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ABSTRACT Synergistically regulating carrier and phonon
transport on the nanoscale is extremely difficult for all
thermoelectric (TE) materials without cage structures. Herein
BaFe ,0,,/Bi,Te,Se,; thermoelectromagnetic nanocompo-
sites are designed and synthesized as a benchmarking example
to simultaneously tailor the transport properties on the nano-
scale. A magneto-trapped carrier effect induced by BaFe;,0,
hard-magnetic nanoparticles (NPs) is discovered, which can
lower the carrier concentration of n-type Bi,Te,;Se,; matrix
by 16%, and increase the Seebeck coefficient by 16%. Mean-
while, BaFe;,0,, NPs provide phonon scattering centers and
reduce the thermal conductivity by 12%. As a result, the ZT
value of the nanocomposites is enhanced by more than 25% in
the range of 300-450 K, and the cooling temperature differ-
ence increases by 65% near room temperature. This work
greatly broadens the commercial application potential of n-
type Bi,Te,;Se, s, and demonstrates magneto-trapped carrier
effect as a universal strategy to enhance the electro-thermal
conversion performance of TE materials with high carrier
concentration.

Keywords: thermoelectromagnetic nanocomposite, thermo-
electric material, magnetic nanoparticles, magneto-trapped car-
rier effect, electro-thermal conversion performance

INTRODUCTION

Thermoelectric (TE) applications in cooling, heating,
power generation, and waste heat recovering pose great
opportunities and challenges to further increase the
electro-thermal conversion performance of TE materials
[1]. High TE conversion efficiency requires large di-
mensionless TE figure of merit defined as ZT = a’0T/x,
where high Seebeck coefficient «, large electrical con-

ductivity o, and low thermal conductivity x (including
carrier thermal conductivity kg and lattice thermal con-
ductivity «;) are desired. Therefore, simultaneously reg-
ulating carrier and phonon transport plays a fundamental
role in enhancing TE performance and discovering new
TE materials [2]. Until now, synergistically regulating
carrier and phonon transport on the same scale is ex-
tremely difficult for all TE materials without cage struc-
tures. For those TE materials with cage structures such as
skutterudite and clathrate, one can use different atoms to
fill the cages to optimize the band structure and to pro-
vide scattering centers for phonon, realizing simultaneous
regulation of carrier and phonon transport on the atomic
scale [3-6]. However, for all other TE materials, one can
only separately tune electric transport properties by band
engineering on the atomic scale [7-10], and/or thermal
transport properties by phonon engineering on the na-
noscale [11-13]. It is extremely important to develop new
methods for TE materials without cage structure to sy-
nergistically control electron and phonon transport on
the same scale.

Bi,Te;-based alloys are a kind of low-temperature TE
materials with best performance in the range of room
temperature to 200°C, and possess great potential in
commercial applications [14-16]. Near room tempera-
ture, the ZT values of p-type Bi,Te;-based materials have
reached around 1.4 through various methods [17-19],
while the ZT values for n-type Bi,Te;-based alloy have
been wandering around 0.7 in the last two decades
[15,20,21]. The main reason is that n-type Bi,Te;-based
alloys typically have high carrier concentrations from the
donor-like effect during sample preparation [22,23],
which lowers « and significantly limits their conversion

! State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Wuhan 430070, China
? Foshan Xianhu Laboratory of the Advanced Energy Science and Technology Guangdong Laboratory, Foshan 528000, China
* Nanostructure Research Center, Wuhan University of Technology, Wuhan 430070, China

T These authors contributed equally to this work.

: Corresponding authors (emails: wyzhao@whut.edu.cn (Zhao W); xhsang@whut.edu.cn(Sang X))

November 2021 | Vol.64 No.11

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

2835


http://mater.scichina.com
http://link.springer.com
https://doi.org/10.1007/s40843-021-1666-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s40843-021-1666-6&amp;domain=pdf&amp;date_stamp=2021-05-08

ARTICLES

SCIENCE CHINA Materials

performance. Therefore, for n-type Bi,Te; alloys, a re-
volutionary strategy is critically needed to regulate the
carrier concentration for the enhancement of the ZT
values.

Recently, it was discovered that incorporating magnetic
nanoparticles (NPs) in TE material can simultaneously
regulate carrier and phonon transport on the nanoscale
[24-27]. Since then, magnetism has been regarded as a
new degree of freedom to tailor electron and phonon
transport in TE materials [26,28-30]. Now the electron
multiple scattering effect induced by superparamagnetism
has been widely used not only in the low-temperature
Bi,Te; alloys [31,32], but also in the middle-temperature
TE materials with best TE performance in the range of
200-500°C, such as Cu,ZnSnS, [33], and Ba,;In,;Co,Sb,,
[25]. The electron repository effect, which traps electrons
below Curie temperature and releases electrons above
Curie temperature, has been discovered to be effective for
middle-temperature TE materials such as Baj;In;;Co,-
Sby, [24] and half-Heusler alloys [26]. However, this
novel effect has not been applied to the low-temperature
TE materials because their working temperature is gen-
erally lower than the Curie temperature of magnetic NPs.

Herein, a series of thermoelectromagnetic nano-
composites have been proposed by incorporating BaFe,,-
O, NPs (BaM-NPs) into n-type Bi,Te, ;Se, 5 (BiTeSe) as a
new degree of freedom to synergistically regulate electron
and phonon transport on the nanoscale. The high Curie
temperature (669-673 K) of hard-magnetic BaM-NPs
ensures that their local magnetic field could regulate
carrier transport in the working temperature range
(300-500 K) of BiTeSe. The magneto-trapped carrier ef-
fect induced by BaM-NPs is discovered to lower the
carrier concentration and increase the Seebeck coefficient
of the BiTeSe matrix. Additionally, BaM-NPs provide
phonon scattering centers and reduce the thermal con-
ductivity. Consequently, introducing BaM-NPs into n-
type BiTeSe matrix provides a new strategy to synergis-
tically regulate electron and phonon transport on the
nanoscale, especially for those TE materials whose high
carrier concentrations are difficult to be lowered.

EXPERIMENTAL SECTION

High-purity Bi (5N), Te (5N) and Se (5N) powders were
weighed according to the nominal compositions of n-type
Bi,Te,;Se; s (BiTeSe). To ensure the composition homo-
geneity, the powders were mixed and ground in a mortar,
sealed in an evacuated quartz tube at 0.1 Pa, and then
melted at 1073 K. The obtained ingots were manually
crushed into fine powders and then sifted through 120-

2836

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

mesh sieve to obtain matrix powders with sizes less than
125 um. The micron-sized BaM powders were prepared
by combining co-precipitation and high-temperature
annealing in air, and then the as-prepared powders were
ball-milled for 24 h and let stand for 12 h in ethanol to
obtain BaM-NPs. To prepare xBaM-NPs/BiTeSe nano-
composites, different contents of BaM-NPs were weighed
using x = 0, 0.15, 0.30, 0.45 and 0.60 wt%, and then mixed
with the as-prepared BiTeSe powders via ultrasonic dis-
persion. These BaM/Bi,Te, ;Se, ;s powders were placed in a
¢15 mm graphite die and sintered into bulk materials at
723 K for 5 min under the uniaxial stress of 50 MPa.

The phase compositions of the BiTeSe matrix and
xBaM-NPs/BiTeSe nanocomposites were determined
using powder X-ray diffraction (XRD) with Cu Ka ra-
diation (A = 0.15418 nm). The influence of NPs on the
fracture surfaces of the nanocomposites was characterized
by a field emission scanning electron microscope (FES-
EM, Hitachi SU-8020, Japan). The chemical compositions
and the distribution of BaM-NPs embedded into the
nanocomposites were investigated by electron probe mi-
croanalysis (EPMA, JEOL, JXA-8230) and double sphe-
rical aberration-corrected scanning transmission electron
microscope (STEM, Titan Cubed Themis G2 300).

Due to the intrinsic anisotropy of the BiTeSe crystal
structure, the transport properties of all samples were
measured along the in-plane direction. The sintered bulk
samples were cut into bars (about 2.5 mm X 3.5 mm x
11.5 mm) for simultaneously measuring the ¢ and « using
a standard four-probe method (Sinkuriko, ZEM-3) under
helium atmosphere. The x was calculated from x = AdC,,
where d is the bulk density determined by the Archi-
medes method, C, is the specific heat capacity measured
using a differential scanning calorimeter (TA instru-
ments, Q20), and A is the thermal diffusivity coefficient
tested by the laser flash diffusivity method using a
Netzsch LFA-457 system. The x; was obtained by sub-
tracting the electrical contribution from « by using the
equation x; = k — Kg. kg is expressed by the Wiedemann-
Franz kg = oLT. The high temperature Hall coefficient
(Ry) was measured from 300 to 500 K by a self-made TE
and magnetic performance testing system. After Ry was
obtained, the n and uy were calculated according to the
equations n = 1/(Rye) and py = o/ne, where e is the
electron charge. The magnetic properties were measured
using VersaLab (Quantum Design). BaM/Bi,Te,;Ses
single-leg cooling devices with a dimension of
2.5mm x 3.5 mm x 11.0 mm were fabricated by welding
two copper electrodes at both ends of the bulk TE ma-
terials. A direct power supply (Gwinstek, GPD-2303S)
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was used to provide the working currents. Temperatures
at both ends were measured using a high-precision T-type
thermocouple (OMEGA Engineering INC.) and infrared
imager (Ti450, Fluke), and the data were recorded by the
acquisition module and LabVIEW program.

RESULTS AND DISCUSSION

Microstructure characterization

A series of n-type xBaM-NPs/BiTeSe thermoelectro-
magnetic nanocomposites (x = 0, 0.15%, 0.30%, 0.45%,
0.60%, named MNCO00, MNCI15, MNC30, MNC45,
MNC60, respectively) were prepared by ultrasonic dis-
persion and spark plasma sintering. The phase compo-
sitions of the BiTeSe matrix and BaM-NPs/BiTeSe
nanocomposites were characterized using XRD. All the
main diffraction peaks of the BiTeSe matrix can be in-
dexed to the crystal structure of Bi,Te; (JCPDS 15-0813)
(Fig. la). The BiTeSe (10110) and (1120) diffraction
peaks (Fig. 1b) of all the nanocomposites show negligible
displacement, suggesting that BaM-NPs do not change
the crystal structure of BiTeSe. Although the character-
istic diffraction peaks of BaM are not detected in the

nanocomposites due to the detection limit of XRD (about
1%), the existence of BaM is confirmed by EPMA
(Fig. S1).

Fig. 1c, d show the FESEM images of the fractured
surfaces of the BiTeSe matrix (MNCO00) and 0.30% BaM-
NPs/BiTeSe (MNC30) nanocomposite. BaM-NPs are not
observed at the grain boundaries of MNCO00 (Fig. lc).
BaM-NPs with diameter of ~100 nm are randomly dis-
tributed at the interfaces and grain boundaries of BiTeSe
in xBaM-NPs/BiTeSe (Fig. 1d), which can increase the
phonon scattering and reduce the thermal conductivity
[19].

The microstructures and chemical compositions of
BaM-NPs in MNC30 were further characterized using
STEM (Fig. 2). Low-magnification STEM image (Fig. 2a)
shows that BaM-NPs (dark contrast) with an average
diameter of roughly 100 nm are embedded in the BiTeSe
matrix. Energy dispersive X-ray spectroscopy (EDX)
elemental mapping (Fig. 2b) demonstrates that the region
with bright contrast is BiTeSe matrix and the dark-con-
trast region is BaM-NPs. Atomic-resolution high-angle
annular dark field (HAADF)-STEM image acquired from
the BiTeSe matrix (Area 1 in Fig. 2a) matches well with

Intensity (a.u.)

) JIA \ L MNC60

A h A A MNC45

JCPDS 43-0002 BaFe,O,,
14 |

MNC30

MNC15
MNCO00

JCPDS 15:0?63 Bi,Te,

Figure 1 Microstructural characterizations using XRD and FESEM. (a, b) XRD patterns of BiTeSe matrix and xBaM-NPs/BiTeSe thermo-
electromagnetic nanocomposite materials. (c, d) FESEM images for fracture surfaces of (c) MNCO00 and (d) MNC30.
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Figure 2 Atomic structure analyses using HAADF STEM and EDS. (a) HAADF-STEM image of MNC30; (b) STEM-EDX elemental mapping
images of Ba, Fe, O, Bi, Te, Se of (a); (c) enlarged HRTEM image of Area 1 in (a), and the inset is the corresponding atomic resolution HAADF-STEM
image; (d) atom-resolution HAADF-STEM dark image from Area 2 in (a); (e) atom-resolution HAADF-STEM bright image from Area 2 in (a);

(f) enlarged HRTEM image of Area 3 in (a).

the projected crystal structure of Bi,Te; along [2110] zone
axis (Fig. 2¢). The atom-resolution HAADF-STEM and
annular bright field (ABF) STEM images (Fig. 2d, e) from
Area 2 in Fig. 2a are consistent with the atomic model of
BaM along the [2110] zone axis. Fig. 2f shows a typical
interface between the BiTeSe matrix and BaM-NPs,
without formation of defects at the interface or interfacial
reaction. Such interface can increase phonon scattering,
while it has minimal influence on the electric transport
properties [34].

Built-in magnetic field in xBaM-NPs/BiTeSe

As BiTeSe matrix is diamagnetic and BaM-NPs are ferro-
magnetic, it is important to characterize the overall
magnetic properties of the nanocomposites to understand
their influence on the carrier transport. BaM has a hex-
agonal crystal structure, and its magnetism comes from
the Fe’ ions (high spin) at O° polyhedron interstitial
positions. The room-temperature hystersis loop of BaM-
NPs shows a ferromagnetism behavior with large sa-
turation magnetization  (9.14 yy fu. '), remanence
(4.29 g fu. ), and coercivity (3443 Oe) (Fig. 3a). On the
other hand, the BiTeSe matrix exhibits typical a dia-
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magnetism behavior with negative susceptibility (Fig. 3b)
[35]. Due to the strong ferromagnetism of BaM-NPs, a
small amount of BaM-NPs added in the BiTeSe matrix is
sufficient to convert the nanocomposite to ferromagnetic,
and the saturation magnetization and the remanence are
proportional to the BaM-NPs content (Fig. 3c). For ex-
ample, the hysteresis loop of MNC30 nanocomposite
looks similar to that of the BaM-NPs, with a saturation
magnetization of 2.8 x 10~y fu. ' and a remanence of
1.3 x 10 *pgfu. ', which scales well with 9.14 and
4.29 ps fu. ', given that only 0.3 wt% BaM-NPs were
added to the nanocomposite. The coercivity of all the
nanocomposites is 3445 Oe, which agrees well with the
coercivity of pure BaM-NPs.

Conventionally, magnetic doping such as Mn- and Cr-
doping is a typical approach to introduce remnant in-
ternal magnetic field in Bi,Te;-based materials. However,
magnetic doping tends to introduce point defects, change
the lattice constants and band structure, influence the
carrier concentration and carrier mobility, and compli-
cate the interpretation of electric transport properties. On
the contrary, a small amount (0.15 wt%) of BaM-NPs can
introduce a built-in magnetic field, with little impact on
the crystal structure and band structure. The built-in
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Figure 3 Magnetic properties of BaM-NPs, BiTeSe matrix, and xBaM-NPs/BiTeSe thermoelectromagnetic nanocomposites. Magnetization versus
magnetic field (M-H) curves for (a) BaM-NPs, (b) BiTeSe matrix and (c) all thermoelectromagnetic nanocomposites at room temperature.
(d) Schematic of magnetic field calculation around a nanoparticle. (e) Magnetic induction intensity versus the distance (I) between the observation

point and the nanoparticle.

magnetic field around BaM-NPs is calculated assuming a
nanosphere model (Fig. 3d). The magnetic field B at a
point “A” can be calculated using the following formula:

2Jr3

B= W’ (1)

where J is the saturated magnetic polarization intensity of
BaM, [ is the distance from the sphere surface, and r is the
radius of the sphere.

Assuming that the r of BaM-NPs is about 50 nm based
on STEM and the J is 0.49 T, the maximal built-in
magnetic field at BaM-NPs surface is roughly 0.33 T
(Fig. 3e), which decreases to 0.01 T at [ = 100 nm. Ad-
ditionally, BaM-NPs do not react with the BiTeSe matrix
to form a complex interfacial structure or defects as
confirmed by STEM. This provides a simple scenario to
study how electron transport properties respond as the
carriers interact with the built-in magnetic field generated
by randomly distributed BaM-NPs. For a moving carrier
(electron), the Lorentz force exerted by the built-in
magnetic field can bend its trajectory and impact the
transport properties.

TE properties of xBaM-NPs/BiTeSe

Fig. 4 displays the electrical transport properties of xBaM-
NPs/BiTeSe thermoelectromagnetic nanocomposites. The
electrical conductivity (o) of all samples monotonously
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decreases with increasing temperature (Fig. 4a), indicat-
ing a metal-like or degenerate semiconductor behavior
[18]. As more BaM-NPs are added to the BiTeSe matrix,
the o decreases for the measured temperature range. As
the o is proportional to the carrier concentration (n) and
Hall mobility (uy), two parameters were used to under-
stand the electrical transport properties. An anomalous
Hall effect from BaM-NPs was eliminated by linear fitting
of the Hall voltage measured near the saturation magnetic
field (0.4-1.2 T) (Fig. S2) [25]. Compared with the BiTeSe
matrix, the n of all the nanocomposites gradually de-
creases with increasing BaM-NPs content (Fig. 4b). For
example, the n for the nanocomposite with x = 0.6 wt% is
6.9 x 10" cm ° at 300 K, which shows a 16% decrease as
compared with that of the BiTeSe matrix (8.2 x
10" cm ). It has been widely known that doping and
interface reaction in the nanocomposites can influence
the n [36]. However, atomic-resolution STEM char-
acterization results unambiguously confirm that BaM-
NPs do not interact with the BiTeSe matrix, indicating
that point defects are unlikely to form at the interface.
Moreover, XRD results suggest that the lattice constants
of BiTeSe do not alter in the nanocomposites, and
therefore the band gap is not responsible for the change
of n. It has also been suggested that the p-n junction can
form between the matrix and NPs of opposite carrier
type, which can reduce the n . However, both the BaM-
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Figure 4 Electrical properties of xBaM-NPs/BiTeSe thermoelectromagnetic nanocomposites. Temperature dependence of (a) electrical conductivity,
(b) carrier concentration, (c) hall mobility, (d) Seebeck coefficient, and (e) power factor of xBaM-NPs/BiTeSe (x = 0, 0.15, 0.30, 0.45 and 0.60 wt%)
thermoelectromagnetic nanocomposites. The inset in (c) is the log(uy) versus log(T). (f) The Seebeck coefficient versus carrier concentration of matrix

at 300 K obtained by the Pisarenko relation using m* = 1.21mj,.

NPs [37] and BiTeSe matrix are n-type semiconductors,
and the depletion of carriers near the interface is not the
case here. Therefore, the decrease of n in the nano-
composites is not caused by the interfacial reaction, band
structure, or p-n junction. A very likely explanation
comes from the nanoscale built-in magnetic field induced
by BaM-NPs.

In recent years, it has been shown that the nanoscale
built-in magnetic field from magnetic NPs in TE mate-
rials can significantly influence the transport properties
[24-26]. For example, the strong ferromagnetic BaM-NPs
in BaysIny;Co,Sb;, can trap electrons below the Curie
temperature of BaM-NPs and release them above the
Curie temperature, providing a novel way to regulate the
electrical and thermal transport properties [24]. A similar
result had been subsequently reported in half-Heusler
alloys [26]. The main reason for such behavior is that the
nanoscale built-in magnetic field can bend carrier’s tra-
jectory due to the Lorentz force, and sometimes the
carrier can be trapped around the magnetic field. Above
the Curie temperature of magnetic BaM-NPs, the built-in
magnetic field disappears and the trapped carriers are
released. In the working temperature of Bi,Te;-based al-
loys (less than 500 K), BaM-NPs stay at the ferromagnetic
state (Curie temperature is about 673 K [24]) and thus the
trapping effect always plays a role. The magneto-trapped
carrier effect induced by BaM-NPs causes the simulta-
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neous decrease in the n and ¢ of the nanocomposites.
This approach is especially useful for n-type BiTeSe be-
cause lowering the carrier concentration is one of the
main challenges.

For all the nanocomposites and BiTeSe matrix, the py
values are almost constant (Fig. 4c), because the decrease
of n reduces the probability of collision between carriers.
The smooth interface between the BiTeSe matrix and
BaM-NPs (Fig. 2f) is beneficial to carrier transport. Fur-
ther, the scattering mechanism can be understood by
fitting log(py) versus log(T), as shown in the inset of
Fig. 4c. The log(uy) is proportional to T in the whole
temperature range, indicating that the dominant carrier
scattering mechanism is acoustic phonon scattering.

The Seebeck coefficient (&) values of all the samples
over the measured temperature range are negative, in-
dicating the major carriers in the BiTeSe matrix and
BaM-NPs/BiTeSe nanocomposites are electrons (i.e., n-
type conduction behavior) (Fig. 4d). The « values of all
samples gradually increase with temperature, mainly due
to the increased electron scattering from the lattice vi-
bration at high temperatures. However, the intrinsic ex-
citation that normally degrades « is not observed in our
cases. Compared with the matrix, the addition of BaM-
NPs enhances the « over the whole temperature range. At
300 K, the « of matrix is only 121 uV K ', which increases
to 140 uV K ' for the nanocomposite with 0.6% BaM-
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NPs, a roughly 16% enhancement. According to Mott
equation, the increase in « is usually related to the n or
the scattering parameter (r). The decrease of n due to the
magneto-trapped carrier effect clearly has a positive effect
on the increase of &, while how the r changes in the
nanocomposites can be understood using the single
parabolic band (SPB) model [38]:

_ _ks[(r+5/2)F.30(n) )
e (F37DF s )
An(2m*kgD)”?
n =D ), ()
with Fermi integral order of i
_{_x
Fn) = de)(, “4)
0
E

where r is the scattering parameter, E; is the Fermi en-
ergy, 1 is the reduced Fermi level, and F,(y) is the Fermi-
Dirac integral. Assuming acoustic phonon scattering (r =
—0.5) is the main scattering mechanism for the BiTeSe
matrix, the effective mass (m*= 1.21m,) of the BiTeSe
matrix at 300 K can be calculated using Equations (2)-(5)
and parameters listed in Table 1. The r values of all the
nanocomposites are then calculated assuming that the m*
is a fixed value (Table 1). It can be seen that all the
nanocomposites have larger r than that of the BiTeSe
matrix and the nanocomposite with 0.3% BaM-NPs show
the highest r, indicating that BaM-NPs can improve the
electron scattering. The dependence of n on a can be
visualized using the Pisarenko plot as shown in Fig. 4f,
calculated using the SPB model with m* of the BiTeSe
matrix at room temperature. If there is no additional
electron scattering in BaM-NPs/BiTeSe nanocomposites,
the « should lie on the Pisarenko plot. In this case, the
enhancement of electron scattering moves all the data
points below the Pisarenko plot. Therefore, the im-
provement in « originates from both the decrease of n

Table 1

and the enhanced electron scattering induced by BaM-
NPs.

As a result, the power factors (a’0) of all BaM-NPs/
BiTeSe nanocomposites are larger than that of the BiTeSe
matrix (Fig. 4e). For the sample with 0.30% BaM-NPs, the
highest a’c value reaches 3.03mW m 'K~ at 330 K.
However, for those samples with BaM-NP contents
higher than 0.3%, the o continues to deteriorate and the
power factor starts to decrease.

All xBaM-NPs/BiTeSe nanocomposites have much
lower thermal conductivity x than the BiTeSe matrix over
the entire measured temperature range, indicating that
BaM-NPs can effectively decrease the thermal con-
ductivity (Fig. 5a). The mechanism can be interpreted
from two aspects: the carrier thermal conductivity (k)
and lattice thermal conductivity («;). The kg describes the
contribution of carriers on the thermal conductivity, and
is described by Weidemann-Franz law, xz = LoT, where L,
o and T are the Lorenz number, the electrical conductivity
and the absolute temperature, respectively. The Lorenz
number can be obtained using the Fermi-Dirac statistics
[39]:

L= [@]2 { (r+7/2)Fs55(n)
e (r+3/2)F.14n)

assuming the scattering factor r = —0.5 (Fig. 5b). We find
that the «xy (Fig. 5¢, inset) gradually decreases with in-
creasing BaM-NP contents, which agrees very well with
the change of ¢ and n. The magneto-trapped carrier effect
induced by BaM-NPs has still beneficial influence on
decreasing the carrier thermal conductivity.

The #; describes the contribution from phonon scat-
tering, and is simply the difference between « and ;. For
xBaM-NPs/BiTeSe, the k; decreases as more BaM-NPs
are added until x reaches 0.45% (Fig. 5¢), indicating that
BaM-NPs embedded into the BiTeSe matrix can enhance
the phonon scattering and reduce the x;. However,
MNC60 sample has a «; slightly larger than that of the
BiTeSe matrix. A possible explanation is attributed to the

(r+5/2)F55(n) [
e ] ©

Hall coefficient, Hall mobility, carrier concentration, electrical conductivity, Seebeck coefficient and scattering parameter of xBaM-NPs/

BiTeSe (x = 0, 0.15, 0.30, 0.45 and 0.60 wt%) thermoelectromagnetic nanocomposites at room temperature

Samples Ry (10'em’Ch) oy (em®V's) 5 (10”7 em™) o(10'sm™ & (W Kb r

MNCO00 —0.76 137.89 8.22 18.16 —120.89 —0.50
MNC15 —0.79 138.69 7.89 17.54 —127.57 —0.44
MNC30 —0.81 136.29 7.69 16.79 —133.60 —0.38
MNC45 —0.86 135.71 7.27 15.81 —136.29 —0.40
MNC60 —0.91 133.57 6.90 14.75 —139.63 —0.40
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Figure 5 Thermal properties and ZT values of xBaM-NPs/BiTeSe thermoelectromagnetic nanocomposites. Temperature dependence of (a) total
thermal conductivity, (b) Lorentz number, (c) lattice thermal conductivity, and (d) ZT for xBaM-NPs/BiTeSe (x = 0.0, 0.15, 0.30, 0.45 and 0.60 wt%)
thermoelectromagnetic nanocomposites. The inset in (c) shows the temperature dependence of the carrier thermal conductivity.

large intrinsic lattice thermal conductivity of BaM-NPs.
As temperature increases, enhanced lattice vibration leads
to rapid decrease in x; for all the samples. As the tem-
perature further increases (over 420 K), the thermal
transport of the composites is dominated by bipolar
thermal diffusion in the intrinsic excitation region, re-
sulting in a slight increase in x;. As a result, the decrease
in x for all the nanocomposites is attributed to the sig-
nificant decrease of x; and x;. The lowest x is
1.1I9W m 'K ' at 460 K for the MNC30 sample.

The ZT values of all the samples are calculated with the
measured &, o and x (Fig. 5d). In general, thermo-
electromagnetic nanocomposites have a larger ZT than
the matrix due to the reduction of x and/or the en-
hancement of a’s. A maximum ZT value reaches 1.0 at
460 K for the MNC30 sample, a 25% increase compared
with that of the BiTeSe matrix. The magneto-trapped
carrier effect induced by BaM-NPs eventually leads to
high ZT values due to the simultaneous decreases in the
carrier concentration and the thermal conductivity.

Cooling performance of xBaM-NPs/BiTeSe

To further evaluate the role of the magneto-trapped
carrier effect in enhancing the electro-thermal conversion
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performance, two single-leg devices with same dimension
of 2.5 mm x 3.5 mm x11 mm were fabricated using ma-
trix (MNCO00) and 0.3% BaM-NPs/BiTeSe (MNC30),
which are named MNC00D and MNC30D, respectively.
The heat-side temperature (Ty) and cool-side tempera-
ture (T;) were measured for different working currents
(I) (Fig. 6). Generally, Ty rapidly increases and T rapidly
decreases until equilibrium is obtained over time. The
cooling temperature difference (AT¢) between the cool-
side temperature and room temperature (Ty) is calculated
with AT = Ty — T¢. The working temperature difference
(AT) between T and Ty is calculated with AT = Ty — T¢.
AT and AT were used to evaluate the cooling perfor-
mance of the two single-leg devices. As the I increases
from 0.5 to 2.5 A, the AT firstly increases due to the
Peltier effect and then decreases due to the increasing
Joule heat while the AT gradually increases, which is
further verified by infrared imaging detection (Fig. S3).
The maximum AT; of MNC30D and MNCO00D are ob-
tained at I = 1.5A and I = 1.0 A, respectively. The
maximum AT¢s, of MNC30D reaches 3.8 K, increased by
65% as compared with 2.3 K of MNCOOD. This result
clearly shows that the magneto-trapped carrier effect in-
duced by BaM-NPs in xBaM-NPs/BiTeSe thermo-
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Figure 6 Effect of BaM-NPs on cooling performance. (a—e) Cooling performances of MNCO0D (black) and MNC30D (red) under different

operating currents.

electromagnetic nanocomposites can remarkably enhance
the cooling performance.

CONCLUSIONS

In summary, this work has demonstrated that in-
corporating hard-magnetic BaM-NPs in a series of BaM-
NPs/BiTeSe thermoelectromagnetic = nanocomposites
leads to synergistical regulation of electron and phonon
transport properties on the nanoscale. The novel mag-
neto-trapped carrier effect induced by BaM-NPs is dis-
covered to reduce the carrier concentration by 16% and
increase the Seebeck coefficient by 16%. At the same time,
the phonon scattering centers provided by BaM-NPs re-
duce the thermal conductivity by 12%. Due to the com-
bined effect, the ZT value of the nanocomposites is
enhanced by more than 25% in the range of 300-450 K,
and the cooling temperature difference increased by 65%
near room temperature. This work shows that the mag-
neto-trapped carrier effect induced by hard-magnetic NPs
has great potential in enhancing room-temperature
electro-thermal conversion performance of TE materials
with high carrier concentrations.
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