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Bixbyite Pyrochlore M-type Ruddlesden—
hexaferrite Popper(N =1)
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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).
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Fig. 2. (a) X-ray diffraction analysis for a composition series where individual components

are removed from the parent composition and heat treated to the conditions that would otherwise
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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 N" component, and (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
(a)La(Cro2Mng 2Fe2C00.2Nio2)O03, (b)Nd(Cro2Mng2Feo2C00.2Nip2)O03 and (c)
[Lao.sNdo.5](Cro.2Mng.2Fep.2Co0.2Nio2)O3 samples at 100 Oe. Inset demonstrates the temperature

derivative of the corresponding FC curve.
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Fig. 4. Field dependences of the specific magnetization for the (a)La(Cro2Mno.2Fep.2C00.2Ni.2)O3,

(b)NdA(Cro.2Mng 2Fep2C00.2Nig2)O3 and (c) [Lao.sNdo.s](Cro2Mng 2Fep 2C00.2Nip 2)O3 samples at 50
K (red line) and 300 K (blue line).

2.3 R RBENLD

RO G R AN — SR E B R A ik &R, s Ry
ABO4, FHA AFIBAL 553 A1) o 478 DY T AR )\ Th AR BT A7 7. 8 o IX SEAPRHE FH B 1
e A% PP L TR O 2 e T R DA BE AR B S B R LR &, TR —
FRE A BB R BE 2 HAEAN R SRS AL s B 48 B ek BELE, 2R

A e S ) S B R O SR ) SR A 3R 5 o R E AR AR A B AR T <

nﬂf

JE R ES 7 SRR [ BT IS BIERS DAR B &S 7388, iR il

m

W

J A PRI s 2 R AT TR 7R AR o AP SRR AR TR R T o 3K
H

RN, A2 R B R R 1 B e SO0, T RE T BCRH R

ey

Jiig

10



FARIREA

A7 e AL P AR B PR ARRAE 08 I 22 Ak R A5 BITIE S o fo R R ) i
B 2 — 7 (C002Cro2Fe02Mno2Nio2)3049 it A1 i S8 A 4, FLJe BLIRLEE 204
425K, RIABRMER 53 SRR AR 5 /2 (Co02Cu02Mgo 2Mno 2Nio 2)Fe204F1
(C00.2Cuo2Fe0 2Mno2Nio2)FeaOa, B AT BRI AR IR 73 3l N ik 41735 KAMIT15 K,
R AR I E R VR AE R X TR B, RO A A T, RIERA
BT MEEL B mbEnl, KRR PPy RaENS @ PR R iR o (BT
B, [F] B 7 AR IE T (Coo2Cuo2Mgo2Nio2Zno.2)CroO4 2855 TR 592 A i i
S, HRDURMHE RN, RRREBIR(A36 K)o XA AL T IR &
A1 R R R R R RE v TR, O BALPH B T 4L, W LR Gith
TAPEREE S A AR IR B o (6 AT FE (K Bt b, IR AR RIB HOE 2P0 e T %
TR R BRI S . 202447, — T FC A B T e 0 B e B 2R A R U
(Mgo2Mng2Feo2C002Nig2)FeOso B AFLES 12 K AZL, 12 R B H P 42k
i, o BIEE =ik 4748 K, HREMERAS LT RA RS, XA TIERE/N
T A0 DY TR A 57 o RO B ATL 3 AT AT 8 ) 1 R S A AR AT e T RS, [RI 4,
5 TR SEARIE T A5 BE R LA it A e i B AL (Cro.sMing sFeo 6C00.6Nio 6)04»  1%44
BHE 3 DA_E B0 ST AR R T, 2 0 A i 25 558 R JR VAT T (R R i i A8 e A
P, 20254, MARFFERIE T @i B A A CaCuMgNiZnFeOs. 1A L
MIAEALBRFE 217942 emu/g, B3 & TH SR —H 0P A CaFe;04. CuFer04n
MgFe;04. NiFe204F1ZnFesOq, 7% T 059K S A 45 AH FLAE PR B PR 184 280

[30],

ZR LT, REAA RO R R AR . BB AL sk R S R 2 TR

11



MR 2RISR it T BRI T 6 o W A 2 T A2 R B 7 B R RE L
IR, WO A B AR H I e T S RO R REVE AR TR 1 R AT S ROk
PRI AL — 20 SR T I e oy TREAUR TR F-BE, FRA0IR 12 9% i R A e

IBRENERE , IR R AL EIE R 7 28 WA v S B P o 1 S AU KT AR L

2.4 HAOSHRHBELD

HAERIERATRRN (A1AA3A4A5)O0s, S5HJR T IH AL T &R, B
B R SL T HERY RS o A DU T A (D BR A, T R ML)\ TR
BH 2515 DU B 25 F FOBCALAG L . M2 b 252145 . NS 1A 21 R
BH 257 L [RIAE 78 [ — PH B 1 A B, A R AP AN B T SR B IR A0 2% B2y T
FP, BT T BRI RIEAAR IR AL SR AT R DA AN S B TR B LT
AEHAER . WG SR, B A0 A5 R IR PH B 1 0 s A B 2 — A LA BEL A A DY
TH A F S, I i I N IIBEAL & 73— PR T KRR 7 % 1 ¥ vT R
P, BRI — G546 & RARHAT R TATAE E R . AR IO DA SO Pl v
AR AR

A7 G5 A e 05 SR A0 R B TP ST 4 R NA9D 282 (RO IR L 328 A2 VRN 21 22 A
DU SR HNEIRER, BoOET 2 F o075 R i 45 1 il i
Ry p [FL S0 o LRI T R B, AR B A 5N B R R T 2 IR P P O
ER [R5 B 25 5 B 2 R E RS o KumarSs N RGBT T 2N A s 0 45
1) R E D R TE R RIS BRI AL A2 K 22350 KB [X A 1 R BRI AT 9 »
I HANG 1SR 500 e B — MR, SRR R A AE 3 I SRR AR LA B

Al — Wk FE ik Fi & Snf) A 4L AEBRAR A B 2 0 A 5 IR S RAF I 2 454

12



17 T W B AR S A, IX P RAR LM 22 5 5 Ce B TN S I R s & VAR R, JF
A BE ik — 5 R RGN S 3 211 o BB, Guo®E N B VKAE (HEZr TiCeLa)Oo-. i
A 225 K] R A A A R R ) 5 R (R R [ 2, HIF S Z SR R E Bk i BT Bk
A5 o] IR (K A WAL SR R AT, LR T 2 43 1 R v P UK
MY B ARLalS, WA 7R A AR AL SR 8 R A RS R, SRR LB
JE IR 5 I 4 A AR AR AE B AR I S S S AR B, Fang %% A jdid i
L2 MBS TIIIA7, R TS T L2, 3. HMEZFINS RN E T3 A 80
&, HCetl U3 MIRE N A . P2 NI ERUCE T B 117
B R AR A IR R, AT HIMn? . Mn®* 2 18] AR RS2 4 AH ELAE FH DAL
Mn-O-Ceitt A Al FLAE I 3B 555, J9REAc 4R BAR H i TR R e it 1
IR AT 1 ) E BE3). S iR i — D o, B 4 v i A rh R R SR
J 5 93 A0 2 EERA A TE P 5 W 2 (R SCBE Hh T)FATS . Liu%s N RGUAEE T i
WAL R SR AL R IR AR 2 TR R IR, 4 Hh v 05 AR P i PRI 4
LI BERAR T R B R P2, T 48075 A ) B3 5 T T 5 #6205 Sl R )
ToFF43A, AN 30 B ReBFEAT A BRI BY . Barbers AU ARy 145 14 R AE
R R, iR A R AR R R B T S AR B TR) R DR IEATS 2 224 T A
BSOS BUAE X AT S o s A A, AR R X
S 2R B AT RS 240 45 ) T A7 T 00 301 S22 35 P ) Bl K R O AR S At R L, T 8y
My 42 5 Mn-O-Mn 88 Ff 1) Gt 1143 A FL [ W8 T A7 S0 AE R 3 (11 S5 (B A 8K 75 i
JE, BEISEMAR RIRE B -SRI
WIS, W8 S5 S E A R EAT T A9 o T s 45 L

AoV < S ) R R R H R S R T A P8 W B A R R Y R

13



—, HrMn**. Fe’'. Co® &5 HA RiH3d7e /2 B AT R T ARE 2 WL
Pe. SUtREIR, ALZ2JoFe rlE s A B T A TR TR R e
CARNZS 3 AT, RHEA PR . A RN % ) A P AR B i . LA,

NS E T 5 R AL SAT R ACHAR BAE I BR L 7 2 Al hE, (Hib
A REFERE B R 2 MR TE Fr BRREFR R IR o 53— 7T, SRR R 5 R sk
ASHN AT fE -3 B LRGN S 5 OU SRR B 2 T AN — 2, R4 E BRI R

RIS OR T — %€ R

2.5 HAhATAE SR RN

B bR EIR A AN, SR KR CY Ik B g . JEREE . LA
B A S TN B AR IOAT AR AR AR S R o o SR SRR FE R R AE T A AR E 2 A
A UABCAL S AL, Be AT I 48 2R L s R ) 2 BB F4LE, A
75 e B E AR P S

Bes A F RN ALBO7, Ho ARLIHE 3 AR -8 7, BALEH N
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FEA EAE PR PR AAE BTN . 2B SIAADETEL T RAE TR X FR i,
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gy, I H BT 2RI T ISR, R LT B RS R B R, i
4h, Angelo %5 N B IR E 7T AAE =& 4 A 45 WM& ALY
(Mno2Fe02C002Ni02Cu02)Ta1.02065" o 25 3 HTHHIA T %AV =4 4004 HAH
M, XL TREER MM, Co. Niv CuN+2{ft, FeA+31r. RHitEM & RR
AR R R KRR G470, 1E494 KLU R A RAAE R 17 . 2R, 28
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Table 1. Comparison of magnetic properties of HEOs with different crystal structures

4t ZE Tinag / K Ref.
(MgCoNiCuZn)O 113-120 (4.9, 10,12]
AR (MgMnFeCoNi)O 218 (11
(Nig.2Mgo.2Zng 2Cug 2-xC00.2+x)O 117-155 [14]
La(Co0.2Cro2Feo2Mng2Nip2)O3 185 [15-17]
Gd(Co0.2Cro.2Feo2Mng2Nip 203 120
[17]
Nd(Co2Cro2Fep2Mng2Nip2)O3 145
(Gdo2Lag2Ndo2Smo2Y0.2)BOs (B=Co, Cr, Fe) - (18, 19]
Laj-xSr(Cro.2Mng 2Fep 2C00.2Ni.2)O3 - (20]
ELERE Y (Gdo2Lap2Ndo2Smp2Y0.2)MnO3 61 (21]
Lu(Feo.2Mng2C002Cr2Nip2)03 100 [22]
(Lao2Y0.2Pro2Ndo.2Smg.2)CrOs 210 [19]
Dy(Feo.2Mng 2C00.2Cro2Nig2)O3 - [23]
Sr(Feo2Mng2Co002Ti0.2V0.2)O03 - [24]
Ho(Nig2Coo2Feq2Mng 2Cro2)O3 - [25]
(Co00.2Cro2Feo 2Mng 2Nig2)304 425 [26]
PSR
(Co00.2Cu0.2Mgo.2Mng 2Nig 2)Fe 04 735 [27]
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(Co0.2Cuo.2Feo2Mng 2Nio.2)Fe204 715

(Co0.2Cu0p.2Mgo.2Nig2Zng2)Cr204 36
(Mgo.2Mng2Fep 2C00.2Nig2)FeOs 748 28]
(Cro.6Mnyg 6Feo.6C00.6Nio.6)O4 - [29]
CaCuMgNiZnFe;O4 - [30]

Zro2Hfo.2Ce0.2Sn02Mno202.5 -
Zro2Hf2Tip2Mno2Ceo.202-5 -
[31]
Zr0.225Hf0.225Tio.22sMno 225Ce0.102-5 -
A Y Zro2Hf02Tio.2Mno.2Ceo.1Tag.05F€0.0502-5 -

(HfZrTiCeLa)O2-x - [32]

(Zro.2Tip2Ce0.2Mnp 2Mgo 2)O02-5

- [33]
(Zro2Tip2Ce02Mno2Cag.2)O2-5
Gd>CrSbO~ - [36]
BaFe2«(Ti/Mn/Ga/In),O19 (x = 1-7) - [38]
FAt AT A= 454 Nas..Li;T2SbOg (T = Cu13Ni13Co13) 10.2 [37)
(Mng 2Fe.2C00.2Nip.2Cuo.2)Ta1.9206-5 - [39]
(Lao.sNdo.4Smo.4Gdo.4Y 0.4)NiMnOs 150 [40]

3 MMERHEEER
3.0 TR RNV
T R (R VA R T RERE R 0 T B o P 45 B A R 1

LR RRE AL EL IR S AN . I A R EEORSEEIL, AT EL RS WA A S A LA

17



F\ BEEEAS ARG 1) S S R B S 4 o IX 8 J Oy A R AE AR I 52 B LT 4K

B P 8 AR 285 A HE ZR ) P B L0 R, AN [F] 254 A 2R A R AT i A0 = 8] i B % B LA

RN A AE 25 W P L 22 5
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W T Cufir 5 (142 35 Jahn-TellerM 42, FFASIN 1 AN [F 44 70 306 2 8] (RIREOR 5

AL A1 PR B0, T RSB g UM A SR 1 52— 1 80° S el A e £ DT

T HM-O-MH# ffy A A WO BN 5 J5 e sl BE IR 1 28 4 Y Jo 3 B A4 10

il SRR SR o [FIRESE TR AR R, GuofE A I BRZE AL IE S B 5 L7 B

e e EARALSOR, W7n 1 SRBEE £ = i A A (Mgo 2Co02Ni 2Cuo 2Zng.2)O
(7 R 54 5 o0 W vl W [R5 7 A SR SRR A P AT 9 AN S 25 5 M
Bt VERE , R IE R IR G S T HEVE BERI A ROR RN ZEALERY Y
ALY, ARLANBAL 73 3 A48 KB e R A & s B % 5, P BOe/\ T
PR TRBURI R FEE DA B TE 28 41l )% 2 15 Goldschmidt 7 72 K F A7 4E Gk . Ruan®$ A
SR AR TR SR o 26 1 B T 2 e O A BRI B oK e, I X BAL 2 A3 did
< R BH B T AT RS HE B S I A TR, FEARRS . R, =i RAURE A SEIL T
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5 iR i A A REMINAZE SRIC S . (a) (Cr, Mn, Fe, Co, Ni)sOuf kb2 5 (b)
HAAL SR i 2k, 45 H R R A BRAE T, = 403 KAMIE A BREEY, Bl ET" = 55 KA LA Ak
SR e, HARRIA PP T RILMBUN BT 1 2, HoAR b o2 S0 e i M AR
1.52up. (c) GalUAR ) i o i A1 E A I FCREAL R it 28 5 () PE T = 2 KR A Ak o 2 it
2, SERBRWIBEHEGaWk LRI, ARG HIWLA U 2 FI40 6], H#AH R 2GR 5. Ga
WX DL R AR S (e) Te 5T R, PUROE 22 R e A i it

L e B AR B AR . Y SCHR[44], CIRASHRAL

Fig. 5. Summary of magnetic property measurements performed on the HEO spinels. (a) Magnetic

susceptibility and (b) magnetization of (Cr, Mn, Fe, Co, Ni);04 revealing the onset of

ferrimagnetic order at 7. = 403 K, followed by a second anomaly at 7" = 55 K and a small

hysteresis within the ordered state with a saturated moment of 1.52 ug per FU. (¢) Field-cooled

magnetic susceptibility and (d) 7 = 2 K magnetization for the Ga-substituted HEO spinels

showing the suppression of the magnetic ordering temperature and a widening hysteresis with

increasing Ga concentration. Variation of (e) 7. and 7" and (f) saturated moment per FU and per

magnetic TM with Ga concentration. Reproduced with permission from Ref.[44]
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Abstract

High entropy oxides (HEQOs) 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 HEQOs., 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 magneti¢c parameters from the constraints of conventional binary

oxides, allowing property by design in a single-phase lattice. Future challenges include

26



atomic scale characterization of short-range order, exploration of quantum spin liquid

states in frustrated HEQ 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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