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Control of thermoelectric properties in Mn-substituted Fe,TiSi epilayers
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We experimentally study the Mn substitution effect on thermoelectric properties in a full-Heusler alloy,
Fe,TiSi. By employing molecular beam epitaxy, homogeneous and L2,-ordered Fe,Ti;_,Mn,Si epilayers are
achieved. The lattice constant, the saturation magnetic moment, and electrical resistivity are intentionally
controlled with increasing Mn substitution. Notably, we find that the sign of the Seebeck coefficient is varied
from positive to negative at around x = 0.2. On the basis of the first-principles calculations, we qualitatively
understand that the observed variation in the electrical and thermoelectric properties arises from the change in
the electronic band structure near the Fermi level, dominated by Fe and Mn atoms in Fe,Ti;_,Mn,Si.
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I. INTRODUCTION

Since the discovery of Heusler alloys [1,2], various func-
tionalities have been explored in the field of solid-state and
condensed-matter physics. In particular, “full-Heusler” alloys
with the chemical formula X,YZ have received attention,
where X and Y are transition metals and Z is a main group
element. In general, if the crystal structure is Cu;MnAl (L2;)
type (Fm3m), the lattice points occupying the X, Y, and Z
elements in full-Heusler alloys can be called (A,C), B, and
D sites. A semimetallic full-Heusler alloy, Fe, VAl, has been
studied as a next-generation thermoelectric material contain-
ing nontoxic elements [3—8], in which Fe, VAl is an L2,-type
crystal structure. One of the unique features in Fe, VAl is con-
trollable physical properties by changing the electronic band
structures or shifting the position of the Fermi level Ef [5,6,8].
In particular, because L2;-ordered Fe, VAl has a sharp pseu-
dogap at Ef [4,9—18], electrical and thermoelectric properties
such as the electrical resistivity p and Seebeck coefficient S
were intentionally modulated by changing the chemical com-
position or substituting constituent elements [5,6,8], leading
to an improvement in the thermoelectric performance [19].

Recently, as a semiconducting full-Heusler alloy, Fe,TiSi
was theoretically proposed by Yabuuchi et al. [20]. The pre-
dicted S values of Fe,TiSi are from —160 to —350 uV/K,
one order of magnitude larger than those of Fe,VAI (§ ~
40 nV/K) at 300 K [5-7]. Namely, from the viewpoint of S,
Fe,TiSi is expected to be one of the high-performance ther-
moelectric materials with nontoxic elements [20]. Although
the synthesis of bulk Fe,TiSi was attempted long before the
prediction in Ref. [20], the phase separation, including some
other phases such as hexagonal Fe, Ti, easily occurred [21,22].
In 2014 Meinert et al. demonstrated epitaxial growth of
Fe,TiSi films and examined their electric and magnetic prop-
erties [23]. Very recently, we achieved a stoichiometric,
homogeneous, and single-crystalline Fe,TiSi epilayer and
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clarified the room-temperature S and thermal conductivity «
values of 101 ©V/K and 5.6 W/(m K), respectively [24].
However, controlling the physical properties, including the
thermoelectric properties, has never been explored.

In this paper, we study the Mn substitution effect on the
thermoelectric properties in Fe,TiSi epilayers. By employ-
ing molecular beam epitaxy, homogeneous and L2;-ordered
Fe,Ti;_,Mn,Si epilayers are experimentally achieved. The
lattice constant, the saturation magnetic moment, and the
electrical resistivity are intentionally controlled by increasing
the Mn substitution x. Notably, we find that the sign of the
Seebeck coefficient is varied from positive to negative at
around x = 0.2. On the basis of the first-principles calcula-
tions, we propose that the observed variation in the electrical
and thermoelectric properties arises from the change in the
electronic band structure near Er, dominated by Fe and Mn
atoms in Fe,Ti;_Mn,Si.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Fe,Ti;_,Mn,Si (x = 0, 0.23, 0.41, 0.58, and 0.87) epi-
layers with a thickness of ~50 nm were grown on spinel-
type MgAl,04(001) substrates (sample size: 1 x 1 cm?)
by molecular beam epitaxy (MBE) with nonstoichiometric
deposition techniques [7,8,24-30]. Because the lattice con-
stants of Fe,TiSi and Fe,MnSi are ~0.576 nm [24] and
0.5654-0.5672 nm [25,31-33], respectively, we can roughly
expect the lattice constant of Fe,Ti;_,Mn,Si between them.
Thus, the mismatch between the expected lattice constant
and half of the diagonal length of the lattice constant of
MgAl, 04 (l/ﬁ x 0.8083 nm = 0.5715 nm) is less than
2%. After loading the MgAl,04(001) substrates into the MBE
chamber with a base pressure of ~1077 Pa, a 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 flatness of the MgAl,04(001) surface
was confirmed. Cooling the substrate temperature down to
350°C, we grew Fe,Ti;_,Mn,Si layers by coevaporating
Fe, Ti, Mn, and Si using Knudsen cells [24,25]. After the
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FIG. 1. (a) 6-260 XRD patterns for the Fe,Ti;_,Mn,Si epilayers. (b) ¢-scan measurements of the (111) plane for the Fe,Ti;_,Mn,Si
epilayers. (c) The lattice constant of the Fe,Ti;_,Mn,Si epilayers estimated from (a). The inset shows the RHEED pattern for the

FezTi()AzMno'SgSi layer grown at 350°C.

growth, structural characterizations were conducted by in situ
RHEED, x-ray diffraction (XRD), high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM), and energy dispersive x-ray spectroscopy (EDX)
measurements. Magnetic properties were measured by using
a vibrating sample magnetometer at various temperatures.

To measure the electrical properties, the grown
Fe,Ti;_,Mn,Si epilayers were patterned into 80-pum-wide
and 400-pm-long Hall-bar devices by conventional
photolithography and Ar" ion-milling techniques. Electrical
transport measurements were performed by a standard
four-point-probe dc method at various temperatures. For
the evaluation of the Seebeck coefficient S, we used a
conventional system allowing thermoelectromotive force and
temperature difference measurement [34,35]. Here, because
the MgAl,O, substrate was an insulator with an extremely
large sheet resistance (> 107 Q/square), the measured S
corresponds to that of the Fe,Ti;_,Mn,Si epilayers with a
relatively small sheet resistance of 10>—10° ©/square.

To understand electronic  band  structures in
Fe,Ti;_Mn,Si, we also conducted first-principles density-
functional theory (DFT) calculations with the AKAI-KKR
package [36], where the package is based on the Korringa-
Kohn-Rostoker method [37] with a coherent potential
approximation. In this study, the following conditions are
assumed: the Perdew-Burke-Ernzerhof functional is used for
the exchange-correlation calculations [38,39], there are 413
k-sampling points, and the experimentally obtained lattice
constant was used. In addition, for qualitatively evaluating
the change in the Seebeck coefficient in Fe,Ti;_,Mn,Si,
the following semiclassical Boltzmann transport formalism
within the constant relaxation time approximation was
used [40,41]:
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where e is the unit charge of an electron, u is the chemical
potential, € is the energy, F (e, T) is the Fermi-Dirac distri-
bution function, and D(e) is the electron’s density of states
(DOS). In the numerical calculations based on this theory, the
above formula via assumptions, which are the relaxation time
approximation and the energy-insensitive group velocity, is
often used [40,41].

III. RESULTS
A. Substitution of Mn for Ti in Fe,TiSi

A representative RHEED image of the surface of an
Fe,Tig.4oMngsgSi (x = 0.58) layer after growth is presented
in the inset of Fig. 1(c). From these RHEED observations,
good two-dimensional epitaxial growth was indicated for all
x of Fe,Ti;_ Mn,Si. Figure 1(a) shows 8-260 XRD patterns
for the Fe,Ti;_,Mn,Si layers. Except for the peaks derived
from the MgAl,O, substrate, only 002 and 004 diffraction
peaks from the Fe,Ti;_,Mn,Si layers are clearly seen at
20 of ~31° and ~65°, respectively. This feature indicates
the formation of (001)-oriented Fe,Ti;_,Mn,Si epilayers on
MgAl,O4. In addition, ¢-scan measurements for various x
are presented in Fig. 1(b). For all x, (111) diffraction peaks
with fourfold symmetry are clearly observed, indicating the
presence of the L2;-ordered structure of a full-Heusler alloy.
The lattice constant estimated from the XRD data in Fig. 1(a)
is summarized in Fig. 1(c), together with the value of the
lattice constant of an Fe,MnSi epilayer [25]. With increasing
x, the lattice constant decreases almost linearly, following
the size of the atomic radius of Ti and Mn (Ti > Mn). This
behavior implies that the substitution of Mn for Ti in Fe,TiSi
is experimentally demonstrated.

We further perform the characterizations by HAADF-
STEM and EDX. Figures 2(a) and 2(b) show a typical
HAADF-STEM image with an enlarged one near the in-
terface and EDX mapping images of each element, respec-
tively, for the Fe,Tip42Mngs55Si epilayer. EDX line profiles
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FIG. 2. (a) HAADF-STEM image with EDX line profiles of Fe,Tip4,Mn s3Si/MgAl,04(001) and an enlarged image near the interface.

(b) EDX elemental maps for Fe,Tip4,Mng ssSi/MgAl,0,4(001).

of the Fe,Tip4Mng sgSi epilayer are presented in Fig. 2(a).
The contrast of the HAADF-STEM image is nearly uni-
form over the measured area, and the atomic composition
fluctuation in the constituent elements cannot be seen from
the EDX mappings. From these data, we can judge that the
Fe,Tip4,Mng 53Si epilayer on MgAl,04(001) is uniformly
grown and there is no phase separation in the film, which
is similar to the nonsubstituted Fe,TiSi epilayers previously
shown in Ref. [24]. Notably, periodic contrasts indicating the
formation of the L2;-ordered structure are clearly observed
in the enlarged image near the interface. This means that
the L2;-ordered structure, already detected in XRD ¢-scan
measurements in Fig. 1(b), is realized in the vicinity of the
interface between the epilayer and the substrate. Given these
structural characterizations in Figs. 1 and 2, we conclude that
the Mn-substituted Fe,Ti;_,Mn,Si epilayers are experimen-
tally obtained by MBE techniques.

B. Magnetic properties

Although Fe,TiSi was theoretically predicted to be a
nonmagnetic material [20], the obtained Fe,TiSi film had
6% Fe < Ti disordering, causing the presence of the small
magnetic moments in our previous work [24]. To further
understand the quality of the grown Fe,Ti;_,Mn,Si epilayers,
we investigate its magnetic properties, as shown in the inset of
Fig. 3(a). The field-dependent magnetization curves at 10 K
evidently show the increase in the magnetic moments with
increasing Mn substitution x. Since Fe,MnSi is well known
to be a ferromagnetic material with a Curie temperature of
~230 K [25,32,33], the observed finite magnetic moments for
the Fe,Ti;_,.Mn,Si epilayers are affected by the Mn substi-
tution in Fe,TiSi. Thus, we should compare the experimental
data with theoretical data.

In the main panel of Fig. 3(a), we summarize the saturation
magnetic moment Mg versus x at 10 K (blue triangles),
together with the calculated values of Fe,Ti;_,Mn,Si with
the presence of 6% Fe < Ti disordering (red circles) [24].
In the calculation, the Ti concentration of 6% means the
average percent of the substituted Ti atoms for Fe atoms at the
(A,C) sites. In Fig. 3(a) the values of Mg (blue triangles) are
systematically changed with increasing x for x < 0.58, very
consistent with the calculated values (red circles) including
the 6% Fe < Ti disordering, except for x = 0.87. In the
case of x = 0.87, because we have to consider that the B site

of Ti in Fe,TiSi is majorly substituted for Mn, the influence
of Fe <& Mn disordering on the magnetic properties should
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FIG. 3. (a) Calculated total spin moment of Fe,Ti;_,Mn,Si with
the presence of 6% Fe < Ti disordering (red circles) and the ex-
perimental data of Fe,Ti;_,Mn,Si epilayers at 10 K (blue triangles).
The inset shows M-H curves for Fe,Ti;_,Mn,Si epilayers at 10 K.
(b) Total and local spin moments of Fe,Tij13Mngs7Si as a function
of y (Fe & Mn disordering concentration) with the presence of 6%
Fe < Ti disordering. The gray dashed line indicates the experimental
data of Fe,Tij 13Mny g7Si epilayers at 10 K.
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FIG. 4. (a) Temperature dependence of p for the Fe,Ti;_,Mn,Si
epilayers. The inset shows a micrograph of the fabricated Hall-bar
device. (b) The values of p at 300 K as a function of x in the
Fe,Ti,_,Mn,Si epilayers.

be included. Figure 3(b) shows the calculated total and local
spin moments (up/f.u.) of Fe,;Tig ;3Mng g7Si versus y with the
presence of 6% Fe <> Ti disordering, where y is the percentage
of the Fe <+ Mn disordering considered here. The gray dashed
line indicates the experimental data of the Fe,Tig.13Mng g7Si
epilayer at 10 K. When the value of y is increased, the total
spin moment tends to decrease monotonically. Notably, at
y ~ 6, the experimental value of Mg is very consistent with
the calculated one. Therefore, we interpret that heavily Mn
substituted Fe,TiSi epilayers have a small amount of Fe <
Mn disordering in addition to the Fe < Ti disordering.

C. Electrical and thermoelectric properties

Figure 4(a) shows the temperature dependence of the elec-
trical resistivity p of the Fe,Ti;_,Mn,Si epilayers with var-
ious x by measuring four-point-probe voltages with Hall-bar
devices, as shown in the inset. While the value of p increases
largely with decreasing temperature for x = 0.23, similar
to that in Fe,TiSi [24], the behavior changes dramatically
after the substitution of Mn for x > 0.41; the value of p
is almost independent of temperature. The values of p at
300 K as a function of x are summarized in Fig. 4(b). With
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FIG. 5. Room-temperature (a) Seebeck coefficient S and
(b) power factor (PF) of the grown Fe,Ti;_,Mn,Si epilayers.

increasing x, the values of p at 300 K decrease, indicating
an intentional control of p at room temperature by varying x.
Similar changes in p have frequently been observed in Fe, VAI
with the substitution of other elements for V or Al [5,6,8,19].
Therefore, electrical properties of the Mn-substituted Fe, TiSi
can be interpreted in terms of the shift of the position of Ep
or the variation of the electronic band structures in Fe, TiSi. A
possible mechanism is discussed later.

To evaluate the thermoelectric properties of the Mn-
substituted Fe,TiSi, we plot the value of S versus x at 300 K
in Fig. 5(a), together with that for Fe,TiSi (x = 0) [24]. We
note that the sign of S changes from positive to negative
after the substitution of Mn for x > 0.23, meaning that the
thermal transport in the Fe,Ti;_,Mn,Si epilayers can be ex-
perimentally modulated by substituting constituent elements,
in addition to Fe,VAl [5,6,8,19]. However, the magnitude
of S is not systematically changed with increasing the Mn
substitution x. We find that, even after the Mn substitution,
the relatively large S of —60 to —85 'V /K is maintained.

Using the values of p and S shown in Figs. 4(b) and 5(a),
respectively, we estimate the magnitude of the power factor
(PF = S§2/p) at 300 K in Fig. 5(b). Because of the marked
decrease in p forx = 0.41, the largest value of PF is estimated
to be 0.72 (1073 W/mK?). We summarize comparisons of
p, S, and PF at 300 K in Table I among Fe;Tigs9Mng 41 Si
(thiS WOI'k), FezTISI [24], FCQVA10'57SiQ'43 [8], and FCQVAI [7]
epilayers, grown by MBE at 350 °C. Consequently, the value
of PF at 300 K for the Fe,Tig soMng 41 Si epilayer is more than
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TABLE I. Comparison of p, S, and PF at 300 K among Fe,Tio s0Mng 4, Si (this study), Fe,TiSi [24], Fe, VAlj 57Si¢ 43 [8], and Fe, VAI [7]

epilayers.

FezTio'SgMn()AlSi (th1§ gtlldy) FezT1S1 [24] F62VA10'57Si0.43 [8] Feszl [7]
Ordering L2, L2, L2, L2,
p (mS2cm) 1.0 3.1 0.47 1.4
S (uV/K) -85 +101 —64 +40
PF (1073 W/mK?) 0.72 0.33 0.87 0.11

twice as large as that for the nonsubstituted Fe,TiSi epilayer.
From these results, we clarify that the Mn substitution enables
us to enhance the thermoelectric performance of Fe, TiSi. As-
suming that the value of x at 300 K for the Fe,Tip 5oMng 41 Si
epilayer is the same as that for the nonsubstituted Fe,TiSi epi-
layer (~5.6 W/m K)[24], we can estimate the dimensionless
figure of merit, ZT = S’T /(pk), to be ~0.039 (at 300 K),
smaller than that for the Fe, VAl s7Sig43 epilayer [8]. The
low ZT value estimated here is attributed to relatively high
values of p compared to those of Fe, VAl 57Sig 43. Up to now,
because of experimental difficulties with the synthesis of bulk

Fe,TiSi [21,22], there has been no report on the control of
the thermoelectric properties of Fe,TiSi. The results proved
in this study are attributed to the experimental achievement
of the substitution of Mn for Ti in homogeneous and single-
crystalline Fe, TiSi epilayers.

IV. DISCUSSION

While the substitution of Mn for Ti in Fe,TiSi generally
corresponds to the electron doping because the number of va-
lence electrons of Mn is larger than that of Ti, the substitution
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FIG. 6. Spin-resolved partial density of states (DOS) at the (A,C) sites (left column) and at the B site (middle column) of Fe,Ti;_,Mn,Si
with the presence of 6% Fe < Ti disordering. The right column shows the total DOS near the Fermi level. We assumed that Mn atoms occupy

only the B site.
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of the B site in full-Heusler alloys can affect the electronic
band structures. Therefore, we discuss the Mn substitution ef-
fect on the electronic band structures in Fe,Ti;_,Mn,Si using
first-principles DFT calculations. Here the lattice constant is
changed from 0.576 to 0.566 nm based on the experimental
value shown in Fig. 1(c). Figure 6 displays the spin-resolved
partial DOS at the (A,C) sites (left column) and at the B
site (middle column) of Fe,Ti;_,Mn,Si for various x (Mn
substitution). Here, for all the calculations, we are dealing
with the presence of the 6% Fe < Ti disordering [24] in
Fe,Ti;—Mn,Si, and the substituted Mn atoms occupy only
the B site in the full-Heusler structure. Because there is only
6% of the Ti atoms at the (A,C) sites, the contribution of the Ti
atoms to the (A,C) sites is negligibly small compared with Fe
atoms. For x = 0 (Fe,TiSi), the DOS derived from Fe atoms
at the (A,C) site forms at around Eg. It was reported that the
observed impuritylike state in the band gap originates from
the 6% Fe < Ti disordering in Fe,TiSi [24]. Notably, there
is almost no influence of the DOS derived from Ti atoms in
both the (A,C) and B sites on the state at around Ex for x = 0
(Fe, TiSi).

With increasing x, the electronic band structures dramat-
ically vary. For x = 0.23, the additional DOS is gradually
observed near Ef in the majority spins of Fe atoms at the
(A,C) sites, and it becomes a spin-polarized DOS like a
ferromagnetic metal for x > 0.41. This feature is consistent
with the experimental data. For the majority spins at the
B site, the DOS derived from Mn atoms is increased with
increasing x, and near Ef it becomes a half metal for x > 0.23.
Since it is well known that Fe,MnSi becomes a half-metallic
ferromagnet [25,31-33], the observed feature with increasing
x is reasonable. As described above, the contribution of Ti to
the DOS near Ef is very small for all x in both the (A,C) and
B sites of Fe,Ti;_,Mn,Si. Namely, we infer that the observed
electrical and thermoelectric properties in Figs. 4 and 5 are
predominantly determined by Fe atoms at the (A,C) sites and
the substituted Mn atoms at the B site.

Finally, using the semiclassical Boltzmann transport for-
malism shown in Eq. (1), we qualitatively evaluate the
change in S from positive to negative by increasing x for
Fe,Ti;_,Mn,Si. Here S values calculated from Eq. (1) can de-
viate from the experimental values because of simple assump-
tions: chemical potentials fixed at the band edge, no magnon
effects, and the relaxation time approximation [40,41]. In

addition, although theoretical calculations indicate the spin-
polarized DOSs at 0 K, the actual Fe,Ti;_Mn,Si films are
nonmagnetic at room temperature. Thus, to discuss the ther-
moelectric properties based on the calculated DOSs at room
temperature, the deviations between theory and experiment
should be considered. When x is increased from O to 0.23 and
© ~ 6 meV, the value of S can be changed from +16.7 to —7.5
uV/K, in which the value of S cannot be reproduced only
by the semiclassical Boltzmann transport formalism [40,41].
However, the change in S from positive to negative by increas-
ing x can tentatively be interpreted in terms of the variation in
the change in the DOS near Eg. From these considerations, the
electrical and thermoelectric properties of the Mn-substituted
Fe,TiSi can be understood not by the shift of the position of
Er but by the variation of the electronic band structures in
FCQTISI

V. CONCLUSION

We have studied the Mn substitution effect on thermoelec-
tric properties in Fe, TiSi. By employing MBE, homogeneous
and L2;-ordered Fe,Ti;_,Mn,Si epilayers were achieved. The
lattice constant, the saturation magnetic moment, and the elec-
trical resistivity were intentionally controlled with increasing
Mn substitution. We found that the sign of the Seebeck
coefficient is varied from positive to negative at around x =
0.2 in Fe,Ti;_Mn,Si. On the basis of the first-principles
calculations, we propose that the variation in the electrical
and thermoelectric properties arises from the change in the
electronic band structure near Er, dominated by Fe and Mn
atoms in Fe,Ti;_,Mn,Si.
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