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Abstract

Introducing magnetic elements or nanoparticles into the thermoelectric matrix is of great importance to regulate the thermoelectric perform-
ance and evaluate the magnetic-thermoelectric effect. While, the limitation of solid solution ability of magnetic elements in thermoelectric mater-
ials impedes the development of magnetic thermoelectric matrix. Herein, we have applied high entropy strategy to alloy a large amount of Cr ele-
ments into the Bi,Se; sub-lattice, and successfully obtained a single-phase magnetic thermoelectric material in the nominal composition of
Big 6Sbg 6INg.4Cro.45€3. The Magnetization loop curves of BijsSbg ¢Ing 4Cro4Ses sample shows obvious ferromagnetic behavior with a coercivity of
2000 Oe and residual magnetization of 0.22 emu g~ at 2 K. The temperature dependence of zero-field-cooled magnetic susceptibility and field-
cooled magnetic susceptibility reveals a transition from ferromagnetism to paramagnetism at 61 K. These findings indicate that a magnetic Bi,Se;
based thermoelectric material is successfully obtained. The corresponding structure, magnetic and thermoelectric properties are also carefully

discussed. This work offers a new avenue to achieve a magnetic thermoelectric material through high entropy strategy.
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1 Introduction

Thermoelectric materials that can directly realize the con-
version between heat and electricity via the Seebeck effect
and Peltier effect have been explored to use in the Internet of
Things (loTs).['-31 Conventional strategies, such as band en-
gineering,-% nanostructure engineering,”8! and defect en-
gineering®1% are commonly used to boost their thermoelec-
tric performance, which was determined by the dimension-
less figure of merit, ZT, termed as ZT = S20T/x, where S, 5, T,
and x are Seebeck coefficient, electrical conductivity, abso-
lute temperature, and thermal conductivity, respectively. Re-
cently, introducing another dimensional discipline - magnet-
ism into thermoelectrics attracted intensive attention. Many
new phenomena like the quantum Hall effect,['" spin en-
tropy,['213] and magnetic-field dependent thermoelectric ef-
fect('415] have been reported in the thermoelectric materials.
These effects broaden widely practical applications of ther-
moelectric materials.

Generally, magnetic-thermoelectric materials can be di-
vided into two categories. One is the intrinsic magnetic mat-
rix, of which constituted composition contains at least one
magnetism element, such as FeSb,,['! MnTe,['71 MnBi,Te,!"8!
and so on. Another is a nonmagnetic matrix like classic Bi,Tes-
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based, Skutterudites, which can exhibit magnetic properties
through magnetic doping!'®-2'1 or by introducing magnetic
secondary phase or magnetic nanoparticles.2223 These mag-
netic-thermoelectric materials exhibit magnetic-field depend-
ent thermoelectric performance as compared with those im-
proved by conventional strategies.l324 Therefore, exploring
and fabricating new magnetic-thermoelectric materials is of
great significance. In recent years, some intrinsic thermoelec-
tric materials with magnetic properties have been explo-
red.['3251 However, the research on achieving a magnetic per-
formance in conventional thermoelectric material family
through doping is still a challenge due to the low solid solu-
tion ability.

Herein, we try to fabricate magnetic-thermoelectric materi-
al via high entropy strategy to go beyond the solid solution to
stabilize a large amount of magnetic elements in the sub-lat-
tice of non-magnetic thermoelectric materials. For the selec-
tion of magnetic element M in the formula of M,Se; materials,
we find that Cr,Se; compound can form rhombohedral struc-
ture,126) which favors for stabilizing the similar structure of
Bi,Ses. Finally, a single phase with a formula of Biy¢Sbgglng4
Cry4Se; is obtained. The crystal structure, magnetic proper-
ties, and thermoelectric properties of BiygSbgglng4CrosSe;
sample were successfully obtained.
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2 Materials and methods

2.1 Materials preparation

The raw powders were mixed thoroughly according to the
stoichiometry ratio of Bi,Ses; BiSbSe;, BiygSbgglng4Se; and
BigSbgglng4Cro4Se; in a glove box and sealed in a quartz
tube. The mixtures were heated to 1073 K for 10 h and soaked
at this temperature for 48 h before furnace cooling to room
temperature. As-fabricated ingots were crushed into fine
powders and loaded into a graphite die. Then, the materials
were condensed at 723 K for 5 min in a spark plasma sinter-
ing machine (SPS-211LX, Fuji Electronic Industrial Co. Ltd.) un-
der a universal pressure of 40 MPa with a height of 7 mm for
simultaneously measuring electrical and thermal properties
along the direction perpendicular to the pressure direction.

2.2 Characterizations

The X-ray diffraction (XRD) patterns of the as-fabricated
materials were collected using a Rigaku Smartlab diffracto-
meter with a Cu K, radiation (A = 1.5406 A), and correspond-
ing lattice constants were refined using Rietveld methods on
the commercial software. The electrical resistivity and See-
beck coefficient were simultaneously measured by CTA (Cryo-
all Thermoelectric Analysis, China). Thermal conductivity was
obtained according to the equation,«x = C,Dp, where p is the
density measured by Archimedean method, C,, is for specific
heat capacity measured by the differential scanning calori-
meter (DSC, company), and D is the thermal diffusivity meas-
ured by the laser flash analyzer (LFA 467, Netzsch). The M-H
curves of pristine Bi,Se;, BiSbSes, Biy gSbg glng 4Se3 and Big ¢Sbg ¢
Ing 4Cry 4Se; were measured with a MPMS (Quantum Design
INC., USA) at 2 K. The magneto-Seebeck was measured adia-
batically using the thermal transport option (TTO) on a

Relative intensity/a.u.
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Quantum Design Physical Property Measurement System
(PPMS 14 Tesla) with a one-heater and two-thermometer con-
figuration. The low-temperature heat capacities were also
performed by PPMS with logarithmic spacing in the temper-
ature range of 2 Kto 11 K in zero magnetic fields. The sample
was mounted to the sample platform with a small amount of
Apiezon grease. The uncertainty of the heat capacity meas-
urement is about 3% in the low-temperature range.

3 Results and discussions

3.1 Crystal structure

Fig. 1 presents the XRD patterns of pristine BiygSbygCrg 4Se;
and BiggSbgglng4Cro4Ses. In our previous work,271 a single-
phase BijgSb,glny4Se; was obtained. Once In is completely
replaced by Cr, the obtained BiygSbgCrj4Se; sample con-
tains a small amount of secondary phase indexed as BiCrSe;,
as shown in Fig. 1b. Therefore, it is difficult to stabilize a large
amount of magnetic element Cr in the quaternary thermo-
electric matrix. In order to improve the solid solubility and sta-
bilize the magnetic element, we introduce Cr into the qua-
ternary thermoelectric matrix BiggSbgglngsSes to construct
the high-entropy thermoelectric materials
BigsSbgglNg4CrosSes. The as-fabricated BiygSbgglng 4CrgsSes
still crystalizes in a rhombohedral structure, and no obvious
purity phase was observed in these high-entropy thermoelec-
tric  materials. The refined lattice parameters for
Bio¢SboglNg4Cro4Se; and BiggShgglng 4Se; are a = 4.050 A, ¢ =
28.826 A, and a = 4.061 A, c = 28.783 A respectively, the ratio
c/ais 7.12, slightly larger than 7.08 of Bij gSb gIng4Se;. Noted
that the lattice was moderately elongated by the lattice dis-
tortion compared to the pure Bi,Se; (a=4.138 A, c = 28.640 A,
with c/a =6.97).
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(a) Crystal structure of the as-fabricated Bij ¢Sbg ¢lng 4Crg sSe3 high entropy selenides. Cyan for Se1, Brown for Se2, Mixed color for ran-

domly distributed Bi, Sb, In, and Cr. (b) XRD patterns of pristine BiygSbg gCrg4Ses and BiygSbg glng 4Crg4Ses. The insert symbol represented the

secondary phase BiCrSe; (PDF#51-0750) in Big gSbg gCrg 4Se; material.

3.2 Magnetic properties

Fig. 2 shows the magnetic M-H curves of the as-fabrica-
ted Bi,Ses, BiSbSes, BiggSbg glng4Ses, and BigSbg ¢Ing 4Crg 4Ses,
respectively. All the Bi,Se;, BiSbSes, BiggSbgglngsSes shows
the diamagnetic behavior. The magnetization is relatively low,
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and there is almost no hysteresis loop (Fig. 2a-2¢). Instead, the
M-H curve of Biy¢Sbg¢lng4Crg4Se; sample shows an obvious
hysteresis loop and has a two order increment on magnetic
moment, which is ascribed to the introduction of Cr element
into the thermoelectric matrix (Fig. 2d). The residual magnet-
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ization (Mr) and coercivity (Hc) of BiygSbgglng 4Cry4Ses materi-
al at 2 K are 0.22 emu g~' and 2000 Oe, respectively, showing
strong ferromagnetic behavior, of which value is comparable

0.01

Moment/(emu g')

-0.01

-0.02

() 0.02

BiO.SS bO.SI n0.4se3

0.01

Moment/(emu g™)
o

-0.01

-0.02
-50000

—25000 0 25000
Magnetic field/Oe

50000

(b) 0.02
BiSbSe,
—~ 001
o
>
§
s Or
c
(7]
£
o
2 001}
-0.02 ' . '
@ 12

DOI: 10.54227/mlab.20220045

to other reported magnetic materials of Mn(Bi,Sb;_)Te;0,!'8!
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Fig.2 M-H curves of (a) Bi,Sejs, (b) BiSbSes, (c) Big gSbg glng 4Ses, and (d) BiggSbg ¢lng 4Crg4Se3 at 2 K.

The Curie point is determined through measuring magnet-
ic M-T curves under the condition of zero-field cooling (ZFC)
and field cooling (FC) at 1000 Oe. Fig. 3a shows the transition
temperature from ferromagnetism to paramagnetism near 61
K in the BiggSbgglng4CrosSes material, which is larger than
that of 13.2 Kin Mn(Bi,Sb,_)eTe 0.l'8 This is further verified by
measuring M-H curves at different temperature as shown in
Fig.3b. When the temperature increases from 2 K to 50 K,
both magnetic moment and the area of hysteresis loop de-
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creases. It is known that ferromagnetic materials have strong
magnetism after being magnetized at low temperature. With
increasing temperature, the magnetic domains and moment
would be strongly affected by the intensification of lattice vi-
bration29, When the temperature above the Curie temperat-
ure, the magnetic domain is collapsed and the average mag-
netic moment becomes zero, then the ferromagnetic sub-
stance changes into a paramagnetic substance.

Moment/(emu g-')

-5000 0 5000
Magnetic field/Oe

.8
-10000 10 000

(a) Zero-Field cooling and Field cooling curves of pristine BiggSbg¢Ing4Cro4Se; with a magnetization of 1000 Oe. (b) M-H curves of
pristine Biy sSbg ¢INg 4Crg 4Ses at different temperatures (2 K, 20 K and 50 K).
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3.3 Low temperature heat capacity
The heat capacity of a substance below about T = 10 K is
generally fit to theoretical functions, which may provide im-
portant information about the lattice, electronic and magnet-
ic properties of a material as shown in Fig. 4. The low temper-
ature heat capacity of BiygSbglng4Ses sample were fitted to
the following equation, 30
Cump=yT +B3T° +BsT® + BT’ (1)
where the 7 is the Sommerfeld coefficient and the yT term rep-
resents the contribution of electronic heat capacity; the odd-
powers in temperature (B;77 + BsT> + B,T7) stands for the lat-
tice vibration contribution to heat capacity®'. While, for
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Bip 6Sbo6lNg4Cro4Se; sample, the term of ferromagnetism needs
be included as follows,
Cinp=yT +B3T? +BsT’ + By T e )
Here, the B,y T'e~2/T term stands for the magnetic contri-
bution in the heat capacityB2. In the magnetic expression, the
B, T is the typical dependence of heat capacity with tem-
perature for ferromagnets. The detailed fitting parameters are
shown in Table 1. The root-mean-square (RMS) deviations for
BiggSbgglng4Se; and BiggSbgglng4CrosSe; are 0.7017% and
0.4628%, respectively, indicating the fitting data coincide well
with the experimental data. These results further confirm the
existence of ferromagnetism in BiygSbg¢lng4Cro4Se; sample
as revealed by hysteresis loop.
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Fig. 4 Heat capacity of (a) BiygSbgglng4Ses and (b) BigsSbgslng4Cro4Ses as a function of temperature over the range of 3 to 11 K. The dots
stand for the experimental data, and the red line represents the fitted result.

Table 1. Fitting parameters of the heat capacity of BiygSbyglny.Se; and
Big6Sbg6INg.4Crg4Ses below T < 11K.

Compounds Parameters values
y/)-mol~1-K=2 6.6389-107°
By/J-mol~"K™* 1.7395-1073
Big.sSboglng4Ses Bs/J-mol~"-K™® 2.1553-107°
B,/)-mol='K8 -1.02181077
RMS% 0.7017
y/)-mol~1-K2 2.0651-1073
By/J-mol~1-K™* 2.1751-1073
. Bs/J-mol~1-K™ -5.4022-1076
Big.6Sbo6INo.4Cro4Ses B,,,/mol 0.4385
A/K 25.4386
RMS% 0.4628

According to the low-temperature fitting, the Sommerfeld
coefficient y are 6.6389-10~> Jmol~"-K-2 and 2.0651-1073
J:-mol~1-K=2 for BiygSbgglng4Se; and BiggSbg¢lng 4Crp4Se;, re-
spectively. Then, the renormalized density of states at the
Fermi level N(Ef) can be deduced using the relation y = (7'(2/3)
kiN(Ep) B3 Compared with BiggSbyglngsSe; sample,
Big6Sbgslng4Cro4Ses shows an increased N(Eg), which is con-
sistent with the increased carrier concentration. Furthermore,
the y can also reflect the change of electron effective mass. In
Fermi liquid model, y can be expressed by the relation
v = (m*/mg)y°, where mg and y° represent the respective val-
ues for a non-interacting electron system B4, Generally, the
increase of y can be ascribed to the enhancement of the ef-

fective mass m* of correlated electrons, indicating a higher
m* is obtained in the as-fabricated high entropy magnetic
thermoelectric materials BiySbgglng4Cry4Se; sample in this
work.

3.4 Thermoelectric properties

Fig.5 presents the thermoelectric properties of pristine
Big gSbgglng4Ses and BiggSbg¢lng 4Crg4Ses. The electrical con-
ductivity of both BiygSbgglng sSes and Big gSbg glng 4Crg 4Se;3 in-
creases with temperature, while the absolute Seebeck coeffi-
cient decreases with temperature, exhibiting intrinsic semi-
conductor behavior. The electrical conductivity of
Big6Sbg 6INg 4Cry4Se; shown in Fig. 5ais 50 S m~! at RT and in-
creases to 250 S m~1 at 673 K. It is worth noting that the value
of Seebeck coefficient for Big ¢Sbg ¢Ing 4Crg 4Se;5 is positive (520
uV K-1 to 200 pV K1) from RT to 673 K (Fig. 5b), further sup-
porting that the increased configurational entropy can sup-
press the intrinsic Se vacancy of Bi,Se;-based materials.l2”l To
evaluate the effect of Cr alloying on the effective mass, Hall
measurement was conducted. As listed in Table 2, the carrier
concentration of high-entropy thermoelectric matrix
BigsSbg 6N 4Cro4S€e;5 is 1.18x10'® cm=3, which is an order lar-
ger than that of BiygSb glng 4Ses. Based on the single parabol-
ic band model, the effective mass for BiggSbgglng4Se; and
BigsSboglng4Cro4Ses, obtained through the Pisarenko rela-
tionship is 0.55 and 2.28, respectively, indicating that alloying
Cr element can significantly increase the whole band effect-
ive mass. The enhanced effective mass might be contributed

Materials Lab 2022, 1, 220045 220045 (Page 4 of 6) !:,{f}?m
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to the magnetic drag effect induced by the magnetic Cr ele-
ment in the matrix, which is also observed in other magnetic
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materials, CuFeS,,1251 and CuGa,_ Mn,Te,,2" Cr-doped Bi,S;.
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Fig. 5 Temperature dependent thermoelectric properties of BiggSbyglng4Se; and BiggSbyglng 4Cro4Se; samples: (a) electrical conductivity, (b)

Seebeck coefficient, (c) thermal conductivity, and (d) ZT.

Table2. Comparison of room-temperature electrical properties of Biy sSbg ¢Ing 4Crg45€3 With Big gSbg glng 4Ses.

Compounds S(uVK™ a(Sm™) n (108 cm3) p(em?v's™) m¥*
Bio_BSboAslnoA4se3 500 18.10 0.17 5.88 0.55
Bio.6Sbo6lNo.4Cro4Se; 520 43.26 1.18 2.28 228

As compared with BiygSbyglngsSes, BigeSbgglng4CrosSes
possesses a comparable low thermal conductivity of 0.63 W
m~1 K-1 at RT and 0.48 W m~! K-! at 623 K, as shown in Fig. 5c.
Owing to the increased effective band mass (high Seebeck
coefficient) and lower thermal conductivity at high temperat-
ures, the dimensionless figure of merit ZT of
BigSbgglng4Cro4Se; is about 4 times higher than that of
BiggSbgglngsSe; at 673 K (Fig. 5d), showing promising ther-
moelectric performance with the introduction of magnetism.
However, the ZT value is still quite low. Further optimization
of carrier concentration and comprise of band flatten and car-
rier mobility, through adjustion of cationic elemental ratio,
would be applied to improve the overall thermoelectric per-
formance of high entropy selenides.

The magneto-Seebeck effect was also measured at 0, 3, and
9 Tesla in the low temperature range, as shown in Fig. 6. The
Seebeck coefficients of the BigSbyglng4Cro4Se; sample un-
der remains almost unchanged, indicating a weak response
to the magnetic field. This may be attributed to the low mo-
bility of 228 cm? V-1 s71 in the BiyeSbgglngsCrysSes
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sample.[5:3637] Therefore, improving the mobility of carriers in
high entropy magnetic thermoelectric matrix and enhancing
the magneto-Seebeck effect will be one of our future works.
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Fig.6 The Magneto-Seebeck coefficient of BigSbggIng 4Cro4Ses3
at 0, 3,and 9 Tesla in a temperature range of 2 K- 250 K.
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4 Conclusions

In summary, we successfully applied high entropy strategy
to achieve a single-phase thermoelectric matrix with magnet-
ism in BiygSbyglng4Cro4Ses. The as-obtained high entropy
thermoelectric matrix possesses an intrinsic positive Seebeck
coefficient value of ~520 pV K-' and an ultralow thermal con-
ductivity of ~0.63 W m~" K at room temperature.
Big6Sbgslng4Cro4sSes shows an obvious hysteresis loop and
strong ferromagnetic behavior when temperature below 61
K. Its magnetization is two orders of magnitude higher than
that of those thermoelectric matrix without magnetic ele-
mentCrat2K.Besides, the effective mass of Biy cSbg ¢Ing 4Crg s5€3
is also greatly enhanced through the introduction of magnet-
ic elements, and thus increasing about 4 times ZT value at 673
K as compared with pristine BiggSbgglng sSes. These findings
provide a new route for obtaining a magnetic thermoelectric
matrix through a high-entropy strategy and highlight the
great potential of magnetic element doped selenides matrix
for thermoelectric energy conversion.
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