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Fig. 1. (a) R-H loops for the magnetic tunnel junction with the structure of Fe(25)/MgO(3)/Fe(10)/IrMn(10) (in nm)®?!; (b) R-H
loop for Hall balance with the structure of CoO(10)/[Co(0.3)/Pt(1)]3/NiO(1.1)/Pt(0.6)/[Co(0.3)/Pt(1)]3/CoO(10) (in nm).
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Fig. 2. Schematic of (a) ordinary Hall effect and (b) anom-
alous Hall effect.
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Fig. 3. (a) R-H loop for Hall balance based on NiO spacer; (b) schematic of 3D storage based on Hall balancel*.
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Fig. 5. (a) Schematic of magnetic abacus memory; (b) Hall
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Fig. 6. (a) Hallloop for the sample NiO(20) /[Co(0.4) /Pt(1.2)]/
MgO/[Co(0.4)/Pt(1.2)]/NiO(1) (in nm); (b) Hall loop for
the sample NiO(50)/Pt(0.6)/[Co(0.3)/Pt(1)]/NiO/[Co(0.4)/
Pt(1.2)] (in nm) (2.
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7 (a)— (c) FEdh P£(0.6)/[Co(0.4) /Pt(1)])5/Co(0.4) /Pt(0.3) /NiO(tyio) /Pt(0.3) /[Co(0.4) /Pt(1)), (EJE B Jy 4K ) A IR h £k
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2

Fig. 7. (a)—(c) Hall loops for the sample Pt(0.6)/[Co(0.4)/Pt(1)]3/Co(0.4)/Pt(0.3)/NiO(tyi0)/Pt(0.3)/[Co(0.4)/Pt(1)];, (in nm);
(d)—(f) Hall loops for the sample Pt(0.6)/[Co(0.4)/Pt(1)]3/Co(0.4)/Pt(0.3)/NiO(1.1) /P(0.3)/[Co(0.4) /Pt(tp()]4 (in nm)Hs.
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B 8  (a)— (d) B CoO(3)/[Pt(0.6)/Co(0.4)],/Pt(0.3) /NiO(tni0)/[Co(0.4) /Pt(0.6)]),/CoO(3) (J5 £ BT R4l 2K ) Y 28 IR [l £k 48]

Fig. 8. (a)—(d) Hall loops for the sample CoO(3)/[Pt(0.6)/Co(0.4)]4/Pt(0.3)/NiO(tyi0)/[Co(0.4) /P(0.6)],/CoO(3) (in nm)Hs.
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Fig. 9. (a) Transmission electron microscope (TEM) image
and (b) electron diffraction pattern for the sample CoO(3)/
[Pt(0.6)/Co(0.4)],/Pt(0.3) /NiO(1) /[Co(0.4) /Pt(0.6)];/ CoO(3)

(in nm)!],

AN, T NiO 5 [Co/Pt],, 2 8] By it ifi AT
B2 /R KO HRR HAH A9 AH SCAIF STt AH 4k
FF. N T 55T [Co/Pt],/NiO F i Al NiO/[Co/
Pt], Fti % R K HRR HCAE VR, #0155
VI R FH R 7S 2 B A I S B B R G
il 5 1 MZH B 2 R AR S1: CoO/[Co/Pt],/
Co/Pt(t5)/NiO(1.1)/[Co/Pt],/Co0;S2: CoO/[Co/
Pt],/NiO(1.1) /Pt(tr) /[Co/Pt],/CoO (J5 F B A7 Ky
k). B 110 RIS ST )RR IR i a1 £k 1))
ATUEH, Y tg = 0 B, BRIV 2 IR HE R 2R
FHARAS, B 4125, IEAHSAT HRR HAE. 24 5 =
0.3 nm A, B8 IR KT 2548 12 30 B I 1) ROk G R
WA, AL, BNERIFN R, M1 R, 735
A 2480 F1 8 mQ, X1 1Y) HRR FAEIAE] 30900%.
ARSEHEN ¢ F) 0.6 nm B, BEIR FOPAEE T Bk

10 FEH CoO(3)/[Pt(0.6)/Co(0.4)],/Pt(0.3) /NiO(1) /[Co(0.4) /Pt(0.6)],/CoO(3) (& KE Baf 35 4k 2K ) 155 43 B4 375 S vt 5% B - 1)
Fig. 10. High resolution TEM image for the sample CoO(3)/[Pt(0.6)/Co(0.4)],/Pt(0.3)/NiO(1)/[Co(0.4) /Pt(0.6)];/CoO(3) (in nm)H*.
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Fig. 11. (a)—(d) Hall loops for sample CoO/[Co/Pt]s/Co/Pt(t3)/NiO(1.1)/[Co/Pt],/CoO (in nm)H.
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Fig. 12. (a)—(d) Hall loops for the sample CoO/[Co/Pt],/NiO(1.1)/Pt(tr)/[Co/Pt]4/CoO (in nm)Hl.
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Fig. 13. (a), (b) High resolution XPS Co 2p spectra at Co/NiO interface and NiO/Co interface; (c) interfacial CoO,/Co content and
(d) Pt 4f binding energy as a function of the Pt thickness at interfaces!.
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Fig. 14. (a) Schematic of Hall balance in L-TEM measurement; (b) normalized M-H loops for the sample with ferromagnetic coup-

ling and antiferromagnetic coupling, respectively; (c) shifted field and (d) saturation magnetization as a function of NiO

thickness®l.
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Fig. 15. L-TEM images for Hall balance at ground state
with (a) ferromagnetic coupling and (b) antiferromagnetic
coupling, respectively. High density of skyrmions in a Hall
balance after drawing excitation with (c) ferromagnetic
coupling and (d) antiferromagnetic coupling, respectively!®.
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Fig. 16. (a), (b), (c) Magnetic skyrmions in a Hall balance

with various tilting anglelss!.
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Fig. 17. PNR spectra as a function of @ measured with in-plane (a) low and (b) high magnetic fields for the Hall balance with anti-

ferromagnetic coupling; (c) schematic of the magnetic structure of the Hall balance with antiferromagnetic coupling; PNR spectra as

a function of @ measured with in-plane (d) low and (e) high magnetic fields for the Hall balance with ferromagnetic coupling;

(f) schematic of the magnetic structure of the Hall balance with ferromagnetic coupling/®s.
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Fig. 18. (a) Simulated skyrmions in a Hall balance with various Epgc; (b) contour map of the skyrmion density as a function of Ejgc

and 6 without external excitation; (c) the skyrmion number as a function of Efp in Hall balance with drawing excitation/®sl.
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Abstract

To break through the conventional binary storage based on spin valves and magnetic tunnel junctions,

multi-state storage has been successfully achieved in Hall balance. Meanwhile, logic operation can be realized in

the storage cell of Hall balance to improve the operation efficiency. Therefore, the concept of Hall balance will

benefit the device integration, which provides an effective insight into fabricating the development of

spintronics. In this topical review article, firstly the background of memory based on Hall balance is introduced.

Secondly, the concept and recent progress of Hall balance are briefly summarized. Thirdly, the manipulation of

anomalous Hall resistance ratio (HRR) and its physical mechanism is systematically investigated. Furthermore,

magnetic skyrmions and their dynamics in Hall balance are presented in detail. Finally, the application of Hall

balance to other kinds of materials is discussed and prospects its future.

Keywords: Hall balance, multi-state storage, magnetic skyrmions, canted spin structure
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