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Fig. 1. Classification of two-dimensional non-layered mag-

netic materials('!.
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Fig. 2. Top-down preparation methods: (a) Schematic illustration of two-dimensional MnSe, prepared by soft chemical etchingl'*);

(b) schematic illustration of two-dimensional TiC prepared by ultrasound-assisted exfoliation('”; (¢) schematic illustration of two-di-

mensional CuCrSe, prepared by electrochemical exfoliation'%; (d) AFM image of two-dimensional CuCrSe,%.
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Fig. 3. Bottom-up preparation methods: (a) Schematic illustration of two-dimensional thin film grown by molecular beam epitaxy!!”;
(b), (c) scanning tunneling microscope (STM) topography images of bilayer and monolayer two-dimensional FeSb thin films!7;
(d) schematic illustration of two-dimensional CrySes synthesized by direct CVD!'"¥); (e) AFM image of two-dimensional CrySey ['¥];
(f) schematic illustration of two-dimensional e-Fe,O5 synthesized by space-confined CVDI: (g) AFM image of two-dimensional
e-Fey031; (h) schematic illustration of two-dimensional CuFeS, synthesized by salt-assisted CVDPY; (i) AFM image of two-

dimensional CuFeS,?2.
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Bl 4 4 Fe,O3 (BT i & (a) 2 e-Fe,O5 101 % W i 5% (optical microscope, OM) & & B (b), (c) 43 %m0 V.,
+10 V HL G =4k e-FeyOy 19 MEM AHA FIR B0 (d) A A0 26 Bl it i B Ao v e 9 2R A6 G 3R BY; (e), (F) 4 e-Fe, 05 SHG (55 5
A HH B e B IR BE A AR R 36 R 190 () MR R E 1 MIFML AR A7 R B () AH B RE ST T8 N X 5 1) /Y 336 % 8] (inverse pole figure
along the in-plane X, IPF-X)BU; (i) Z4Ev-Fe,O A ] RO T 4R 14 B W65 14 8 B30, (j) 208 11 2 v-Fe, O JE A5 K2 AH B 1) 1 ¥ [ 2 (B4

Fig. 4. Research progress of two-dimensional Fe,Os: (a) Optical microscope (OM) image of two-dimensional e-Fe,03%%; (b), (c)

MFM phase images of two-dimensional e-Fe,O; after applying 0 V and +10 V voltages, respectively’; (d) relationship between

magnetic phase difference and applied in-situ voltagel®”; (e), (f) temperature dependence of SHG signal and dielectric constant € of two-

dimensional e-Fe,04'%; (g) MFM phase image of magnetic antivortex?!; (h) inverse Pole figure along the in-plane X direction

(IPF-X) of the corresponding samplel!l; (i) lateral size-dependent magnetic domain configuration of two-dimensional ¥-Fe,OsP;

(j) diverse morphologies of two-dimensional 7-Fe,04 and their corresponding hysteresis loops/®!.

microscope, TEM) FAE & BIX LR Fe;O, H1H
LT RS A (antiphase boundary, APB) (4] 5(e)),
A g2 R R A A G A /N A A s 58 0 3R 18 ) A
SRR R, XL APBs XTRELE R RE R A
FH. [ 5(1), (g) AER T A A FeyO, 992K
FIESEMG A MEM FH47 B4, FER KA EE It
T H T K LSt , 99K R 3R 10
Y SR BCRBEWE 5K (] 5(h)). M #E55 J m FER
SRR ERE 90°8T (1 5(1)), X LEARBUIR#E WS AT
DARAZ R Rt O 1637 07 1) v DA SIS B W 1) <5
AP HLBERR , AT 07 R <1 1A% 5. et
AT 2 IR A VA 45 e 37 1% 5 BE AR 5 [l T RSB
a LR Z 9284k, T8 5()) B T FEAN AP 2R 5i%
JEIES T, a R REBHBERE 7 22 0. 5
ToIH S iy I B RERHL (181 5()) 46 &) AR E, TEe
GG IR E WS T REBH AR, B 2 E
RE. I 5(k) R T AR EEA R RE Y 7 100 T B RE
BRI S 25 3K W3 7 1) RGO 3 W A3 | Ty 3853 031)
BB AR, 25 W m wEBEAR I8 T /G 1 77 1)
i — 2RSS T REAR DT D L BH B . Sy T R 22
PR VI (0 Wy BRAL ], A fTx MEFM B4R U
BN REELE R AT T 2B (1K 5(1)), IF4hHh T
AR WG 2R (18] 5(m)). D5 H25 R R B AR
£ B BESCRABEPL > 1Y APBs P [F4EH] 52
T AR Z R . TR IR R T 4k Fe;O4 1Y
Verwey A 72 X5 [ i€ fi iz 14 51 1Y 5 i BT Verwey

AR IRSE (Verwey phase transition temperature,
Ty) i@t hr S SEiE AT &, &l 5(n) Fis. HH5E
R Ty BEAK R JEBEWINT RIS, Rl TR 420
Ty, £ 5EREFH (anisotropy magnetoresistance,
AMR) L3N, T H e /R#EFH (spin Hall mag-
netoresistance, SMR) % H1 [ eI & H F (spin
mixing conductance, G,) &R K (K G, ik
~5x10Y Q1m?). JCHEEIREY (anomalous Hall
effect, AHE) b AEWR FE M 300 K FEARE] 5 K B
SRR S SRR Ty W TF,
Bl 5(0)—(q) 7. X 46k BliE R T X 4
Fe;04 F e iz VE i iy o & 52 e, s T 4
Fe;0, 75 ATER FA AL S 1ERE, Rl 2 B e
TRA IR E THREACE. R T FeyO3 Fl FegOy,
I AE SR AT B T — 2 A M B S ) 4R R
JEARWEE 4 8 Ak, 10, Cheng 45 B3 il My &
TR CoFe Oy 2K Fr, I A B Eo Ay #L Al
2 T AR A= IR G . Homkar 45 B9 R 1
7l Bl ) B R TR S TR Y SRR SrRu,Og
9K

32 wEWMKRULED
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B, T4 S A A ) TR AR L HC AR ) e P T T 4
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Kl 5 4 Fe,Oy WFFT R (a) M HLHUE FeyOy 42K 1B AR AY 3% 223 IR 1) OM & B7; (b) FeyOy it B4 B 1] 45 31 43 #r 19
(c) A IR 31w it B £ 1 TR R 11 B90; (d) 455 BE S FeyOy By B BEEG MG R Y5 (o), () Z4E FeyOy BYFIHH 35 3T B F 1 f45% (scanning
transmission electron microscope, STEM) Fl{& 5 AFM F{£ P9, (g)—(i) ﬁﬁﬂ#ﬂﬁﬁﬁ%ﬂﬁﬁ‘ﬁﬁ (301 (3) o EL I s 48, 38 738 0 1) i 2 1900
(k) i BEL 1) 0% 3 7 1) RS 1 £ B9 (1), (m) 4k Fez0, 22 A e SC3H K AR I 14 86 W5 101 4% 18 TG =7 0 FL B9, (n) N [R]JEE R 4
Fe;0, L2 1 B R BE 19 28 16 i 28 B7); (o) AMR Fb 38 (43R BE AR P 56 R B7); (p) SMR HEERHI G, 1Y IR EEAKIE M C R P75 (q) AHE H 3
i Yk B2 1 728 1 06 2R BT

Fig. 5. Research progress of two-dimensional Fe;O4: (a) OM image of continuous thin film formed by unidirectionally oriented
Fe;0, nanosheets; (b) statistical analysis of FegO, domain orientations®; (c) schematic diagrams of domain configurations with
different orientations*¥; (d) relationship between binding energy and inter-island distance of Fe;0,P7; (e), (f) scanning transmission
electron microscope (STEM) image and AFM image of two-dimensional FesO,89; (g)—(i) magnetic field manipulation process of
magnetic domainsP%; (j) curve of magnetoresistance versus magnetic field strengthP; (k) curve of magnetic field direction depend-
ence of magnetoresistancel?d; (1), (m) micromagnetic simulations of multi-spin textures and corresponding hysteresis loops of two-di-
mensional Fe;0,8%; (n) curves of Raman peaks of two-dimensional Fe;O, with temperature under different thicknesses?”; (o) tem-
perature dependence of AMR ratiol”; (p) temperature dependence of SMR ratio and G,?"; (q) temperature dependence of AHE ratiol®”).

Cr R & YR X —Z P AR AU, R YAE—A BRI BRE ah Lt i 3
2024 4F, Jiang 45 M0 fiff ]2 [E] BRI CVD 550 EL AT 1) S SR VI, kA1 S ek 7 M LUK 6 4 42
T X CrgTeg 0K Fr RS FIE BE A R4 il 25 Y 54 (I 6(b)). N T VB LWL Fa i) HAA AL 7, R
JH R B A A K R B R ) RS 450 pm, JXAE FHA 2 0l o (4 7 AR i A T AN S8 A A A
[FIZEBEFE AL T4 (151 6(a)). BESFATAEH] WA, AEIRSZ I KRG R, WEWEEE (4
=43 HE MOKE W% T CrsTeg 4K F 1 4 W i Ak AR A T LR 2, WP 6(c) P, X4
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TN TR W RE A A WA R A PR AR L (Néel temperature, Ty) } 46 K( 6(e)). A #AY
2025 4, Jang 45 8 ilid B CVD IE5 AL 1) &, 3 H G Sato % W 5@ it MBE #AR 4 K T 5
CrySe; K A (K 6(d)). HEHEIE RS (magnetic JZ CrySeq Wi, FEUgE 2 HEA &S IR (high-
property measurement system, MPMS) FfE45 5 Curie temperature, Te~225 K) ERREME. KOS
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Kl 6 CrimBEibawmutsis#ER  (a) CryTeg 492K F RT Bl 2 38 i [R] (4 3 A 101 % 58 43 @ 1R (b) FIR 58 2 RE AR () 1
CryTeg Jiti INRELAIT 1 R85 BIFE IS ) (d) HA%E CVD 154G CrySey 49K H 1) AFM EIZ 18 (e) CrySey T H Fifi L BE M 0 REAL 26 1,
(f), (g) #JZ CrySey # RHEED 1 LEED [ % U; (h) X} CrySey i 47 XAS K XMCD il 5 A9 25 J 1U; (i) 51 )2 CrySey B EDCs 41]
(j)—(m) CryS; B OM EME ., FLHF £k . PFM AL EHE A STEM EIE 2 (n) & A2 IR TR NI 2119 CroSy B T 2451/ 28
(0) CrySs ¥l B9 AHE B I B A9 4K 481 3¢ & U (p)—(r) CrySs 4k A B9 AFM B K it in IE 51 K [/ B R 5 A9 MFM & % 2U;
(s) CrySy 4K J (14 A A7 22 il H, e 1) R 8 G % 121

Fig. 6. Research progress of Cr-based chalcogenides: (a) Evolution of Cr;Teg nanosheet size with delay timel’); magnetic domain re-

21);

[
[
A
[

versal phenomena of Cr;Teg under applied magnetic field when fully magnetically saturated (b) and incompletely magnetically sat-
urated (c) [; (d) AFM image of Cr,Se; nanosheets synthesized by direct CVDI; (e) temperature-dependent magnetization curves
of CrySey flakes!'™; (f), (g) RHEED and LEED patterns of monolayer CrySes*!l; (h) results of XAS and XMCD measurements on
CrySestl; (i) EDCs of monolayer CrySes*!; (j)—(m) OM image, electric hysteresis loop, PFM phase image, and STEM image of CryS;%!;
(n) schematic diagram of atomic structure of Cr,Ss unit cell with in-layer sliding of self-intercalated chromium atomic layers®!;
(o) temperature dependence of AHE of CryS; unit cell®; (p)—(r) AFM image of CryS; nanosheets and MFM images after applying

positive and negative voltages®!l; (s) voltage dependence of phase difference of Cr,S3 nanosheets®!l.
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raction, RHEED) (& 6(f)) A& i 7 A7 5 (low-
energy electron diffraction, LEED) (&l 6(g)) 5%
TR AR X BRRBOEHE (X-ray abso-
rption spectroscopy, XAS) 5 X B £k [/ — bk
(X-ray magnetic circular dichroism, XMCD) jll]
ERREL1.0 T #ES N A7 IR ARG — Ak 5
5, K] CrySey BRMEMERIAFLE (18] 6(h)). CrySey 1E
N [R) JEE T fR R PR IR FE AR B 1 i BRI R0
F T JE OB PR M AL D)2 CroSes R A
FORHEE, L2 CroSes A BL T ERREME. FUE Y
BRREHARIRT BES4% B RS . TEE A
FPHIKHY KK AL, o, FIIE-AREA TR
KRR, ME 6(1) iR, 7852 CrySe; 1 K
K, R m4RE (CHR C) W& Be 43 A it 42
(energy distribution curves, EDCs), K i) EDCs
1E CHHI C OGN Wi BEAN ), SRUIAFLE R — (adk:
(circular dichroism, CD). CD 455 ) i EH#AIE
BT K/K' 4y i 119 A el A7 s A s, BIA
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P b g LA B UG R 5 5 A R ISR 17 5 B
MITE R, 155 T CryS; & 1 BLIR ] R 91 I S 40
A 1T B M B Y Cr,Sy W (] 6(3)). 4k
CrySy JEILH 5 R 1y 2 iRkl 1, R Al (B fmr ik
0.80 pC/em?, HAE—H WARFRTEE (K 6(k)).
48 V B AR AL, PEM I (4 Af A2 %] o
WAER T =4k CrySs vl U A fb 4 (1K1 6(1)).
CryS3 HYERFEPERR IR T A 40 2 56 e 7 12 N T 30,
XA ST 12 6] SO FR P, S BEE O X FR
SERIRYIE I, BET A A R AR, A 6(m) TR,
STEM HESE 1 F 4 JZ 4% I 7 AR 78 3 19 )2 N AL
B (~0.3 A), El 6(n) A T & ARG ZKIET 2N
W EhiY CrySs HH R F-2545. 78 150 K IRELLF,
B 3100 B B SR RONEIE 52 T —4E CrySy(~1.7 nm
JE) i A KRG KRR RE R (18] 6(0)). @it HE
Gy il By MEM I & fb (776 8 nm J3£ i — 4
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L. 38 5t A0 TE AN R AR R, SRAE Y MM AR
FUZ T CrySy 5 ARREME W5 5241 41 IS 2 18] A AH 03 22
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HAOPEAE R AR B 8O0 . 225 ) H P - AR 22 20
W7 3 JRE 7 1 AR AN 22 il R T T ] R/ N A2 A 3
E—2DUESE T AL REPE RIS (181 6(s)).
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WA, BIALSHIEAS (40 Fe Z507) IR 1 A 45
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Fig. 7. Research progress of Fe-based chalcogenides: (a), (b) Morphology and MFM images of Fe;Seg nanosheets!*?); (c) temperature-
dependent magnetization curves of Fe;Ses nanosheets!*”; (d) magnetization-field curves of Fe;Ses nanosheets!*?; (e) schematic dia-
grams of the growth process of two types of Fe,Se, nanosheets!*); (f) phenomenon of Fe;Seg nanosheets being attracted by a strong
magnet!*; (g) magnetization curves of Fe;Ses nanosheets*); (h) schematic diagram of the growth process of FeTe nanosheets!*);
(i) relationship between longitudinal sheet resistance (Rg) of FeTe devices and temperaturel”); (j) temperature dependence of AHE
of FeTe nanosheets!*.
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Fig. 8. Research progress of binary and other metals: (a) Temperature-dependent magnetization curves of MnSe, nanosheets!‘’;
(b), (c) magnetization curves of MnSe, at 300 K and 10 K 7 (d), (e) Hall resistance curves of CuCrSe, nanosheets with odd and

even layers!'%; (f), (g) temperature-dependent magnetization curves of AgCrS, and Ag ;CrS, nanosheets!*s!

I

(i) temperature dependence of current-voltage curves of CuFeS,/>

; (h) OM image of CuFeS,/2’;
) temperature dependence of SHG signals of CuFeS,/2.
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Fig. 9. Research progress of single-element and other materials: (a) SEM image of MnP single crystal™; (b), (c) temperature-de-
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Fig. 10. Magnetic and stress regulation of doping and heterojunctions: (a) Atomic structure of Ni-doped CoOl®); (b) high-resolution
TEM image of Ni-doped CoOl%]; (c) temperature dependence of magnetic susceptibility of Ni-doped CoOl%; (d), (e) lateral and ver-
tical heterostructures of a- MnSe/Cr,Se;%); magnetization-field curves of pristine VO, crystals (f) and samples after SC CO, treat-
ment (g) 7; (h) magnified view of the region near H = 0 in panels (f), (g)/; (i) temperature-dependent magnetization curves of
two-dimensional defective VO, nanostructures®; (j)-(m) magnetic susceptibility-temperature curves and magnetization-field curves
of parent phase Cr,Ge,Te; and mixed-phase systems®.
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Table 1.  Summary of magnetism in two-dimensional non-layered magnetic materials over the past five years.
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#1(8E) I 5 AR MR REE AR R R 2
Table 1 (continued). Summary of magnetism in two-dimensional non-layered magnetic materials over the past five years.
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Table 1 (continued). Summary of magnetism in two-dimensional non-layered magnetic materials over the past five years.
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Fig. 11. Statistical comparison of Curie temperatures and publication years between two-dimensional layered and non-layered mag-

netic materials.
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Fig. 12. Application potential of layered materials in spintronics: (a) Schematic diagram of the working principle of spin valve
devices’®; (b) magnetoresistance performance of Fe;GeTe,/tellurene/Fe;GeTe, spin valves®; (c) temperature dependence of MR in
spin valve devices®); (d) schematic diagram of the working principle of magnetic tunnel junction devices?®; (e) curves of R and
TMR versus B for Fe;GeTe,/WS,/Fe;GeTe, magnetic tunnel junctionst”; (f) temperature dependence of TMR in magnetic tunnel
junctionsP”; (g), (h) schematic diagrams of the principles of SHE and REEP; (i) schematic illustration of high-efficiency SOT-driv-
en magnetization switching®; (j) current-induced magnetization switching phenomenon in Bi,Tes;/Fe;GeTe, heterostructures®;
(k) schematic diagram of spin wave formation; (1) schematic illustration of the operation of spin wave devices!®’; (m) thickness de-
pendence of o, for two-dimensional non-layered YIGO!
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Abstract

Two-dimensional (2D) magnetic materials refer to nanomaterials with an extremely thin thickness that can

maintain long-range magnetic order. These materials exhibit significant magnetic anisotropy, and due to the

quantum confinement effect and high specific surface area, their electronic band structures and surface states

undergo remarkable changes. As a result, they possess rich and tunable magnetic properties, showing great

application potential in the field of spintronics. The 2D magnetic materials include layered materials, where

layers are stacked by weak van der Waals forces, and non-layered materials, which are bonded via chemical

bonds in all three-dimensional directions. Currently, most of researches focus on 2D layered materials, but their

Curie temperatures are generally much lower than room temperature, and they are always unstable when

exposed to air. In contrast, the non-layered structure enhances the structural stability of the materials, and the

abundant surface dangling bonds increase the possibility of modifying their physical properties. Such materials
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are attracting increasing attention, and significant progress has been made in their synthesis and applications.
This review first systematically summarizes various preparation methods for 2D non-layered magnetic materials,
including but not limited to ultrasound-assisted exfoliation, molecular beam epitaxy, and chemical vapor
deposition. Meanwhile, it systematically reviews the 2D non-layered intrinsic magnetic materials obtained in
various types of materials in the past five years, as well as a series of novel physical phenomena emerging under
the ultrathin limit, such as thickness-dependent magnetic reconstruction dominated by quantum confinement
effects and planar topological spin textures induced by 2D structures. Furthermore, it also discusses the critical
role played by theoretical calculations in predicting new materials through high-throughput screening, revealing
microscopic mechanisms by analyzing magnetic interactions, as well as some important methods of modifying
magnetism. Finally, from the perspectives of material preparation, physical mechanisms, device fabrication, and
theoretical calculations, the current challenges in the field are summarized, and the application potential and
development directions of 2D non-layered magnetic materials in spintronic devices are prospected. This review
aims to provide comprehensive references and scientific perspective for researchers engaged in this field, thereby
promoting further exploration of the novel magnetic properties of 2D non-layered magnetic materials and their

applications in spintronic devices.
Keywords: two-dimensional magnetic materials, non-layered materials, spintronics
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