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Fig. 1. Lanthanum cobaltites is a typical multiferroic materials with coexistence of ferromagnetism and ferroelasticity: (a) Schemat-

ic of atomic structure of LaCoOys; (b) crossing (100) and (110) twins present in the same grain in LaCoOs'¥; (c) magnetization vs.

temperature curves of LaCoO; bulk (open circle) and thin films (solid circle), inset shows the magnetic hysteresis loop at 5 K.
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Scenario 1: oxygen vacancies
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Scenario 2: structural nano-domains
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Fig. 2. Origin of ferromagnetism in cobalt oxides has been controversial: (a) The valence states of Co ions at the black stripes in the

LaCoOj films are lower than those elsewherel*47; (b) comparison of the theoretically simulated and experimentally measured elec-

tron-energy loss spectra at O K- and Co L-edges, demonstrating the existence of oxygen vacancies at the dark stripes; (c) experi-

mentally observed dark stripe domains in LaCoOj films; (d) the corresponding atomic structure and spin state distributions of Co

ions in (c), showing that nanodomains can also exhibit spin ordering!?.
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Fig. 3. Structural and magnetic characterization of LaCoOj films with different thicknesses: (a) X-ray diffraction curves of LaCoOj3

films with different thicknesses; (b) magnetic hysteresis loops of LaCoOj films with different thicknesses at 10 K; (c) the saturation

magnetic moment (M) of the LaCoOy film as a function of film thickness; (d) second harmonic generation signal of nonlinear op-

tics as a function of film thickness®.
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Fig. 4. Structural and magnetic characterization of LaCoOs thin films under different misfit strains: (a) Schematic diagram compar-

ing the lattice constants of LaCoO; and different substrates; (b) rec

iprocal space maps of epitaxial LaCoO; thin films on different

substrates; (c) variation of saturation magnetic moment of LaCoOj films with misfit strain; (d) orbital susceptibility of LaCoO; film

as a function of stress®.

097502-

7



) 3B Z 3R Acta Phys. Sin. Vol. 72, No. 9 (2023) 097502

AR A 31 58 B ARGV 12 PR, A AT TR D T 3
JEEH ARG T2 L WG ) XS g R —
FIFH sum rulelSd 150 0] LIS S A5 B 5 JE T RESR
AR [ TE /81T 1 %o D s T ) TR

AHER 7 LRGP Bt S D TC I 2 B
MR AR LA, S RRAL T e 0 T IRAS B, #
FEAE /DN, R T3 N T BEAE R TG K. 2
W 5K I 7 Ry 1.5% BiF, JHEFEE %) U R 3k 31 24
2 up/Co. B T8N Sy AR SEIE S, JHE 5 1 A 4
/N A RGP I AR L R R AR A G e L T
MR IARE WL, ST %48 LaCoO4 HEH 1 HLF
B3, Guo 45 163 RGN LT R [R] A As 2R BL I
T LaCoOs Tl 4t 257 L I i X 544k I
PR, WA 4(d) B, YR AL F R R B
VBV TR A0 A 7 B, dsae 2 BUIA B RERE T
R, FL SR ) T 40 s BUE . SR, 24
FRCAS ik S0 T Rk, R A O T 1 T W T
()7 T AT, ey T P FIE 9 R B A, BT
T 54 dpe e PUE. MAT38 T sum rule HE—20 1
BT R TR T LaCoO, TR B8 WAL %
2 LaCoOg A KFE StLaAlO, #f K _ LA, -+
JLF H b 4 dase e BUIE, 10 dye e BB JLF B2
A&, IR S B L 1A R TE o, BUIE b b
Z 5| i J18F, Co—O—Co BB ESE /N T 180°,
LAl B 1 A A ) 1K A BERS, (DB
Ab T H RS, PRI URE T /N, 2 Ak T ik
N J11, Co—O—Co #Efitg @ k. T Co—0
HERHER N 1.93 A, HIL Y4 LaCoO4 B K 77
LSAT #JJiE (FH %k 3.87 A) LA, Co—O—Co
SEMIAF 180°. LA, WAL T8 A e, B
TR e LR R S 2 R 2 T I 7 1 it — 2B 1 R
Co—O S AkSE R, WA 27 [ BEAFHAIR, Fiz
T R BN

L AT L, A 2 TC I 7 %66 8 A e AN 22
LRGP REISHEA TR 0 1, S0 AR Ltk i AR AR
B MO - F, B e T A2 8] T AN e
HZE R, Bl Co—O K1 Co—O0—Co H#ff.

3.3  RRUKXTERIE /ST YIR J1 33 AL Wk
BRI RN

A AR R T SO R

FRIWFTE N A O Tl RS BU R, 7EAHTR] S A FR

AORERE (BN T7 AR S PUT5AH), HEAT AN AR AR

I, R RITFRIEAN S A AR, A2 3 s R T
B IRIVERL. SR, 22207 AL (191140 LaCoO3)
HKAE ST RS SrTiO; %R B, LaCoO, v
2332 BRI ) FSY YR g B SRR T 9. LaCoOy
Pt J222 5 A8, AT LUE ORI 7 Jr 4. R,
4 LaCoOs HARTE SrTiOs #1 i A KA}, St 4
JUE ) LT 2 BRI A BY UIN g, Ak 2 b 2R
VT AR (18] 5(a)). 24 55 BE S i o, v
TE R S Y X SR T HUAR R AR (T
ZEHTAH), W 5(b) B, 248K, iR 2 )%
VLR AR R LR RN B YT 7 58 4 i B, T
FEEU) S A S HUAR A et — S22 1A 1] 5(c)
B R T IETE SrTiO; #f i A1 75 2 Z [l 1) K 24
35 JFUHL)Z LaCoOy i 4132 5 vl 1 s 14
MHLF BB RO E , SEIT SrTiO; By iR A
JEH A PR SRS, T 2 ST A R g
FEFERR I Y &0 55 80, HLIRIRR ol 3 4% Fi . i
X SR SRS AR A T SRS, Guo 4 100 [] i
75 2] B v i 5 R e o BB R B A 43 AT,
&l 5(c) G R PSSR A0 R R,
R e LT 22 1 Jer 4 R e T v e DI
W (HE HREMEAN /N T b e IR V. 3K 2 o
Ty B T R e A ke DX ) A X AR A [
B AR AR BN W] AR A B2 Sy RS A
S5 R W A X M e, At AT T A ) S i e 2
P S AL T SO SEgn s R R, B
TG O, RS R) DX el JE 2 R A
8 2 5 S R Y S BEAE 2 (] Ay e ] X
)RR % TR S o/ WA N ) 1 i ) A SO 1 R R RO R L
Jita fin 45 1) [0 F 7 g, e AR/ AR 4, 5
H Co—O A/, PRS2+ [ e B i ) T
PRI RS, XA IR e 20 1 52 B R
FIVE T LaCoOg 15 55 G M & — By P63,
I, AR S v A A RO ROR RS 45
T3 A 5 AR IR A2 22 8] G 2R 9 e AR UE AR, T
IRES OIS S

s PR X R K 25 ) ) 52 0 3 AR LA it
PRI, BRI LT Es#h. s o T, b
A AR v B ) PR A AR K SrTiO;
B AR IR 23 i A 2 T b ) ks R R AR T Y
SrO J&, R TiO, Bk 1Y 5 Bk K m. n
AR AR T i R e 1 AR, IR 4 & Btk
PR A8 AT TX A fa . LaCoOg $ebf B K

097502-8



) 3B Z 3R Acta Phys. Sin. Vol. 72, No. 9 (2023) 097502

(a) Tetragonal LCO (interface)

5 c000
° ’-6 goo-‘ o
® 8.0

(b)  Monoclinic LCO (interior)

, 2 , S , SrTiO}
o T 9 o
’ )] , ) ‘

| 5401010520 014
Neutron: SED/(El0mSPASE2)

Bl 5 LaCoOj wi i iy M AN L5 A BE IR BE 1B K &R (a) LaCoOy MM (Y 1T 2 3L 10 J7 AR 4544 ; (b) LaCoO; MM (¥ Py 4 5 1
HRHRREEH; (c) SrTiO3/LaCoO5 XUZ WY i 23 Bt i S v 1~ BT 14, 4711 S0 7 1 S5 %t~ AR R I J2 B 19978 A5G 2R (06
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Fig. 7. Effect of interfacial oxygen configuration on the structure and magnetic properties of LaCoOj thin films: (a) High-resolution
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a function of SrCuQ, film thickness in L,,S,, superlatticel™.
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Fig. 8. Effect of oxygen octahedral tilting on the structure and spin state of single unit cell cobaltites: (a) High-resolution TEM
dark-field image of LaCoO3/DyScO; superlattice and the oxygen octahedral tilt angle as a function of film thickness; bright-field im-
ages of (b) SrTiO; substrate and (¢) LaCoO;/DyScOj; superlattice, the inset shows a schematic diagram of the octahedral tilted
structure; (d) first-principles calculation of cobalt spin-state transition energy level difference as a function of the octahedral tilt
angle; (e) the saturation moment of LaCoOjs films as a function of lattice stretching!™.
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SPECIAL TOPIC—Novel physical properties of functional oxide thin films
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Abstract

Strongly correlated electronic system contains strong coupling among multi-order parameters and is easy to
efficiently tune by external field. Cobaltite (LaCoQOs) is a typical multiferroic (ferroelastic and ferromagnetic)
material, which has been extensively investigated over decades. Conventional research on cobaltites has focused
on the ferroelastic phase transition and structure modulation under stress. Recently, researchers have discovered
that cobaltite thin films undergo a paramagnetic-to-ferromagnetic phase transition under tensile strain,
however, its origin has been controversial over decades. Some experimental evidence shows that stress leads the
valence state of cobalt ions to decrease, and thus producing spin state transition. Other researchers believe that
the stress-induced nano-domain structure will present a long-range ordered arrangement of high spin states,
which is the main reason for producing the ferromagnetism of cobalt oxide films. In this paper, we review a
series of recent researches of the strong correlation between spin and lattice degrees of freedom in cobalt oxide
thin films and heterojunctions. The reversible spin state transition in cobalt oxide film is induced by structural
factors such as thin-film thickness, lattice mismatch stress, crystal symmetry, surface morphology, interfacial
oxygen ion coordination, and oxygen octahedral tilting while the valence state of cobalt ions is kept unchanged,
and thus forming highly adjustable macroscopic magnetism. Furthermore, the atomic-level precision controllable
film growth technology is utilized to construct single cell layer cobaltite superlattices, thereby achieving ultra-
thin two-dimensional magnetic oxide materials through efficient structure regulation. These advances not only
clarified the strong coupling between lattice and spin order parameters in the strongly correlated electronic
system, but also provided excellent candidate for the realization of ultra-thin room temperature ferromagnets
that are required by oxide spintronic devices.
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