiSn samples pre-
pared with different heat treatments, (b) thermal conductivity curves,
(c) thermoelectric figure of merit, and (d) power factor curves.

is slightly smaller than ~1.5 x 10™* W K~2m~" at 300K re-
cently obtained in undoped Fe, TiSn samples, sintered by spark
plasma sintering under a pressure of 50 MPa at 800°C K for
5 min [29].

In Fig. 5, the low-field (50-100 Oe) magnetic susceptibility
x(T) curves of the as-cast and annealed Fe,TiSn samples
are displayed. For the as-cast sample, the magnetic signal is
10 times smaller than for the annealed samples, thereby for
clarity it is magnified and plotted separately on the right-hand
axis. The small magnitude of the as-cast magnetic signal is
consistent with the absence of any magnetic contribution in
magnetoresistivity (see the absence of negative contribution
in Fig. 3). A ferromagnetic ordering appears below 260 K,
and it is well visible in the as-cast sample but also present
in the annealed samples (not visible in the scale of Fig. 5).
The x(T') curve of the as-cast sample is in agreement with
literature reports [50,51]. In the annealed samples, a further
ferromagnetic ordering develops below 50 K which could be
associated with the regime crossover observed in resistivity
and carrier density curves at the same temperature (see Fig. 2).
The presence of such magnetic contribution in both magne-
totransport and susceptibility measurements suggests that it
may be a characteristic of the main phase rather than related
to secondary phases.

50 g . . . : 3
45 % (] Fe2Ti.Sn as cast
L Fe,TiSn annealed at 600°C |
40 e ® Fe,TiSn annealed at 700°C
—~ 35 ! o —
S [ Fe,TiSn annealed at 800°C o 5
o~ 30F ©
S r S
o o
® @
o o
— ~—
XaS =
s s
x x

0 100 200 300
T (K)

FIG. 5. Zero-field-cooled and field-cooled magnetic susceptibil-
ity x(T') curves of Fe,TiSn samples prepared with different heat
treatments. For the as-cast sample, the magnetic signal is 10 times
magnified and plotted separately on the right-hand axis.

In summary, after consideration of uncertainty regarding ge-
ometrical factors, we can gather that with increasing annealing
temperature:

(i) the carrier concentration slightly decreases;

(ii) the mobility slightly increases;

(iii) the Seebeck coefficientis larger in the low-temperature
regime (below 100-200 K);

(iv) a magnetic contribution appears at low temperature;
and

(v) as a result of electric and thermoelectric properties,
ZT and power factor increase in the low-temperature regime
(below ~200 K).

We note that due to the linear increase of its S(7°) curve, the
as-cast sample has a room-temperature Z7 value comparable
to those of the annealed samples.

B. Sbh-doped Fe, TiSn samples

In view of preparing Fe,TiSn; ,Sb, samples, we should
start from an undoped sample whose properties are as close as
possible to theoretical predictions [11]. In order to maximize
the beneficial effect of Sb doping on thermoelectric properties,
the ideal undoped Fe,TiSn compound to start from should
have a carrier concentration as low as possible and exhibit no
atomic site disorder and magnetic ordering. All our undoped
samples exhibit higher carrier concentrations of ~10?! cm ™3,
and magnetic behavior below 50 K is observed in annealed
samples. Moreover, the weak temperature dependence of re-
sistivity and p-type character of charge carriers of all undoped
samples are inconsistent with the ~1-eV band-gap electronic
structure predicted by theory [11]. Before clarifying the origin
of such anomalous properties of real undoped samples by
simulating atomic defects in ab initio calculations, we explore
the effect of Sb doping. We consider the following points:
(i) annealed samples have a lower carrier concentration [see
Fig. 2(b)] and we assume that the lower carrier concentration
is a primary requirement to emphasize the effect of Sb doping;
(i1) annealed samples have higher S, higher ZT, and higher
power factors (see Fig. 4); (iii) it is plausible that with doping
the semiconductinglike shape of the S(T") curve of annealed
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FIG. 6. (a) Resistivity curves of Fe,TiSn;_, Sb, (x = 0.0, 0.1, and
0.2) annealed at 700 °C, (b) carrier density curves of the same samples
extracted from Hall effect measurements, and (c) carrier mobility
curves of the same samples.

samples with a maximum at 200-250 K [see Fig. 4(a)] is turned
into a metalliclike, monotonically increasing S(7') curve shape,
thus improving thermoelectric properties at room temperature
and above, which is the most interesting temperature range
for applications; and (iv) in samples annealed at 700 °C,
higher phase purity is detected in the SEM-EDS analyses as
compared to those annealed at 800 °C. After these premises, we
choose to prepare Sb-doped samples following the temperature
annealing protocol at 700 °C for 8 days.

Figure 6 shows the electronic transport properties of un-
doped Fe, TiSn and Sb-doped samples Fe,TiSn;_,Sb, x = 0.1
and 0.2 annealed at 700°C. In Fig. 6(a), it is seen that with
respect to the bad-metal behavior of the undoped sample
exhibiting very weak temperature dependence, 10% Sb doping
decreases the resistivity and induces a mild metallic behavior
while 20% doping increases the resistivity by a factor of
~50 and induces a semiconducting behavior in the whole
temperature range. Consistently, in Fig. 6(b), it is seen that
the hole carrier concentration increases by almost an order of
magnitude from the undoped to the 10% doped sample, while in
the 20% doped it decreases back below the value of the undoped
sample. It must be noted that Sb doping is expected to introduce
electron-type charge carriers in the ideal Fe,TiSn structure;

X
= 10 Fe,TiSn
%107 —#Fe,TiSn_ _Sb,,
RS : —M—Fe,TiSn_Sb_ ,
o N 1 N 1 N 1
0 100 200 300
T (K)
FIG. 7. (a) Seebeck coefficient curves of Fe,TiSn;.Sb,

(x =0.0,0.1,and 0.2) annealed at 700°C and (b) power factor
curves.

hence the increase in hole carrier concentration with 10% Sb
doping is unexpected and any data interpretation should take
into account the disordered nature of real undoped samples on
which Sb doping is explored. This is done in the next section.
We mention that the effect of Sb doping up to 5 at % on Fe, TiSn
resistivity was studied in the temperature range 300-850 K,
but a negligible effect was found [16]. We also mention that
the fully substituted Fe,TiSb compound is predicted to be
a half metal with 100% spin polarization [52]. Finally, in
Fig. 6(c), the mobility decreases monotonically with increasing
doping.

The magnetoresistance of 10% and 20% doped samples
(not shown) exhibit negative contributions of a few percent in
magnitude, very similar in shape as those found in all annealed
undoped samples (see lower panel of Fig. 3), indicative of
magnetic ordering. In Fig. 7, thermoelectric properties of
the same undoped and Sb-doped samples Fe,TiSn;_,Sb, are
displayed. In the top panel, with respect to the Seebeck curve
of the undoped sample, exhibiting a broad maximum at 200—
250 K, 10% doping induces a monotonic increase of S with
temperature, as expected from metals with nearly constant
charge-carrier density. The room-temperature value of the 10%
doped sample exceeds that of the undoped sample. On the
other hand, 20% doping results in an S curve shape similar
to the undoped sample, consistent with the semiconducting
behavior shown in the upper panel of Fig. 6. In the bottom
panel of Fig. 7, the power factor S?c curves are displayed.
It is seen that 10% doping yields a S?o curve that increases
with increasing temperature above 60 K, yielding a crossover
of the S%c curves of the undoped and 10% doped samples at
room temperature. The S?c value of the 10% doped sample
slightly above room temperature is more than twice the S%c
value of the undoped sample. On the contrary, 20% doping
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FIG. 8. Theoretical results from DFT and Boltzmann transport
theory calculations. On the left column, the electronic DOS is shown,
computed for a 2a x 2a x 2a cubic supercell of Fe,TiSn containing
one (a) Tip, (b) Snge, (¢) Vi, and (d) Vs, defect. The orange
background refers to the pristine DOS, and the vertical dashed lines
indicate the Fermi level associated with each DOS, with arrows
highlighting their shift caused by the impurity. On the right column,
we show the (e) chemical potential dependence of the Seebeck
coefficient at 300 K, (f) the associated carrier density estimated by
the inverse Hall coefficient (with the hole density identified from Hall
measurements for x = 0, 0.1, and 0.2, highlighted within horizontal
lines), and (g) the computed pristine atomic-projected DOS. The
experimental carrier densities at 300K for x =0 and x = 0.2 are
used to define a chemical potential interval (light blue region) falling
inside the valence band.

suppresses the power factor severely by 2 orders of magnitude.
Again, we mention that lower Sb substitution (<5%) results in
minor effects on high-temperature thermoelectric properties,
according to Ref. [16]. As for the thermal conductivity data,
from the Wiedmann-Franz law it comes out that the thermal
conductivity is dominated by the phonon contribution in the
whole temperature range for all the samples. It is expected that
doping suppresses thermal conductivity, as a consequence of
mass fluctuations or strain field fluctuations [53,54]. Yet, our
data, not shown here, do not allow any clear conclusion on
the effect of doping on the thermal conductivity. Indeed, we
observe a nonmonotonic behavior of thermal conductivity with
doping, whose explanation is not clear.

V. THEORETICAL RESULTS

Pristine Fe,TiSn is found to be a nonmagnetic semicon-
ductor with a band gap of 1.04 eV [as shown in Figs. 8(a)—
8(d) and 8(g) with orange background]. This is in agreement
with the Slater-Pauling rule [55,56] but contrasts with the
measured high hole density and the low Seebeck coefficient
of the undoped samples [see Figs. 2(b) and 4(a)]. Similar

discrepancies have been already found and explored in Fe, VAL,
for which it has been argued that the measured semimetallic
character arises from antisite defects and disorder rather than
being an intrinsic property of the pristine phase [57]. In order to
investigate and clarify the differences between experiments and
simulations occurring in Fe,TiSn, we estimate the influence
on electronic properties of such native defects as antisites
and vacancies, whose presence is evidenced in the undoped
samples by our structural analyses. The simulated electronic
density of states (DOS), calculated for a 2a x 2a x 2a cubic
supercell with one (a) Tig., (b) Snge, (¢) V13, and (d) Vg, defect,
are shown in Fig. 8. From here, we see that (i) all the defects act
as acceptor dopants, shifting the Fermi level toward the valence
band; (ii) in-gap states appear with respect to the pristine phase;
and (iii) the spin degeneracy is removed. These results suggest
that the as-cast undoped Fe, TiSn samples are p-type doped due
to the formation of defects and they consistently justify the bad-
metal behavior of the resistivity (Fig. 2), the possible magnetic
ordering appearing at low temperature (Figs. 3 and 5), and
the holelike transport (Figs. 2 and 4). In Figs. 8(e) and 8(f), we
show the room-temperature Seebeck coefficient and the carrier
density as a function of the chemical potential u for the pristine
Fe, TiSn phase. Following the rigid-band approach, i.e., due to
the presence of acceptor defects, p rigidly shifts toward the
valence band, we recognize that the experimental hole density
measured by the Hall effect at 300 K, n3p0 x ~ 2 X 10*' cm—3,
identifies p inside the valence band [see Fig. 8(f)], for which
the corresponding calculated S'is 12 ©V/K, in good agreement
with the measurements shown in Fig. 4. Upon Sb substitution
on Sn sites, providing additional electrons to the system, w
shifts to higher energies and, at the extreme value of x = 0.2,
the experimental density of carriers decreases by about 1
order of magnitude (n3p0x ~ 2 X 10% cm™3), consistent with
the approach of u to the band gap and the appearance of
an experimental semiconductinglike regime [see resistivity in
Fig. 6(a)] coming from the compensated holes. In the same
rigid-band picture, we would expect p at intermediate doping
(x = 0.1) to fall in between the region defined by x = 0 and
x = 0.2 [light blue area in Figs. 8(e)-8(g)]; however, this
expectation contrasts with the experimental evidences of very
large carrier density (300 k &~ 4 X 10*' cm™3), lower (larger)
resistivity, and slightly larger (slightly lower) carrier mobilities
with respect to the x = 0 (x = 0.2) case. This discrepancy
might point out limitations of the rigid-band approximation,
which does not account for possible DOS differences arising
from the formation of defects, as instead evidenced from
our simulations. In this way, in the next sections, a possible
defect-induced DOS feature is proposed to be responsible for
the experimental observations.

VI. DISCUSSION

We first consider the effect of annealing. It is observed
that annealing increases carrier mobility and slightly decreases
hole carrier concentration. Moreover, relative heights of x-
ray diffraction peaks 1111/l and I/l increase with
annealing temperature, indicating increasing atomic order.
Theoretical calculations indicate that hole carrier concentra-
tion is associated to atomic disorder, and carrier mobility is
certainly limited by atomic disorder as well. Hence, all these
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effects point to a healing effect of annealing on atomic disorder.
Additionally, annealing is also found to improve homogeneity
and phase purity.

We now turn to the effect of Sb substitution. The comparison
of our transport results and ab initio calculations suggests that
Sb substitution has a two-old effect: on one hand it fills bands
with electron-type charge carriers, and on the other hand it is
responsible for increased atomic disorder, which introduces
hole-type charge carriers. The increased atomic disorder as-
sociated to Sb substitution is consistent with the progressive
suppression of carrier mobility with increasing doping, even
if the relative heights of x-ray diffraction peaks 111/ 120 and
I>00/ I20 do not exhibit any trend with increasing doping. In
the 10%-doped sample, hole doping prevails, thus resulting in
lower and metallic resistivity, monotonically increasing S(7°)
dependence, and enhancement of the thermoelectric power
factor at room temperature. In the 20%-doped sample, the
level of introduced disorder is such that it yields much larger
and semiconducting resistivity, decreased carrier density, S(7")
curve shape with a broad maximum at 200-250 K, and severe
suppression of the thermoelectric power factor. Such effect of
20% doping could be explained in terms of disorder-induced
Anderson localization [58]. As an alternative mechanism in-
volving electric and thermoelectric data in Sb-doped samples,
we suggest that increasing the Sb amount compensates part of
the hole carriers whose presence is induced by native defects
(antisites [49] and/or vacancies [17]) in the pristine Fe,TiSn
phase (see Fig. 8). In addition, the competition between the
doped electrons and the defect-induced holes makes the system
deviate from the monotonic behavior (expected in a rigid-band
picture as a function of the doping level x) if we assume that
the doping process shifts the chemical potential through a DOS
peak, otherwise absent in the pristine structure, which lies close
to the bottom of the valence band at intermediate Sb concentra-
tions. This way, for x = 0.1, the number of carriers increases
by 1 order of magnitude with respect to the undoped sample,
although, due to the strongly localized nature of those defect
states [see, for example, Figs. 8(a)-8(d)], the carrier mobility
decreases and consequently the sample resistivity decreases
only slightly. Hence, this scenario consistently explains the
experimental behavior of resistivity, carrier density, mobility,
and Seebeck coefficient, recovering at higher concentrations
a semiconductinglike character as predicted for the pristine
phase.

It is worth discussing the comparison between Fe,TiSn
and Fe, VAl in terms of the role of doping in improving
thermoelectric performances. The very large power factor
predicted on Fe, TiSn [11] is for strong n-type doping. Similar
to Fe, VAI [13], Fe, TiSn forms as p-type doped and the atomic
disorder affects significantly the electronic states near the band-
gap edges. These states have significant contributions (orbital
character) from Fe and V(Ti) atoms. From our knowledge,
Fe, TiSn has not been experimentally made as an n-type doped
material, in contrast with Fe, VAl [30-32,38]. This suggests
that atomic site disorder in Fe,TiSn plays a stronger role than
in Fe, VAL For further insight into this comparison, we note
that the findings of Chaudhuri et al. [49], that is, that the hole
concentration increases with Sb doping and at the same time
the concentration of antisite defects decreases with Sb doping,
may be explained if the samples contain significant vacancy

defects which act as p-type dopants and whose concentration
increases with Sb doping. The presence of vacancy defects
in Fe,TiSn at a concentration significantly larger with respect
to Fe, VAl and the related Fermi-level pinning by the atomic
defects (vacancies and antisite defects) may be the important
differences between Fe,TiSn and Fe, VAl Indeed, undoped
Fe, VAl has a dominant p-type transport character, with a
high hole concentration of ~4.8 x 10%° cm~2 [59], while, from
our data, undoped Fe,TiSn forms as p-type doped with hole
concentration ~2 x 10! cm ™3 at 300 K; the difference with
Fe, VAl is about 1 order of magnitude. A sizeable fraction of
these holes may be associated to vacancies, whose concen-
tration has been estimated up ~10?° cm 3 in Fe, TiSn samples
grown by the optical floating zone technique [17]. In summary:

(1) In Fe,TiSn the resonant and in-gap electronic states
generated by vacancy and antisite defects (which are usually
magnetic defects) can pin the Fermi level near the top of the
valence band, making the n-type doping inefficient.

(2) The Anderson localization and hopping-type conduc-
tion, and magnetic(ferromagnetic) order may be stronger in
Fe,TiSn than in Fe, VAL

VII. CONCLUSIONS

We prepare polycrystalline Fe,;TiSn, Fe,TiSng ¢Sby 1, and
Fe,TiSng g§Sby, samples by arc melting in order to explore
the possibility of improving thermoelectric power factor via
Sb doping, as suggested by theoretical predictions. We find
that the prepared samples present a sizeable amount of atomic
disorder, which results in p-type transport and depressed
thermoelectric properties. By comparison of experimental
transport properties and ab initio calculations performed for
atomic disorder, accounting for the existence of different
antisite defects and vacancies, we sustain and demonstrate the
origin of the measured p-type character of the transport in the
undoped Fe,TiSn, the origin of its magnetic ordering at low
temperature, and, on the other hand, we provide an explanation
for the observed reaction to Sb n-type doping, resulting in a
compensated semiconductor. Specifically, in Sb-substituted
samples annealed at 700°C, we find that 10% substitution
increases the hole carrier concentration, inducing a weakly
metallic behavior, while 20% substitution lowers the carrier
density and increases the resistivity by a factor ~50, restoring
a semiconducting behavior, as in the undoped sample. We
interpret this behavior in terms of competition between electron
doping by band filling and hole doping associated to atomic
disorder. In particular, to explain the nonmonotonic effect of
Sb substitution on transport properties, we propose that the
effectiveness of the doping process, acting in an already p-
doped (and not pristine) crystalline environment, is affected by
the DOS of the host material encountering its features induced
by the presence of defects near the bottom of the valence band.
Alternatively, we conjecture that in the 10% sample, the effect
of defect-induced hole doping prevails over electron doping,
while in the 20% sample, Anderson localization yielded
by disorder eventually prevails on both electron and hole
doping.

Focusing on the measured thermoelectric properties, the
Seebeck coefficient exhibits a maximum at around 200-250 K
for the semiconducting undoped and 20%-doped samples,
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while it increases monotonically with temperature for the
metallic 10%-doped sample. The temperature dependence of
the Seebeck coefficient and the good electrical properties of
the 10% sample determine the room-temperature power factor
~1.3 x 107*WK2m™! in this sample, more than twice as
much as to the value of the undoped sample.

This experimental work indicates that improving the power
factor by chemical doping is indeed possible in Fe,TiSn
(thermoelectric performances are indeed improved at low
doping levels), yet the nature of real samples must be taken into
account when designing possible substitutions. (The detrimen-
tal effect of atomic site disorder on electric and thermoelectric
properties dominates at high doping levels, and this disorder
should be minimized as much as possible.)
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