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Significant reduction in the thermal conductivity of Si-substituted Fe2VAl epilayers
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We experimentally find that the substitution of Si for Al in Heusler-type Fe2VAl epilayers contributes
to the significant reduction in the thermal conductivity, in which Fe2VAl is one of the next-generation
thermoelectric materials without using toxic elements. Because of the low-temperature growth of the epilayers,
the Si substitution induces the decrease in the degree of L21 ordering, giving rise to the formation of V-Si
antisite defects in the epilayers. For Fe2VAl0.57Si0.43 epilayers, we can obtain a low thermal conductivity of
∼3.9 W/(m K), one-third less than Si-substituted Fe2VAl bulk samples [Lue et al., Phys. Rev. B 75, 064204
(2007)]. We discuss that a possible origin of the low thermal conductivity is related to the low lattice thermal
conductivity due to the presence of the V-Si antisite defects.
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I. INTRODUCTION

Thermal conductivity (κ) is one of the key physical param-
eters in developing thermoelectric materials, which enable the
conversion between thermal and electrical energy [1–4]. The
κ value for ordinary metals and semimetals comes generally
from the contributions due to electrons/holes carrier transport-
ing heat (κc) and phonons traveling via the lattice (κph) [1,3,5],
where κc can be roughly estimated from the resistivity (ρ)
by using the Wiedemann-Franz law above Debye temperature
[1,5,6] and κph is roughly approximated by κph = Cvl/3
[5,7,8], where C, v, and l are lattice specific heat, group
velocity, and mean-free pass of phonons, respectively. In the
field of thermoelectric conversion, low κ values are required to
demonstrate high-performance thermoelectric materials and
devices [1–4].

In general, a low value of κc can be obtained by tuning the
carrier concentration in thermoelectric materials [1]. As meth-
ods for reducing the value of κph, on the other hand, heavy
element substitutions [9–12] and introducing nanostructures
[1–4,13–18], suppressing v and l , respectively, have been
utilized. Actually, thin-film superlattice structures [1,17,18],
connected Si nanocrystals [15], and randomly embedded
quantum dots [1,13] have achieved very low κph values.
The other approach is introducing atomic disorder, which
can increase the mass-disorder-induced and/or anharmonic
scattering of phonons, leading to the reduction of l [1,5,19].
In regard to these, the experimental demonstrations have
been reported in well-known thermoelectric materials such
as bismuth telluride (Bi-Te), silicon-germanium (Si-Ge), and
lead-telluride (Pb-Te) compounds [1,20–23].
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As a next-generation thermoelectric material to replace
Bi-Te compounds from the viewpoint of not containing toxic
elements, L21-ordered Fe2VAl [24], a full-Heusler semimetal-
lic alloy, has been reported. Many theoretical [25–32] and
experimental [33–35] studies have so far supported the pres-
ence of a sharp pseudogap near the Fermi level (EF) in the
electronic band structure. This means that the electrical and
thermoelectric properties such as electrical resistivity (ρ) and
Seebeck coefficient (S) can be modulated by changing the
electronic band structure or shifting EF because the value
of S in metallic systems is proportional to the gradient and
reciprocal for the density of states (DOS) at EF [36]. Actually,
for bulk and thin-film Fe2VAl samples, the reduction in ρ

and the enhancement in |S| with maintaining the pseudogap
structure near EF have been demonstrated by changing the
chemical composition [10,37–41] or substituting constituent
elements [12,41–46]. As a result, the value of κ of the
polycrystalline Fe2VTa0.05Al0.95 processed by high-pressure
torsion reached ∼5 W/(m K) at 300 K [46], comparable with
Bi-Te compounds [κ ∼ 1.5 W/(m K)] [1].

Recently, we achieved a perfectly stoichiometric
Fe2VAl epilayer by using a nonstoichiometric molecular
beam epitaxy (MBE) growth technique at a low
growth temperature of 350 ◦C [47]. We found that the
low-temperature grown Fe2VAl epilayers have a relatively
low κ value [∼7.5 W/(m K) [47]], compared to Fe2VAl bulk
[∼28 W/(m K) [44]], despite almost no reduction in S. In
addition, because the grown Fe2VAl epilayers included the
L21-ordered structure and the κ value did not change with
decrease of film thickness [47], we judged that the small
κ value is not caused by introducing the grain boundaries
and the low-dimensional structures. From these experimental
data, we speculated that the atomic-level disordered structures
such as point defects in the low-temperature grown Fe2VAl
epilayers result in the scattering of phonons. However, the
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FIG. 1. (a) θ -2θ XRD patterns for the Fe2VAl1–xSix epilayers. (b) φ-scan measurements of (202) and (111) plane for the Fe2VAl1–xSix

epilayers. (c) The lattice constant of the Fe2VAl1–xSix epilayers estimated from the Fig. 1(a), together with those for the bulks [43,44].

correlation between the atomic-level disorder and the small κ

value in the Fe2VAl Heusler alloy has not been discussed yet.
In this paper, we experimentally study the influence of the

substitution of Si for Al in the MBE-grown Fe2VAl epilayers
on the value of κ . Because of the low-temperature growth,
we found that the Si substitution induces the decrease in the
degree of L21 ordering. From the first-principles calculations,
the electrical properties of the Fe2VAl1–xSix epilayers can be
understood by considering the presence of the V-Si antisite
defects. For Fe2VAl0.57Si0.43 epilayers, we can obtain a low
thermal conductivity of ∼3.9 W/(m K), one-third less than Si-
substituted Fe2VAl bulk samples [43]. A possible origin of
the low thermal conductivity is discussed as a consequence of
the low lattice thermal conductivity due to the presence of the
V-Si antisite defects in the Si-substituted Fe2VAl epilayers.

II. RESULTS

A. Epitaxial growth and structural characterization

Si-substituted Fe2VAl (Fe2VAl1–xSix) epilayers with thick-
nesses of 50–150 nm were grown on MgAl2O4(100) sub-
strates (sample size: 1 × 1 cm2) by using an MBE technique
with nonstoichiometric deposition [47–52]. As the mismatch
between the lattice constant of Fe2VAl1–xSix polycrystalline
bulks (0.576–0.572 nm) [43,44] and a half of diagonal length
of the lattice constant of MgAl2O4 (1/

√
2 × 0.8083 nm =

0.5715 nm) is less than 1%, high-quality epitaxial growth of
the Fe2VAl1–xSix layers can be expected [47]. After loading
the MgAl2O4(100) substrates into the MBE chamber with
a base pressure of ∼10−7 Pa, the heat treatment at 600 ◦C
for 1 h was performed. From in situ reflection high-energy
electron diffraction (RHEED) observations (not shown here),
the good surface flatness of the MgAl2O4(100) substrates was
confirmed. Cooling the substrate temperature down to 350 ◦C,
we grew Fe2VAl1–xSix layers by co-evaporating Fe, V, Al,
and Si using Knudsen cells. Here we set the supplied atomic
composition ratio of Fe : V : Al : Si to 1.8 : 1.2 : 2(1-x) : x
during the growth. The chemical composition of the grown
layers was estimated using the results of energy dispersive

x-ray spectroscopy (EDX). The estimated errors for each x
are shown by error bars in Figs. 1(c), 3, and 4(a).

From the RHEED observations, good two-dimensional
epitaxial growth was guaranteed for all the Fe2VAl1–xSix

layers (not shown here). After the growth, structural character-
izations of the grown Fe2VAl1–xSix epilayers were carried out.
Figure 1(a) shows the θ -2θ x-ray diffraction (XRD) patterns
for the Fe2VAl1–xSix epilayers in 0 � x � 0.43. Except for the
peaks derived from the MgAl2O4 substrate, only the (200)
and (400) diffraction peaks are clearly seen at 2θ values
of ∼31◦ and ∼65◦, respectively, indicating the formation
of (100)-oriented Fe2VAl1–xSix epilayers. The φ-scan mea-
surements for various x are presented in Fig. 1(b). For all
the epilayers, (202) diffraction peaks with fourfold symme-
try are seen, indicating the in-plane crystal orientation of
Fe2VAl[100](100)//MgAl2O4[110](100). The (111) diffrac-
tion peaks meaning the presence of the L21-ordered structure
are also observed but the intensity of the (111) diffraction
peaks for the Si-substituted epilayers is relatively decreased
compared to that for the nonsubstituted epilayer. This feature
implies that the substitution of Si for Al causes the decrease
in the degree of L21 ordering in the Fe2VAl1–xSix epilayers.
We can also estimate the lattice constant of the Fe2VAl1–xSix

epilayers from the XRD data in Fig. 1(a) and summarize
the lattice constant as a function of x, together with those
for Fe2VAl1–xSix polycrystalline bulks reported previously
[43,44], in Fig. 1(c). For both Fe2VAl1–xSix epilayers and
bulks, the lattice constant decreases almost linearly following
the size of the atomic radius of Al and Si (Al > Si) with
increasing x. This feature indicates that the change in the
lattice constant according to the conventional Vegard’s law
can be seen even for the low-temperature grown Fe2VAl1–xSix

epilayers.
Further structural investigations were carried out by

cross-sectional transmission electron microscopy (TEM) and
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). A typical HAADF-STEM im-
age of the Fe2VAl0.57Si0.43 epilayer is shown in Fig. 2.
The Fe2VAl0.57Si0.43 epilayer on MgAl2O4(100) is uniformly
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25 nmMgAl2O4(100)

Fe2VAl0.57Si0.43

FIG. 2. HAADF-STEM image of Fe2VAl0.57Si0.43/MgAl2O4(100).

grown although there are some dislocations in the epilayer
along [001], similar to the stoichiometric Fe2VAl epilayer pre-
viously shown in Ref. [47]. The contrast of the HAADF image
in Fig. 2 is nearly homogeneous over the measured area. These
features are also similar to those in the stoichiometric Fe2VAl
epilayer [47]. Thus, although the substitution of Si for Al
does not largely deteriorate the quality of the Fe2VAl1–xSix

epilayer, it can only induce the decrease in the degree of L21

ordering.

B. Electrical properties and electronic band structures

To understand the impact of the decrease in the degree of
L21 ordering on the electronic band structure in Si substi-
tuted Fe2VAl epilayers, we first examined electrical proper-
ties with changing x. For evaluating transport properties, the
Fe2VAl1–xSix epilayers were patterned into Hall-bar devices
with 80 × 80 μm2 in size, as shown in the inset of Fig. 3, by
conventional photolithography and Ar ion milling [47]. Fig-
ure 3 shows the values of ρ at 300 K as a function of x in the
Fe2VAl1–xSix epilayers, together with those in polycrystalline
bulks in Refs. [43,44]. Here the temperature dependence of ρ

for various x is presented in the Supplemental Material (Fig.
S1) [53]. The value of ρ at 300 K in the epilayer is decreased
with increasing x, together with a small change in ρ at x =
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FIG. 3. The values of ρ at 300 K as a function of x in the
Fe2VAl1–xSix epilayers and bulks in Refs. [43,44]. The inset shows
an optical micrograph of a fabricated Hall-bar device.
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FIG. 4. Absolute value of carrier concentration of the (a)
Fe2VAl1–xSix epilayers and (b) polycrystalline Fe2VAl1–xSix bulk
[44] at 300 K as a function of x. (c) Total density of states (DOS)
of Fe2VAl0.875Si0.125 for V-Si antisite defects (top) and L21-ordered
(bottom) configuration. The dotted vertical lines indicate EF.

0.12 and 0.22. Whereas the decrease in ρ with increasing x
is consistent with that in the bulks in Refs. [43,44], the value
of ρ in the epilayer is always larger than that in the bulk in
all x. Considering the structural characterizations in Figs. 1
and 2, we can interpret that the increase in ρ is related to
the decrease in the degree of L21 ordering, which leads to the
carrier scattering in the Fe2VAl1–xSix epilayers.

Next, the absolute value of the electron/hole concentration
(|n| or |p|) versus x for the Fe2VAl1–xSix epilayers and the
Fe2VAl1–xSix polycrystalline bulks in Ref. [44] is shown in
Figs. 4(a) and 4(b), respectively. Here the value of |n| or |p|
in the Fe2VAl1–xSix epilayers was estimated from the slope of
the Hall voltage versus applied magnetic field (H) curves in
the high magnetic region (|H | > 7 T). In Fig. 4(a) the value of
|n| or |p| is increased by increasing x (Si substitution) and the
carrier polarity is switched from p-type to n-type. Whereas the
switching of the carrier polarity at x = 0.05 in polycrystalline
bulks in Ref. [44] is already observed in Fig. 4(b), it cannot
be seen in the Fe2VAl1–xSix epilayers in Fig. 4(a). Namely,
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the switching of the carrier polarity was seen at x = 0.05 for
the polycrystalline bulks [44] while that occurs x = 0.12–0.33
for the MBE-grown epilayers. Taking the data in Figs. 1–3
into account, we can guess that the above deviation is derived
from the change in the electronic band structure, induced by
the decrease in the degree of L21 ordering in Fe2VAl1–xSix

epilayers.
To interpret the electrical properties described above,

we conducted first-principles calculations for Si-substituted
Fe2VAl to confirm the impact of the decrease in the degree of
L21 ordering on the electronic band structure, where the elec-
tronic band structure calculations for perfect and disordered
structures of the Heusler-type Fe2VAl alloys were performed
using the Vienna ab initio Simulation Package (VASP) for
the pseudopotential method [54–58]. In the calculation, the
generalized gradient approximation (GGA) of Perdew, Burke,
and Ernzerho was used to express the exchange-correlation
potential [59,60], and the projector augmented wave (PAW)
potentials were used for describing the valence and core elec-
trons [61,62]. The first Brillouin zone was sampled with a 2 ×
2 × 2 k-point mesh. The cutoff and convergence energies were
set to 500 and 10−5 eV, respectively. The optimized lattice
parameter of each structure was determined by the relation
between the total energy and lattice parameter fitting to the
Birch-Murnghan equation. All calculations were performed
using a large-scale parallel computer system in Research
Center for Computational Science of Okazaki in Japan.

Because the structural characterizations in Figs. 1 and 2
imply that the Si substitution mainly induces the decrease
in the degree of L21 ordering, the predominant disorder in
the Fe2VAl1–xSix epilayers can be regarded as V-Si anti-
site defects. Thus, we focus on the electronic band struc-
ture around EF for Si-substituted Fe2VAl with and without
the antisite defects. To calculate the effect of the decrease
in the degree of L21 ordering on the electronic band
structure, the band structure calculations on the Heusler
Fe2VAl0.875Si0.125 (Fe64V32Al28Si4) with and without the V-Si
antisite defects were performed. For calculation in the dilute
Si substitution system, 2 × 2 × 2 supercells for the Heusler-
alloy unit cell (Fe8V4Al4) were used. As the part of the unit
cell on L21-ordered Fe2VAl and Fe2VAl0.875Si0.125 with and
without the V-Si antisite defects, we used the crystal structures
in Figs. S2(a)–S2(c) in the Supplemental Material [53]. The
POSCAR files used for the calculations were also attached to
the Supplemental Materials for references. Figure 4(c) shows
DOS of Fe2VAl0.875Si0.125 (x = 0.125) with (top panel) and
without (bottom panel) antisite defects. As described in a
previous work [44], for x = 0.125 without antisite defects, an
evident pseudogap structure around EF is reconfirmed (bottom
panel). As a consequence, the line of EF is located on the
conduction band, leading to the rapid change in the carrier
polarity from p-type to n-type [44]. For Fe2VAl0.875Si0.125

with antisite defects, on the other hand, an in-gap state at EF

can be clearly seen (top panel). The presence of the in-gap
state at EF enables to disturb the switching of the carrier
polarity, as shown in Fig. 4(b). This scenario is consistent
with the presence of a small change in ρ between x = 0.12
and 0.22, shown in Fig. 3. From these considerations, the
electrical properties in Figs. 3 and 4(a) in the Si-substituted
Fe2VAl epilayers can be interpreted by the impact of the
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FIG. 5. Total thermal resistance as a function of layer thickness
for the Fe2VAl0.57Si0.43 epilayer.

decrease in the degree of L21 ordering on the electronic band
structure.

C. Thermoelectric properties

To explore the correlation between the atomic-level disor-
der in Fe2VAl1–xSix epilayers and thermoelectric properties,
we measured the values of the Seebeck coefficient (S) and
κ for the Fe2VAl0.57Si0.43 epilayers at 300 K. Here, because
the MgAl2O4 substrate is an insulator with an extremely
large sheet resistance (>107 �/sq), the measured S value
corresponds to that of the Fe2VAl0.57Si0.43 epilayer with a
relatively small sheet resistance of (∼102 �/sq). As a result,
the value of S is estimated to be −64 ∼ −87 μV/K, as shown
in the Supplemental Material (Fig. S3) [53]. Although the sign
of S was changed from positive to negative by substituting Si
for Al even in the Fe2VAl1–xSix epilayers, the magnitude of S
was relatively low compared to that for bulks (∼130 μV/K)
[44]. Thus, we experimentally judge that there is an impact
of the decrease in the degree of L21 ordering on S values, as
discussed in Refs. [63,64].

Next, the cross-plane κ value in the Fe2VAl0.57Si0.43 epi-
layers was measured using the 2ω method [4,15], where the
thermoreflectance signal was fitted by the one-dimensional
heat dissipation model using the literature value [65,66]. For
measuring a thermal resistance, Au films were deposited
on the epilayer surfaces. It should be noted that the sheet
resistance of the Au films (0.1–0.7 �/sq) was three orders of
magnitude smaller than that of the Fe2VAl0.57Si0.43 epilayers
(�100 �/sq). Thus, the Joule heating in the Fe2VAl0.57Si0.43

epilayers can be negligible. The details of the measurements
for Fe2VAl epilayers were reported in our previous study
[47]. To obtain reliable κ values, we evaluated the layer-
thickness dependence of the thermal resistance, as shown in
Fig. 5. Because we observe a linear relationship between
the thermal resistance and layer thickness, we can assume
that the obtained thermal resistance is a series of a layer
thermal resistance and an interfacial thermal resistance [47].
According to the reciprocal of the slope, the κ value at 300 K
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TABLE I. Comparison of ρ, κc, and κph at 300 K among this work, Ref. [43], and Ref. [47].

Epitaxial film (this work) Epitaxial film [47] Polycrystalline bulk [43] Polycrystalline bulk [43]
Fe2VAl0.57Si0.43 Fe2VAl Fe2VAl0.6Si0.4 Fe2VAl

Ordering L21 (w/ V-Si anti-site defects) L21 L21 L21

ρ (μ�cm) 4.7 × 102 ∼1.4 × 103 ∼2.9 × 102 ∼1.0 × 103

κc [W/(m K)] ∼1.6 ∼0.53 ∼2.6 ∼0.73
κph [W/(m K)] ∼2.3 ∼7.0 ∼11 ∼23

can be estimated, as shown in Fig. 5. Note that a low κ value of
∼3.9 ± 1.4 W/(m K), smaller than bulk and thin-film samples
of polycrystalline Fe2VAl-based alloys with heavy element
substitution and/or small grain sizes [10,16], is obtained. The
low value of ∼3.9 ± 1.4 W/(m K) is comparable to that of
bulk Ru2NbGa alloys [∼5.0 W/(m K)] [67]. Since the κ value
did not depend on the layer thickness for the Fe2VAl0.57Si0.43

epilayer, the low κ value was not caused by introducing the
low-dimensional structures [64]. Thus, we should discuss the
correlation between the decrease in the degree of L21 ordering
in Fe2VAl1–xSix epilayers and the significant reduction in κ

later.
We finally comment on the thermoelectric performance of

the Fe2VAl1–xSix epilayers. The dimensionless figure of merit
[ZT = S2T/(ρκ )] at 300 K for x = 0.43 can be estimated to
be 0.067 ∼ 0.11, which is lower than the highest ZT value
of ∼0.25 (at 300 K) in one of the Fe2VAl-based alloys,
i.e., the Fe2VTa0.05Al0.95 bulk [46]. The low ZT value is
attributed to the presence of the in-gap state at EF, disturbing
the enhancement in |S|. Thus, we should further study how
to simultaneously demonstrate the reduction in κ and the
enhancement in |S| even in the epilayers.

III. DISCUSSION

To discuss a possible origin of the low κ value [∼3.9 ±
1.4 W/(m K)] for the Fe2VAl0.57Si0.43 epilayer, we summa-
rize the correlation among L21 ordering, ρ, κc, and κph in
Table I for the Fe2VAl0.57Si0.43 epilayer and Fe2VAl0.6Si0.4

polycrystalline bulks in Ref. [43], together with those for the
Fe2VAl epilayer in Ref. [47] and the Fe2VAl polycrystalline
bulk in Ref. [43]. Here, the value of κc was evaluated using
the Wiedemann-Franz law, κcρ/T = L0, where L0 is the
Lorenz number (= 2.45 × 10−8 W�K−2) [43,44]. As con-
sequences, the order of the κc value in the Fe2VAl0.57Si0.43

epilayer corresponds to that in the Fe2VAl0.6Si0.4 polycrys-
talline bulk in Ref. [43]. On the other hand, the κph value in
the Fe2VAl0.57Si0.43 epilayer is about one-fourth of that in the
polycrystalline bulk [43]. This feature means that the low total
κ of the Fe2VAl0.57Si0.43 epilayer originates mainly from the
very low value of κph [∼2.3 W/(m K)] at 300 K. Because the
tendency of the decrease in κph with substituting Si for Al in
the epilayers is similar to that in the polycrystalline bulks in
Ref. [43], we can roughly discuss that the phonon scattering
is mainly due to the point defects, as discussed in Ref. [43].

Judging from the experimental and theoretical investiga-
tions in Figs. 1–4, we can understand that the significant
reduction in κ of the Si-substituted Fe2VAl epilayer in Fig. 5
is given by the decrease in the degree of L21 ordering, par-
ticularly, due to the presence of V-Si antisite defects. Namely,

we can regard the very low κph in the Si-substituted Fe2VAl
epilayers as a consequence of the presence of V-Si antisite
defects in Fe2VAl-based Heusler alloys.

Recently, the value of κph in disordered alloys such as
SixGe1–x [19] and PbTe1–xSex [23] was argued by first-
principles calculations. In alloy systems, the effective phonon
scattering rate ( 1

τ
) is defined as the sum of a term describ-

ing harmonic scattering due to mass disorder ( 1
τh

) and a

term describing anharmonic scattering ( 1
τah

) in the following

Matthiessen’s rule [19,23], 1
τ

= 1
τh

+ 1
τah

. In a previous work

on the polycrystalline bulks [43,44], for 1
τh

, the impacts of the
mass disorder and the lattice imperfections such as vacancies
were regarded as a possible origin of the reduction in the value
of κph by the Si substitution. From Table I, however, the value
of κph in the epitaxial layers is further lowered, which is less
than one fourth of that in Ref. [43] and is the lowest value
in Fe2VAl-based Heusler alloys. To understand the very low
κph value, the contribution of 1

τah
to 1

τ
should also be consid-

ered in Fe2VAl-based Heusler alloys as well as half-Heusler
alloys [68].

IV. CONCLUSION

We experimentally found that the substitution of Si for
Al in Fe2VAl epilayers markedly affects the reduction in the
thermal conductivity. From the measurements of electrical
properties and the electronic band structures obtained by
the first-principles calculations, we understood that the Si
substitution for Al induced the decrease in the degree of L21

ordering, giving rise to the formation of V-Si antisite defects in
the epilayers. For Fe2VAl0.57Si0.43 epilayers, we demonstrated
a low thermal conductivity of ∼3.9 W/(m K), one-third less
than Si-substituted Fe2VAl bulk samples [43]. We discussed
that a possible origin of the low thermal conductivity is related
to the very low lattice thermal conductivity due to the presence
of the V-Si antisite defects. We propose that, in addition to the
mass disorder effect on the phonon scattering, it is required to
consider the impact of the anharmonic scattering in Fe2VAl-
based Heusler alloys with the presence of V-Si antisite
defects.
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