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Table 1.  Typical performance comparison of magnetic sensors.
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Fig. 1. Diagram of the basic structure and classification of MTJ: (a) Classification based on the position of the free layer; (b) classi-

fication based on anisotropic directions.
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Fig. 2. Schematic diagram of performance indicators: (a) Magnetoresistance response curve; (b) Noise spectral density curve.

Bl B M JE R Shiny, wi e f hote S 85 o Fa B
ARAE, T TMR (BB | A5 28085 ) SR 378,
BRI 5| R i B AR A 2, RBUE B . eI
EFBe L, W TMR E R RHA R AL B REAS 16]
SRS AT R T R AN, 51 A G R
SEAR R ] 245 B R AR S5 BT I REAT A 5 R
g%, SR, REUERSETHE 5 HPE | WG SR n
PEATRLA, 3o i ) R AU W] RE S BUR A/, R
1l 2l 250 i L

3) T - W 2 I G 7 e o s i A v
T RELI 197 R AN B R B, e SR g g o A
& MTI BIREH K. B E 20T B d 2
FRIIAN T, AR A4 A B A I BEE T LA | 4517
SR SR HULSH RS ARZEZ
I 2% JR R S AN ] A . R A A7 235
NIERZE , JCEHAE 555 PSS AL W i v ™ B 5
MRS JEE . 410 il it 5 R AL T PE AT, Al At
FHRETERE | 5| S B SR e B H ) S 5
PR RIS B 5 i) S P

4) F i 2 A i 1 AR A ) 2 A e 1 X
[F) i 25 - W S R, R SO B A L 9 B i
{ELAL X T A MTJ o0, & 32 20T A o
[] 2% [0] EPE R A IR, WIS % E S H il ZE 8
BRI G Y e AR K5 BUBREEIZ R B Z 5
o & 777 i 22 R S5 AN, AR IRAS AU R AT
LRI YA BEE MTJ BOA—E it et — 2B el
TARTER 001, 2T R T, R
SIGINERGRE . N, R aabm A PEBEDL AL AT LU
AMzE MTT AT B R TR AT A5 A4 A A —
HESETTIHE T

5) Wit Wegto 4 A8 B0 1 o B
LKL, SIS B
B, fi—MBESEED T261F, MTJ RO
TR sty R A PRGN AR 31 S5
Mt 75 LA B 0 005 29 e
L R ARSI TR A M 414y B
SRS i) I USRI 1) FU

0) SV Jr: AP BRI SR 2 T
OR35S S
S
e ©)
SO, Sy M B, 5
Vo THRHUIE. DS 2 pT VAT, SLEERE
R LI T LS 1540 A, 75
e AR P RO BB, B 2
S 5 T s S, RS 2595
GBI AW, 4 2 WS i
J1. Vi, ST TR (RIS A R,
FLE TR (ST SRR, (EPERELE A
B TR

F 2 B T TG BTBHR TR 528
LA 1 2, 1 T 1R, 0
RIS e LB TNIR B R 5 4 P
TS, SOREIE TR EAR B2 6
R, It EWEBERT M F1 5008
SEIRBUALL I B2 5 B
N B, IR T AR B
B 5. LA DB 2P ., 1
SRS 4 52 bR LA SR, s
R Rt s B R A A

D =

060803-4


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 % 3R Acta Phys. Sin. Vol. 75, No. 6 (2026) 060803

F 2 HWFHBN TMR BREEREHE AR L

Table 2.  Comparison of TMR sensor performance indicators among various research teams.
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Fig. 3. Optimization approaches for free-layer materials.
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Fig. 4. Schematic diagram of the development direction of wide-range thin film material systems: (a) Interfacial induced anisotropic

PMA-MTJ and its in-plane/out-of-plane magnetoresistance response curves®; (b) intrinsic crystal anisotropic PMA-MTJ and its

out-of-plane magnetoresistance response curvel”®; (c) inclined sputtering deposition introduces in-plane uniaxial anisotropy to

achieve range expansion®; (d) electric field adjustable dynamic range TMR magnetic sensorl®d.
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Fig. 5. Schematic diagram of MTJ structure optimization: (a) Anisotropic regulation (including geometric shape design and anneal-

ing process); (b) magnetic vortex state structure design; (c) magnetic yoke structure design.
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(b) Sensitivity improvement

Double MFC Superconductor MFC

(c) Noise reduction
FE layer
FM layer

MEMS resona
flux concen

Air gap/ KMR sensor

Electric field modulation

Piezoelectric drive modulation

Full-bridge fabrication and
annealing on chip

Electrostatic drive modulation

KEl6 WEAUREA IR R (o) BIFBEBITR T A RGR K (b) REUEIR T Ik B2 050 RAE LS | BUZBEm AL B2
T G IR AR A 5 (c) MR IR T ik s e R S 1A ) 1891 L 3R Bl R 1 B e 3 9

Fig. 6. Schematic diagram of optimization of magnetosensitive body structure: (a) Series-parallel design and on-chip integrated an-
nealing; (b) sensitivity enhancement methods: single-layer flux aggregators, double-layer flux aggregatorsi®, superconducting flux
aggregators; (c) noise suppression methods: electrostatic drive modulation®?); piezoelectric drive modulation®®!, electric field modula-

tion.
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SIS e e ) AT 24 e )] A R A S SRR
I, R 2 0 SE0 A e T R A, B
TG IS ; 1 FMEF B 256, B b g 3 75
DIV 3o o Jo] S0 A A R R I R S e 4 b vy
WS A, SEMINE] 1/ M. Sk —2 5t sk
AE, 2019 4F Du 45 P FE Bl B4R T T — Bl A
PR S 15t 2 RE B e FRL K Sl 0 [ S 2 i 2544, Jd et
DAL I T REA) s v B2 | R R B S A LIk, 49
TR B F T 68.7%, IR AE H1HE T2 43 £i5.
S, VMEM SRR ), A7 73K 5l
HL A0 | DIRBAECK | PRI 52 A UM A R ) 45
[ R, HAILBEAR 2 7T fE-5 S04 10 AN B0 Tl s T
7, S R R I AT Sk

R 5 MR LA ) 1 JR BR M, Pan 45 B9 2 i
T —Fh T FeSiBPC/PMN-PT £ 4k 5 JF 45 44 4
MFEM J5 i, 5280 1 ik 150 75 g Ak S 45 g
71, TERRSIHL N 10 V. ZRHZIEREN 50 pm 1Y 5%
BT, BRI RIRCERT A 73%. %A R /B
i (FE/FM) 245 BT45 14 0 1% il & 300, 84t
H, 4 ) S B0 S R ) AR LA . BT
1t FE/FM Sigithyrh, BR E /M EAE T
AR A ) S MR N AR, 2 A S ek ST A% 3 2 R
J2, T 308 S O B 4 280 R R R R
T S RT3 kP RIS . X i i L AT
TIFTHUMAZ 2y, P8 A5 AT BER IR 3 A Rk 2%
TE R THUMALPRAT BRG] eAh, i Tk 7 HUR
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3, ARG HERE, UFERA, Hy T 58uMH
BT MRS, il e R AR oA Y.

4 NI

BEIERLRH (TMR) A& R AR R A,
B ARIIAE . MARRLL K 5 CMOS T 2054 5%
RO Lsy, LAY | B REHR M AE 2 AR
SR Bz BB HTRT S

4.1 H£¥EFT

O Wit 25 A IR R S AEAE R R b A2
NERH LU, BA SRR S P e
2 ) e A5 O B, R S BTG A A EE W A
Bt. BT, #8SE T (superconducting quan-
tum interference device, SQUID) J& F it (£ VI
PRI %, (HHARH R SR 1, REREUK | AR
e ELELUE HE L. TMR A2 g/ M T 7E S IR R
TARER = R RARIREOR, Hui R fe )1 2 i
Az F i (sub-pT) w4 2 S & R AR A
ANUAR | AT R A g I B R G ER L T OCEERIR
T TR, TMR AR B 7E AR5 44 5 25 1 25
PSS 2 R, RN R E T 2
0.94 pT/v/Hz@1 Hz , $%3F SQUID P REK -, [A] A}
B AR TAE ARIIFE S = S UE S0 78 55PR
N, Fujiwara 55 41 F 2018 4F 1 U AE L5+ ik
= NF AR ) TMR A2 e 523 T OGS 5
A IR MCG H ) R 3%, (s S
FEIE TR QRS E A, Wk T TMR #UR7E
AP RER TR AT 2021 4F, Oogane 55 (42
IS TMR B IRERERE, 76 T 15 5 E 1S
P BIA] S UL ] MCG B9 QRS &2 A, M
B TE S L Bl A0 R I TE 0 ELR T U7 2023
4F, Kurashima %5 0 ¥ & T —E T 75 WLl E 1Y
KGR TMR OGRS R 5. % RS I 288 1
TMR 1% B85 14 BUHETE B 51, 25 6 XL i 38 2R 4
v IR RO AL VG 523 ) oy sk, FE IR T
YERIESEEE T 0.99 pT/vHz OGS 539801, A4
15 SQUID HHIESE M B it DGR, Ariids TMR
FOR NGRS A T g2

A, 72l AR R A TMR A= )i As I
RGN, 2016 4F, HAX TDK A w5 R 5B
BHARFR 2= S AERIT O 53T 4 T 5T TMR %

JRAR S B HE ] (magnetocardiography, MCQG)
Kl =48, SCL TS E O RES R S AR AT
WAk, HwE Bl ik 8t pT, AR AT 00
I L B A 5 R L g W 2023 4F, SEERIA A
7] Neuranics #EH T ] 28X MCG F & F &, %
P BRI pT HAUEIHEAR =, il i o ToZk
TR ONERER 5 SRS 2 TFHL. AR R
Fr, SEIL 24 h AR ORI, FN Ak inZ
HERHCT 2024 EHEHUBTRL 3 pT PR A Rk
MR Mt TMR BRI, IR 77 K 2=
BN ] 52 B 1 TMR A% S O 5 -5 R I 5
W, AR O B RE S W 1 43 BE R P, Q, R,
S, T Ml U AP . X LERgl Lt e &9, TMR %
AR E 0 DS 6 2 5 [l i R HH , 4 50 26 sl
WA | T2 B A 2 70 A o Y RN RE
St RGN SR SR, TMR FoRA 26 A
PRSI KA 15 28 S0 {1 22 A 2R B A7 e, dE ¥R
TIIHE LS55 a5 W 1) 42 AR A Ry (456 881,

4.2 HEEEEN

B 25 AT P24 R TR %) KB J2 AR 0L H b
(AR, 2R A R DO T ERL JAE W PR B L T T S
PRSI AR T T R ER . TMR A& A LA
ren AR TR | AIRTIAE | 98 Sl A LA R AT Y
TEERRE M, TR AR R i 1A AR e Ak
FCHL AL B 7 28 49 SEBRpy F v, 35+ TMR
1) HL I AR SR R L SR 2 TS B S - 65 S 252 190)
R U TMR AR RES T, & e
fi U 5 4 B AR AR A S H T W T e R 5, T R
0—8 A Wi KAX R ZAH 1.5%, 53 EHR 0.5
GRS FERRUE; TEMUH Y R T IH, Ziegler 55 9V @&
TMR &84 5 Rogowski 28 B8 [ 348 1 — IR
& TR AL RS, AN DC % 315 MHz Y
R AT R, BTN R PR T G L L Y
e L I s FEPL L, Liu 55 192 45 —Ff
T WATE PCOB & £k 45 #4 1) TMR HL i 1% 8% 7
X, FIHZ S5 BANS TR AN 5 5 B
FRIBUTRRE ). IR, A 2 mm K
BRI REUEIAIL 0.5902 V/A, HAHME LS
LRI AT A k.

TERDI 45, Allegro. TDK ., # G A% . £ 4k
FHE 85 2 FAG IR A AR C AR TMR HL i 1% 8%
#%. 2025 4, Allegro it F XtremeSense i i #fE 1
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A B R PR 10 MHz 5 5 15 Ve L AR R
M 1 s} [B]AIC 2 50 ns, HZE 10 MHz 427445 56 Il
M5 26 mA RMS, i By 58 5% 46 450 3 R 1]
& T AR N A R T R AR D . [RI4E, B
TR R A T MHz 9% = 45 L A% I, Wi 1o
BRI 200 ns, HAE+1% @ik T 28 100—
1000 A vEffEE w, Al aisekF. 1Ak, TDK.
Z B SR BRI TSR R,
W VSRR R R RE R N S & )
SRR R, A S TR R L R A SR ) 52
P ] SRR T, Aok, TMR HL AL AR
HL 1 R G e Ak i PO T s DG SR 1

4.3 HtMH

B 7AW T AR BERLIM, TMR A2 245 7611
e Tl A Sk AR 4 125 T 7 e
Bifs, B WAL G IR A A MR A& /s . 18
TH 2 740l B REF L i 2 & TMR 1%
JERAR I EZN . AT AMR U7 %, TMR HL 1
% ELAG T AR A AR R O A R A FR, A
TR T 0 o B S SR AR Ak, T2
TCAS LN Y 1 B B R RE T LB GOt B R
(optical image stabilization, OIS) v B KM | 15 iy
T R T A ) BRATL LA DU v, TMR 2 VA% IR
PRI e R, e B R AT SE M A 3 1 Tz 0 .
FE Tk A S A4, TMR (&858 Tl HLas A F
i 25 AL T B AL 1 Qe g o7 R A B S k. )
m, FEPLES AR SCTTAL, TMR f A% 25 B A% 52
PR XA E W, BA ST IRE S a8 | R Ky
D0 T v R R A ] IR e AL A ) v, R T
TMR FJig % 72 F a2 AU 58, REFE At SRS 40 1Y
SI PRI A SRS . AEIR A4S T, TMR
FIAT O A P ) A R, T B A ) 4R
PR bR T T AL A e R AR R 4%, TMR
H, it A% SR T T T2 W T F A T AR G A L AL
9K 2l BT H RS R A 7 R R PR U A L,
i B R AR SE RS RSN K. I
b, T 7 AR A A I Ry [ B A R T Y
TMR &g, P HAE R I B N RO TS PR T4 52
bk FIIRA S HERIRT, AR (NXP), 3
K% (Infineon) 1 Allegro %54k, #E K TMR
TR IRE AR N St B2, B i BoR BRI
JO7 i35

5 RAEExRKkEZ

B IE RABH (TMR) &8 FE 15 He i R AU L I
THFE . /NBIAR | 5 A5 e A R4 T 4R R R BAR
R AR R B B A TS A Tolk A shik
R0 5 RGN, 3] A g s A AT o PR
PZAES W, FERIJC AL S TR A &
H o0 28 3 B PR B IR T, TMR B IR 28 1E B A B 0%
SR . AMR Fil GMR 250, N Bk FE /G 3
BRI 1 7 28 AL B 0 1 D BRI
T T S R A R LB AR A (5 e e 5 49 7,
JUHAE 55 00 7 T e B 3 SQUID A fg
W1, RIECFRARIR TAEPREE, H& oo i 58
R R IEE. pEE AN TR e . nl ik & il 2
ARG K2 J, TMR A8 s AN AT A iy s JE% i
T, AR BRI R G, HEsh & B — 1R
PR AR A

AT TMR &8s i B R & R A2 £ &
MEMEAL . S5 F A8 5 R G5 =07 M AT
HE. AR, TMR & B8 1 & AT T I 45 1 2%
PR S B 1)

oG, M RHA R L2 1, anf & e A
T 1 8 A0RE O T R PR TMR 3 AT RHA £ 2
KA EE R BT 1) — 7T, AT R A R
D25 B RS JEE AR 5 R, IR A T R B A A &
EME KRS A AMZETFB, S RTHR
RERE L 5 RAUE, BRACATEMRE RS | AT S35
T AR S I 43 9 0 DA IS I R R 53— i
TERZEH TR RE L M7 e rp, R TMR &
SR LA T BT Oe SRV BHAS T 093]
BT [ E R4S 1 S AR B, DL
R SRR MRS TR . S5ILR A,
R PR MR AT RMA R LA LR, A
JETRAGE L T RIS i A 40T 5 7T S 1 77
SR, T B A TR R R A R
PR A IR R G2, (R FE SR R R
PERRRRE, B 1 RIRLEE U 2 S 8 B iR s S U
B, BLAb, T A P g RS AL T
VRS, &R REPERERZRE TMR (RS M0 )
TR N — HAR, TS R RS
TMR, B8 0 3 I e A K IR R A R I B S
i PLARSEHUBRR 1T, A7 BE SR FRAR A 7T 56 (4 R A
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Rk, O RPRIG & T 28 T k.

HOR, SeBLE PERE  /ANEAL B =4l TMR R K
EARIRIE AT AR, =G RN BE sC IR
Wi w5 B, RS HAE | S O 5 &
L T BRI, BUA ) S AR R AE W
0 R B 20 X O 20 A SRS F E B
e, RBUR L IEACHKE BEMELRIIE; #E R B0y S it
ARG SR, B R, HEIA T IE
LRk IR A VRSN S FR IR D7 [ B3 ik
SR PE A AHE R T R MAEUARH L i &
ek, T 2824, AN I L —8bE2%. Hit,
KT B — IR R I T SR BB IR RN WA A
MRE, 4R FEAe Rl A5 22 Py SHAIN fil A A
/NEUAL =Bl TMR BEARIEAR, AR ik —h
B IRARAE IE 2SS BE . B ARBURT CMOS T- 223
ZEEZ AN [ 7 )

5, R TMR LS 5 N T8 e i mriy al
B, e AR & g i k. TMR f& s
() MTJ A B HA AR5 Rt | PR SRR 05101
JRE B AP R — R AT T, (EL UMD X Fh A B
PERAAGIRER BT, TR & ) AR5 — 1k
ZRCRAATy S 214 i T I 1 A ek k. — T, mT DAAE SR
VIR, IR B2 > A B TMR &880 M 51 SR 4
(2 2Rl A5 5, EA TR | M s 4 A E A 43
25, WRIETH R G BN AR, B a7 )
JETERECEIZ I, 3R TMR 45 ARl AR T
PN T2 S5 Te, B o AT 55 an bk s
25 ) 4% b TR S A A s A 5 A X AN B S A
e b B BARDIAE S8 = AT, iR RERE H EOE
B EBAEE KRS, NGB RE AR Y
TSI A PR AT R AR R

Zi Lk, TMR fRJERES IE AT M — T RERY
fRm ZIi6e . B Rl . RGBT 5 7 YOG HE
BBt RASTEMRMIHET . = iR R SR e
A AT G 2 BRI, (R RS B2 E R
RIOFFEEZEME, TMR LA B N — R ARk
I 28 G0 FR A3 TN A O ) €, HE Sl HUFE R f
JHE LA S I T I X R A [N S RV I,
W) Z NSRBI,

Sk

(1] Zheng C, Zhu K, Cardoso De Freitas S, Chang J Y, Davies
J E, Eames P, Freitas P P, Kazakova O, Kim C, Leung C

(2]
3]
(4]
[5]
(6]

[7]

(8]

(9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]
[20]

21]

22]

23]

[24]
[25]

[26]

060803-14

W, Liou S H, Ognev A, Piramanayagam S N, Ripka P,
Samardak A, Shin K H, Tong S Y, Tung M J, Wang S X,
Xue S, Yin X, Pong P W T 2019 IEEE Trans. Magn. 55 1
Yang S, Zhang J 2021 Chemosensors 9 211

Julliere M 1975 Phys. Lett. A 54 225

Oogane M 2024 IEICE Trans. Electron. E 107.C 171

Yan S H, Zhou Z T, Yang Y D, Leng Q W, Zhao W S 2022
Tsinghua Sci. Technol. 27 443

Leitao D C, Riel F J F V, Rasly M, Araujo P D R, Salvador
M, Paz E, Koopmans B 2024 Npj Spintronics 2 54
Malinowski G, Hehn M, Sajieddine M, Montaigne F,
Jouguelet E, Canet F, Alnot M, Lacour D, Schuhl A 2003
Appl. Phys. Lett. 83 4372

Negulescu B, Lacour D, Montaigne F, Gerken A, Paul J,
Spetter V, Marien J, Duret C, Hehn M 2009 Appl. Phys.
Lett. 95 112502

Djayaprawira D D, Tsunekawa K, Nagai M, Maehara H,
Yamagata S, Watanabe N, Yuasa S, Suzuki Y, Ando K 2005
Appl. Phys. Lett. 86 092502

Chen J Y, Feng J F, Coey J M D 2012 Appl. Phys. Lett. 100
142407

Fujiwara K, Oogane M, Nishikawa T, Naganuma H, Ando Y
2013 Jpn. J. Appl. Phys. 52 04CMO07

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) #7516, K/, F 5%, B
NI, XM, B0, SRLL, B, W SOR, L%, BRELHE 2022
yHER 71 238502]

Zhao W S, Zhang B Y, Peng S Z 2023 Spintronic Science
and Technology (Beijing: Posts & Telecom Press) pp320-324
(in Chinese) [BXEH, TKIT, 2P 2023 [ BEm FRF: 54
A b NRMEH L) 55 320—324 51

Zhong Z Y 2015 Magnetoresistive Sensors (Beijing: Science
Press) pp32-33 (in Chinese) (%% 55 2015 ruBAZ=EA (L
5t Bl A 48 32—33 1]

Ye X B 2022 Sensors and Detection Technology (Beijing:
China Machine Press) pp84-86 (in Chinese) [l 2022 &
R SRR A (b5t AU R RHE) 55 84—86 1]
Nakano T, Fujiwara K, Oogane M 2025 Appl. Phys. Lett.
126 160503

Brown B J, Mitchell L. K, Bheemarasetty V S, Cao H M,
Kingsnorth J N, Sanes J N, Xiao G 2025 Phys. Rev. Appl.
24 034063

Cardoso S, Leitao D C, Gameiro L, Cardoso F, Ferreira R,
Paz E, Freitas P P 2014 Microsyst. Technol. 20 793

Sun Y, Xia Q, Zhang D, Mou Q, Li Y, Xie L, Guang S, Cao
Z, Zhu D, Zhao W 2024 AIP Adv. 14 015304

Luo J, Xu Z, Jin Z, Wang M, Cai X, Chen J 2024 ACS
Appl. Mater. Interfaces 16 31677

Han X F, Zhang Y, Wang Y Z, Huang L, Ma Q L, Liu H F,|
Wan C H, Feng J F, Yin L, Yu G Q, Yu T, Yan Y 2021
Chin. Phys. Lett. 38 128501

Liu J, Guan M, Gong Y, Ni F, Gao X, Su W, Wang Z, Jiang
Z, Hu Z, Liu M 2024 IEEFE Electron Device Lett. 45 1289
Yao X P, Pan M C, Ji M H, Hu J F, Zhang Q, Li P S 2023
Transducer Microsyst. Technol. 42 21 (in Chinese) [Wh -,
Wl A, PO, HIET, SRER, AR 2023 (R SRS
42 21]

Miyazaki T, Tezuka N 1995 J. Magn. Magn. Mater. 139 231
Moodera J S, Kinder L. R, Wong T M, Meservey R 1995
Phys. Rev. Lett. 74 3273

Butler W H, Zhang X G, Schulthess T C, MacLaren J M
2001 Phys. Rev. B 63 054416


https://doi.org/10.1109/TMAG.2019.2896036
https://doi.org/10.1109/TMAG.2019.2896036
https://doi.org/10.1109/TMAG.2019.2896036
https://doi.org/10.1109/TMAG.2019.2896036
https://doi.org/10.1109/TMAG.2019.2896036
https://doi.org/10.1109/TMAG.2019.2896036
https://doi.org/10.1109/TMAG.2019.2896036
https://doi.org/10.3390/chemosensors9080211
https://doi.org/10.3390/chemosensors9080211
https://doi.org/10.3390/chemosensors9080211
https://doi.org/10.3390/chemosensors9080211
https://doi.org/10.3390/chemosensors9080211
https://doi.org/10.3390/chemosensors9080211
https://doi.org/10.3390/chemosensors9080211
https://doi.org/10.1016/0375-9601(75)90174-7
https://doi.org/10.1016/0375-9601(75)90174-7
https://doi.org/10.1016/0375-9601(75)90174-7
https://doi.org/10.1016/0375-9601(75)90174-7
https://doi.org/10.1016/0375-9601(75)90174-7
https://doi.org/10.1016/0375-9601(75)90174-7
https://doi.org/10.1016/0375-9601(75)90174-7
https://doi.org/10.1587/transele.2023SEI0001
https://doi.org/10.1587/transele.2023SEI0001
https://doi.org/10.1587/transele.2023SEI0001
https://doi.org/10.1587/transele.2023SEI0001
https://doi.org/10.1587/transele.2023SEI0001
https://doi.org/10.1587/transele.2023SEI0001
https://doi.org/10.1587/transele.2023SEI0001
https://doi.org/10.26599/TST.2021.9010061
https://doi.org/10.26599/TST.2021.9010061
https://doi.org/10.26599/TST.2021.9010061
https://doi.org/10.26599/TST.2021.9010061
https://doi.org/10.26599/TST.2021.9010061
https://doi.org/10.26599/TST.2021.9010061
https://doi.org/10.1038/s44306-024-00058-9
https://doi.org/10.1038/s44306-024-00058-9
https://doi.org/10.1038/s44306-024-00058-9
https://doi.org/10.1038/s44306-024-00058-9
https://doi.org/10.1038/s44306-024-00058-9
https://doi.org/10.1038/s44306-024-00058-9
https://doi.org/10.1038/s44306-024-00058-9
https://doi.org/10.1063/1.1630171
https://doi.org/10.1063/1.1630171
https://doi.org/10.1063/1.1630171
https://doi.org/10.1063/1.1630171
https://doi.org/10.1063/1.1630171
https://doi.org/10.1063/1.1630171
https://doi.org/10.1063/1.3226676
https://doi.org/10.1063/1.3226676
https://doi.org/10.1063/1.3226676
https://doi.org/10.1063/1.3226676
https://doi.org/10.1063/1.3226676
https://doi.org/10.1063/1.3226676
https://doi.org/10.1063/1.3226676
https://doi.org/10.1063/1.3226676
https://doi.org/10.1063/1.1871344
https://doi.org/10.1063/1.1871344
https://doi.org/10.1063/1.1871344
https://doi.org/10.1063/1.1871344
https://doi.org/10.1063/1.1871344
https://doi.org/10.1063/1.1871344
https://doi.org/10.1063/1.3701277
https://doi.org/10.1063/1.3701277
https://doi.org/10.1063/1.3701277
https://doi.org/10.1063/1.3701277
https://doi.org/10.1063/1.3701277
https://doi.org/10.1063/1.3701277
https://doi.org/10.7567/JJAP.52.04CM07
https://doi.org/10.7567/JJAP.52.04CM07
https://doi.org/10.7567/JJAP.52.04CM07
https://doi.org/10.7567/JJAP.52.04CM07
https://doi.org/10.7567/JJAP.52.04CM07
https://doi.org/10.7567/JJAP.52.04CM07
https://doi.org/10.7567/JJAP.52.04CM07
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/10.1063/5.0263879
https://doi.org/10.1063/5.0263879
https://doi.org/10.1063/5.0263879
https://doi.org/10.1063/5.0263879
https://doi.org/10.1063/5.0263879
https://doi.org/10.1063/5.0263879
https://doi.org/10.1103/41by-5p3c
https://doi.org/10.1103/41by-5p3c
https://doi.org/10.1103/41by-5p3c
https://doi.org/10.1103/41by-5p3c
https://doi.org/10.1103/41by-5p3c
https://doi.org/10.1103/41by-5p3c
https://doi.org/10.1007/s00542-013-2035-1
https://doi.org/10.1007/s00542-013-2035-1
https://doi.org/10.1007/s00542-013-2035-1
https://doi.org/10.1007/s00542-013-2035-1
https://doi.org/10.1007/s00542-013-2035-1
https://doi.org/10.1007/s00542-013-2035-1
https://doi.org/10.1007/s00542-013-2035-1
https://doi.org/10.1063/5.0176535
https://doi.org/10.1063/5.0176535
https://doi.org/10.1063/5.0176535
https://doi.org/10.1063/5.0176535
https://doi.org/10.1063/5.0176535
https://doi.org/10.1063/5.0176535
https://doi.org/10.1063/5.0176535
https://doi.org/10.1021/acsami.4c01148
https://doi.org/10.1021/acsami.4c01148
https://doi.org/10.1021/acsami.4c01148
https://doi.org/10.1021/acsami.4c01148
https://doi.org/10.1021/acsami.4c01148
https://doi.org/10.1021/acsami.4c01148
https://doi.org/10.1021/acsami.4c01148
https://doi.org/10.1021/acsami.4c01148
https://doi.org/10.1088/0256-307X/38/12/128501
https://doi.org/10.1088/0256-307X/38/12/128501
https://doi.org/10.1088/0256-307X/38/12/128501
https://doi.org/10.1088/0256-307X/38/12/128501
https://doi.org/10.1088/0256-307X/38/12/128501
https://doi.org/10.1088/0256-307X/38/12/128501
https://doi.org/10.1109/LED.2024.3401830
https://doi.org/10.1109/LED.2024.3401830
https://doi.org/10.1109/LED.2024.3401830
https://doi.org/10.1109/LED.2024.3401830
https://doi.org/10.1109/LED.2024.3401830
https://doi.org/10.1109/LED.2024.3401830
https://doi.org/10.1109/LED.2024.3401830
https://doi.org/10. 13873 / J. 1000�9787(2023)06�0021�04
https://doi.org/10. 13873 / J. 1000�9787(2023)06�0021�04
https://doi.org/10. 13873 / J. 1000�9787(2023)06�0021�04
https://doi.org/10. 13873 / J. 1000�9787(2023)06�0021�04
https://doi.org/10. 13873 / J. 1000�9787(2023)06�0021�04
https://doi.org/10. 13873 / J. 1000�9787(2023)06�0021�04
https://doi.org/10. 13873 / J. 1000�9787(2023)06�0021�04
https://doi.org/10. 13873 / J. 1000�9787(2023)06�0021�04
https://doi.org/10. 13873 / J. 1000�9787(2023)06�0021�04
https://doi.org/10. 13873 / J. 1000�9787(2023)06�0021�04
https://doi.org/10. 13873 / J. 1000�9787(2023)06�0021�04
https://doi.org/10. 13873 / J. 1000�9787(2023)06�0021�04
https://doi.org/10. 13873 / J. 1000�9787(2023)06�0021�04
https://doi.org/10.1016/0304-8853(95)90001-2
https://doi.org/10.1016/0304-8853(95)90001-2
https://doi.org/10.1016/0304-8853(95)90001-2
https://doi.org/10.1016/0304-8853(95)90001-2
https://doi.org/10.1016/0304-8853(95)90001-2
https://doi.org/10.1016/0304-8853(95)90001-2
https://doi.org/10.1016/0304-8853(95)90001-2
https://doi.org/10.1103/PhysRevLett.74.3273
https://doi.org/10.1103/PhysRevLett.74.3273
https://doi.org/10.1103/PhysRevLett.74.3273
https://doi.org/10.1103/PhysRevLett.74.3273
https://doi.org/10.1103/PhysRevLett.74.3273
https://doi.org/10.1103/PhysRevLett.74.3273
https://doi.org/10.1103/PhysRevB.63.054416
https://doi.org/10.1103/PhysRevB.63.054416
https://doi.org/10.1103/PhysRevB.63.054416
https://doi.org/10.1103/PhysRevB.63.054416
https://doi.org/10.1103/PhysRevB.63.054416
https://doi.org/10.1103/PhysRevB.63.054416
https://doi.org/10.1103/PhysRevB.63.054416
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

Y B ¥ R Acta Phys. Sin.

Vol. 75, No. 6 (2026) 060803

27]
28]

29]

30]
(31]

(32]

33]

(34]

35]

(36]

37]

38]

39]

(40]

[41]

(42]

[43]
j44]
j45]
J46]

[47]

(48]
[49]
[50]
[51]
[52]

[53]

[54]

Yuasa S, Nagahama T, Fukushima A, Suzuki Y, Ando K
2004 Nat. Mater. 3 868

Parkin S S P, Kaiser C, Panchula A, Rice P M, Hughes B,
Samant M, Yang S H 2004 Nat. Mater. 3 862

Tkeda S, Hayakawa J, Ashizawa Y, Lee Y M, Miura K,
Hasegawa H, Tsunoda M, Matsukura F, Ohno H 2008 Appl.
Phys. Lett. 93 082508

Scheike T, Wen Z, Sukegawa H, Mitani S 2023 Appl. Phys.
Lett. 122 112404

Das Sarma S, Adam S, Hwang E H, Rossi E 2011 Rev. Mod.
Phys. 83 407

Karpan V M, Khomyakov P A, Starikov A A, Giovannetti
G, Zwierzycki M, Talanana M, Brocks G, van Den Brink J,
Kelly P J 2008 Phys. Rev. B 78 195419

Pan M C, Li P, Qiu W, Zhao J, Peng J, Hu J, Hu J, Tian
W, Hu Y, Chen D, Wu X, Xu Z, Yuan X 2018 J. Magn.
Magn. Mater. 453 101

Thapa A, Sharma B 2025 Adv Mater. Technol. 10 €00133

Mi M, Xiao H, Yu L, Zhang Y, Wang Y, Cao Q, Wang Y
2023 Materials Today Nano 24 100408

Fujiwara K, Oogane M, Yokota S, Nishikawa T, Naganuma
H, Ando Y 2012 J. Appl. Phys. 111 07C710

Liu F, Zhou H, Yuan L, Cai Y 2023 BMC Nurs 22 483

Yuan Z H, Huang L, Feng J F, Wen Z C, Li D L, Han X F,
Nakano T, Yu T, Naganuma H 2015 J. Appl. Phys. 118
053904

Yuan Z H, Feng J F, Guo P, Wan C H, Wei H X, Ali S S,
Han X F, Nakano T, Naganuma H, Ando Y 2016 J. Magn.
Magn. Mater. 398 215

Huang L, Yuan Z H, Tao B S, Wan C H, Guo P, Zhang Q
T, Yin L, Feng J F, Nakano T, Naganuma H, Liu H F, Yan
Y, Han X F 2017 J. Appl. Phys. 122 113903

Fujiwara K, Oogane M, Kanno A, Imada M, Jono J,
Terauchi T, Okuno T, Aritomi Y, Morikawa M, Tsuchida
M, Nakasato N, Ando Y 2018 Appl. Phys. Express 11 023001
Oogane M, Fujiwara K, Kanno A, Nakano T, Wagatsuma
H, Arimoto T, Mizukami S, Kumagai S, Matsuzaki H,
Nakasato N, Ando Y 2021 Appl. Phys. Express 14 123002
Matos F, Macedo R, Freitas P P, Cardoso S 2023 AIP Adwv.
13 025108

Akamatsu S, Oogane M, Tsunoda M, Ando Y 2020 AIP
Adv. 10 015302

Akamatsu S, Oogane M, Tsunoda M, Ando Y 2022 AIP
Adv. 12 075021

Roy T, Tsujikawa M, Kanemura T, Shirai M 2020 J. Magn.
Magn. Mater. 498 166092

Tsuchiya T, Roy T, Elphick K, Okabayashi J, Bainsla L,
Ichinose T, Suzuki K Z, Tsujikawa M, Shirai M, Hirohata A,
Mizukami S 2019 Phys. Rev. Mater. 3 084403

Zhao X P, Lu J, Mao S W, Yu Z F, Wang H L, Wang X L,
Wei D H, Zhao J H 2017 J. Phys. D: Appl. Phys. 50 285002
Zeng 7 M, Khalili Amiri P, Katine J A, Langer J, Wang K
L, Jiang H W 2012 Appl. Phys. Lett. 101 062412

Nakano T, Oogane M, Naganuma H, Ando Y 2015 IFEE
Trans. Magn. 51 1

Nakano T, Oogane M, Furuichi T, Ando Y 2017 Appl. Phys.
Lett. 110 012401

Santos P, Araujo P, Sgrensen D, Matos F, Freitas P P,
Cardoso S 2023 [EEE Trans. Magn. 59 1

Willing S, Schlage K, Bocklage L, Ramin Moayed M M,
Gurieva T, Meier G, Rohlsberger R 2021 ACS Appl. Mater.
Interfaces 13 32343

Teixeira B M S, Timopheev A A, Cagoilo N, Cuchet L,

[59]

[60]

[61]
(62]

(63]
[64]

(65]

[66]
(67]
[68]
[69]
[70]

(71]
[72]

73]

[74]

[75]
[76]

(7]
(78]

[79]

[80]

[81]

[82]

060803-15

Mondaud J, Childress J R, Magalhaes S, Alves E, Sobolev N
A 2020 J. Phys. D: Appl. Phys. 53 455003

Shao Y, Khalili Amiri P 2023 Adv Mater.
2300676

Naik V B, Meng H, Liu R S, Luo P, Yap S, Han G C 2014
Appl. Phys. Lett. 104 232401

Ota S, Ando A, Chiba D 2018 Nat. Electron. 1 124

Yan S H, Zhou Z T, Cao Z Q, Yang Y D, Li Z, Chen W B,
Leng Q W, Zhao W S 2021 2021 5th IEEE FElectron Devices
Technology & Manufacturing Conference (EDTM) Chengdu,
China, April 8-11, 2021 pl

Suess D, Bachleitner-Hofmann A, Satz A, Weitensfelder H,
Vogler C, Bruckner F, Abert C, Priigl K, Zimmer J, Huber
C, Luber S, Raberg W, Schrefl T, Briickl H 2018 Nat.
Electron. 1 362

Weitensfelder H, Brueckl H, Satz A, Pruegl K, Zimmer J,
Luber S, Raberg W, Abert C, Bruckner F, Bachleitner-
Hofmann A, Windl R, Suess D 2018 Phys. Rev. Appl. 10
054056

He G, Zhang Y, Xiao G 2020 Phys. Rev. Appl. 14 034051
Chen J Y, Carroll N, Feng J F, Coey J M D 2012 Appl.
Phys. Lett. 101 262402

Zhang X, Pan M, Lei S, Ji M, Hu Y, Hu J, Chen D, Peng J,
Qiu W, Li P 2024 Appl. Phys. Lett. 124 052404

Choi J G, Hwang D G, Rhee J R, Lee S S 2010 J. Magn.
Magn. Mater. 322 2191

Manceau S, Brun T, Fischer J, Ducruet C, Sabon P, Cavoit
C, Jannet G, Pingon J L, Prejbeanu I L, Kretzschmar M,
Baraduc C 2023 Appl. Phys. Let. 123 082405

Zhang X, Bi Y, Chen G, Liu J, Li J, Feng K, Lv C, Wang
W 2018 AIP Adv. 8 125222

Feng Y, Chen J Y, Wu K, Wang J P 2020 J. Magn. Magn.
Mater. 511 166728

Bi R, Zhang H, Pan S, Liu X, Chen R, Wu S, Hu J 2025
Sensors 25 4739

He G, Zhang Y, Qian L, Xiao G, Zhang Q, Santamarina J
C, Patzek T W, Zhang X 2018 Appl. Phys. Lett. 113 242401
Wu Y, Xiao L, Hou S, Gao Z, Han L 2019 [IEEE Trans.
Appl. Supercond. 29 1

Han S, Wu'Y, Wang Y, Chen J 2024 Cryogenics 138 103803
Wu Y, Xiao L 'Y, Hou S Z 2019 Physics 48 14 (in Chinese)
UhE, Bk, FEthr 2019 Y3 48 14)

Yang L, Sun K, Tao J, Zhang X, Huang D, Pan M, Hu J,
Qiu W, Ji M, Hu Y, Li P, Chen D, Zhang Q, Peng J 2022
Sens. Actuators, A 342 113658

Jiao Q, Jin Z, Zhang C, Chen J 2025 Measurement 242
116143

Edelstein A S, Fischer G A 2002 J. Appl. Phys. 91 7795
Guedes A, Patil S B, Cardoso S, Chu V, Conde J P, Freitas
P P 2008 J. Appl. Phys. 103 07E924

Guedes A, Patil S B, Wisniowski P, Chu V, Conde J P,
Freitas P P 2008 IEEE Trans. Magn. 44 2554

Hu J, Pan M, Tian W, Chen D, Zhao J, Luo F 2012 Appl.
Phys. Lett. 100 244102

Du Q, Peng J, Qiu W, Ding Q, Pan M, Hu J, Sun K, Chen
D, Pan L, Che Y, Zhang X, Li P, Zhang B 2019 [EEE
Electron Device Lett. 40 1824

Pan L, Pan M, Hu J, Hu Y, Che Y, Yu Y, Wang N, Qiu W,
Li P, Peng J, Jiang J 2020 Sensors 20 1440

Pan L, Hu J, Pan M, Che Y, Hu Y, Du Q, Sun K, Yu Y,
Zhang Q, Peng J, Qiu W, Li P, Wang J 2021 J. Magn.
Magn. Mater. 517 167393

Kanno A, Nakasato N, Oogane M, Fujiwara K, Nakano T,

Technol. 8


https://doi.org/10.1038/nmat1257
https://doi.org/10.1038/nmat1257
https://doi.org/10.1038/nmat1257
https://doi.org/10.1038/nmat1257
https://doi.org/10.1038/nmat1257
https://doi.org/10.1038/nmat1257
https://doi.org/10.1038/nmat1257
https://doi.org/10.1038/nmat1256
https://doi.org/10.1038/nmat1256
https://doi.org/10.1038/nmat1256
https://doi.org/10.1038/nmat1256
https://doi.org/10.1038/nmat1256
https://doi.org/10.1038/nmat1256
https://doi.org/10.1038/nmat1256
https://doi.org/10.1063/1.2976435
https://doi.org/10.1063/1.2976435
https://doi.org/10.1063/1.2976435
https://doi.org/10.1063/1.2976435
https://doi.org/10.1063/1.2976435
https://doi.org/10.1063/1.2976435
https://doi.org/10.1063/1.2976435
https://doi.org/10.1063/1.2976435
https://doi.org/10.1063/5.0145873
https://doi.org/10.1063/5.0145873
https://doi.org/10.1063/5.0145873
https://doi.org/10.1063/5.0145873
https://doi.org/10.1063/5.0145873
https://doi.org/10.1063/5.0145873
https://doi.org/10.1063/5.0145873
https://doi.org/10.1063/5.0145873
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/PhysRevB.78.195419
https://doi.org/10.1103/PhysRevB.78.195419
https://doi.org/10.1103/PhysRevB.78.195419
https://doi.org/10.1103/PhysRevB.78.195419
https://doi.org/10.1103/PhysRevB.78.195419
https://doi.org/10.1103/PhysRevB.78.195419
https://doi.org/10.1103/PhysRevB.78.195419
https://doi.org/10.1016/j.jmmm.2018.01.016
https://doi.org/10.1016/j.jmmm.2018.01.016
https://doi.org/10.1016/j.jmmm.2018.01.016
https://doi.org/10.1016/j.jmmm.2018.01.016
https://doi.org/10.1016/j.jmmm.2018.01.016
https://doi.org/10.1016/j.jmmm.2018.01.016
https://doi.org/10.1016/j.jmmm.2018.01.016
https://doi.org/10.1016/j.jmmm.2018.01.016
https://doi.org/10.1002/admt.202500133
https://doi.org/10.1002/admt.202500133
https://doi.org/10.1002/admt.202500133
https://doi.org/10.1002/admt.202500133
https://doi.org/10.1002/admt.202500133
https://doi.org/10.1002/admt.202500133
https://doi.org/10.1002/admt.202500133
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1063/1.3677266
https://doi.org/10.1063/1.3677266
https://doi.org/10.1063/1.3677266
https://doi.org/10.1063/1.3677266
https://doi.org/10.1063/1.3677266
https://doi.org/10.1063/1.3677266
https://doi.org/10.1063/1.3677266
https://doi.org/10.1186/s12912-023-01650-w
https://doi.org/10.1186/s12912-023-01650-w
https://doi.org/10.1186/s12912-023-01650-w
https://doi.org/10.1186/s12912-023-01650-w
https://doi.org/10.1186/s12912-023-01650-w
https://doi.org/10.1186/s12912-023-01650-w
https://doi.org/10.1186/s12912-023-01650-w
https://doi.org/10.1063/1.4927840
https://doi.org/10.1063/1.4927840
https://doi.org/10.1063/1.4927840
https://doi.org/10.1063/1.4927840
https://doi.org/10.1063/1.4927840
https://doi.org/10.1063/1.4927840
https://doi.org/10.1016/j.jmmm.2015.09.026
https://doi.org/10.1016/j.jmmm.2015.09.026
https://doi.org/10.1016/j.jmmm.2015.09.026
https://doi.org/10.1016/j.jmmm.2015.09.026
https://doi.org/10.1016/j.jmmm.2015.09.026
https://doi.org/10.1016/j.jmmm.2015.09.026
https://doi.org/10.1016/j.jmmm.2015.09.026
https://doi.org/10.1016/j.jmmm.2015.09.026
https://doi.org/10.1063/1.4990478
https://doi.org/10.1063/1.4990478
https://doi.org/10.1063/1.4990478
https://doi.org/10.1063/1.4990478
https://doi.org/10.1063/1.4990478
https://doi.org/10.1063/1.4990478
https://doi.org/10.1063/1.4990478
https://doi.org/10.7567/APEX.11.023001
https://doi.org/10.7567/APEX.11.023001
https://doi.org/10.7567/APEX.11.023001
https://doi.org/10.7567/APEX.11.023001
https://doi.org/10.7567/APEX.11.023001
https://doi.org/10.7567/APEX.11.023001
https://doi.org/10.7567/APEX.11.023001
https://doi.org/10.35848/1882-0786/ac3809
https://doi.org/10.35848/1882-0786/ac3809
https://doi.org/10.35848/1882-0786/ac3809
https://doi.org/10.35848/1882-0786/ac3809
https://doi.org/10.35848/1882-0786/ac3809
https://doi.org/10.35848/1882-0786/ac3809
https://doi.org/10.35848/1882-0786/ac3809
https://doi.org/10.1063/9.0000559
https://doi.org/10.1063/9.0000559
https://doi.org/10.1063/9.0000559
https://doi.org/10.1063/9.0000559
https://doi.org/10.1063/9.0000559
https://doi.org/10.1063/9.0000559
https://doi.org/10.1063/1.5129953
https://doi.org/10.1063/1.5129953
https://doi.org/10.1063/1.5129953
https://doi.org/10.1063/1.5129953
https://doi.org/10.1063/1.5129953
https://doi.org/10.1063/1.5129953
https://doi.org/10.1063/1.5129953
https://doi.org/10.1063/1.5129953
https://doi.org/10.1063/5.0094619
https://doi.org/10.1063/5.0094619
https://doi.org/10.1063/5.0094619
https://doi.org/10.1063/5.0094619
https://doi.org/10.1063/5.0094619
https://doi.org/10.1063/5.0094619
https://doi.org/10.1063/5.0094619
https://doi.org/10.1063/5.0094619
https://doi.org/10.1016/j.jmmm.2019.166092
https://doi.org/10.1016/j.jmmm.2019.166092
https://doi.org/10.1016/j.jmmm.2019.166092
https://doi.org/10.1016/j.jmmm.2019.166092
https://doi.org/10.1016/j.jmmm.2019.166092
https://doi.org/10.1016/j.jmmm.2019.166092
https://doi.org/10.1016/j.jmmm.2019.166092
https://doi.org/10.1016/j.jmmm.2019.166092
https://doi.org/10.1103/PhysRevMaterials.3.084403
https://doi.org/10.1103/PhysRevMaterials.3.084403
https://doi.org/10.1103/PhysRevMaterials.3.084403
https://doi.org/10.1103/PhysRevMaterials.3.084403
https://doi.org/10.1103/PhysRevMaterials.3.084403
https://doi.org/10.1103/PhysRevMaterials.3.084403
https://doi.org/10.1103/PhysRevMaterials.3.084403
https://doi.org/10.1088/1361-6463/aa750a
https://doi.org/10.1088/1361-6463/aa750a
https://doi.org/10.1088/1361-6463/aa750a
https://doi.org/10.1088/1361-6463/aa750a
https://doi.org/10.1088/1361-6463/aa750a
https://doi.org/10.1088/1361-6463/aa750a
https://doi.org/10.1088/1361-6463/aa750a
https://doi.org/10.1063/1.4744914
https://doi.org/10.1063/1.4744914
https://doi.org/10.1063/1.4744914
https://doi.org/10.1063/1.4744914
https://doi.org/10.1063/1.4744914
https://doi.org/10.1063/1.4744914
https://doi.org/10.1063/1.4744914
https://doi.org/10.1109/TMAG.2015.2448723
https://doi.org/10.1109/TMAG.2015.2448723
https://doi.org/10.1109/TMAG.2015.2448723
https://doi.org/10.1109/TMAG.2015.2448723
https://doi.org/10.1109/TMAG.2015.2448723
https://doi.org/10.1109/TMAG.2015.2448723
https://doi.org/10.1109/TMAG.2015.2448723
https://doi.org/10.1109/TMAG.2015.2448723
https://doi.org/10.1063/1.4973462
https://doi.org/10.1063/1.4973462
https://doi.org/10.1063/1.4973462
https://doi.org/10.1063/1.4973462
https://doi.org/10.1063/1.4973462
https://doi.org/10.1063/1.4973462
https://doi.org/10.1063/1.4973462
https://doi.org/10.1063/1.4973462
https://doi.org/10.1109/TMAG.2023.3285419
https://doi.org/10.1109/TMAG.2023.3285419
https://doi.org/10.1109/TMAG.2023.3285419
https://doi.org/10.1109/TMAG.2023.3285419
https://doi.org/10.1109/TMAG.2023.3285419
https://doi.org/10.1109/TMAG.2023.3285419
https://doi.org/10.1109/TMAG.2023.3285419
https://doi.org/10.1021/acsami.1c03084
https://doi.org/10.1021/acsami.1c03084
https://doi.org/10.1021/acsami.1c03084
https://doi.org/10.1021/acsami.1c03084
https://doi.org/10.1021/acsami.1c03084
https://doi.org/10.1021/acsami.1c03084
https://doi.org/10.1021/acsami.1c03084
https://doi.org/10.1021/acsami.1c03084
https://doi.org/10.1088/1361-6463/aba38c
https://doi.org/10.1088/1361-6463/aba38c
https://doi.org/10.1088/1361-6463/aba38c
https://doi.org/10.1088/1361-6463/aba38c
https://doi.org/10.1088/1361-6463/aba38c
https://doi.org/10.1088/1361-6463/aba38c
https://doi.org/10.1088/1361-6463/aba38c
https://doi.org/10.1002/admt.202300676
https://doi.org/10.1002/admt.202300676
https://doi.org/10.1002/admt.202300676
https://doi.org/10.1002/admt.202300676
https://doi.org/10.1002/admt.202300676
https://doi.org/10.1002/admt.202300676
https://doi.org/10.1063/1.4882178
https://doi.org/10.1063/1.4882178
https://doi.org/10.1063/1.4882178
https://doi.org/10.1063/1.4882178
https://doi.org/10.1063/1.4882178
https://doi.org/10.1063/1.4882178
https://doi.org/10.1038/s41928-018-0022-3
https://doi.org/10.1038/s41928-018-0022-3
https://doi.org/10.1038/s41928-018-0022-3
https://doi.org/10.1038/s41928-018-0022-3
https://doi.org/10.1038/s41928-018-0022-3
https://doi.org/10.1038/s41928-018-0022-3
https://doi.org/10.1038/s41928-018-0022-3
https://www.doi.org/10.1109/EDTM50988.2021.9420959
https://www.doi.org/10.1109/EDTM50988.2021.9420959
https://www.doi.org/10.1109/EDTM50988.2021.9420959
https://www.doi.org/10.1109/EDTM50988.2021.9420959
https://www.doi.org/10.1109/EDTM50988.2021.9420959
https://www.doi.org/10.1109/EDTM50988.2021.9420959
https://www.doi.org/10.1109/EDTM50988.2021.9420959
https://www.doi.org/10.1109/EDTM50988.2021.9420959
https://www.doi.org/10.1109/EDTM50988.2021.9420959
https://www.doi.org/10.1109/EDTM50988.2021.9420959
https://www.doi.org/10.1109/EDTM50988.2021.9420959
https://www.doi.org/10.1109/EDTM50988.2021.9420959
https://www.doi.org/10.1109/EDTM50988.2021.9420959
https://doi.org/10.1038/s41928-018-0084-2
https://doi.org/10.1038/s41928-018-0084-2
https://doi.org/10.1038/s41928-018-0084-2
https://doi.org/10.1038/s41928-018-0084-2
https://doi.org/10.1038/s41928-018-0084-2
https://doi.org/10.1038/s41928-018-0084-2
https://doi.org/10.1038/s41928-018-0084-2
https://doi.org/10.1038/s41928-018-0084-2
https://doi.org/10.1103/PhysRevApplied.10.054056
https://doi.org/10.1103/PhysRevApplied.10.054056
https://doi.org/10.1103/PhysRevApplied.10.054056
https://doi.org/10.1103/PhysRevApplied.10.054056
https://doi.org/10.1103/PhysRevApplied.10.054056
https://doi.org/10.1103/PhysRevApplied.10.054056
https://doi.org/10.1103/PhysRevApplied.14.034051
https://doi.org/10.1103/PhysRevApplied.14.034051
https://doi.org/10.1103/PhysRevApplied.14.034051
https://doi.org/10.1103/PhysRevApplied.14.034051
https://doi.org/10.1103/PhysRevApplied.14.034051
https://doi.org/10.1103/PhysRevApplied.14.034051
https://doi.org/10.1103/PhysRevApplied.14.034051
https://doi.org/10.1063/1.4773180
https://doi.org/10.1063/1.4773180
https://doi.org/10.1063/1.4773180
https://doi.org/10.1063/1.4773180
https://doi.org/10.1063/1.4773180
https://doi.org/10.1063/1.4773180
https://doi.org/10.1063/1.4773180
https://doi.org/10.1063/1.4773180
https://doi.org/10.1063/5.0185995
https://doi.org/10.1063/5.0185995
https://doi.org/10.1063/5.0185995
https://doi.org/10.1063/5.0185995
https://doi.org/10.1063/5.0185995
https://doi.org/10.1063/5.0185995
https://doi.org/10.1063/5.0185995
https://doi.org/10.1016/j.jmmm.2010.02.008
https://doi.org/10.1016/j.jmmm.2010.02.008
https://doi.org/10.1016/j.jmmm.2010.02.008
https://doi.org/10.1016/j.jmmm.2010.02.008
https://doi.org/10.1016/j.jmmm.2010.02.008
https://doi.org/10.1016/j.jmmm.2010.02.008
https://doi.org/10.1016/j.jmmm.2010.02.008
https://doi.org/10.1016/j.jmmm.2010.02.008
https://doi.org/10.1063/5.0160544
https://doi.org/10.1063/5.0160544
https://doi.org/10.1063/5.0160544
https://doi.org/10.1063/5.0160544
https://doi.org/10.1063/5.0160544
https://doi.org/10.1063/5.0160544
https://doi.org/10.1063/5.0160544
https://doi.org/10.1063/1.5066271
https://doi.org/10.1063/1.5066271
https://doi.org/10.1063/1.5066271
https://doi.org/10.1063/1.5066271
https://doi.org/10.1063/1.5066271
https://doi.org/10.1063/1.5066271
https://doi.org/10.1063/1.5066271
https://doi.org/10.1016/j.jmmm.2020.166728
https://doi.org/10.1016/j.jmmm.2020.166728
https://doi.org/10.1016/j.jmmm.2020.166728
https://doi.org/10.1016/j.jmmm.2020.166728
https://doi.org/10.1016/j.jmmm.2020.166728
https://doi.org/10.1016/j.jmmm.2020.166728
https://doi.org/10.1016/j.jmmm.2020.166728
https://doi.org/10.1016/j.jmmm.2020.166728
https://doi.org/10.3390/s25154739
https://doi.org/10.3390/s25154739
https://doi.org/10.3390/s25154739
https://doi.org/10.3390/s25154739
https://doi.org/10.3390/s25154739
https://doi.org/10.3390/s25154739
https://doi.org/10.1063/1.5052355
https://doi.org/10.1063/1.5052355
https://doi.org/10.1063/1.5052355
https://doi.org/10.1063/1.5052355
https://doi.org/10.1063/1.5052355
https://doi.org/10.1063/1.5052355
https://doi.org/10.1063/1.5052355
https://doi.org/10.1109/TASC.2018.2867790
https://doi.org/10.1109/TASC.2018.2867790
https://doi.org/10.1109/TASC.2018.2867790
https://doi.org/10.1109/TASC.2018.2867790
https://doi.org/10.1109/TASC.2018.2867790
https://doi.org/10.1109/TASC.2018.2867790
https://doi.org/10.1109/TASC.2018.2867790
https://doi.org/10.1109/TASC.2018.2867790
https://doi.org/10.1016/j.cryogenics.2024.103803
https://doi.org/10.1016/j.cryogenics.2024.103803
https://doi.org/10.1016/j.cryogenics.2024.103803
https://doi.org/10.1016/j.cryogenics.2024.103803
https://doi.org/10.1016/j.cryogenics.2024.103803
https://doi.org/10.1016/j.cryogenics.2024.103803
https://doi.org/10.1016/j.cryogenics.2024.103803
https://doi.org/10.7693/wl20190103
https://doi.org/10.7693/wl20190103
https://doi.org/10.7693/wl20190103
https://doi.org/10.7693/wl20190103
https://doi.org/10.7693/wl20190103
https://doi.org/10.7693/wl20190103
https://doi.org/10.7693/wl20190103
https://doi.org/10.7693/wl20190103
https://doi.org/10.7693/wl20190103
https://doi.org/10.7693/wl20190103
https://doi.org/10.7693/wl20190103
https://doi.org/10.7693/wl20190103
https://doi.org/10.7693/wl20190103
https://doi.org/10.7693/wl20190103
https://doi.org/10.7693/wl20190103
https://doi.org/10.1016/j.sna.2022.113658
https://doi.org/10.1016/j.sna.2022.113658
https://doi.org/10.1016/j.sna.2022.113658
https://doi.org/10.1016/j.sna.2022.113658
https://doi.org/10.1016/j.sna.2022.113658
https://doi.org/10.1016/j.sna.2022.113658
https://doi.org/10.1016/j.measurement.2024.116143
https://doi.org/10.1016/j.measurement.2024.116143
https://doi.org/10.1016/j.measurement.2024.116143
https://doi.org/10.1016/j.measurement.2024.116143
https://doi.org/10.1016/j.measurement.2024.116143
https://doi.org/10.1016/j.measurement.2024.116143
https://doi.org/10.1063/1.1451901
https://doi.org/10.1063/1.1451901
https://doi.org/10.1063/1.1451901
https://doi.org/10.1063/1.1451901
https://doi.org/10.1063/1.1451901
https://doi.org/10.1063/1.1451901
https://doi.org/10.1063/1.1451901
https://doi.org/10.1063/1.2837661
https://doi.org/10.1063/1.2837661
https://doi.org/10.1063/1.2837661
https://doi.org/10.1063/1.2837661
https://doi.org/10.1063/1.2837661
https://doi.org/10.1063/1.2837661
https://doi.org/10.1063/1.2837661
https://doi.org/10.1109/TMAG.2008.2003539
https://doi.org/10.1109/TMAG.2008.2003539
https://doi.org/10.1109/TMAG.2008.2003539
https://doi.org/10.1109/TMAG.2008.2003539
https://doi.org/10.1109/TMAG.2008.2003539
https://doi.org/10.1109/TMAG.2008.2003539
https://doi.org/10.1109/TMAG.2008.2003539
https://doi.org/10.1063/1.4729427
https://doi.org/10.1063/1.4729427
https://doi.org/10.1063/1.4729427
https://doi.org/10.1063/1.4729427
https://doi.org/10.1063/1.4729427
https://doi.org/10.1063/1.4729427
https://doi.org/10.1063/1.4729427
https://doi.org/10.1063/1.4729427
https://doi.org/10.1109/LED.2019.2944645
https://doi.org/10.1109/LED.2019.2944645
https://doi.org/10.1109/LED.2019.2944645
https://doi.org/10.1109/LED.2019.2944645
https://doi.org/10.1109/LED.2019.2944645
https://doi.org/10.1109/LED.2019.2944645
https://doi.org/10.1109/LED.2019.2944645
https://doi.org/10.1109/LED.2019.2944645
https://doi.org/10.3390/s20051440
https://doi.org/10.3390/s20051440
https://doi.org/10.3390/s20051440
https://doi.org/10.3390/s20051440
https://doi.org/10.3390/s20051440
https://doi.org/10.3390/s20051440
https://doi.org/10.3390/s20051440
https://doi.org/10.1016/j.jmmm.2020.167393
https://doi.org/10.1016/j.jmmm.2020.167393
https://doi.org/10.1016/j.jmmm.2020.167393
https://doi.org/10.1016/j.jmmm.2020.167393
https://doi.org/10.1016/j.jmmm.2020.167393
https://doi.org/10.1016/j.jmmm.2020.167393
https://doi.org/10.1016/j.jmmm.2020.167393
https://doi.org/10.1016/j.jmmm.2020.167393
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

Y B ¥ R Acta Phys. Sin.

Vol. 75, No. 6 (2026) 060803

(83]
(84]

(85]

(86]
(87]

(88]
(89]

[90]

(91]

[92]

(93]

(94]

Arimoto T, Matsuzaki H, Ando Y 2022 Sci. Rep. 12 6106
Valadeiro J, Cardoso S, Macedo R, Guedes A, Gaspar J,
Freitas P 2016 Micromachines 7 88

Zhang J, Pan M, Du Q, Hu J, Sun K, Yu Y, Zhang X, Luo
H 2021 Micromachines 12 722

Kurashima K, Kataoka M, Nakano T, Fujiwara K, Kato S,
Nakamura T, Yuzawa M, Masuda M, Ichimura K, Okatake
S, Moriyasu Y, Sugiyama K, Oogane M, Ando Y, Kumagai
S, Matsuzaki H, Mochizuki H 2023 Sensors 23 646

Dey C, Yari P, Wu K 2023 Nano Futures 7 012002

Murzin D, Mapps D J, Levada K, Belyaev V, Omelyanchik
A, Panina L, Rodionova V 2020 Sensors 20 1569

Su D, Wu K, Saha R, Peng C, Wang J P
Micromachines 11 34

An Z, Zhang L, Fan Y, Li Q, Li D 2025 Sens. Actuators, A
382 116174

Lu W S, You R, Zhou Y, Yuan H Y, You Z 2020 Chin. J.
Sci. Instrum. 41 1 (in Chinese) [&3CI, U4, B, BZK,
JE 2020 (X AHU RS 41 1)

Ziegler P, Troster N, Schmidt D, Ruthardt J, Fischer M,
Roth-Stielow J 2020 2020 22nd European Conference on
Power Electronics and Applications (EPE’20 ECCE Europe)
Lyon France, September 5-9, 2020 pP.1

Liu J, Lee C K, Pong P W T 2024 [EEE Trans. Instrum.
Meas. T3 1

Muehlenhoff C, Vogler C, Raberg W, Suess D, Albrecht M
2021 IEEE Sensors J. 21 13176

Yang L, Sun K, Pan M, Zhang X, Peng J, Hu Y, Hu J, Qiu

2019

[95]

[96]
[97]
(98]
[99]

[100]

[101]

060803-16

W, Li P 2023 IEEE Sensors J. 23 240

Li R, Zhang S, Luo S, Guo Z, Xu Y, Ouyang J, Song M,
Zou Q, Xi L, Yang X, Hong J, You L 2021 Nat FElectron 4
179

Xu Y, Yang Y, Zhang M, Luo Z, Wu Y 2018 Adv Mater.
Technol. 3 1800073

Shiogai J, Fujiwara K, Nojima T, Tsukazaki A 2021
Commun. Mater. 2 102

Camsari K Y, Torunbalci M M, Borders W A, Ohno H,
Fukami S 2021 Phys. Rev. Appl. 15 044049

Krizakova V, Perumkunnil M, Couet S, Gambardella P,
Garello K 2022 J. Magn. Magn. Mater. 562 169692
Finocchio G, Incorvia J A C, Friedman J S, Yang Q,
Giordano A, Grollier J, Yang H, Ciubotaru F, Chumak A V,
Naeemi A J, Cotofana S D, Tomasello R, Panagopoulos C,
Carpentieri M, Lin P, Pan G, Yang J J, Todri-Sanial A,
Boschetto G, Makasheva K, Sangwan V K, Trivedi A R,
Hersam M C, Camsari K Y, McMahon P L, Datta S, Koiller
B, Aguilar G H, Temporao G P, Rodrigues D R, Sunada S,
Everschor-Sitte K, Tatsumura K, Goto H, Puliafito V,
Akerman J, Takesue H, Ventra M D, Pershin Y V,
Mukhopadhyay S, Roy K, Ting Wang I-, Kang W, Zhu Y,
Kaushik B K, Hasler J, Ganguly S, Ghosh A W, Levy W,
Roychowdhury V, Bandyopadhyay S 2024 Nano Futures 8
012001

Shao Q, Wang Z, Zhou Y, Fukami S, Querlioz D, Chua L. O
2025 Npj Spintronics 3 16


https://doi.org/10.1038/s41598-022-10155-6
https://doi.org/10.1038/s41598-022-10155-6
https://doi.org/10.1038/s41598-022-10155-6
https://doi.org/10.1038/s41598-022-10155-6
https://doi.org/10.1038/s41598-022-10155-6
https://doi.org/10.1038/s41598-022-10155-6
https://doi.org/10.1038/s41598-022-10155-6
https://doi.org/10.3390/mi7050088
https://doi.org/10.3390/mi7050088
https://doi.org/10.3390/mi7050088
https://doi.org/10.3390/mi7050088
https://doi.org/10.3390/mi7050088
https://doi.org/10.3390/mi7050088
https://doi.org/10.3390/mi7050088
https://doi.org/10.3390/mi12060722
https://doi.org/10.3390/mi12060722
https://doi.org/10.3390/mi12060722
https://doi.org/10.3390/mi12060722
https://doi.org/10.3390/mi12060722
https://doi.org/10.3390/mi12060722
https://doi.org/10.3390/mi12060722
https://doi.org/10.3390/s23020646
https://doi.org/10.3390/s23020646
https://doi.org/10.3390/s23020646
https://doi.org/10.3390/s23020646
https://doi.org/10.3390/s23020646
https://doi.org/10.3390/s23020646
https://doi.org/10.3390/s23020646
https://doi.org/10.1088/2399-1984/acbcb5
https://doi.org/10.1088/2399-1984/acbcb5
https://doi.org/10.1088/2399-1984/acbcb5
https://doi.org/10.1088/2399-1984/acbcb5
https://doi.org/10.1088/2399-1984/acbcb5
https://doi.org/10.1088/2399-1984/acbcb5
https://doi.org/10.1088/2399-1984/acbcb5
https://doi.org/10.3390/s20061569
https://doi.org/10.3390/s20061569
https://doi.org/10.3390/s20061569
https://doi.org/10.3390/s20061569
https://doi.org/10.3390/s20061569
https://doi.org/10.3390/s20061569
https://doi.org/10.3390/s20061569
https://doi.org/10.3390/mi11010034
https://doi.org/10.3390/mi11010034
https://doi.org/10.3390/mi11010034
https://doi.org/10.3390/mi11010034
https://doi.org/10.3390/mi11010034
https://doi.org/10.3390/mi11010034
https://doi.org/10.1016/j.sna.2024.116174
https://doi.org/10.1016/j.sna.2024.116174
https://doi.org/10.1016/j.sna.2024.116174
https://doi.org/10.1016/j.sna.2024.116174
https://doi.org/10.1016/j.sna.2024.116174
https://doi.org/10.1016/j.sna.2024.116174
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://doi.org/10.19650/j.cnki.cjsi.J2006189
https://www.doi.org/10.23919/EPE20ECCEEurope43536.2020.9215686
https://www.doi.org/10.23919/EPE20ECCEEurope43536.2020.9215686
https://www.doi.org/10.23919/EPE20ECCEEurope43536.2020.9215686
https://www.doi.org/10.23919/EPE20ECCEEurope43536.2020.9215686
https://www.doi.org/10.23919/EPE20ECCEEurope43536.2020.9215686
https://www.doi.org/10.23919/EPE20ECCEEurope43536.2020.9215686
https://www.doi.org/10.23919/EPE20ECCEEurope43536.2020.9215686
https://www.doi.org/10.23919/EPE20ECCEEurope43536.2020.9215686
https://www.doi.org/10.23919/EPE20ECCEEurope43536.2020.9215686
https://doi.org/10.1109/TIM.2024.3427827
https://doi.org/10.1109/TIM.2024.3427827
https://doi.org/10.1109/TIM.2024.3427827
https://doi.org/10.1109/TIM.2024.3427827
https://doi.org/10.1109/TIM.2024.3427827
https://doi.org/10.1109/TIM.2024.3427827
https://doi.org/10.1109/TIM.2024.3427827
https://doi.org/10.1109/TIM.2024.3427827
https://doi.org/10.1109/JSEN.2021.3067630
https://doi.org/10.1109/JSEN.2021.3067630
https://doi.org/10.1109/JSEN.2021.3067630
https://doi.org/10.1109/JSEN.2021.3067630
https://doi.org/10.1109/JSEN.2021.3067630
https://doi.org/10.1109/JSEN.2021.3067630
https://doi.org/10.1109/JSEN.2021.3067630
https://doi.org/10.1109/JSEN.2022.3221721
https://doi.org/10.1109/JSEN.2022.3221721
https://doi.org/10.1109/JSEN.2022.3221721
https://doi.org/10.1109/JSEN.2022.3221721
https://doi.org/10.1109/JSEN.2022.3221721
https://doi.org/10.1109/JSEN.2022.3221721
https://doi.org/10.1109/JSEN.2022.3221721
https://doi.org/10.1038/s41928-021-00542-8
https://doi.org/10.1038/s41928-021-00542-8
https://doi.org/10.1038/s41928-021-00542-8
https://doi.org/10.1038/s41928-021-00542-8
https://doi.org/10.1038/s41928-021-00542-8
https://doi.org/10.1038/s41928-021-00542-8
https://doi.org/10.1002/admt.201800073
https://doi.org/10.1002/admt.201800073
https://doi.org/10.1002/admt.201800073
https://doi.org/10.1002/admt.201800073
https://doi.org/10.1002/admt.201800073
https://doi.org/10.1002/admt.201800073
https://doi.org/10.1002/admt.201800073
https://doi.org/10.1002/admt.201800073
https://doi.org/10.1038/s43246-021-00206-2
https://doi.org/10.1038/s43246-021-00206-2
https://doi.org/10.1038/s43246-021-00206-2
https://doi.org/10.1038/s43246-021-00206-2
https://doi.org/10.1038/s43246-021-00206-2
https://doi.org/10.1038/s43246-021-00206-2
https://doi.org/10.1103/PhysRevApplied.15.044049
https://doi.org/10.1103/PhysRevApplied.15.044049
https://doi.org/10.1103/PhysRevApplied.15.044049
https://doi.org/10.1103/PhysRevApplied.15.044049
https://doi.org/10.1103/PhysRevApplied.15.044049
https://doi.org/10.1103/PhysRevApplied.15.044049
https://doi.org/10.1103/PhysRevApplied.15.044049
https://doi.org/10.1016/j.jmmm.2022.169692
https://doi.org/10.1016/j.jmmm.2022.169692
https://doi.org/10.1016/j.jmmm.2022.169692
https://doi.org/10.1016/j.jmmm.2022.169692
https://doi.org/10.1016/j.jmmm.2022.169692
https://doi.org/10.1016/j.jmmm.2022.169692
https://doi.org/10.1016/j.jmmm.2022.169692
https://doi.org/10.1088/2399-1984/ad299a
https://doi.org/10.1088/2399-1984/ad299a
https://doi.org/10.1088/2399-1984/ad299a
https://doi.org/10.1088/2399-1984/ad299a
https://doi.org/10.1088/2399-1984/ad299a
https://doi.org/10.1088/2399-1984/ad299a
https://doi.org/10.1038/s44306-025-00078-z
https://doi.org/10.1038/s44306-025-00078-z
https://doi.org/10.1038/s44306-025-00078-z
https://doi.org/10.1038/s44306-025-00078-z
https://doi.org/10.1038/s44306-025-00078-z
https://doi.org/10.1038/s44306-025-00078-z
https://doi.org/10.1038/s44306-025-00078-z
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 % 3R Acta Phys. Sin. Vol. 75, No. 6 (2026) 060803

SPECIAL TOPIC— Applied magnetism

Research progress of performance optimization of
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Abstract

Tunnel magnetoresistance (TMR) sensors have emerged as a leading technology in high-performance
magnetic sensing due to their high sensitivity, low power consumption, and miniaturization. In order to meet
the everchanging demands of cutting-edge applications such as biomagnetic imaging and smart grid monitoring,
continuous performance enhancement is crucial. This paper systematically reviews the key strategies for
optimizing TMR sensors, focusing on thin-film material engineering and sensitive microstructure design.
Material advancements are dissected along two paths: developing high-sensitivity systems via MgO barriers and
composite free layers, and creating wide-linear-range systems through anisotropy engineering, including both
perpendicular (PMA) and in-plane (IMA) configurations, as well as dynamic methods such as electric-field and
strain modulation. Structurally, we highlight innovations such as vortex-state magnetic tunnel junctions (MTJs)
and magnetic flux concentrators to enhance linearity and sensitivity, as well as advanced noise modulation
techniques that effectively suppress low-frequency 1/f noise. The practical effect of these optimizations is
reflected in the fact that TMR sensors can now measure magnetocardiograms (MCG) outside shielded
environments and provide high-accuracy current sensing in smart grids. The future development is directed
toward novel material systems that pursue either enhanced sensitivity or an extented linear range, the
realization of monolithic three-axis vector sensors, and the deep integration of TMR, technology with artificial
intelligence for smart sensing systems. This work provides a comprehensive reference for advancing TMR, sensor

technology and its applications in high-precision magnetic field detection.

Keywords: tunneling magnetoresistance magnetic sensor, performance optimization, thin film material,

magnetic tunnel junction structure design
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