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Transition Metal Oxides

21l | =2\ | 2C6r | sMn| =xFe | =Co | =Ni | »Cu
47 87 50.84 52.00 54.04 55.85 58.93 58.69 63.55
wanan | Vaaman | cionia —— L “Cotai Nickel” compor
Ferro dielectrics Anti-/Ferro magnetics High temperature
- _ _ superconductors
Transitio Piezoelectrics Colossal MR Conductors
Metal lo
Memory Magnetic head Magnetic recorder _ _
(DRAM, FRAM, RRAM) Josephson junction
Memory (MRAM)  electrode SQUID
Oxide lon Piezoelectric devices Bolometer

Information processing and data storage
materials related with our daily life

.’fél_n Q 5



§§Face-centered cubic => Closed pack structure

\

Corner

Center face ~ 1/8X 8 parts
1/2 X 6 parts

.‘rél_n Q 6



e¢ Perovskite structure: ABO, e.g. SrTiO,

>0.414r 02%=1.40A, Sr2+=1.26A, Ti**=0.61A,




Orbital bonding

Bonding and Antibonding states ©==> Valence and Conduction band

Covalent bonding H H, H A AL]JB B lon bonding
2 —
Wy =Xa~Xs S e e | W, =a,Xa —D2Xg
II \\ \ \\
> / \ | \
o — r— \ \
(3] \\ II \ \\
0 \ K \ Wy =agXa thiXs
AW ' ’
Wy

W, =Xa tXB
Heteronuclear diatomic molecule

W /\/\ /\/\ (Covalent or lonic characters)
! ! Antibonding 1 ! |

Different orbital level
LlJM
|

' Bonding L 1 Electronegativity
H H A 5 {Ionization potential

Electron density

(a) (b)

Electron distributions and energies of molecular orbitals in (a) H, and a heteronuclear molecule AB

s} 8



Energy

—

Density of States N(E)

Orbital energies of (a) atom, (b) small molecule, (c) large molecule, (d) solid, and

(e) density of states corresponding to (d)

.’fél_n Q 9



TiO
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(b)
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s Existence of electrons * Orbital shape

p orbitals
d orbitals &t
X
dxy d322—r2
Perovskite structure
. . . o X2-y2,372-r2

ay. v Oxygen atom | jgand field splitting €4

[ Sie (Crystal field splitting)

/ - 3d transition metal t29 XY,YZ,ZX

..I.:;:pI_B Q 11
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ese Crystal field splitting of perovskite structure

Octahedral ligands

'— L
IYI—L

( ey —F—— (22, x2-y2)

Energy gap[ LaB+Mn3+O3
(tg == (v, X2, xy)

Transition
metal ion

Oxygen ion



Superexchange interaction
LaMnO;,

Double exchange interaction
Carrier doping (La,Sr)MnO3

s KRR S
z S A .

(b) La,_,Sr,MnO,; (TKTe)

Mn3+ Mn4+
f;'_;'

s AT/_)-\
® N -
—f—‘éﬁ— . - A~

< ’,
\‘ rl

o’
(a) (b) (c) tii=1tcos(6:/2)

Mn
LMnO

7
H = _tMn—MnCOS(E) - KHundGSMn ) ‘Jt29 Z Stzgsltjr?

Jisn QP 14



60 years ago

Kanamori former
president of Osaka Univ.
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M 3d O2p M 3d

Superexchange interaction

—Indirect interaction between two magnetic atoms
through non-magnetic atom



Superexchange interaction

Considering an excited state in the case of
electron transfer from 2p orbital to 34 orbital

Fe*de’dy® . _ *
W (transfer integral) tog = [ s *V 8, dr
E. a
B bonding rule
1| (l-_'
] ?{ : .ﬂ 3 Ko P+ K FE -
ey S @@ T' .
= [ s==

E, v
Fe**de'dy’ U,
JENEARRE Fetdeldy "5 n<5

(0

2V

Considering a direct exchange interaction (J,,)
between 2p spin and 3d spin

(a) Fe* - 0% - Fe* Mol 2t H{ERI B
(3d6-2p6-3d9)

Sisr QP 17



Sign of J,, Ferromagnetic J,»>0. Antiferromagnetic J,<0
=== Orthogonal character of J,,

HActE  + R -

Fe?* O% Fe?t
)( XD
—4
[dpdpadr =0 [¢pdadr=0 .H _I_

(+ : W%, — %, (0), (7) FoBLU1HA) % I
d Px Py Pz S * L

X — (o) + + — (o) + :

32—t Y + — (o) + —(0) H_
VA + + — (o) — (o) 6 d6
X (o + + —(0) 6 3
?—y () + —(0) + —(0) 3d 2p

Z + + + +

X + — () + +
Xy Y —(x) - + 4

z + + + +

X X2-y2,3z2-12
yz Y + + — () +

z + —(x) + +

X + + —(n) +

Y + + + +
- z —(n + + + Xy,yZ,ZX

Orthogonal character table incase that Fe(Q |s an antiferromagnetic material
d orbital function locates the origin and

s and p orbitals arrenge Orthogonal coordinates of X,Y and Z axies .‘n'é:_,n ¢ 18



Ex.) Mn%* -Mn* : Antiferromagnetic
Mn4+t O2- Mn#4*

—T—%—%

ym—

_I.
2p°

3d®

_— X2_y2,322_r2

—'%_ XY,yZ,ZX

(+ 1%, —:FHZE, (0), (1) BoBLIV 71KA)

d Px Py Pz S
X — (o) + + —(0)
322—r* Y + —(0) + —(a)
Z + + - (o) —(0)
X —(a) + -+ —(0)
22—y Y + —(0) + —{0)
zZ + + + -
X + —(x) + -
xy Y - () - + -
zZ o+ ks + -
X + + + +
yz Y + -+ - (7) -+
Z -+ —(x) 4 +
X -+ + —(7) +
2x Y + ot + +
z —(n + + +




Superexchange interaction

Double exchange interaction

LaM nO3 Carrier doping (La,Sr)M nOS
::> —

F+ 4+ + 47 4
++ 4+ o F o
(a) LaMnO, (b) La,_«Sr,MnO, (T<T)

Mn3+ t Mn4+

s AT/_)-\
® N -
—f—‘éﬁ— . - A~

‘\ ’
\‘v rid

l'fj= t COS(HU/Z)

H

0
_tMn—MnCOS(E) o KHundGSMn B ‘Jt29 Z Sltir?sltjr?
LMnO

Jisie &P 20



o0 . . :
4 Magnetism modulation due to change of electron transfer integral

H = _tI\/InMnCOS(g)_ KHundO-SMn " Yit2g ZStZQ tzr?

LMnO

4.0 . ' ' ' 10.0 [><10'2]
Eo 3.0 18.0 _
< =
S G
S 2.0 -16.0 =
= =
@ o
g 10 140 @
(ab)
H=500[O¢] &

0.0

l L 1
0 100 200 300
Temperature [K]

Sisin &P 21



¢3¢ Colossal magneto resistance (CMR)

~

b) La;,SryMnO5(T<KT,)

| I ! T T
T T €y 6L Lal_xerMnO3 | " /,/\/\\ T e
— —— ty, x=0.175 T, NPT S
- AN 7 ¥ N | 29
L | ~H=0T| )
S (c) La;,SryMnO4(T=T,)
G | H=3T
o~ 4 .
S H=8T ™
S B . ;
2 H=151\X
> &
'22_ :f 4 A 4
3 : N
K - |l o
(d) La;,SrkMnO5(T=T,)

0100 700 300 200 H=0
Temperature (K)

Temperature dependence of resistivity with a variety of magnetic fields in
La, ,Sr,MnO; crystal (negative CMR) .
T. indicates the Curie temperature at H=0 T.

."l‘él_,n Q 22




§§§ Main parameters of transfer integral changes

(L) Harrison’s equation

I

| Vpda =<@gH|p,>~d 72

’ | ‘ d: the distance between orbitals
X

O

¢: the bond angle

Eszzfrz,szzfrz :[nz _%(I ’ + mZ)}ZV ddo T 3n2 (I 2 * mzN aor T %(I 2 + m2)2V dds

~ COS¢



§§§ Main parameters of transfer integral changes

(a) o BT Tensile strain
b i /‘ ;1) Ferro/Piezoelectric I
(L\%TE‘ (Ba,Ca)TiO4
(X )T (La,Sr)CoC
G Vpdo ~d 7
QOQ |
O—C\'_O = L
(b) | Compressive strain
e N e T \
: Co --3d 0-2p Co - 3d I
 Strain § Bmm Band width W=2zV
: Overlap Integral |
: AP R | ; )
e ol e ~ z:Coordination number
1 |

Exchange Interaction

N o oo w—— ——— —— — —— —— — ———————————————

Sisin P 24



Material design for oxide spintronics

Hund coupling

K "% Transfer integral ¢
Hund ///‘}_\ g

/
Exchange integral *®

J

Jlnteéce

lon bonding distance

Magnetic layer 1> & Hund coupling (o)
—» Localized spin ()

(Magnetlc layer 2> O lon

|
|%I

delectron energy Coulomb integral  Hyund coupling Exchange integral

1
Helectron:ZEd +EZU + KHund ZO'SI +Z‘JijSiSj
| 1)

+> E_ + D> t+A> dQd

Transfer integral

Sisir &P 25



Material design for oxide spintronics

Nobel
_ physical
(1) Introduce strain effect properties

\/7

(2)Introduce magnetic interaction
between different layers

(3) Integrate different functional
materials




Control of crystal field splitting due to strain effect

Octahedral coordination In-plane tensile strain

Energy gap [
(2o




—
o

O
o

MR ratio (%) at 0.8 T
w
o

a1
o

220

240 260 280 300
Temperature [K]

320

(LaggBag,)MnO; |
<« E—

Tensile strain

SrTiO4 substrate
(0.3%)
T LA | T

3.91F R
— o
= SRnt SL TEELETELE P e -®
= 3.90f .
g i o
S 3.89F - .
& i o
3 o
‘= 3.88F -
= - @ @ aaxis

3.87F @® caxis -

L L P T | L PR
10 50 100 500

Film Thickness [nm]

Phys. Rev. B 64, 224418(2001)

.‘ ISIR Q 28



Strain effect vs T in LBMO films

Lattice mismatch (%)

340 S a0p 076 063 -0.29 0.1 0.15
x=0.33
[ —
323 B -_,_,d—--'"'. . 35ﬂ =
. =0.3 1 i
300 - H-q_h“‘“i—__.____ I—-- 300 |-
| ———a — o ]
wof x=0.2 Y 250
€ | e 2 200
I—um B H"""h-..___‘_ = g
i T d g, 150
=0.1 L
3%5 . g T I‘B 100
150 _ \\‘\u-ﬂ,ﬂﬁ LBMOJ/STO : 50
1;!} i ] & ] il i & ] M L
0 50 100 150 200 250 o
Thickness (nm) Ba concentration (%Ba)
Tensile strain <2 | => Compressive strain
' | Tensile strain Compressive
X LU L. 0.2 3 033 .
strain
Lattice mismatch (%) —0.76 =063 =020 0.1 015 <l =
Strain type r r r C C _ ]
T, of bulk (K) 200 185 20 | Mo 345 IncreaseiIn T decreasein Tg
Fe-of film (20 nm) (K) | 80 283 310 200 0 315
Phys. Rev. B 64, 184404(2001)
WFor x="0.03, spin canting transition temperature Te,= 120 K.

Sisir &P 29



Stablility of double exchange magnetism

Stability of magnetism induced by double exchange interaction

p
Z: the coordination number of nearest
D .
Azy, = xt; = 2Xb, (cos(6; / 2)) neighbor atoms ; Z=6
ti: the transfer energy
C. Zener: Phys. Rev. 82 (1951) 403 ]
P. W. Anderson and H. Hasegawa: Phys. Rev. 100 (1955) 675 | 0, the spin angle between Mn; and Mn;
P. G. de Gennes:Phys. Rev. 118 (1960) 141

Main parameters indicating the stability of double exchange magnetism

X: the number of carriers per a Mn site

b_: Spin-independent components
(dependence of orbital overlap and bond angle of Mn-O-Mn)

Sisir &P 30



Carrier density (cm'3)

Hall mobility (cm*/V s)

5.0

4.0

3.0

/l"'
N =l
oo
, 1
npop
VR

’
’
’

50

40
30
20

10

| & @ -

1
!
Q
1
1

e ROEO

| ,' R
p o mpd
! 1
1

-®- -9 --@- - -9 .~..

Temperature (K)

’ Hall mobility 10K

2 80 -

<

s |

T 60 ¢ -

N

= _

E 40 " -

@) N .

Z I Reference point

2.0+ Carrier denS|ty O\
I o S o Sy s SR Ol %
10 50 '1'00 500
Thickness (nm)

Carrier density : Constant
=» the number of carrier x: constant
» Not generating cataion deficiency

Hall mobility: Increase
®» Increase in transfer integral
®» change in orbital overlap state
due to lattice strain effect

Phys. Rev. B 71, 012403(2005)



Stability of transfer integral due to lattice strain effect

) _ 391 | S"I'd(llO'O')'Ié'ttice constant -
T80 f— ' O
™ d=17nm i LBMO (103) L e — of
' = 3.90- .
8 ’72— g - L (]
(4°] 1%} T
s . £ 389 e .
y— | >} L _-® i
(@) 3 O o JPCtas
= i S 38
3+  STO(103) = e O In-plane _
LN N 3.87- @ Out-of-plane A
Co T 10 50 100 500

Thickness (nm)
Calculation of stability in double exchange mteractlon

every thickness
¢ stability of double exchange interaction

Ou}-of-plane

A gel?( — 7 AX Atij oC AX A ba oC Abo_ = SRS . -

x: the number of carriers per a Mn site Z: the coordination number of nearest
b,: Spin-independent components
(dependence of orbital overlap and bond angle of Mn-O-Mn)

neighbor atoms ; Z=6

Sisir &P 32



Contribution elements of stability in

double exchange interaction

1. In-plane and Out-of-plane orbital overlap
= determination from lattice constants obtained by experiments

matrix element between p and d orbitals: Vpd=dM'n7_ /02 Mn-O-Mn bond angle: 180°

2. Redistribution of e, electrons due to lattice strain effect % calculation by the DV-Xa method

Tensile strain
d.2 2

2 12
St —eq—::::_—‘;

5 9. e
oy e d,c,*:stabilization
3. Anisotropy of d orbital Transfer Out-of-plane In-plane
»» strength
y N |yt [z o) | [yt (327 -r?)
X =y*) | 0 0 34 V3/4
322 %) | 1 \3/4 1/4

Phys. Rev. B 64, 224418(2001)
Sisir &P 33



Contribution elements of stability in

double exchange interaction

Stability of averaged double exchange interaction

AE oC Z(n 32 2105(74)05(7/1) d|?17’do_u7t

I
Ll Transfer strength from Mn3d orbital to O2p orbital 06(7/ )
Transfer strength from O2p orbital to Mn3d orbital 0!(7/ ')
n -t
e di, :the in-plane Mn-O length
-y © Aoyt :the out-of-plane Mn-O length
05(7/ VDQa(y ) ® derived by XRD measurement

N,y : theration of occupied electrons in d,, , orbital
Ny, : theration of occupied electrons in d,,, ., orbital
In-plane: 4 directions = calculation by the DV-Xa method using experimental

Out-of-plane : 2 directions lattice constants

d—?

Ag, oc ((3+ \@)nxz_y2 +(1+ \@)n?’zz_Ir2 )dijf +2n,, .do

Sisin &P 34



1.008— —

1.006- ®-. ]
e, i Stabilization of double exchange
. 1.004- . . u . - .
1 R Interaction with decreasing film
1.002- 1 thickness
1.000- e -
10 50 100 500 1000

Thickness (nm)

What is main factors of T increase in strained (La,Ba)MnQO, thin films

¢ redistribution effect by e, electrons due
to anisotropy d orbital.

¢ Orbital overlap of in-plane and
out-of-plane

Sisin &P 35



Function of interface

Nobel
_ physical
(1) Introduce strain effect properties
(2)Introduce magnetic interaction \ m/
between different layers oy derter

(3) Integrate different functional
materials




Control of interface magnetic interactio

Conductive electron Localized spin
n |Hund couplingl
H = _ItMn—MnCOS(E) B KHundGSMn B ‘JtZg L Slt;r&:sli;r?
LMnO

t29
M Fe-Mn SMn SFeI _l Z JFe_FeSFe Sre
| '_FeO

Antiferromagnet LaFe0, INterface magnetic
Interaction

Combined with two materials

Ferromagnet (La,Sr)MnO,

Qe
SISIR

P 37






§§§ High sensitive response by magnetic field

Spin frustration superlattice

y

(spin fluctuation)

Z | Ferromagnetic metal

(La,Sr)MnOg4

Antiferromagnet
LaMO,

M=Cr, Fe, Co,Ni

Registivity /[10452m]

100

iy o e
o o e

b
o

0.0

..I.:;:pI_B Q 39



Theoretical prediction : New ferromagnet

<7

60 years ago

Kanamori former
president of Osaka Univ.
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NaCl structure

Na Na 1ayer

Sisir &P 41



s2 Lattice-direction control superlattice

00000
1sayer Cllayer

)

S Na |ayer
SEED o



sss Lattice-direction control superlattice

ABO;-AB’O;, superlattice

(100) (110) (111)
layer type stripe type rock-salt type

C-type AF A-type AF FM(F-type)

J. Appl. Phys. 89, 2847(2001)
oisin &P 43



es Lattice-direction control superlattice

— i ‘
= o - LaFeD _
O e 27
Y o
LY
- @
ArF Fxeimer laser - ::=_:F —

- .__.' ] LA N O ([ OO L1l | Lt 1 | | I L1 | ‘ L__} _
- » ' 20 30 50 60 70 80 90
20 (deg)

Intensity(arb. units)

y
_ ]
*
O
| -
? |
i (222)

ﬂ(rﬂg}kﬂpﬁ “’;,3*%:': 1 10,0M TTT T[T IT T [TTTIT[TTTT)
areo, 7 gl ] 'l“%‘, ]
e el # | o o .
Loy v _'=.“" e E’ 6.0} ."..o -
% -L o o ..O L
S o
°
4.0_— 0:.. =
L L] .
2.0F o
.-'f-... : *y :
O_(}--|||||||||||||||||||||||||||.P£.

[11] [100] 00 150 200 250 300 350 400
Science 280, 5366(1998) 1 r;' T(K)
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Integration of different functional materials

Nobel
_ physical
(1) Introduce strain effect properties

\/

(2)Introduce magnetic interaction
between different layers

(3) Integrate different functional
materials




Ferromagnet/Ferroelectric material combination

Diluted magnetic semiconductor-- (In,Mn)As

Field effect transistor 50

Sample B 22.5 K

- —‘~/v_,~—1
-

voltage

<— |Insulator —>»
<— (In,Mn)As —>»

LB

«— InAs —

R yay (€)

«— Buffer —»

0 w05 0 o5 10
Nature 408, 944(2000)
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Ferromagnet/Ferroelectric material combination

%3000eny

27; d o 1 Ml

r Ez - IIII 1 L] IllIlIi'I 1 | IIIIIII
2.6 . 'r“-"‘-_“
Carri i

&
8 - v 300= === =\ = === Room Temp.— = —
=~ X
Fleld e1 o i % (La,Ba)MnO,
f = X ol -FET
erromag S
L S 200} _
iy ter
& 10nm - - doped
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Ferromagnet/Ferroelectric material combination

Conductive electron Localized spin
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ESPhotonic/FerroeIectric/magnetic material combination

Photon—Electric dipole — Carrier spin
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(1) Introduce strain effect ~ -------- Room temperature CMR

(2)Introduce magnetic interaction ---  Magnetic superlattice
between different layers Design of magnetic susceptability

(3) Integrate different functional — ------ Ferromagnetism
materials + Ferroelectric



