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Fig. 1. Schematic illustration of the prototypical crystal structures of HEOs: (a) Rocksalt; (b) perovskite; (c) spinel; (d) fluorite;

(e) bixbyite; (f) pyrochlore; (g) M-type hexaferrite; (h) Ruddlesden-Popper structure (N = 1).

190709-2


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

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 19 (2026)

190709

WAL — B — R 5 R b DJRISERES HE 1Y
FRERE, XA E T REREARE S
JB-SA-EEAR G XT . TREARDCHEA T kT 5
PR b i & Jm PR B B B2 JLAT L i3S F e
ARZSFZEAY, PR TATT R AR Hb 32 3 SIS 0T 25 A4 U
Ui ZAEVE R RE . ZEXFP AR, W LATIU A b 4
MR ALY b 2 I A R G R T BRSO,
A RE AR LA e TR E.

PL (MgCoNiCuZn)O RHAERM H Tk R ZH
HASCER B0 UL 1] 2(a) B8 T (MgCoNiCuZn)O
LR A B R i — & R A 5 945 4 ocdl &%)
£ 900 C TR IR EERIE I X GHEATH
Tk R 2 WAL, RS A 5 MR Y RRAL
I3 BB IE O HE+F 5 — R 4 A T S A% B o
AR —Fh 50 2 BUR Go A B AR, ZEAR TR i)
900 C PULFRIEAF T, FR BRI W S 1177 S
Gy LR AE AT, TR PR AR IR, GIESE T
R A I S 8 & Ak sh iy Ak, i

KR IEL) 113—120 K Ab &2 Rk mi i s, 3 Ty
L5 00 M B BT VR B R VDA G iR R Co?t
I NP2OEAERK B REA T IR0 B 2L, T Mg Al
o> AR R AR B TR B TR RAER. R AR
FEHE— 25 1 U A A e S SR B, 1%
VR R B REAR 57 BAT WEE SRR AT, HLRia e 7E i
FAL N RIS R E e, ERERIR NE
FE SRR REAR OCHE 10, e ok, i T Cut 5 R Y J
Jahn-Teller Mj7A% | 8 Gt N A X FRPEAE Jay 58 R
A TRRAR, RS AR WA AR BB TR
SEAGAE A 61 B8 TN RE DT Xt 8 R %) o o k™
At . 2023 4F, Pu %5 W ALIh Pk T LT HOA R
ANFRE W R R A R AER, A T T LY
(MgMnFeCoNi)O # . X — & BATH T 2021 4F
A& T M BRI XE AR S A 7E T S A A b 45
MRS, SCOGUE R, 1% R 3R I 2 v 1 S
WE AR IR, H Ty 2T 22 218 K, i THE5E )
(MgCoNiCuZn)O & FR. XK TTI ARG

(a) (b) 1.8 (c) (d)
ek 1100 | 1100 |
1.4 © 1050 P 1050 |
3 T ls. 3
£ 1.0f g 1000 | *2 1000+ 9 9
~
v w 0.8 g os0| 2 23 € o0f 3I3F
k. Ssoromlly 0.6 g 3 g
. : I3} E i I3}
04f & 900f & 900
?
0.2 850 - 3 850 -
0 e e
2 0.1 02 03 0.1 02 03
% Xngo Xco0
< No CoO
T oE \ (e) ®) )
Nw, 1100 1100 | 1100 |
* .
« No NiO | o 1050 | O 1050 - Tl o 10s0f 3
B 3 B .. . B
vl v . A A £ 1000} 5 3 Z w00f "3 3 Z 1000 3 3
% No MgO Z Z s g
N g 950t 33 g 950t 293 g 90F 3 9
g g g
vV - L L L
v & 900 . & 900 = £ 900 §§ ?
No Zno 850 850 F - 850 F
20 30 40 50 60 70 80 0.1 02 03 0.1 02 03 0.1 02 03
20/(°) Xnio Xcuo X7n0
B2 (a) X LT T, B /3 IR IR B B 4 SR 20 43 S5 A3 8 — RV G W, IFFE A RE RS T 1 58 4 [ ¥ U 1) £ 1 0

FOEATRAL B, B ARDOR A SR A5 M I AT T4, (V) ARIEOR 1A HAL F RS540 (O T 365 085 (b) THETAS- 20 B9 N 21 23 [T o 4 B g
BESS N Y B EE 2 LB R (o)—(g) RMAHIE, 7R T 78 T W1 ELAT d s B0 1) 45 B2 /R AL RO, B A e A% UL 1
IR OC R (RITEI LR, 1R 22 45 S W 1 UL I IXC[R) 22 ) B9 AN A A, 1 A PR 28 R e b i HLvp — R T R vk

Fig. 2. (a) X-ray diffraction analysis for a composition series where individual components are removed from the parent composi-
tion and heat treated to the conditions that would otherwise produce full solid solution, asterisks identify peaks from rocksalt while
carrots identify peaks from other crystal structures; (b) calculated configurational entropy in an N-component solid solutions as a
function of mol% of the Nth component; (c)—(g) partial phase diagrams showing the transition temperature to single phase as a
function of composition (solvus) in the vicinity of the equimolar composition where maximum configurational entropy is expected,
error bars account for uncertainty between temperature intervals, each phase diagram varies systematically the concentration of one
element.
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Fig. 3. Temperature dependences of the specific magnetization in ZFC and FC regimes for the different samples at 100 Oe; inset

demonstrates the temperature derivative of the corresponding FC curvel'®: (a) La(CrqMng,Fey2CogoNig2)Os; (b) Nd(CrgoMng,
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Table 1.  Comparison of magnetic properties of HEOs with different crystal structures.

Sl ZEs Tonag/ K Ref.
(MgCoNiCuZn)O 113—120 [4,9,10,12]
R (MgMnFeCoNi)O 218 [11]
(Nip Mg 2Zng ,Cug 5 Copa,)O 117—155 [14]
La(Coy oCry 2F ey 2Mn oNip 2) O3 185 (15-17]
Gd(Coy oCrq 5Fep sMng 5Nig 5O 120 7]
Nd(Coy 2Crq 9Feg sMng ,Nig 5) O3 145
(GdyoLag oNdgoSmg5Y(2)BOs (B = Co, Cr, Fe) — [18,19]
Lay_,Sr,(Cry,Mng 5Feq ,Cop 2Nig 2) O3 — [20]
ek Y (Gdyg 2Liag 2Ndg 2Smg 9 Y 2)MnOs3 61 21]
Lu(Fey sMny 5Cop 5Cr oNig 5) 05 100 (22]
(LagoY(oPrpsNdyoSmg ) CrO; 210 [19]
Dy (FepsMng 2Cog 2CrooNig5) O3 - (23]
Sr(Fep sMng 2Cop 2Tl 2Vo2) O3 - [24]
Ho(Nig 5Coq 2Feg oMng ,Crg 5) O3 — [25]
(Coy oCrgoFeg sMng 5Nig 5)304 425 [26]
(Coy 2Cug 2MgysMng »Nig 2) Fe, 0, 735
(Coy.9Cug oF ey Mny ,Nij o) FeyOy 715 [27]
Rl (Cog2Cuy sMgy oNig 2Zng 2) Cr204 36
(Mg sMny oFeg 2Cop )Nig o) FeO, 748 (28]
(Crq.6Mny gFeg 6Cop Nips)O4 — (29]
CaCuMgNiZnFe,O, — [30]
Zrq oHfy 5Ceq 2510 sMng 204 5 -
Zr oHf 5T sMng 5Ce 205 — )
Zir( 225H1 225 T 225Mng 995Ceg 102 5 - .
GRS Zrg 9Hf 9 Tip sMng yCeg 1 Tag g5Fe0 0502 5 -
(HfZrTiCeLa)O, , — [32]
(Zro.QTi_o.20‘30.21\/1110.2Mg0.2)02—5 o [33]
(Zry9Tig 2CepsMny 5Cay5) O, 5
Gd,CrShO; _ [36]
BaFe, ,(Ti/Mn/Ga/In), Oy (z = 1—7) — (38]
HAbfii A= 45 Nay Li, T,SbOg (T = Cuy3Niy ;3Coy 3) 10.2 (37]
(Mny oFeq 2C0 oNip ,Cug 5) Tay 6906 5 - 39]
(Lag 4Ndq4Smg 4Gdg4Y.4)NiMnOg 150 [40]

190709-8


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

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 19 (2026) 190709

3 wmMHWAEEZR
3.1 ETHOMEMEEE

BT B W PR SR R REPERE A O T BrZ
— BOPPE T T AR S AR R R
PHES AN M2 sk BE SR S8, DT L4225 il
A A FAEF | WSS DL S A 1) S A RS
B X BRI R AS B 52 B AR Y
IRZEFIHESR ) 48 20BN [RI S5 KA IR R A B A 4t
2 23 (A BC B S R BH AR SON, A7 0 25 A ) BRI L
=R

X T 0 375 BH S 0 At A A4 SR Y 5 R 25 44
R (A 1(a) FroR), wE: e+ h) 32 0 Rk S
AR S 1 BT 3 AR B B T I I 180°HY R M—
O—M M &2 #AE H . # 4% Goodenough-Kanamori
TN, 325 ] [ P £74) B A0 X 246 30 A0 1) 17 A=
KA SRR A SR, 2 FI0PH B+ B REAL & 45
IR al i A 25 o 2 R R L ERH . Zinouyeva
R ZFh X TR RGRHT T A A Eh A
R E AL Mg, 5Cop oNig oCug 9Zng O H 45 4k,
SRS . BRI REYE BE A DTRK, BRAR U T
Cu P75 B3 Jahn-Teller S, FHAN T ASEREME
JUENTZ ARG R S EAE R . IE X R
B AR IR T B — 180° S Bk il e A #0448 () i 45
P, T EM—O—M # 1 & A= WO 3l -5 JR B i
gy, FEMTINRE T RS0 SR @g BEA A TR AR
By . MRS T A AR, Guo 48 W Rl HERZEK
TEFHE I S A RAIEEOR, 7R T ik
R T R E AR (Mgg.2C0g.9Nig 2 Cg 9Zng 5)O
(1) Ji -~ IRUBE S5 48 55 13U 20 mT D R) 75 7 A Jmy
JERRA AT R, DI 250 AR G 2= MR, T
3 £ R IR SR S T RGP RE AT RO AR . 7RSS
R RS R E AL, A LA B AL AT AR &
i £ 0 AU 4 JE BH B T, Horh BOg NI
i RHRR BE DL S E 22 HL R P R FE 5 Goldschmidt £¥
25 FAAAE K. Ruan 45 121 SR FHE TRE SR 0% il 45
TR R R v A S R S A W A K e, X
B i 2 3d i ¥4 & IHE T TR I S0 &
VAR, FEARAR L T R ANARE SR ST T R
HANESSWLEES

LT H SRR IR R, 25 A 2450 (N
Bl 1(c) Fron) WK i TR A (A7) Fn/\ T 4

(B A7) PPN G54 BC A i 4 o8 1) v 4 22 B A2 A H
M. BT WNIFFE®RIIN A—O0—B, B—0—B
G T G OSSR R AN S 2k
HEA At H T 25 7y F B v ek o AR SR A Y
Johnstone 5§ 1 ZRGEM5E T 2244 (Cr, Mn, Fe,
Co, Ni)30, MRENEREAEREYE Ga HUR B 22 L RLAEE,
WA 5(a)—(f) Bor. BLAh, ZF9E & UG = B
AL, AR R BRI SRR R DA R e R
Bl Ga ¥ B2 & A W84k, JFEat X Skl 5
1 88— YT X Al i ] 9 1 5 B S A D T A
FN AR 5 E 5 o5 A7 P B IR K. Chen
LG MNA BT — RN E GO A R A A,
o R T E A AR, R T R R ) SR R IR T Y R
M 23.5 emu/g 2T+ = 34.8 emu/g, FFwi S ) H K
WHEEM 11 Oe = 60 Oe.

ST, s S A R R T 3 RS A
AT S B R AR B A, RO
3 EE IR OLT, B U 1 22 Al 2 10 35 R e
PERE, 1% J& HH TGO 25 44 F0 Ak 2 187 50 14 AN [R) B
L BEE R AR A A P R R R R
B3 B AR AN ITR A, 36T LA RGP T R
WK 3 R R HE 1 D R ST 1 FH i 5.

3.2 ETNTH#MEREE

5T N0 P R P R 4 R FH VR 0 A PR
[P A7 ) Jrg S0t R W 8 DA R A8 e R A A el i v
AR ARG, TR AR, T 2R
SR FHLAE, dk A BE R, X
o Je o832 B B BRI T R S 1 ) A L R
JEAE A B X T RAORNT i RS
T AR IR TAME A K, R LA B v 1 22 44
FEREAS 1) SR B8 R AR AL BERS
SREE AR, IR RETE R LR 2 rhigh St BRI B
JIEANHAS R EARE, SCRZ R G300

Zhao &5 MO 5@ S FEA AT EAEK (CogoCro
Feg »Mng »Nio )50 £ AL B, 2 S0HF5% T
3 A AR R REME R . AL T RS
i, BEAAT R R & 1 [, 5 S R AR L.
TESK N AEMERTR, TSN A R xR 2 2, R
RN Gy AL, TR SR AR T, W50 52 3
/Mo REACFIR EDIR G R4 1, SR8 T 3 EL
2 S, B T AR RS, IR R
HAETE A AR ARG SO R RO A7, PIAH 58 3t

190709-9


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

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 19 (2026) 190709
(a) S ; Y (c) H=o001T| (© AN Te
< 0% Ga 400 - €7« .
20 - . T
) . —~ 10% Ga s 4
. . T % ‘~~
= \ 8 15} 10% Ga| % 300} .
' . = g ..
Q ' = g .
Tz ; £ 10 2 200t ",
g : E -
és 1 I 5 5 { N
5 ' = 100 | e .-® 9
> [ ol L 2
1 1 1 1 0 1 1 1 1 1
0 200 400 600 0 400 600 0 10 20 30 40
Temperature/K Temperature/K Gallium/%
(b) 1.5 - (d 3 (f) 3.0
' T=2K . . Per FU
. i
1.0 : 2t ; o 251 ° @ Per TM
—~ ! -~ 3 RS
T _ i = ‘ L |
D05 =) g 2.0t s .
o e -~
m M g ,' S
1 i g & .\
< 0 e SO EEEEEEEY EEE S EEEEEEEE E 15y L ..
E *E O '
£ 05 2K £ £ 10
—VU. - . ' -
: ) g R S
' > -
~1.0 : 300 K -2 ; W T esr @
: 400 K : 40% Ga
—1.5 L i L -3 L 1 L i 0 L L L L L
Z04  —0.2 0 0.2 0.4 —3 -2 o 1 2 3 0 10 20 30 40
Magnetic field/T Magnetic field/T Gallium/%

Bl 5 A S et BE LRSS A M (a) (Cr, Mn, Fe, Co, Ni);0, MREILEE5 (b) BELIRAEE ik, 4R WRIKRTE T, =
403 K ALk AW BRRE R, BEJRTE T = 55 K AL M BUHT 2 Ab S SO 18, HLTE R P 28 1 SR B B/ B G U M1 2, g fbr X T
BB FIREHE A 1.52up; (c) Ga BRI w5 2R A1 AL 10 FC REAL R M5 () 78 T = 2 K T REfLiRE i, 2R RIIEH

Ga W BERIHE I, B S8 BEA Rl 2 52 B0, EL R i 1 232 7

45 A S LR R ) R 4 L A A U A

ARG Ga VR EXT (e) T, 5 TP K (f) Bk 288 o fn 4 i vk ok %

Fig. 5. Summary of magnetic property measurements performed on the HEO spinelsi*!: (a) Magnetic susceptibility and (b) magnet-

ization of (Cr, Mn, Fe, Co, Ni);0, revealing the onset of ferrimagnetic order at T, = 403 K, followed by a second anomaly at T* =

55 K and a small hysteresis within the ordered state with a saturated moment of 1.52up per FU; (c) field-cooled magnetic susceptib-

ility and (d) T = 2 K magnetization for the Ga-substituted HEO spinels showing the suppression of the magnetic ordering temper-

ature and a widening hysteresis with increasing Ga concentration; variation of (e) T, and T* and (f) saturated moment per FU and

per magnetic TM with Ga concentration.
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SPECIAL TOPIC — Quantum magnetism

Research progress in the magnetic properties of
high-entropy oxides”
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Abstract

High entropy oxides (HEOs) have emerged as a unique platform in magnetism research, where maximized
configurational entropy stabilizes single phase solid solutions despite extreme chemical disorder. This review
systematically summarizes recent advances in the magnetic properties of HEOs across various crystal structures,
including rocksalt, fluorite, spinel, perovskite, and several derivative structures. We first discuss the fundamental
magnetic interactions in HEOs, emphasizing the competition among superexchange, double exchange, and
antisymmetric exchange, all of which are strongly modulated by local lattice distortions and cation randomness.
Then, we present a structure dependent analysis of magnetic behaviors. Rocksalt HEOs exhibit robust long-
range antiferromagnetic order. Spinel HEOs show high temperature ferrimagnetism with strong tunability.
Perovskite HEOs display complex spin glass behavior, exchange bias effects, and rare earth transition metal
coupling. Fluorite HEOs host geometrically frustrated magnetism and short-range magnetic correlations. Key
modulation strategies are evaluated, including composition engineering, epitaxial strain, magnetoionics, and
electrochemical ion insertion. These approaches enable continuous control of magnetic transition temperature,
saturation magnetization, and anisotropy. A central finding is that long range magnetic order can robustly
coexist with local chemical randomness in HEOs, leading to unconventional states such as spin canting, non
collinear spin textures, and reentrant spin glass behavior. The core innovation lies in decoupling key magnetic
parameters from the constraints of conventional binary oxides, allowing property by design in a single-phase
lattice. Future challenges include atomic scale characterization of short-range order, exploration of quantum
spin liquid states in frustrated HEO lattices, and development of high performance magnetocaloric materials.
This review provides valuable insights for entropy driven magnetic functional materials.

Keywords: high entropy oxides, magnetic properties, crystal structure, configurational entropy
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