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Effects of partial substitution by 5d heavy elements on the thermal transport in Fe, VAl thin films
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The thermal transport properties of M/Fe,(V, Ta)Al/M (M = Mo, W) multilayer thin films, which were
epitaxially grown on the [100] MgO single-crystal substrates by means of a radio-frequency magnetron
sputtering system, were systematically investigated using a picosecond pulsed laser heating time-domain
thermoreflectance method. Not only the thermal diffusivity but also the boundary thermal resistance was strongly
affected by both the Ta substitution for V in Fe, VAl and the elements in the metallic layer of top and bottom sides.
From the first-principles density-functional theory calculations, we found that such changes in heat transport
properties were directly related to the intrinsic phonon dispersion. In the Fe,(V, Ta)Al layer thickness region of
less than 14 nm, the boundary thermal resistances of all thin-film series abruptly decreased with decreasing the
thickness, which was due to the coherently ordered interfacial structure.
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I. INTRODUCTION

Thermoelectric generators are capable of converting heat
to electricity without mechanical components. Their perfor-
mance is quantified by the dimensionless figure of merit,
T = S?0T/(x, + k;) of thermoelectric materials used in the
generators, where S, o, «., and k; represent the Seebeck
coefficient, electrical conductivity, electronic and lattice con-
tributions to the total thermal conductivity «, respectively
[1,2]. The electrical factors of S, o, and «, are interdependent
one with another due to the charge-carrier dependency, which
makes increasing z7 extremely difficult. Given a weak corre-
lation between the electrical factors and lattice dynamics, to
decrease k; would be an effective way to get a high z7.

Among various achievements for the reduction of «;, thin-
film approaches have notably opened a possibility to reduce
k;. In particular, the multilayer thin films have enabled quan-
titative investigation of the grain-size dependence of «; as
well as the novel phenomena such as zone-folding effect
and interface vibrational modes [3-5]. When the thickness
of thin films is reduced to nanoscales, the boundary thermal
resistance between layers becomes comparable to the thermal
resistance of layer-component materials [6,7]. The boundary
thermal resistance may become remarkable in the multilayer
thin films in which a periodic structure is formed by alternate
stacking of nanoscale layers of materials with different crystal
structures and different atomic masses [8,9].
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A heavy-element partial substitution for materials in multi-
layer thin films would be one of the most effective methods to
reduce k;, because it may lead to the impurity scattering and
phonon dispersion modulation effects such as the decrease of
phonon group velocity and the increase of umklapp process.
However, the combined effects of heavy-element substitution
and reducing thickness of thin films on the lattice dynamics
has not been clarified yet.

Fe,VAl-based thermoelectric materials of L2-type full-
Heusler phase have been widely investigated as one of the
most promising thermoelectric materials. It is, because of
their possession of a large power factor (S?0) of more
than 6-7mW m~! K=2 near room temperature as well as
strong mechanical property, cheap, and nontoxic constituents
[10-14]. Takeuchi et al. experimentally demonstrated that the
k; can be reduced without degradation of electrical properties
on the basis of the first-principles calculations for heavy
transition element substitution in Fe, VAl [11,12]. Renard
et al. reported that the substitutions of 54 heavy elements
such as Ta and W for V in Fe, VAl significantly decrease «;,
resulting in the increment of z7 by nearly five times [13]. Their
electrical resistivity data of Ta-substituted Fe, VAI showed a
weak temperature dependence of 0.4(1) mS2 cm over the tem-
perature range of 300-1200 K rather than showing positive
temperature coefficient of electrical resistivity (TCR) that is
generally observable in typical metallic materials. The tem-
perature dependence of electrical resistivity of metallic mate-
rials is generally determined by the temperature dependence
of scattering probability of electrons and energy-dependent
electronic structure, and the former is mainly responsible for
the positive TCR. Therefore, we considered that the negative
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TCR at high temperature above 500 K without having an
energy gap would be accounted for with the strongest limit
known as the Mott-Ioffe-Regel limit [15] and the concave
shape of electronic density of states in the vicinity of chemical
potential. Most recently, unusually high value of dimension-
less figure of merit z7' = 5 was reported for the Fe, VAl-based
thin-film samples sputtered on undoped Si wafer due to a
huge enhancement in the Seebeck coefficient [16]. Hence, it
has been expected that combining multilayer thin films onto
Sd-element substituted Fe, VAl would lead to the increase
of zT through the reduction of k; without deterioration of
electrical properties.

In the present study, we have epitaxially grown three-layer
thin films composed of not only heavy-element substituted
Fe, VAl layer of intermediate but also metal (Mo or W)
layers both of top and bottom sides on MgO (100) substrates.
The thermal properties of as-prepared multilayer thin films
were estimated using the picosecond time-domain thermore-
flectance technique (TDTR), where the thermal conductivity
in the L2, phase was estimated together with the boundary
thermal resistances between the L2, phase and metal layers.
The theoretical calculation based on first-principles density-
functional theory was carried out to quantitatively unveil the
correlation between intrinsic phonon modes in layer materi-
als consisting of multilayer thin films, which supported the
experimental results.

II. METHODS

A. Sample preparation and measurements

M/Fe,(V, Ta)Al/M (M = Mo, W) thin films were grown
on the [100] MgO single-crystal substrates using a radio-
frequency magnetron sputtering system (VTR-150F/SRF, Ul-
vac Kiko, Japan). For the fabrication of thin films, 2-in. target
disks of Fe; Vg 92 Tag 0gAl, Mo, and W were prepared. For the
TDTR measurement, Mo layers of 100-nm thickness, which
absorbs the pumping laser and also possesses a significant
temperature dependence in reflectivity for the probing laser,
were deposited at the top and bottom sides of thin films.
The sputtering chamber was evacuated below 2.0 x 10~*Pa
before starting a flow of argon gas. During the deposition,
the temperature of the substrate was maintained at 873 K, the
argon gas pressure at 2.0 Pa, and the rf power at 80 W. The
growth rate of samples was determined to be 19 + 3 nm/min
for the Fe,(V, Ta)Al and Mo layers, and 16 &+ 3 nm/min for
the W layer, as acquired by synchrotron radiation x-ray reflec-
tivity measurements in the previous work [17]. To confirm the
solubility of Ta in the Fe,VAl, electron probe microanalysis
(JXA-8230, JEOL, Japan) was employed at an accelerating
voltage 15 kV at 20 locations of Fe,(V, Ta)Al single-layer
thin film with thickness of more than 600 nm deposited
on MgO at 873 K and thus, the averaged Ta content was
6.7 = 0.4 at. % for the V site.

We carried out the out-of-plane x-ray diffraction (XRD)
in the cross-plane direction in the range 20°-80° using the
Cu Ko line (A = 1.5418 A, Bruker D8 ADVANCE) at room
temperature. To investigate the roughness effect, the single-
layer thin films of Mo, W, and Fe,(V, Ta)Al were prepared
at the same sputtering conditions and measured by atomic
force microscopy (AFM, Nano Navi Real/Nano Cute of Seiko

Instruments Inc., Japan). To investigate the cross-plane ther-
mal transport, the picosecond TDTR measurements (PicoTR,
PicoTherm Corporation) with a rear-heating front-detection
(RF) configuration at room temperature were carried out.

B. Theoretical calculations

The phonon calculations were performed within the frame-
work of the force-constants method. A unit cell and 2 x 2 x 2
superlattices were used for phonon structure calculation (dis-
persion curves and density of states) in the single-element
(Mo and W) and Fe, VXAI, (X =V, Ta) systems. Real-space
force constants of the supercell were calculated in the density
functional perturbation theory (DFPT) as implemented in
the VASP code. The generalized gradient approximation of
Perdew, Burke, and Ernzerhof was used for the exchange-
correlation potential. A plane-wave energy cutoff of 500 eV
was employed in the calculations. The phonon frequencies
were computed from the force constants using the PHONOPY
code [18]. The phonon density of states were sampled using
the 16 x 16 x 16 mesh.

III. RESULTS
A. Crystallographic characterization

Figures 1(a) and 1(b) show the symmetric 6-20 XRD pat-
terns of M/Fe,(V, Ta)Al/M (M = Mo, W) thin films. Those
two series of samples showed similar patterns for L2, phase
and the similar thickness dependence with the recently re-
ported results of W /Fe, VAl/W thin films [17]. In the thicker
region of more than 14 nm, the 00/ peaks of L2, phase and the
peak of Mo 002 or W 002 were observed and the intensity of
L2, peaks increased with increasing thickness because of the
increasing volume fraction of the relaxed L2, phase. However,
the thin films of less than 8 nm in thickness did not show any
L2, peaks, presumably because of the low volume fraction of
L2, phase.

The thickness dependence of the volume fraction of L2,
phase was confirmed in the reciprocal-space mapping using
synchrotron x ray of Mo/(Fe, VAl/W)n/Mo superlattice thin
films; the thinnest superlattice having a period of 1.9 nm
showed the strong satellite reflections stemmed from superlat-
tice with highly ordered structure, the superlattice having a pe-
riod of 3.2 nm displayed no satellite reflection due to the misfit
dislocations, and the superlattice having a period of 6.3 nm
has recovered a symmetric reflection of L2, phase due to the
relaxed L2; phase [19]. From these results, one can naturally
expect that the crystal structure variation within very thin
region of several nanometers in thicknesses is characterized
by (i) the coherently strained epitaxial-grown structure free
from dislocations. With increasing thickness nearly equal to
3.2 nm, (ii) the structure with misfit dislocations appears at the
portion slightly apart from the boundaries between L2 layer
and metal layer. With further increasing the thickness, (iii) the
relaxed L2 phase forms after (ii). The samples were classified
into two groups by their component structures (i)—(iii). The
first group involves the samples of less than 8 nm in thickness.
The samples of this group have (i) misfit dislocations and (ii)
homogeneously strained, well-ordered structures near inter-
faces. The second group involves samples of more than 14 nm
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FIG. 1. Symmetric 0-26 x-ray diffraction patterns of cross-section direction for (a) Mo/Fe,(V, Ta)Al/Mo and (b) W/Fe,(V, Ta)Al/W
thin films with varying thickness of Fe,(V, Ta)Al layer at room temperature.

in thickness. These samples consist mainly of (iii) the relaxed
L2 phase and have also both (i) misfit dislocations and (ii)
partially strained structure persisting near the interfaces. Such
features should have strong effects on the phonon propagation.

B. Thermal transport analysis of thin films

M /Fe,(V, Ta)Al/M (M = Mo, W) thin films were mea-
sured by means of the TDTR method. The thermal transport
property was estimated via two steps of the single- and three-
layer analyses for the three-layer thin films, in which the
three-layer analysis provides us the solution for multilayer
thin films that cannot be measured as a single layer because
of the low sensitivity to temperature detection.

1. Single-layer model analysis

Figures 2(a) and 2(b) show the transient curves of
temperature obtained from TDTR measurements using the

rear-heating and front-detection (RF) configuration. Accord-
ing to an analysis solution for a single-layer thin film devel-
oped by Baba et al., in the RF configuration, the temperature at
the front surface of a single-layer thin film under the adiabatic
condition by heat loss into the substrate is given as follows

[20,21]:
ind { i 2n — 1)*K?
yrexpl —————

ATd
T(t)= =~

n=—0o0

((2n— Dh d)?
X exp s + lh)
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where AT, d, and [ are the equilibrium temperature rise for
the film to the substrate, the total thickness of the single-layer
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FIG. 2. Time dependence of thermoreflectance signal curves with fitting results, as marked by black lines obtained from Eq. (1) for (a)
Mo/Fe,(V, Ta)Al/Mo and (b) W /Fe,(V, Ta)Al/W thin films with various thickness of Fe,(V, Ta)Al layer at room temperature. (c) The

definition of the areal heat diffusion time drawn as shaded region.
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TABLE 1. y values for three-layer thin films obtained by fitting Eq. (1).

Thickness of L2, layer (nm)

Mo/Fe,(V, Ta)Al/Mo

W /Fe,(V, Ta)Al/W

1.4
24
4.8
7.9
14
25
38
57
95

0.3880 0.2123
0.3704 0.1919
0.3299 0.1582
0.3080 0.0969
0.0960 —0.0782
0.0863 —0.1120
0.0399 —0.1670
—0.2021 —0.1513
—0.4584 —0.0410

thin film, and the penetration depth into Mo (24.5 nm) and W
(21.3 nm) of pulse laser with the wavelength of 1550 nm used
for heating, respectively [22]. In this analysis, one can regard
the L2, layer and top/bottom metal layers as a single-layer
thin film. The £ is a dimensionless term defined as h = /7 /t,
where T and ¢ is the heat diffusion time and the delay time,
respectively. Another dimensionless term y corresponding to
the magnitude of heat loss at the propagation into substrate
was obtained by fitting using Eq. (1) and listed in Table I. The
y can be expressed by the following equation:

_ by —by
© b+ by

Y (2)
where b and b, are the thermal effusivities of the film and the
substrate, respectively. The erfc(x) is the complementary error
function defined as the following equation:

erfc(x) = % f Ooexp(—Fz)dF, 3)

The fitting results with Eq. (1) are shown with the mea-
sured data in Figs. 2(a) and 2(b), where the blue and red curves
indicate the transient temperature curves. According to Baba
et al. [21], the areal heat diffusion time, A, can be defined
as A = t/6, for a single-layer film under adiabatic condition,
where the definition of A was shown in Fig. 2(c).

However, in the nonadiabatic case, as shown in Fig. 2, the
temperature rises after the zero time and decreases after the
maximum rise. Figures 2(a) and 2(b) showed that all samples
were the nonadiabatic, where the magnitude of samples with
L2, layer of 57 nm had a maximum around 6 ns and then
decreased to 50 ns with increasing delay time. The fact means
that it is necessary to correct such an unfavorable negative
slope. Hence, if assuming no radiation heat, the decreasing
behavior after the maximum would be due to the heat effusion
from the thin-film sample into the MgO substrate, which was
corrected by the fitting parameter y .

As shown in Egs. (1) and (2), the nature of the thermore-
flectance signal is a function of not only the thermal diffusivity
of the film but also the thermal effusivity from the film to
the substrates. The thermal effusivity means an ability to ex-
change thermal energy with its surroundings and is defined as
b= ./kcp, where k, ¢, and p are the thermal conductivity, the
specific heat, and the density, respectively. The MgO single-
crystalline substrate that we used in this work has the rela-
tively high thermal conductivity (>37W m~! K1) as well

as higher volumetric heat capacity (~3.3 x 10°J m—3 K1)
than materials [Mo, W, Fe, VAl Fe,(V, Ta)Al] in our thin-film
samples, which indicates that the substrate has the high ther-
mal effusivity. In other words, in our thin-film samples, since
the thermal energy can easily move from the film to substrate,
it can be taken in not adiabatic condition but nonadiabatic
condition. The thermoreflectance signals in Figs. 2(a) and 2(b)
definitely show to be in nonadiabatic condition as a negative
slope.

The y can be of the values from —1 to 1, in which y
would be close to 1 when by > by, y would be zero when
by = by, and y would be close to —1 when by < b as shown
in Eq. (2). Table I shows the y decreased with increasing
the volume fraction of L2; layer, which would be due to the
relatively small effusivity of L2, layer. Furthermore, the y
appeared as the values of different range as the metal layer.
This caused the the sign change of the y values at a different
L2, thickness, which is mainly attributed to the different
thermal diffusivity between Mo and W because their heat
capacity values are very similar with each other.

By using the obtained parameters, we calculated the areal
heat diffusion time by assuming M /Fe,(V, Ta)Al/M to be a
single layer.

2. Three-layer decomposition approach for a single-layer model

For the areal heat diffusion time obtained from a single-
layer model, when it is assumed that the metal layers of top
and bottom sides are the same composition and thickness as
each other, the contributions of thermal resistance in each
layer can be separated by the following equation [17,21,23]:

(441)a3 N (L+141/6)d2,
om o,

14T

A= .
24T

+ 2RCydy )

24T

Here d, o, and R represent the thickness, the thermal
diffusivity of each layer, and the boundary thermal resistance
between L2, phase and metal layers, respectively. I' is the
ratio of the heat capacity of the L2, phase layer to that of the
metal layer, and is described by the following relation:

_ Cppdpo,
"~ Cydy

where C values present the heat capacity per unit volume of
each layer. The values of C and « of Mo, W, and Fe,(V, Ta)Al
were thus determined and summarized in Table II.

, &)
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TABLE II. Heat capacity per unit volume C and thermal dif-
fusivity « for Mo, W, and Fe,(V, Ta)Al bulk samples at room
temperature.

Samples C(x10°Tm—3K™1) a(x107°m? s~ 1)
Mo 2.55 4.63
W [17] 2.58 2.19
Fe,(V, Ta)Al 2.75 0.31

Figure 3 shows L2; phase layer thickness dependence
of areal heat diffusion time A for Mo/Fe,(V, Ta)Al/Mo,
W/Fey(V, Ta)Al/W, and W /Fe, VAl/W [17] thin films ob-
tained at room temperature. The data of each series of samples
definitely showed different thickness dependence below and
above 14 nm. Therefore, we decided to firstly fit only the data
staying above 14 nm using Eq. (4). The used parameters are
the thermal diffusivity of L2, phase o, and the boundary
thermal resistance R. The resulting values are summarized
in Table III. Noting here that the o>, mainly determines the
slope of the fitting curves while R represents the value at the
zero thickness (D = 0). The a5, values of Ta doping samples
(red colored data) were lower than that of the nondoped one,
which would be attributed to impurity scattering of phonons.
The slope of the data, which represents «;,, values, became
different when the metal layer was different. This fact means
that the difference in phonon dispersion in the metal layer
Mo or W would greatly affect o>, most likely because of
the difference in phonon mode matching between metals
and L2; phase.

Another important factor is the variation of boundary re-
sistance R in association with the large lattice mismatches
between the L2, phase and metal layers. This degree of
mismatch would produce lattice stress near the interfaces and
dislocations consequently. The lattice mismatch Aa/ay of
W /Fe, VAI/W is 0.098, whereas it reduces to 0.092 and 0.079
in W/Fe,(V, Ta)Al/W and Mo/Fe,(V, Ta)Al/Mo, respec-
tively. In good consistency with the smallest value of lattice
mismatch, Mo/Fe,(V, Ta)Al/Mo possessed the smallest in-
terlayer boundary thermal resistance R. The fact that the value
of R increases with increasing Aa/ay definitely indicates that
the interlayer boundary thermal resistance is strongly affected
by the strain, stress, and consequently introduced dislocations.
More discussion about the phonon modulation effects for the
oy, and the R values are given in Sec. IV.

In the small L2; thickness region of less than 14 nm, A
values of all three-layer thin films shown in Fig. 3 came to
possess a similar thickness dependence. Such similar slopes of
all series in that thin region may indicate the similar thermal
diffusivity in L2, layer to one another, because the slope in

@ Mo/Fe,(V,Ta)Al/Mo
@ Wi/Fe,(V,Ta)AIW
&5 E O W/Fe,VAIW [17]
O .I--..--...-; T T T
0 20 40 60 80 100
D (nm)

FIG. 3. L2, phase layer thickness (D) dependence of areal heat
diffusion time (A) of Mo/Fe,(V, Ta)Al/Mo, W /Fe,(V, Ta)Al/W,
and W /Fe, VAl/W [17] thin films at room temperature. The solid
curves indicate fitting results of Eq. (4) for all data above 14 nm in
L2, phase layer thicknesses and the dashed curves indicate fitting
results using R = 0 for all data.

the fitting using Eq. (4) is dominantly attributed to the thermal
diffusivity of L2, layer. This possibly means that, in this thin
region, the interference effect for phonon propagation by Ta
substitution for V site in L2, layer became significantly weak-
ened due to the significantly strained structure. On the other
hand, one may think that such abrupt changes of behavior
in thickness dependence of A might be due to the contact
between top and bottom metal layers in association with
elemental mixing and/or formation of holes in an interme-
diate layer [24,25]. However, we confirmed both from x-ray
reflectivity and the high-resolution transmission microscopy
that our thin-film samples are free from the interlayer contact
[17,19], and therefore it must be attributed to the intrinsic
nature of thin films.

Notably, the A values of all samples fell on the dashed
curve obtained with an assumption of R = 0. Such abrupt re-
ductions of R values in the thickness region of less than 14 nm
would be directly related to the strained structure including the
coherently arranged structure having almost no dislocation.
In such coherent structure near the interlayer boundaries,
phonons could pass through without being scattered. Such
structural and thermal features would have a close relation
with the coherent-incoherent crossover of phonon conduction

TABLE III. Thermal diffusivity o5, boundary thermal resistance R, and lattice mismatch Aa/ay of Mo/Fe,(V, Ta)Al/Mo,
W/Fe,(V, Ta)Al/W, and W /Fe, VAl/W thin film samples at room temperature. o;»; and R values were obtained by fitting Eq. (4).

Samples a1 (x107°m?/s) R(x107'm? K/W) Aa/ay (%)
Mo/Fe,(V, Ta)Al/Mo 2140.1 26+1.1 79
W/Fe,(V, Ta)Al/W 2.4 +£0.1 72418 9.2
W/Fe, VAI/W [17] 34+£04 6.6+ 1.6 9.8

104312-5



SEONGHO CHOI et al.

PHYSICAL REVIEW B 101, 104312 (2020)

w7

o 20+ i
()] == ——Fe
c \%
10 | =%
—— Total
(c) O X K r L D@
40

Energy (meV)
le—
e

r X K T L D(e)

FIG. 4. Phonon dispersion curves and phonon density of states
(VDOS) of (a) Fe,V,Al,, (b) Fes VTaAl,, and (c) Mo and W.

through the interlayer boundaries [26,27]. In particular, the
perfect consistency of Mo/Fe,(V, Ta)Al/Mo for the dashed
fitting curves assuming R = 0 might result from the coherent
interfacial structures in association with the small lattice
mismatch.

IV. DISCUSSION

In order to gain deeper insight into the experimental results,
we calculated the phonon dispersions and vibrational density
of states.

Figures 4(a) and 4(b) show the phonon dispersion and
vibrational density of states (VDOS) of FesV,Al, and
Fe,VTaAl, calculated on the basis of the harmonic inter-
atomic force constants. All the phonon frequencies are pos-
itive, which indicates that the structures models of Fe,;V,Al,
and Fe,VTaAl, are dynamically stable.

The substitution of V by Ta induced some remarkable
changes in phonon dispersion. The most pronounced variation
is observed in the sound velocity in acoustic branches. The

calculated sound velocities close to I" for the TA/TA'/LA/ (av-
erage) acoustic modes are 4.54/5.04/7.88/(5.26)km s~ for
Fe,V,Aly and 4.18/4.63/7.12/(4.83) km s~! for Fe,VTaAl,.
Notably, the values of FesV,Al, are close to those in the
previously reported paper [28]. The 8.2% reduction of group
velocity in Fe;VTaAl, from that of Fe;V,;Al, would be
naturally related with a decrease in the lattice thermal con-
ductivity in Fe,VTaAl,. Another distinct variation in the
phonon branches is the energy of optical branches. Those
of Fe,VTaAl, significantly decreased, e.g., the lowest-energy
branches at X-K line move from ~23 meV of Fe;V,Al to
~17meV of Fe,VTaAl,. This variation in phonon branches
resulted in the presence of shallow peaks at ~17 meV in the
VDOS for Fe,VTaAl. It should be also emphasized that Ta
substitution would have contributed to a significant increase
in umklapp process of phonon scattering, because of the large
number of excitation of phonons near the zone boundary.
As another strong evidence, this is well in agreement with
the inelastic x-ray scattering spectra for single crystal of
Fe;Vo.9sTagsAl recently reported by Kimura et al., which
also showed the additional modes at around 17 meV by Ta
substitution [28,29]. Therefore, it is safely argued that Ta
partial substitution for V in Fe, VAl contributes to both the
reduction of sound velocity and the enhancement of umklapp
processes of phonon scattering, leading to the significant
reduction of lattice thermal conductivity.

In the next step, we need to consider the feature of the
phonon propagation related to Mo or W layers, as it would af-
fect the transmission probability of phonons across interfaces
between the L2, phase and metal layer.

Figure 4(c) shows the phonon band structures for Mo and
W obtained from theoretical calculations. The highest energy
of phonon of W is located at 10 meV lower than that of
Mo because the atomic mass of W is nearly 2 times larger
than Mo. In order to know the VDOS matching between L2,
phase and bce metals, the combined VODS, Dy, _y(g), were
calculated using the following formula:

Dis —m(e) = fee(e)Dyo,(e)Dy(e), (6)

where fge(e) =1/ (e"/kT _ 1) is the Bose-Einstein distribu-
tion function at 300 K, and Dy, (¢) and Dy (¢) are the VDOS
of L2; phase and metal layers, respectively. The resulting
Dy, —m(e) shown in Fig. 5 provided us with information about
probability of elastic phonon transfer across the interlayer
boundaries.

As shown in Fig. 5, Dy»,_w (¢) possesses larger magnitude
than Dy, —umo0(¢) at lower energies below 20 meV because of
the heavier mass of W. Thus, the probability of the lower-
energy phonons of higher group velocity passing through
the interlayer boundaries would be higher in the L2;/W
boundaries than L2, /Mo boundaries. This might be the reason
why W /Fe,(V, Ta)Al/W possesses the slightly larger oo,
value than Mo/Fe,(V, Ta)Al/Mo in the L2, thickness region
of more than 14 nm as shown in Table II.

On the other hand, the number of phonons is related with
the phonon transmission probability across the interlayer
boundaries. Hence, the phonon mode matching between
L2, layer and metal layer would be directly correlated to
the boundary thermal resistance in interlayer boundaries.
Here, we found out that the ratio of the boundary thermal
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FIG. 5. Transmission probability of VDOS products between
(Fe4V,Al, Fe, VTaAlL) and (Mo, W).

resistance  of Mo/Fe,(V,Ta)Al/Mo to that of
W/Fe,(V, Ta)Al/W was approximately 0.36 and the ratio of
DFe4VTaA]2—W (8) to DFe4VTaA12—MO(8) was approximately 0.93.
We can consider that the large difference between those values
would have stemmed from the lattice mismatch difference
between Mo/Fe,(V, Ta)Al/Mo and W/Fe,(V, Ta)Al/W,
because the theoretical calculation did not include any
condition related to the physical imperfections in interfaces.
However, to concretely confirm these arguments, it should
be necessary to additionally carry out the systematic study in-
cluding the different metals with the small lattice mismatching
to remove the effects of interfacial roughness and defects.
Another important factor to affect the propagation of
phonons is a roughness at the interlayer boundaries. There-
fore, we prepared monolayer thin films of Mo, W, and
Fe,(V, Ta)Al having thicknesses of ~95, ~89, and ~95 nm,
respectively/correspondingly, and performed atomic force mi-
croscope measurements for those thin films as shown in Fig. 6.
The AFM images display that Mo and Fe,(V, Ta)Al thin
films are quite rough compared to W thin film. The rms
roughness of Mo, W, and Fe, (V, Ta)Al thin films were 0.61 +
0.10nm, 0.19 & 0.03nm, and 0.76 %+ 0.09 nm, respectively.
Even though the rms of Mo was three times larger than that of
W, the boundary thermal resistance of the thin film with Mo
layers was much smaller than those of thin films with W layers
as shown in Table IIl. Thus, one can expect that the effect

W [96 nm
(b)

of interfacial roughness for phonon propagation is negligible
and the lattice mismatch between L2; and metal layer was
dominant for boundary thermal resistance.

As a result, in this work, we found four critical points that
affect lattice thermal conductivity of the present samples.

(i) The 5d heavy-element substitution for L2;-type
Fe, VAl effectively reduced the thermal diffusivity by simul-
taneously inducing the reduction of phonon group velocity
and the remarkably enhanced umklapp processes as well as
impurity scattering.

(i) Additional reduction of thermal diffusivity in
Mo/Fe;,(V, Ta)Al/Mo could be acquired from the VDOS
mismatching between L2; phases and metals.

(iii) In the L2, thickness region of more than 14 nm, the
smallest lattice mismatch of Mo/Fe,(V, Ta)Al/Mo directly
contributed to the reduction of boundary thermal resistance.

(iv) In the L2, thickness region of less than 14 nm, the
boundary thermal resistances of all samples abruptly de-
creased with decreasing of the thickness of L2, layer, which
would be due to the coherently strained but highly ordered
lattice near the interfaces.

We make comments on the possible performance of
Fe, VAl-based thermoelectric materials using the data ob-
tained in this study. We experimentally got the ther-
mal diffusivity of 2.1 x 107®m?/s for the L2; layer in
Mo/Fe,(V, Ta)Al/Mo at room temperature. With this value
and the power factor of 6.0 of 6.0 Wm~! K=2 of Ta-doped
Fe,; VAl bulk sample [13] at room temperature, we estimated
both the thermal conductivity and the dimensionless figure of
merit to be k = 5.8 Wm~! K~! and zT = 0.31, respectively.
The magnitude of zT is nearly two times larger than that of
the previously reported z7' = 0.17 for Ta-doped Fe, VAI [13]
at room temperature.

From the experimental and theoretical results obtained in
this study, we are convinced that the combination of a heavy-
element substitution and boundary scattering modifications
can be a strategy generally usable for efficient performance
enhancements of thermoelectric materials.

V. CONCLUSION

We investigated the cross-plane component of thermal
diffusivity in Fe,(V, Ta)Al layer to get an insight for the
thermal transport effect by 5d heavy-element substitution into
Fe,VAl-based thin films. The boundary thermal resistance
between the L2 phase and metal layers was also investigated

Fe,(V,Ta)Al [96 nm]
MgO Substrate

{e)

FIG. 6. AFM images for single-layer thin films of (a) Mo, (b) W, and (c) Fe,(V, Ta)Al deposited on MgO substrate at 873 K.
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in detail. The partial substitution of Ta for V in Fe, VAl defi-
nitely decreased the thermal diffusivity by (a) the remarkable
increase of umklapp processes of phonon scattering caused by
lowering of energy of optical phonon branches together with
(b) the reduction of group velocity of acoustic phonons. The
samples containing W layers led to the reduction of more than
10% in the thermal diffusivity of the L2, phase from the value
observed for the samples containing Mo layers due to the
lowering of optical phonon branches and the group velocity
of acoustic phonons. We also figured out that the phonon
transmission probability between the L2; phase and metal
layer may affect the thermal conductivity of the multilayered
samples. Surprisingly, in the samples containing the L2, phase

thinner than 14 nm, the boundary thermal resistance abruptly
decreased presumably because the coherent interfacial struc-
ture having no dislocations was formed in the vicinity of inter-
layer boundaries. It is considered that such coherent interlayer
boundaries allow the phonons to pass through without being
scattered.
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