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Fig. 1. Phase constituents of aFe/BST /epoxy thermoelec-
(a) XRD patterns of zFe/BST /epoxy
(b) the enlarged XRD pat-
terns in the 260 range of 27.8°-28.6°.

HSERIISE Fe %} aFe/BST /BRI HHL
MR A2, R Lotgering ik B 8 T g
oFe/BST /FR4E M IS B BB BST(0001) 44
e IR 7 (F):

tromagnetic films:

thermoelectromagnetic films;

Vol. 73, No. 22 (2024) 227301
FX) = (P-R)/0-R), (1)
P=% I(X)/ N I(hkil),
Py =" 1o(X) /> Io(hkid), 2)

Holr, S 1(X), > 1o(X), > I(hkil) By Io(hkil)
A3 5 2 B 0 BB 1) R R S 4 I 8 P L 1) R A
(X) 1 (hkil) FSpT5mEEZ A, P AL Py 43 SRR
IR i R 58 G T BRI A i 2 RN E . I
an) FAEYRA (1) 715, 45589 T 3% 1,
B Fe SN, Fe/BST /R i b i 5
W BST A9 (0000) BUalpy FAESCHE %, HFFA Fe/
BST /F &R G T G| Y F (A4 KT BST/
IREM IR A IR FAE; Fe02 FEM MY FAHR
ikF] 0.41, 5 Fe00 LG R T 58%. ixX £L4h FFk W]
Fe 1] DLiE—A 3455 BST SR (0000) AL .

K WF5E aFe/BST /¥R S A B #4 L o i I op
Fe-NPs A 7EJE X, Rl HRTEM M %8 T Fe02
rh S JoT B T B S 4 OK RUBE B O . 1] 2(a) A&
Fe-NPs i £k I 4 R 1A 1) HAADF-STEM K%,
& 2(b)—(f) & Bi, Te, Sb, Fe fl O JGZ MY TH /3.
AL, SEiE BST R AUHER 5> Fe-NPs 4255 BST
AR TRT I B SR 2B T T AT B P R g . B S 1)
Fe-NPs ¥ # 5 Bi, Sb #l Te JC & & AL I,
AR RS —AAFAET aFe/BST /3 E A BE A
TR .

F T WSS Fe-NPs X aFe/BST /A g
T T FRL S R M A R, DU T =0 :BFe/
BST /¥ &M s P G B A FL 3% o T Seebeck
FH o ME] 3(a) iz, i Fe-NPs B4, X 2L
i) o et KGN, BT oFe/BST /FREM G
PRI o #FLL BST /H 00 g #4 it TR 1Y
o KiBZ. 16 300 K I, Fe02 1Y o J K, ik 6.26 %
10* S/m, 42 Fe00 1 1.7 ff. )\ BST I iR &5 44 1]

# 1 aFe/BST/MFEM IR ML F, AF, MR, MR F1 MRHHA
Table 1.  Values of F, AF, MR™, MR, and MR* of 2Fe/BST /epoxy thermoelectromagnetic films.

No. P AF 05T 1.0T 15T 20T 25T

MR®= MR* MR MR® MR* MR MR® MR* MR MR®= MR* MR  MR® MR* MR
Fe0O 0.26 0.00 0.85 0.85 0.00 236 236 0.00 4.87 487 0.00 770 7.70 0.00 11.51 11.51 0.00
Fe01 031 0.05 030 0.86 -0.57 1.07 242 -1.34 229 498 -269 3.8 787 401 570 11.75 -6.05
Fe02 0.41 0.15 0.44 1.00 -0.56 1.41 2.87 -1.50 2.84 586 -3.02 4.66 9.24 -4.57 6.78 13.67 —6.90
Fe03 038 012 073 094 -021 196 269 -0.73 361 550 -1.90 563 868 -3.06 793 1289 -4.96
Fe04 0.36 0.10 080 092 -0.11 208 259 -0.51 430 531 -1.01 719 838 -1.19 10.47 1247 -2.00
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2 oFe/BST /ARG H L % 15 19 HRTEM BORE5 M (a) Fe02 19 HAADF-STEM 1%; (b)—(f) Bi, Te, Sb, Fe #1 O (¥ i /31
Fig. 2. Microstructures of zFe/BST /epoxy thermoelectromagnetic films from HRTEM: (a) HAADF-STEM image of Fe02; (b)—(f)
corresponding elemental mappings of Bi, Te, Sb, Fe, and O.
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Fig. 3. Electrical transport properties of the 2Fe/BST /epoxy thermoelectromagnetic films: (a) Electrical conductivity and Seebeck

coefficient; (b) power factor.
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Fig. 4. Magnetic anisotropy of #Fe/BST /epoxy thermoelectromagnetic films: (a) Measuring setup; M-H curves of (b) Fe00, (c) Fe01,
(d) Fe02, (e) Fe03, and (f) Fe04 L H (and // H) at 300 K. The lower-right insets in panels (b)—(f) show the M-H curves near zero
field (H = 0), the M-H curves of zFe/BST /epoxy thermoelectromagnetic films were processed by BST /epoxy films background sub-

traction.
2 ARFEFEG 300 K B L H J5 1 i Scl ig PERES 8L
Table 2.  Magnetic properties of the L H of the different samples at 300 K.

Samples ¢ M/(emug!)  HJOc  Kg/(0crgg)  AB/(10'ergg’)  H/Oc  M/(emug))
Fe0l 0.1% 107.76 9703.48 5.23 5.94 123.65 5.42
Fe02 0.2% 122.17 14456.38 8.83 8.98 93.37 4.84
Fe03 0.3% 95.80 10700.42 5.13 7.31 78.80 1.09
Fe04 0.4% 95.12 10144.43 4.82 6.23 117.48 4.14
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Fig. 5. Magnetoresistance characteristic of 2Fe/BST /epoxy thermoelectromagnetic films: (a), (b) The MR dependence of the in-
cluded angle 6 between the magnetic field H and the out-plane direction of (a) Fe00 and (b) Fe02 in the range of 1.0-2.5 T at 50 K;
(c), (d) the magnetic field dependences of measured MR (MR™) of (c) Fe00 and (d) Fe02 at 50-300 K in the range of 0-2.5 T;
(e) the magnetic field dependences of MR™ of Fe00 and 2Fe/BST/epoxy flexible films (Felz, z = 1, 2, 3, 4) at 50 K. The MR-

(MRE,. — MR;’CO ) and fitting curves of two kinds of MR~ are shown in the lower half of panel (e) with the color remarks and the

dotted lines, respectively.
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Fig. 6. Phase constituents and preferential orientation of BST/epoxy thermoelectricity films ignoring MR: (a) XRD patterns of
#0Fe00, #1Fe00, #2Fe00, #3Fe00, and #4Fe00 corresponding the pressure being 0, 4, 8, 12, and 16 MPa; (b) the enlarged XRD
patterns in the 26 range of 27.6°-28.5°%; (c) the pressure dependence of the F of (0001) preferential orientation of BST.

4 F
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Fig. 7. The MR;'J) dependences of the (000]) preferential orientation Fy, of BST in BST/epoxy thermoelectricity films: (a) The
variation of MR;’ . With the magnetic field at 50 K in the range of 0-2.5 T; (b) the fitting correlation between AFy and AMR:' at
H = 0.25-2.5 T, which is expressed as AMR;#L = KOAF#Z’H2 , where (Kj y) is (34.29, 2.129) for 0.5 T, (24.46, 2.021) for 1.0 T,
(14.27, 1.902) for 1.5 T, (19.480, 2.063) for 2.0 T, and (16.12, 2.013) for 2.50 T; (c) AMR: = KoAFZH? , where K, is constant.
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Table 3. Values of Fyu, AFy, AMR; ,and K, of BST /epoxy thermoelectricity films.
05T 1.0T 15T 20T 25T
Saple  Fe A MRS K, AMRE K, AMRE K, AMRS K, AMRE K
#0Fe00 0.26 0.00 0.00 26.99 0.00 22.91 0.00 19.59 0.00 17.04 0.00 15.35
#1Fe00 0.34  0.08 0.04 26.99 0.11 22.91 0.31 19.59 0.44 17.04 0.63 15.35
#2Fe00 0.37 0.11 0.07 26.99 0.28 22.91 0.49 19.59 0.88 17.04 1.21 15.35
#3Fe00  0.42 0.16 0.18 26.99 0.60 22.91 1.15 19.59 1.69 17.04 2.48 15.35
#4Fe00  0.46 0.20 0.28 26.99 0.95 22.91 1.83 19.59 2.85 17.04 3.96 15.35
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Table 4. Values of K;, K, K3, MRg, , and MRy, of 2Fe/BST/epoxy thermoelectromagnetic films in different H.
05T 1.0T 15T 20T 25T
No. K, K, K;
MRy, MRy, MRy, MRy, MRy, MRy, MRy, MRy, MRy, MRy,
Fe0O  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe0l 56.30 0.12 0.52 -0.20 -0.37 -0.82 -0.52 -2.06 -0.64 -3.27 -0.74 -5.23 -0.82
Fe02 36.77 017 045 -0.24 -0.32 -1.02 -0.47 -2.47 -0.55 -3.94 -0.64 —-6.18 -0.71
Fe03 19.10 0.20 0.23 -0.05 -0.16 -0.50 -0.23 -1.61 -0.28 -2.73 -0.33 —4.60 -0.36
Fe04 6.38 0.22 0.17 -0.00 -0.12 -0.34 -0.17 -0.81 -0.21 -0.95 -0.24 -1.73 -0.27
19.10 1 6.38, Y K, 4 0.12, 0.17, 0.20 #10.22, FER 22 ENR 25 5 R AL T 2 2% T — &5

1M WL 85 198 £ K, 43008 0.52, 0.45, 0.23 il
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xFe/Bi, sSb, sTe; thermoelectromagnetic films with
coexistence of positive and negative magnetoresistance”
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Abstract

Thermoelectric (TE) films with excellent electrical transport property are key materials for developing
efficient in-plane heat dissipation technology, but their low electrical transport property is a challenge that
restricts their application. Recently, a new thermo-electro-magnetic coupling effect has been proposed to
significantly improve the comprehensive TE performance. In order to explore the influence of the above effects
on the electric transport property of TE films, we develop an integrated preparation method through ball
milling dispersion, screen-printing and hot-pressing curing, obtaining a series of aFe/Bij;Sb; 5Te; (BST)/epoxy
TE films in which Fe nanoparticles serve as the second phase, resulting in the thermo-electro-magnetic coupling
effect , and also we study their influence on the electrothermal transport performance. The results are shown
below. The positive and negative magnetoresistance are co-existent in zFe/BST/epoxy thermoelectromagnetic
films; the preferred orientation factor of BST (000/) is positively proportional to the positive magnetoresistance
(MR™), resulting in an increase of the conductivity; the spin-dependent scattering of negative magnetoresistance
(MR) derived from the local magnetic moment of strong ferromagnetic Fe nanoparticles increases the Seebeck
coefficient. Hence, the power factor of Fe/BST/epoxy thermoelectromagnetic film near room temperature
reaches 2.87 mW-K2m™, which is 78% higher than that of BST/epoxy thermoelectric film. These results
indicate that the coexistence of positive and negative magnetoresistance in thermoelectromagnetic films can not
only relieve the coupling relationship between conductivity and Seebeck coefficient in TE materials, but also
provide a new physical mechanism for the excellent TE conversion performance induced by magnetic

nanoparticles.

Keywords: p-type BiyTes based thermoelectromagnetic films, magnetic anisotropy, magnetoresistance, spin

dependent scattering
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