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Introduction of nanophases is known to be effective in improving thermoelectric performance as it allows the
simultaneous engineering of electronic and thermal transports. In this study, we synthesized Fe and Co
nanoparticle-embedded MnSi; 787Alg 01 nanocomposites through a simple nanometal-decoration technique and
spark plasma sintering. The nanoparticles introduced in the matrix caused energy band bending at the
matrix—nanoparticle interface, which induced charge transfer and energy filtering effects. These two seemingly

opposing effects were combined so as to increase the power factor of the nanocomposites by enhancing the
electronic transport. Moreover, we found that the lattice thermal conductivity decreased owing to intensified
phonon scattering. Hence, a maximum ZT of 0.53 (at 773 K) was achieved in 0 .6 vol% Fe nanoparticle-
embedded nanocomposites, which is 25% higher than that of the pristine sample.

1. Introduction

Over the past few decades, thermoelectric energy conversion mate-
rials have received considerable attention as promising candidates for
power generation and cooling application [1]. Specifically,
mid-to-high-temperature thermoelectric (TE) materials such as PbTe-,
Skutterudites-, half-Heusler-, SnSe-, and silicide-based TE materials
have been studied extensively for industrial applications such as elec-
tronic vehicles and waste heat recovery [2-7]. In this respect,
silicide-based TE materials have numerous advantages over other
mid-to-high temperature TE materials; these include non-toxicity,
abundance, and competitive prices. Among silicide-based TE mate-
rials, higher manganese silicide (HMS) is typically known as an ideal
p-type counterpart for n-type Mg»Si owing to their comparable thermal
expansion coefficients (MgaSi: 13.0 x 1079 K}, Mg,Si;xSny: 17.0 X
10°° K’l, and HMS 11.0-13.0 x 10~ K1) that must be considered in
TE module fabrication [8-10]. HMSs are more environment friendly and
cheaper than other candidates (HMS: 1.5 US$/kg and Mg,Si: 5.4 US

* Corresponding author.
** Corresponding author.

$/kg) [11]. Moreover, they offer advantages such as high thermal sta-
bility, mechanical reliability (~1.63 MPa m'/2), high Seebeck coeffi-
cient (S, 130-220 uV K_l), and moderate electrical conductivity (o, 70,
000-30,000 S mH[1 2,13]. Despite these advantages, the intrinsically
high thermal conductivity of HMS (3.0 = 0.2 W m~! K~! at 773 K) has
been a significant obstacle in the utilization of HMSs in modules. Many
attempts have been made to suppress the thermal conductivity without
deteriorating the electronic transport properties. Itoh et al. reported that
TE properties were slightly enhanced due to the reduced thermal con-
ductivity by Fe doping [14]. Luo et al. demonstrated that micro-scale
MnSi metallic phases in HMS matrix that were formed using a
melt-spinning process are effective in reducing the lattice thermal con-
ductivity (xja0) [15]. Sleemi et al. reported that the introduction of
ytterbium inclusions lowered the thermal conductivity, thereby leading
to the enhancement of ZT in Yb-HMS nanocomposites [16]. These
studies revealed that the doping effect and the introduction of nano-
phases is effective in reducing the k)5, whereas the increase in power
factor is limited owing to the reduction in carrier mobility (uyan) and
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difficulties in band engineering [17]. This means that precisely defined
nanophases are required in order to simultaneously manipulate the
electronic and thermal transport properties. Apart from these efforts, the
increasing power factor have been challenging issue in HMS based TE
materials. Barczak et al. reported on the high power factor by co-doping
of Fe and Al in Mng gFe( 1Si; 65Al0.1 [18]. Recently, a study was con-
ducted to improve the TE properties of Bag 3Ing 3C04Sb12 by introducing
soft-magnet transition-metal nanoparticles (NPs) [19]. The power factor
of the magnetic NP-embedded nanocomposites significantly increased
owing to the carrier transfer (high carrier concentration (ny)) and en-
ergy filtering effects (high S) that were induced by multiple scattering
from the superparamagnetic magnetic NPs. The ki, values of the
nanocomposites were reduced by the intensified phonon scattering due
to the randomly turned magnetic domain for superparamagnetic NPs.
This result suggested a new approach that allows the simultaneous
manipulation of electron and phonon transport.

In the present study, we synthesized bulk nanocomposites of
MnSi; 787Alg 01 with soft-magnet transition-metal (Fe and Co) NPs using
a nanometal decoration technique and spark plasma sintering (SPS) to
simultaneously control the electronic and thermal transport properties.
Fe and Co were selected as the NPs because the proper work function
and magnetic properties of Fe and Co are effective for implementing
band structure engineering and reducing kjot. The power factor of the
nanocomposites was enhanced by well-controlled band alignment.
Additionally, the k5 was slightly reduced by intensified phonon scat-
tering owing to the increased interface density and randomly turned
magnetic domain. The maximum ZT value was estimated to be 0.53 at
773 K, which corresponds to a 25% increase in comparison with that in
the case of pristine samples.

2. Material and methods
2.1. Synthesis of materials

Al-doped HMS (MnSi; 787Alp 01) polycrystalline powders were syn-
thesized by a conventional solid-state reaction. Based on our previous
work [20], Al-doped HMS has higher TE properties than un-doped HMS.
In order to maximize TE properties by the introduction of Fe and Co NPs,
Al-doped HMS were used as matrix materials. High purity elements Mn
(99.95%, Alfa Aesar), Si (99.9%, Alfa Aesar), and Al (99.5%, Alf Aesar)
were weighed according to their stoichiometric compositions and
ground for 30 min using an agate mortar. The mixed powders (50 g)
were placed in vacuum-sealed quartz tubes before a solid-state reaction
process. The vacuum-sealed quartz tubes were annealed at 1323 K for
48 h to fabricate homogeneous MnSi; 7g7Alg 01 ingots. The ingots were
crushed into powders using a high-energy ball mill. Next,
MnSi; 787Alp 01 powders were put through a sieve with a mesh size of 53
um. For the decoration of NPs (Fe and Co) onto the surface of
MnSij 787Alp 01 powders, each metal acetate (iron (II) acetate,
(CH3COO),Fe and cobalt (II) acetate, (CH3COO),Co) were mixed with
the sieved MnSij 7g7Alp.01 powders for 5 min in an Ar atmosphere (to
prevent the oxidation of samples) using a high-energy ball milling sys-
tem (8000D, SPEX, USA). Then, the hybrid powders of metal acetate and
MnSi; 787Alp.01 powders were annealed at 573 K for 2 h in a mixed gas
atmosphere (95% N and 5% Hj) to remove the acetate (-CH3COO-)
from the metal acetates.

2.2. Characterization of thermal and electrical properties

To measure the TE properties, the reduced hybrid powders were
densified by SPS under a vacuum of ~107° torr. In this study, the
temperature, pressure, and time for SPS were maintained at 1193 K, 60
MPa, and 5 min, respectively, which were the optimized conditions for
the sintering of HMS according to our previous study [21]. After the
sintering process, the relative densities of the samples were estimated to
be in the range of 90-95% of the theoretical density. The sintered pellets
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were cut and polished into disc-type samples for measuring their TE
properties. The temperature dependences of ¢ and S of the nano-
composites were evaluated using a ZEM-3 (Ulvac, Japan) between 300
and 873 K. The total thermal conductivity (ko) values were calculated
using the equation kot = ps Cp, 4, where 4 is thermal diffusivity, C, is the
specific heat capacity, and p; is the density. The values of 4 and C, were
measured using the laser flash method (Netszch LFA-457, Germany) and
differential scanning calorimetry (DSC; DSC 8000, PerkinElmer, USA)
under vacuum from 373 to 873 K.

Hall effect measurements were measured using a standard Hall effect
measurement system (NanoMagnetics Instruments ezHEMS, UK). Hall
effect measurements were carried out on the 0.6 x 0.6 cm samples in the
van der Pauw configuration under a 1 T magnetic field and room tem-
perature, and the ny and ppq) were estimated using the one-band model
without considering the minority carriers. The work functions of
MnSij 7g7Alp.01 and metal NPs (¢ and ¢, respectively) were determined
by ultraviolet photoemission spectroscopy (UPS, ESCALAB 250Xi,
Thermo Fisher, UK) with a He | radiation source (hv = 21.2 eV). The M
(Magnetization)-H (Magnetic field) curves were measured using a
vibrating sample magnetometer (VSM) at room temperature.

2.3. Microscopic analysis

Phase analysis was performed for each sample using X-ray diffraction
(XRD; Ultima IV/ME 200DX, Rigaku, Japan) with CuKa radiation. SEM
(JEOL-7800F, JEOL Ltd., Japan) was used to observe the microstructure
of the hybrid powders (size and distribution of the NPs). High-resolution
transmission electron microscopy (HRTEM) image, selected area elec-
tron diffraction (SAED) pattern, and energy dispersive spectrometry
(EDS) images were obtained by Field Emission Transmission Electron
Microscope (FE-TEM; Titan G2 ChemiSTEM Cs Probe, FEI Company,
USA) to confirm the position and size of the NPs in the nanocomposites.
For investigation of the chemical state and doping effect of Fe and Co in
the nanocomposite, X-ray photoemission spectroscopy (XPS; K-alpha,
Thermo Scientific Inc., UK) spectra of Mn and Si 2p core levels were
recorded at a pass energy of 40 eV and step size of 0.1 eV.

2.4. Thermal conductivity calculation

Ktot involves three different conduction mechanisms originating from
(1) phonon vibrations (kjat), (2) transport of charged carriers (kee), and
(3) bipolar conduction (kpp). To accurately compute the ky, of pristine
MnSij 7g7Alp.01 and metal (Fe and Co) NP-embedded nanocomposites,
much information of their conduction bands (CBs) and valence bands
(VBs) must be available in the literature. Unfortunately, owing to a lack
of previous studies on MnSi; 7g7Alg o1 composition, we could not utilize
two-band modeling (1 CB and 1 VB) to calculate the theoretical xp.
Instead, we approximated kp, using the relation given below [22]. kele
was determined using the Wiedemann-Franz law (xeje = LoT, where L is
the Lorenz number). L was calculated by a single parabolic band (SPB)
model under the acoustic phonon scattering assumption [23]. Lastly, kjat
was estimated using the Debye-Callaway model. Details on «jo modeling
are provided in the following section.

3. Results and discussion

3.1. Phase and microstructures of Fe and Co NP-embedded
nanocomposites

We fabricated soft-magnet transition-metal (Fe and Co) NP-
embedded nanocomposites and investigated the effect of the soft-
magnet transition-metal NPs on the TE properties and the microstruc-
ture. Typically, the introduction of nanophases is a traditional strategy
used to improve TE properties by controlling electronic or thermal
transport properties. For improving TE properties, it is necessary to
manipulate the electronic and thermal transport properties
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Fig. 1. SEM images of the hybrid powders of MnSi; 7g7Alg 01 and (a) Fe and (b)
Co NPs.

simultaneously. In this study, phase analysis of the nanocomposites was
performed by XRD measurements as shown in Fig. S1. The patterns of
the nanocomposites resemble that of the Mn;5Size matrix. The metal NP
phase is not detected in the XRD pattern owing to the small amounts of
metals. To investigate the effect of NPs on the chemical bonding of the
MnSi; 787Alp 01 matrix, XPS of the Mn and Si 2p core levels of the
MnSi; 7g7Alp. 01 matrix and nanocomposites were measured (Figs. S2 and
S3). The peaks of the Mn and Si 2p core levels for the nanocomposites
were not shifted compared to those of the MnSi; 7g7Alg o1 matrix, indi-
cating that Fe and Co NPs did not affect the chemical bonding of the
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MnSi; 7g7Alp. 01 matrix [19,24]. FE-SEM images in Fig. 1 clearly confirm
that the NPs (Fe and Co) are decorated on the surface of MnSi; 7g7Alg 01
powders, and their sizes range from 5 to 15 nm for Fe and 10-30 nm for
Co. Despite the same experimental conditions for the decoration of NPs,
the difference in size between the Fe and Co NPs was caused by the
differences in thermal decomposition temperature, diffusion rate, and
wettability between the HMS surface and the corresponding NPs [25].

HRTEM, SAED, low-magnification TEM, and EDS images are pre-
sented in Fig. 2 and Fig. S4, confirming the size and distribution of the
metal NPs in 0.6 vol% Fe NP-embedded nanocomposites after the SPS
process. We carried out TEM/EDS analysis at several areas to observe
the location and size of the NPs and the interfaces between the matrix
and Fe NPs. The HRTEM image in Fig. 2 (a) shows parallel lattice fringes
with the corresponding SAED pattern along the [120] zone axis as
shown in the inset. The low-magnification TEM images of the SPSed
nanocomposite in Fig. 2(b) and Fig. S4 (a) highlight the grain bound-
aries of the nanocomposite with numerous nanopores and NPs that are
located randomly near the grain boundaries with a size of approximately
50-100 nm. The change in sizes of Fe NPs is caused by the diffusion and
growth process during the SPS process. To minimize the growth of NPs
after the SPS process, the duration of SPS was kept as short as possible.
To determine the elemental composition of the NPs, EDS analysis was
performed as shown in Fig. 2 (c)—(f) and Fig. S4 (b)-(e). The results of
the EDS analysis clearly indicate that the particles near the grain
boundary are Fe NPs, thereby indicating that Fe did not form a com-
pound with the elements in the MnSi; 7g7Alg o1 matrix.

3.2. Electronic transport properties of Fe and Co NP-embedded
nanocomposites

The temperature dependences of ¢ and S of the nanocomposites were
evaluated to investigate the effects of the Fe and Co metal NPs on the
electronic transport properties (Fig. 3). The o values of all nano-
composites were higher than that of the pristine sample
(MnSi; 7g7Alg g1) over the entire range of measured temperatures. To
clarify this, we measured the ny and ppa; by estimating a one-band
model as represented in Table 1. The ny values of the nanocomposites
(1.37-1.50 x 10%! cm™3) were higher than that of the pristine sample
(1.27 x 10! cm’3), whereas the ppa, values of the nanocomposites
(2.37-2.59 cm? V! s71) are similar to that of the pristine sample (2.60
em? V1 s71). The error range of ny and upy,) values were investigated

Fig. 2. (a) HRTEM, (b) low-magnification TEM images, and (c)—(f) EDS analysis of the Fe NPs-embedded nanocomposites. The inset in (a) shows the SAED pattern of

the MnSi; 7g7Alg 1.



G. Kim et al.

= 70

oo (a) @ MnSi, Al

- 6.0 @ 0.6 vol. % Fe NPs

S ~@- 0.6 vol. % Co NPs

5 N

= 50+

=

g

3 40

c

S

— 3.0

@©

o

S 20

m T
240

v

= 220

=

® 200

5

2 180

bl

S 160-

S

2 140

(]

(0]

@» 120+

¥

=

2

E

W

Q

S

&)

©

(18

@

2

[o]

o
0.6

300 400 500 600 700 800 900
Temperature, 7 (K)

Fig. 3. Temperature dependences of (a) electrical conductivity, (b) Seebeck
coefficient, (c) power factor of the metal NPs-embedded nanocomposites.

Table 1
Room temperature electronic transport parameters for the metal NPs embedded-
nanocomposites.

c(Sm™) SV ny (10*! Hyran (cm®
K’l) cm’3) v! s’l)
MnSi; 7g7Alg 01 53838.56  126.60 1.27+£0.25  2.60 + 0.42
MnSi; 7g7Alg 01 + 0.6 vol 57601.15 133.04 1.37 £0.34 2.59 + 0.52
% Fe
MnSi; 7g7Alg01 + 0.6 vol ~ 57968.71  131.94 1.50+£0.48 2.37 £ 0.57
% Co

through the repeated measuring. Though the error range were found to
be about ~25% due to the small Hall voltage, it should be noted that the
values of ny and ppq) values shows clear tendency in the whole samples
in this study as shown in Table 1. To confirm the differences in the
electronic transport parameters, we investigated the band alignment
behavior by comparing the work functions of MnSij 7g7Alp o1 matrix and
metal NPs that were determined using equations (1) and (2):
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¢ =hv — E(‘ut—oﬁ‘7 (l)
where hv is the photon energy, and E.y;.off is the binding energy of the
cut-off. The work function of MnSi; 787Alg.01 (¢) was estimated to be
approximately 4.78 eV using UPS (Fig. 4 (a)). The work function of the
metal NPs (¢r,) was calculated using the following equation by assuming
the metal particles to be spherical [26]:

DalR) =+ 2 @

where ¢, is the work function of the bulk metals, and R is the radius of
the particles (A). The values of ¢pe and ¢c, for Fe and Co NPs, respec-
tively, were estimated to be in ranges 4.84-4.88 eV and 5.02-5.04 eV,
respectively. From these results, we can obtain a schematic of the band
structure at the interface of the MnSi; 7g7Alp 01 matrix and metal NPs
(Fig. 4(b)). In Fig. 4 (c), the work function of metal NPs is higher than
that of the MnSi; 7g7Alp 01 matrix. The difference between the work
functions of MnSi; 7g7Alp.01 matrix and metal NPs leads to an ohmic
contact at the interface, thereby leading to an increase in 6. Moreover,
charge (e") transfer from the MnSi; 7g7Alp 01 matrix to the metal NPs
also contributes to the electrical transport of the nanocomposites ac-
cording to the metal-semiconductor contact theory [19]. The charge
transfer effect causes an increase in ny and o values of the nano-
composites according to ¢ = enyuy. However, the significant difference
between their work functions may decreases the ya)) value owing to the
intensified carrier scattering at the interface between the MnSi; 757Alg 01
matrix and metal NPs.

As shown in Fig. 3(b), the S value of the nanocomposites is positive,
which indicates that the major charge carriers are holes. The values of S
are slightly increased in the temperature range 300-473 K. This slight
increase is due to scattering of the low energy electronic carriers at the
interface between the MnSi; 7g7Alg o1 matrix and metal NPs with band
bending (Fig. 4(c) and (d)) [27]. Moreover, the multiple scattering
induced by the randomly turned magnetic moment from super-
paramagnetism of the Fe and Co NPs affects the electronic transport
properties, especially S values [19]. The magnetic properties of the
nanocomposites are shown in Fig. S5. The MnSi; 7g7Alp01 exhibited
paramagnetism at room temperature. However, the Fe NP-embedded
nanocomposite has superparamagnetism due to the low blocking tem-
perature (295 K) [19]. The integrated scattering, induced by band
bending and superparamagnetism of NPs caused the maintaining S
values due to the energy filtering effect despite the manifestation of the
charge transfer effect. It was found that the offset effect between the
charge transfer and energy filtering effect resulted in increased ny values
in the magnetic NP-embedded nanocomposites as shown in Table 1.
However, an unexpected abnormal temperature dependence caused a
decrease in S values at high temperature. This result reveals that the
band alignment should be precisely controlled to obtain enhanced ¢ and
S values simultaneously. It should be noted that the power factor of the
0.6 vol% Fe and Co NP-embedded nanocomposite were significantly
improved as shown in Fig. 3 (c). The power factor of 0.6 vol% Fe
NP-embedded nanocomposite is enhanced by ~21% compared to that of
pristine samples. This considerable increase in power factor is due to the
combination effect of the charge transfer and energy filtering effects,
and to realize similar band bending in related materials (p-type semi-
conductors) following criteria should be considered for design of ma-
terials. Most of all, introduced metal should have a higher work function
than that of the matrix. Secondly, the metal should not react with the
matrix. This can be controlled via engineering sintering conditions.
Lastly, the metal should be in nanoscale. More details on why these
conditions are necessary will be investigated in future studies.
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matrix and metal NPs. The inset in (a) shows a close-up of the highlighted region of the spectrum.

3.3. Thermal transport properties of Fe and Co NP-embedded
nanocomposites

The temperature dependences of kot and kja + kpp values of the
nanocomposites were evaluated to investigate the effect of the metal
NPs on the thermal transport properties (Fig. 5(a) and (b)). The ko of
the 0.6 vol% Fe and Co NP-embedded nanocomposites (2.26-2.41 W
m 'K 'at 373K and 2.33-2.51 Wm~ K~! at 773 K) were found to be
similar compared to those of the pristine sample (2.41 Wm ™! K~! at 373
K and 2.40 W m~! K~! at 773 K). To clarify the scattering mechanism,
we calculated the kjar + kpp by subtracting the Kele from «ior. kele Was
determined from the Wiedemann-Franz law (kee = LoT). The L was
calculated using the following equation:

-

where 7 is the Fermi energy, F,(n) is the n-th order Fermi integral, and r
is the scattering parameter [28]. The L value of the pristine sample was
1.63 x 1078 V2 K2, and those of the nanocomposites were about 1.76 x
1078 v2 K2, The 0.6 vol% Fe and Co NP-embedded nanocomposites
(1.91-2.06 Wm™' K™ at 373 K and 1.88-2.02 W m™' K™! at 773 K)
have lower ki, + kpp values than that of the pristine sample (2.11 W m!
K 'at 373 Kand 2.06 W m~' K~ ! at 773 K). This indicates that there is
intensified phonon scattering by the introduction of Fe and Co NPs. In a
previous report, K, was significantly decreased due to multiple phonon
scattering, induced by a randomly turned magnetic domain [19]. Above
the blocking temperature, the magnetic domain was randomly turned
due to the magnetic transition from the ferromagnetic state to the
superparamagnetic state. To clarify this effect, the Debye-Callaway
model (phonon group velocity being constant) was employed to
compute the ko [29]:

2

o (r+72) st | (r492)F st

(r + 3/2) AU <r + 3/2> F(n)

; 3

ks

Kjat = 22y

dz, ()]

(M)S/m/r Tlolal(z) Z462
nh 0 (e —1)

where 6,, 2, kg, v, and 7a(2) are the Debye temperature, 7o /kgT,
Boltzmann constant, sound velocity, and the total relaxation time,

respectively. The total relaxation time for each sample was calculated
according to Matthiessen’s rule:

Tlolal(z)71 = ZTI(Z)ily ()
i

The 7; values in Equation (5) represent individual relaxation times
corresponding to different phonon scattering mechanisms. For instance,
in order to estimate the «j,; of the pristine MnSi; 7g7Alj o1, the 7; for the
Umklapp scattering, point-defect scattering, and boundary scattering
were considered (Table 2). The reciprocal of the Umklapp phonon
scattering relaxation time (Tﬁl) is expressed as [29]:

2
(6:12)1/3

kal/3 },20)2]*

—1 __
7, =Ax U X

©

where Ay, V, M, y, and w are the adjustable parameter, atomic volume,
average atomic mass, Griineisen parameter, and the angular frequency
of the phonon, respectively. The Ay is required to take momentum-
conserving normal phonon scattering into account. All the parameters
in Equation (6) (except the Ay) are from former studies on MnSi; g (the
literature on MnSi; 7g7Alg o1 was scarce).

The reciprocal of the point-defect scattering relaxation time (zpp) is
given by Ref. [29]:

., Vet
“rp T 4m3

@)

The T is the fitting parameter describing the size and mass contrasts
(origin of point-defect scattering) between MnSi; g and MnAl,; g in Mn
(A10.00565i0.9944)1,797 (:Mnsi1.737A10,01), respectively. I' = 0.02 for
MnSi; 7g7Alp01 was acquired via fitting of the theoretical x5 to
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Fig. 5. Temperature dependences of (a) total thermal conductivity, (b) xja¢ +
kbp, and (c) ZT of the metal NPs-embedded nanocomposites.

measured literature data from Luo [30] and Chen [13]. This is only
about 14% of the I" acquired from (Big 25Sbg 75)2Tes alloy [31]. As the I'
depends on x(1-x), where x is the composition of the one of the members
of the alloy, the MnSi; 7g7Alg o1, where 0.56% of the MnAl, g is alloyed
with 99.44% of MnSi; g, must have a very low x(1-x) value because of
the low level of MnAl g in the alloy.

The reciprocal of the boundary scattering relaxation time (tz') is
[32]:

Table 2
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v
7' = 7 8

here, d is the size of the grain. Because the average grain size of the
MnSi; 7g7Alp.01 was observed to be 10 ym (Fig. S6), this was plugged into
Equation (8) to calculate the t5°.

For the theoretical «j,¢ of 0.6 vol% Fe and Co NP-embedded nano-
composites, the same 7; values for the Umklapp, point-defect, and
boundary scattering obtained from pristine MnSij 7g7Alg 91 could be
adopted, as the composition and the size of the grain were kept constant
even after embedding the NPs. Because we could observe the Fe and Co
NPs on the surface of the MnSi; 7g7Alg 01 grains (Fig. 1), we anticipated
that they would scatter phonons via NP scattering, but not by point-
defect scattering [33]. When a NP is present on a surface of a mate-
rial, the reciprocal of NP scattering relaxation time (Tﬁ}v) is:

Tx,fl, = v(2ﬂR2) VNp, (9)

where R and Vyp are the average NP radius and the density of the NPs,
respectively. For simplicity, we have hypothesized that the wavelength
of the phonons is shorter than the R. This is a plausible assumption
because at temperatures higher than 800 K (where the peak ZT of 0.6 vol
% Fe NP-embedded nanocomposite occurs), its phonon wavelength re-
duces substantially. Based on the measured average NP radius (Fe: 5 nm
and Co: 10 nm), ideal Vyp values were calculated for the Fe and Co NPs.
The 7; parameters considered and used (fitted and calculated) to esti-
mate the ki, of each sample are listed in Table 2.
The «py, of each sample was approximated via the relation [21]:

—E
Kpp = Fpr”exp<2kBgT>, (10)

where Fpp, p, and Eg are the fitting parameters and the band gap,
respectively. The calculated E; value of 0.779 eV was adopted [34], and
the Fy, of 0.1 was kept constant for all the sample. Only the p parameter
was adjusted to describe the differing bipolar behavior of the samples.

The dashed lines presented in Fig. 5(b) represent theoretical “kj¢ +
kpp”~ values of the samples. The estimated “kj; + kpp” of the pristine and
the 0.6 vol% Co NP-embedded nanocomposite closely follow the
experimental data. However, that of the 0.6 vol% Fe NP-embedded
nanocomposite is about 0.1 W m~* K~! higher than the measured data
(at 373 K). This trend persists even up to ~870 K. We believe this
discrepancy between theoretical and experimental values can only be
explained by the beneficial magnetic effect stemming from the magnetic
Fe NP. Although Co is also a magnetic particle, it seems the magnetic
effect in the k¢ reduction is more pronounced in Fe NP-embedded
nanocomposite. Therefore, the k), values of the Fe and Co NP-
embedded nanocomposites were reduced due to the synergetic effect
of the increase in interface density and multiple scattering from Fe and
Co NPs.

3.4. Thermoelectric figure of merit in nanocomposites

The ZTs of the nanocomposites are shown in Fig. 5(c). The ZT values
of the 0.6 vol% Fe NP-embedded nanocomposite were significantly

Total relaxation rate (ty;) and adjustable/calculated parameters used to estimate kj,; of pristine (MnSi; 757Alg o1), 0.6 vol% Fe NPs-embedded nanocomposite, and 0.6

vol% Co NPs-embedded nanocomposite.

Sample T;u%al Ay r d (pm) R (nm) Vap (m™3)
Pristine 7w+ 70+ T80 um) 0.45 0.02 10 - -

0.6 vol % Fe NP 1w+ 70+ T (g ) + T 0.45 0.02 10 5 1.15 x 10*
0.6 vol % Co NP T+ T + Tae10 umy + TN 0.45 0.02 10 10 1.43 x 10%




G. Kim et al.

improved in the whole measured temperature range primarily due to
reduced thermal conductivity and an enhanced power factor. A
maximum ZT of 0.53 was achieved at 773 K for the 0.6 vol% Fe NP-
embedded nanocomposite, which is 25% higher than that of the pris-
tine sample. Moreover, this result showed the higher TE performance
than other HMS nanocomposites, as shown in Fig. S7. In the case of the
0.6 vol% Co NP-embedded nanocomposite, although the total thermal
conductivity is higher than that of the pristine sample, the ZT values was
increased by the enhanced power factor. This reveals that precise con-
trol of the band alignment is an effective route to enhance TE properties
for HMS through the embedding of magnetic metal NPs.

4. Conclusions

We investigated the thermoelectric properties of soft-magnet tran-
sition-metal (Fe and Co) NP-embedded nanocomposites. The power
factor of the Fe and Co NP-embedded nanocomposites increased by 21%
in comparison with that of the pristine sample owing to the synergetic
effects of charge transfer and energy filtering. Moreover, the lattice
thermal conductivity of these nanocomposites decreased because of
intensified phonon scattering due to increased interface density and
multiple scattering. The maximum ZT of 0.6 vol% Fe NP-embedded
nanocomposite was estimated to be ~0.53 at 773 K. Our result clearly
reveals that precise control of band engineering is required to improve
the thermoelectric properties of HMS.
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