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Fig. 1. Structure of the magnetic tunnel junction.
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Fig. 2. Hysteron of the anisotropic hysteresis model.
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Fig. 3. Measured transfer curves under different applied
field angles: (a) 0°-80°%; (b) 90°-140°.
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Table 1. Parameters of the uniform bias field model and

the non-uniform bias field model.
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Fig. 5. Comparison between the measured transfer curves and the ones calculated by two models: (a) Uniform model, 0°-80°;

(b) uniform model, 90°-140°; (c) non-uniform model, 0°~80°; (d) non-uniform model, 90°-140°.
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Fig. 6. Vector relationship of uniform model: (a) Applied field along 120°; (b) applied field along 140°.

XF PR RL  FO 25 51, TT LA AR 58
T TR e 3 S A R R P g TR A KA
TAEX. anfEl 5(b) PR, SHSIRBRIFINEE RAE 120°
Ab HE BT S R A ORI ) A F B AR 0 FE 140°40
MZEBA L T8 A S HRIE. R T 7R X S i 22 9 4
FALA, Bl 6 J&/R T A7 1200801 140°0F $57 2] 45
RIZYBRR R R, FT 3R 1 S5 oAl
Wb E Y H W 319°, %2065 10 -84.1°,

R 7 A PAE R BHAS (A R 1 525 R
VAT WS H,, J7 2050 96°. M AMG T 120°0
H,, (1T HY Hy, K200, 7N a2 g 72
T, SRR S | F W RGBT )
S o AT, T SRR — B B ik
B, BERREFE R [F) A0 SO B B £ B R BB S
RUE. AU 140°0F, HY Hyo 0 CFAT, —
H B TE AP R A I S DR AT, AT

150709-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 15 (2026) 150709

TERLBH AR IR 5.

FHECZ R, AR SRR i 5 | B8 8l 377>
fii, BIE T XF F o Z AT 0 i lag. anisl 7 pos,
TR 23 [ AR S0 P S EOR R X (35 1—3 4)
M RGeS B T 0 3% B . AR — 1
4, g 2, T5RBU R —BCH sl ke p A, {2
A AR AR R 2 SO A T AR AR AL
7. XA B EZE 00 A T 5 S AT Y H
BHAR UG, I HER B TP ARG 28, 5
Kl 5(d) PRYSERAT R RIEY A

80 -
— LA
ST
go L AT
o HBHHT
X
= 40t
<
20
0 . .
—150 —75 0 75 150

H/Oe

7 AR SRR S 5 O (R 3 2B T s A L
Fig. 7. Comparison of total output of non-uniform model

and outputs of different hysteron groups.

4.4 EEMHIIE

XFTARFRCE, ANFEEBEREA S8, Ry &S5
HEREE IR e —An b ARG 25003 S B R
EOERE SR E | SRR RN P ST NI 20 54 80
a2 AP R TOSE . B 55 R A4
RIS HHFRA SRR, Ry Y8 2.4 kQ, A%ZHE
SRR B DX 3 R 43 5

JSFARARRT, 43 A%HIE T4 8 pm Al 32 pm
Fisf A5 7R X A2 iy £ %) 00 68 7, P 30 22 41 )
H4.6% K 5.5%, H w250 a5 A SCE R
4 pmx16 pm gL R —E AR AR A
RUPEAE T —FhIPAL T3, B IE AR AS [ He s
T SHHR USRI 51 A E S B T —
A TAE R 4l R I X 2 N = 3 AR 1 2k S
il L B SCHR RIS

5 % W

ARSCEF R RERE B 25 1 I, 7E T IS Y Sl

b, RAERIE T BRI 3743 (R AE A ) PR
WEREAT ]y B B NG AR R 52, JF 4 T — R |
B B 3 53 A B G R g i BELRSE AL,y i dd s
5 SRR B S SR T F A AT, 15 R AR
i

1) s b LU (] ARy 235 A4 217 ok ) s AR 4% 1) S
PEAAS A JZ A8 55 b 7 ) SR 30 R A v A G R B )
— 3P, SR R P B AR R ) f R L. SR,
32 BR T R SIS | R A RO 3R 3, 42 )
SRR EAEAUT 42 A BEAU G RE BE I, ) TR
P A A RO A ZR 24, N ] ik e b 380 T
RUTE ) 305 ) 0] 2P 725 F BELR (/A9 SR SE PR AT A

2) 4 EJ AR AR B R A B — i B T AT
— BBy, TERIAE R X237 AT 5 S 2
1) FEL PR . AR SCHRE S A O RS AR S o 5 | N B AR
it 37 5341, A ROBEALL T TOWL 2 T ) I — B Ak s
ek AR, P T SRR N, THBR T kR SR
B E T TSR Ry R B DX ) T

3) RAETEAE TAEIX (5 ) A Aeis e 22, =
U AR 2 S BB R AT e B Ry ST 1) Xl
FHAR SR I T S L A6 RO A L T i AR
AU B BE 8 T VR b TR 14 8l 14 SR U e
FREHRRE, UER T TEAS B e AR A RO 1 2 TR A
S B 3 AR 2 5 A TR AL OPE RE SR AR Fi
R 2

S 30k

[1] Zhou Z T, Yan S H, Zhao W S, Leng Q W 2022 Acta Phys.
Sin. 71 058504 (in Chinese) [J&F#, E#4E, AN, WHE X
2022 YyH2EdR 71 058504]

[2] Cao J W, Wang R, Wang Y, Bai J M, Wei F L 2016 Acta
Phys. Sin. 65 057501 (in Chinese) [E V145, 4L, T8, A&
R, BARAR 2016 P44 65 057501]

[3] Han X F, Zhang Y, Feng J F, Chen C, Deng H, Huang H,
Guo J H, Liang Y, Si W R, Jiang A F, Wei H X 2022 Acta
Phys. Sin. T1 238502 (in Chinese) [# 7506, 3K [, FZK 0%, Pk
N, X, BE, SRALT, Br, RISCR, &K, BRALHE 2022 4)
FiA4f 71 238502

[4] Akhtar S P A, Prasad S, Islam A 2024 Eng. Res. Express 6
045329

[5] Zhang L, Zhou J, Li H, Shen L, Feng Y P 2021 Appl. Phys.
Rev. 8 021308

[6] Yang Z, Zhang Y, Zhou Q Q, Wang Y H 2017 Acta Phys.
Sin. 66 137501 (in Chinese) 2, ki, AR, £ E4%E 2017
PF2EAR 66 137501

[7] Feng J F, Chen X, Wei H X, Chen P, Lan G B, Liu Y W,
Guo J H, Huang H, Han X F 2023 Acta Phys. Sin. 72 197103
(in Chinese) [FZ W, PR, BRLTHE, BRIG, 22504k, X2, 56
201 BHE, 5 2023 YIFLAEHR 72 197103]

150709-7


https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.71.20211883
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.7498/aps.71.20221278
https://doi.org/10.1088/2631-8695/ad8338
https://doi.org/10.1088/2631-8695/ad8338
https://doi.org/10.1088/2631-8695/ad8338
https://doi.org/10.1088/2631-8695/ad8338
https://doi.org/10.1088/2631-8695/ad8338
https://doi.org/10.1088/2631-8695/ad8338
https://doi.org/10.1063/5.0032538
https://doi.org/10.1063/5.0032538
https://doi.org/10.1063/5.0032538
https://doi.org/10.1063/5.0032538
https://doi.org/10.1063/5.0032538
https://doi.org/10.1063/5.0032538
https://doi.org/10.1063/5.0032538
https://doi.org/10.1063/5.0032538
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.66.137501
https://doi.org/10.7498/aps.72.20231003
https://doi.org/10.7498/aps.72.20231003
https://doi.org/10.7498/aps.72.20231003
https://doi.org/10.7498/aps.72.20231003
https://doi.org/10.7498/aps.72.20231003
https://doi.org/10.7498/aps.72.20231003
https://doi.org/10.7498/aps.72.20231003
https://doi.org/10.7498/aps.72.20231003
https://doi.org/10.7498/aps.72.20231003
https://doi.org/10.7498/aps.72.20231003
https://doi.org/10.7498/aps.72.20231003
https://doi.org/10.7498/aps.72.20231003
https://doi.org/10.7498/aps.72.20231003
https://doi.org/10.7498/aps.72.20231003
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 15 (2026) 150709

[8] Yan H B, Huang H T, Wang J X, Huang J, Xie K 2024 Acta [14] Shah L R, Bhargava N, Kim S, Stearrett R, Kou X, Sun X,
Phys. Sin. 73 228501 (in Chinese) [k, ¥, TEEH, & Sun S, Kolodzey J, Nowak E R, Xiao J Q 2011 J. Appl. Phys.
fd, L 2024 PyEAAR 73 228501) 109 07C717

[9] Liu Q Y, Luo X, Zhu H'Y, Han Y W, Liu J X 2017 Acta [15] Endo M, Al-Mahdawi M, Oogane M, Ando Y 2022 J. Phys.
Phys. Sin. 66 107501 (in Chinese) [XIi&E A, B0, RIGHE, #— D: Appl. Phys. 55 195001
e, XU 2017 YyHEHR 66 107501) [16] Jenkins S, Meo A, Elliott L E, Piotrowski S K, Bapna M,

[10] Cunado J L F, Bollero A, Pérez-Castaieda T, Perna P,
Ajejas F, Pedrosa J, Gudin A, Maldonado A, Nino M A,
Guerrero R, Cabrera D, Terén F J, Miranda R, Camarero J
2017 Sci. Rep. 7 13474

[11] Gunnarsson R, Hanson M, Dubourdieu C 2004 .J. Appl. Phys.

Chantrell R W, Majetich S A, Evans R F L 2020 J. Phys. D:
Appl. Phys. 53 044001

[17] Henrotte F, Nicolet A, Hameyer K 2006 COMPEL Int. J.
Comput. Math. Elect. Electron. Eng. 25 T1

[18] Inoue J, Maekawa S 1996 Phys. Rev. B 53 R11927

96 482
[12] Zhang W, Xiao G, Carter M J 2011 Phys. Rev. B 83 144416 (19] Imamura H, Arai H, Matsumoto R, Yamaji T 2024 Phys.
[13] ChenRY,BiR,Li Y T,Li Y J, Gao J P, Zhang Y Y, Hu J, Rev. Appl. 22 014032
He J L 2025 IEEE Trans. Magn. DOI: 10.1109/TMAG.2025. [20] BiR, Chen RY, Wu S L, Ma HY, Zhang H Q, Liu X T, He
3612008 J L, Hu J 2025 Sensors 25 1730

Modeling of the transfer curves of magnetic tunnel junctions
considering the non-uniformity of internal bias field”
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Abstract

Accurate modeling of transfer curves is a fundamental requirement for the sophisticated design of tunneling
magnetoresistance (TMR) sensors, which have emerged as leading candidates for weak magnetic field detection
due to their superior sensitivity and wideband response. To eliminate hysteresis and achieve high linearity,
TMR sensors frequently utilize magnetic tunnel junctions (MTJs) with high-aspect-ratio elliptical geometries.
This design strategy leverages strong longitudinal shape anisotropy to stabilize the magnetization state;
however, it inevitably introduces a significant spatial non-uniformity in the internal bias field. This non-
uniformity is primarily driven by complex edge demagnetizing effects and magnetostatic coupling between the
ferromagnet layers, which are often oversimplified in standard analytical models.

While our previous anisotropic magnetoresistance model based on a uniform effective field hypothesis has
proven effective for standard devices, it exhibits significant physical distortion when applied to high-aspect-ratio
MTJs, resulting in inaccurate predictions in non-ideal conditions. To overcome these limitations, this paper
proposes an enhanced method that incorporates the non-uniform distribution of the internal bias field. The
proposed methodology centers on a deterministic discrete bias field distribution. The free layer is discretized
into multiple regions represented by three distinct groups of hysterons. Each group is subjected to a unique

internal bias field consisting of a static invariant component and a spatially-dependent variable component,
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thereby capturing the field gradient from the device center to its boundaries. Furthermore, the macroscopic
resistance is derived by synthesizing the parallel tunneling conductance of these local regions. A parasitic,
tunnel-independent resistance is integrated into the model to represent the non-magnetic contributions from
electrodes and leads in the junction array, ensuring a rigorous match with experimental conditions.
Experimental verification conducted on 4 pmx16 pm elliptical MTJs demonstrates that the traditional
uniform model produces an anomalous resistance peak at an external field angle of 120° and broad plateaus at
140°. These discrepancies are fundamentally caused by the abrupt coherent rotation of the entire free layer,
which is triggered by the synchronized competition between external and uniform internal fields. In contrast,
the proposed non-uniform model effectively captures the non-coherent characteristics of the magnetization
reversal process. By accounting for spatial non-uniformity, the model accurately predicts the asynchronous
reversal across different regions of the free layer. This leads to a phase cancellation effect that suppresses the
non-physical resistance peak and reproduces the smooth transfer characteristics observed in high-sensitivity
working regions of MTJs. Additionally, the model provides a unique physical insight into the slight increase in
modeling error observed near the equivalent hard axis (approximately 110°), where the system physically
approaches an ideal single-domain state. In conclusion, this research establishes a powerful theoretical bridge
between microscopic magnetic dynamics and macroscopic sensor outputs, providing a precise theoretical tool for

the optimization and performance prediction of high-sensitivity TMR sensors.

H,: Constant internal bias field
AH),,: Variable internal bias field
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Modeling of the transfer curves of magnetic tunnel junctions considering the non—uniformity of internal bias field
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