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Bl 1 (MR E) (a) B R AT 32 TBES B RE A (L) B G Py gh i) (4 1) (R SRyl 7 3 e 2 ] W93t ); (b) HDD
BRI Y, R s TRTERS %48 (Giant Magnetoresistance, GMR)Hit3k. F& T Wi B4 )5 N BT FE R i
RS DR (B R B SCHR[4], CIRAHEAL); (o) AR as i S N . A7 B AN O = MR br

Figure 1 (Color online) (a) Commercial HDD with 32 TB capacity disk (group of images) and its internal structure (right image); (b) structure of the
HDD read head [4], the read head based on giant magnetoresistance effect, magnetic field reversal-based write unit, and recording medium layer (all
images are reproduced from ref. [4] with permission from the publishers); (c) three metrics of memory devices: write data, store data, and read data.
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1) https://www.westerndigital.com/products/internal-drives/data-center-drives/ultrastar-dc-hc690-hdd?sku=WSH723220AL4201.
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Ja, Jet i SRR T, AAE AR H(TSMC), 4R &)
[ (GlobalFoundries)f1 = &, #B T E AT THRI7E28 nm {7 5
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IR ASTT-MRAMA 1%, X34 BAEE bR 770
:4>1¥ (International Electron Devices Meeting, IEDM)_I-
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K. R HBATH 2 A HIX LA F R FIMARM.
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MTIESER 5K, 2% RR G RCHAT R & 2 CREGBIED), R IMeOR 2R, ERAGNE MR, Britz fhik
LT AR R R (P 8 5 R 1) B e AR R DA v TMIR AR ) A1 o 1 2 8] 9 2 sy 3 18] B S22 (P T a2 Sk o A 972 v 1 128
FEPOY, (c) HOh A7k 11T PR % 1) 5P 51 G 3% 2 (Energy Barrier, Eg)URiE, R AL 77 AR T2 FE R AL 7 1 16725
X AN ] B LRG0 A 170, (d) A OGRS o7 SR . A R ARG 7 R PAT I, R e B D i
H )R LT IR, AT BB, 24 PR SR 2 AOREAG 77 10 SPAT I, B ) S 18 HL 0 1 v L
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Figure 2 (Color online) (a) A schematic diagram of the MRAM unit array in a typical memory architecture [1]. The orange box typically contains a
transistor and an MTJ element. (b) The MT]J thin film stacks structure. The reference layer consists of two anti-parallel coupled layers (blue cylinders),
with an MgO barrier layer in the middle and a free magnetic layer on top (red) [20]. Additionally, a spin polarization enhancement layer is included to
increase the spin polarization of electrons and improve the tunneling magnetoresistance ratio. A crystallographic spacer or diffusion barrier is also
introduced to minimize defects and optimize device performance. (c) Data storage is determined by the energy barrier caused by the perpendicular
magnetic anisotropy. The change in the magnetization direction of the free layer relative to the pinned layer corresponds to different data bits “0” and
“1” [20]. (d) The principle of spin-polarized tunneling. When the magnetization directions of the two ferromagnetic layers are parallel, spin-up
electrons experience less scattering while spin-down electrons undergo more scattering, resulting in a low-resistance state. Conversely, when the
magnetization directions of the adjacent magnetic layers are antiparallel, both spin-down and spin-up electrons are scattered, leading to a high-
resistance state (All images are reproduced from refs. [1,20] with permission from the publishers).

NBEFEM 2URIIE K. ARYEAZREHLH], MTIR] LA o A Fh B e E Y PSS LA R S N T U

R (1) “FIIMTI, HAEREZ Bk 7 a5 BT

FIR IR AREE R 5 T 3 HRALMTIIMRAM. £

B[R T N A MTIAE AR B R RR F fi i . AT BORT— AT R I, FEMRAM T B 135 B i
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F-HiPH(Magnetic Resistance, MR)ZEN,. 4 T ] St
HUAE 2, AF Eh LR 25 A0 vy b LR A5 22 ) ) R 22 0 20
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[T AMR AN A7 87 FH T~ 57 U 1 il 25 0K 2 s 114 i L 152 HiY
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PRB R T RA 7 ) 45 R 3 5 B 2 ) ) g ) MIRBE
ER TR (50 B, SCHO T R34 R AE S 5 1),

20t 280K, AAFER & Ekik(FefICr) /2 M
AV B 1 Y L (1) e J2 5 A R AETEGMRAE R L. GMRAK
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e FE IS, (B HARE BN T 4 iR 5h
a8, DOASEILIX — 2808 BT 75 R E 3 3 P K T R T B
FEA RS, SRR R TS BCGK I GMRUSLIE & £
FRAE10%—20% 2 [7], 3XANBHAR B A2 A A /& ATE i
BURZS Z [P~ B E B EZ, S8 7 HARIUEE
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(a) (b) Read/write path c Read path
Field MRAM
ST SOT-MRAM
Write path =

Bl 3 (MBICEE) (a) W% BB T AL EIMRAMPY. (b) EEINSTT-MRAMZ 7R3 B, T ENJEERE 2 BSTT-MTJ
SR BB S STT-MTIIB S i1 WA B i ). 1% 4544 175 CoFeB F HiJz . MgORSIE %% 22 72 LA K% 1 CoFeB/[H] K )2/Co/Ru/
[Co/PtIH IS 2. 1 B NCMOS HiL B (J& 51 2 ZRAE ) 2% 1l (I STT-MR AM % 51| (T 34 B £RHE) I TEM A T . (¢) L EINSOT-
MRAM®, R P Ay T Al 7 B SOT-MTI4E #7157 | St SOT-MTIFH TEMAK I F&l. i M SOT-MRAM BT 454, Hrh'5 A
TR AR BE 1V AN 2 BE2, 13:HUHLIAU M TR FE A TEWAT MV BE2 (& 173K H SCHR[2,40], CLERAHRAN)

Figure 3 (Color online) (a) Magnetic field-assisted in-plane magnetization MRAM [40]. (b) Schematic of the STT-MRAM structure (top), and the
bottom-pinned STT-MT]J structure with a cross-sectional transmission electron microscopy image of the device (bottom) [2]. This structure consists of
a CoFeB free layer, an MgO tunnel barrier layer, and a reference layer composed of CoFeB/spacer/Co/Ru/[Co/Pt]. The inset depicts the TEM cross-
section of an STT-MRAM array (top dashed box) controlled by a CMOS circuit (bottom dashed box). (¢) The top image shows an SOT-MRAM
structure [2], while the bottom image presents the schematic of a top-pinned SOT-MTJ structure along with the TEM cross-sectional image of the
SOT-MTI. The inset illustrates a typical SOT-MRAM cell structure, where the write current is injected from the bottom electrode BE1 to BE2, and the
read current flows from the top electrode TE to BE2 (All images are reproduced from refs. [2,40] with permission from the publishers).

e R B IR, St AR
STT-MRAM CELL . T’ FM 1 M
S ! w);) AR Jo= [%}[%]MstHK—F%LMS, @)
Pinned layer o 3) G2 *
- Horh, MR ARG RS, (R WA SR, okt 35 AR AR
P rigmm— - T e PR R T R MBSO B
, | eerd {) e % RSTTACESH, SiE AR B VAL 5%,
TR oy V7

Pinned layer

Free layer

B4 (MEHER) STT-MRAM H.IG 7R 5 K UL & STTH
FHEEHLEI L2 A0 RN, Mk R RS HEM At
JERIEACRS . A e B Sk 2R HL T BB R SOk
[1], IR

Figure 4 (Color online) Schematic diagram of the STT-MRAM cell
and the STT magnetic switching mechanism to achieve the “1” and “0”
states [1]. The thick arrows represent the magnetization states of the
reference layer and the free layer. Arrows with “e” represent electron
spins (All images are reproduced from ref. [1] with permission from the
publisher).

AL, U R BRI, BEAL T RE 2 e J R 201 4R K
& WARERAR, AR T REINR, ERX 23
BUREREMIE N, G H TR 8 R AT 1

53 SOTEA

WIHTSCHTIR, 15~ —Fh C AL R i 2%, STT-
MRAMTEIR AN RAFE T 4 88 T — 2 Hh. 481,
STT-MRAMiSEAF(E RIBR 1, LIESTTHRIFE HLAL K Fit
MU Sl TR, XS AN IE SRR R gD
T P B R E. FECRI BT =, R
T2 RN B ESOT-MARMPS 581 4 &3 (c).

£ =i SOT-MRAM # {1:rh, i i r it i ol o7 T
HiZE T A& ESOTS 4 k5 AMTI(K5). STT-
MRAMAISOT-MRAM X [A] ] £ Z X JI/E T H T EA
b FE I BTN BB LR TR AR AR, fESTT-
MRAM, 3 EVEAMTI, i SOT-MRAM 1 {1 i,
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(a) SOT-MRAM device

Read SOT wire
path d L
o—

T-’spi“ ,{Chu,gg ) ‘

e

Write path

(b) sor-MRAMcell

Local interconnect
SOT wire

N

"

Read
word line

Write
word line

Source line

it line
B 5 (M&WREE) (a) —iiSOT-MRAMZ . il B
Jehargel T B H B Sgpin. (0) BE—ANMTIFBH AV [
P (VR B K 7 %) I SOT-MR AMAZ fif B 76 F 77 72 P 200,
FC AR BN 5 NBRAE R A TE (M (B 3k B SCHk[20], ©3k
13N
Figure 5 (Color online) (a) Three-terminal SOT-MRAM device. The
lateral current Johe generates a perpendicular spin current Jg,,. (b)
Schematic diagram of an SOT-MRAM memory cell, which includes an
MT]J and two access transistors (light blue rectangles) [20], wherein the

read and write operations are independent to each other (All images are
reproduced from ref. [20] with permission from the publisher).

WENKAELET AN, EFHLFISOTEH——Ii8H £ E
&JRATWAIPY. H B2 PIRAIR A T8 I AHLTSOTH K
) [ e AR B/ F (Spin: Orbit Coupling, SOC)/*
A STT R ERA%, 33 1M S 15 N2 2 g i

(a) (b)

i 5% SOCH) # 4 J& (Heavy Metal, HM)/Zk 444 K (Ferro-
magnet, FM)RJii £5f00}, BA KSOCHIHMAG HLfif HE
TEICH A BRI, XA E IR AT LA%E 2 401K [ FM
JZ, WITTBURREAL. Lins5E AN JUPEE R 2808: ¥ e 8 ZR 34
JSL(SHE) A R T #4150 E e EUE RS &+ o L FH 26
PE DL R R ik ) A A A U2 (LI 6(a)). MironZE AIAT
Gambardella A\ P7L¥s 5L i Rashba R4 B 14 A HL IR 5
FEC PRI AG T 5% 1 5 TR (L BT 6(b)). AR 19 ol AN ) PR AL
i, SOTH] LA fif A (a)ZFH JE B (5 SlonczewskiZl) /7
%6 (Damping Like, DL)Fl(b)Z%3% % J1%E (Field Like,
FL). K6(c)E7~ T DLAFL A%~ = K. DLAMIR
P R A e % 31 B AR AL B 7 ). THFL AR i@ I 22
Wl & R BBl S ss 3 37 AT 3R 3. IR MR,
DLFIFL /J% v] & 43l >k H 44 4H SHE #1 [l Rashba-
EdelsteinZ N, SR, Hlt FIEFE45 H, I P Rk v 41
S X PR AR, sk, X RN A L R R
S8k Z e B, W ROE R B, B
R HA /NI ATESOCHT HAE#EE 4 J& (Nonmagnetic
Materials, NM), 7] AZEAHAR FIFM)Z A2 i . 3
YRR £E T PUIE E /KR8 (Orbital Hall Effect, OHE)
—— RN T NM/FM R SR 25 f i, B A R
F BN 2 HU BINM#i s, B4 T SOCTE
B 7 B e AR RE R, B BRI AT DLEENM (R
NMHISOCH /N BFM(FIHFMFISOC) 724, sl &
A, AR BRI AN R, T S B
%[61]‘

SOT-MRAM L #1F 5 STT-MRAMA [A], i i HL i
MAMTIREZI. 5STT-MRAMAHLL, SOT-MRAM #
PEFH B AR . AR AL Eh . P

/.':::::::\
v ILJ

Et/ YT Nve
NM o ———

Spin Hall effect

Rashba-Edelstein effect

Bl 6 (MZIZE) (a) FENMAT IR E HETE /R R 7 72 B, (b) EFM/NM A A4k i Rashba-Edelstein 5 N om 2 K5 (¢) B E
JERNIE F1E 53 B e FL 8% 1 R 1) 7 OB Aok SCiR[62], CL3RIG AN

Figure 6 (Color online) (a) Schematic diagram of the bulk spin Hall effect in an NM [62]; (b) schematic diagram of the Rashba-Edelstein effect at
the FM/NM interface; (c) schematic diagram of the two components of spin-orbit torque and their respective effective magnetic fields [62] (All images

are reproduced from ref. [62] with permission from the publisher).
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skyrmion 10K 4 7 1 P T8 LR () o P43 AR 1 RS BT P9 e ) B N LR 1 SCHIR[80,90,91,93], LKA A
Figure 7 (Color online) (a) Perpendicular magnetization induced by magnon torque [80]; (b) spin-splitting torque reversals the perpendicular
magnetization in a chiral magnet [90]; (c) voltage-controlled DMI torque reversals the perpendicular magnetization through the expansion effect of a
magnetic skyrmion [91]; (d) voltage-controlled bimeron torque enables the in-plane magnetization switching [93] (All images are reproduced from

refs. [80,90,91,93] with permission from the publishers).
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Figure 8 (Color online) (a) Schematic of a VCMA-MTIJ device (left) and the illustration of the impacts of various bias voltages (7}) on the
magnetoresistive of a MTJ device (right) [123]; (b) schematic diagram of a kind of VG-SOT MTJ device structure [121]. The magnetic anisotropy
energy of the MTJ device is controlled by voltage to assist the SOT in switching the magnetization direction of the free layer, thereby achieving two
magnetoresistance states (All images are reproduced from refs. [121,123] with permission from the publishers).
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Figure 9 (Color online) (a) 3D DW racetrack memory [140]; (b) two representative Neél- and Bloch-type magnetic skyrmions and their schematic
diagrams of two-dimensional projected magnetic structures [141,143]; (c) magnetic skyrmion-based racetrack memory that uses the presence or
absence of skyrmions as information bits [142] (All images are reproduced from ref. [140-143] with permission from the publishers).
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Magnetic random access memory (MRAM), based on spintronics, is expected to become the next generation of universal
memory due to its advantages, such as non-volatility, infinite write/erase cycles, low power consumption, and fast write
speeds. Depending on the magnetic writing mechanism and magnetic media, different types of MRAM have been
proposed, including spin-transfer torque (STT), spin-orbit torque (SOT), voltage-controlled (e.g., voltage-controlled
magnetic anisotropy, VCMA-MRAM, and voltage-gated spin-orbit torque, VG-SOT-MRAM), domain-wall (DW-
MRAM), and magnetic skyrmion-based MRAM. Each type has its own unique characteristics, contributing to the
diversified development of magnetic storage technology. In recent years, the successful commercialization of STT-
MRAM chips has driven the research and application of MRAM devices. This paper first provides a brief overview of the
history of memory technologies, followed by an introduction to the principles of MRAM. It discusses the technologies,
materials, and different physical mechanisms involved in reading and writing information in MRAM, along with the
potential challenges. This paper then presents recent advances in novel magnetic writing mechanisms. Finally, it
discusses technologies that may help the industry move beyond traditional MRAM, followed by a conclusion and future
outlook.

magnetic random access memory, magnetization switching, magnetic tunnel junction, spin-transfer torque, spin-
orbit torque, low power consumption, non-volatility
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