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Transition Metal Oxides

2 Ti ‘u\f ‘mcr ‘“Mn «Fe | 2Co | »Ni | =Cu
47 87 50.84 52.00 54.04 55.85 58.93 58.69 63.55
taman | Vanagun iromin in Von “Cotai ickal 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)  glectrode SQUID
Oxide lon Piezoelectric devices Bolometer

Information processing and data storage
materials related with our daily life
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EEFace-centered cubic => Closed pack structure

\

Corner

Center face ~ 1/8 X 8 parts

1/2X6 parts

.‘rél_n Q 6



Perovskite structure: ABO; e.g. SrTiO;

0¥=140 A, e
Sr2*=1.44 A (12 coordination),
>0.414r Ti**=0.42 A (6 coordination)




Orbital bonding

Bonding and Antibonding states =) Valence and Conduction band

Covalent bonding H H, H A AL]JB B lon bonding
2 —
Wa =Xa-Xs R 7 | Wy =aXa —DoXs
/ \ \ \
> / \ | Y
> — r— \ \
() \\ II \ \\
L \ K \ Wy =agXa thiXg
AWy _7

Wi =Xa *Xs W

Heteronuclear diatomic molecule

P2 /\/\ /k/\ (Covalent or lonic characters)
! . Antibonding | ! |
Different orbital level
2N /\/\

1 1 i 1 1
w w Bonding A 5

(@) (b)

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

s} 8

Electron density

Electronegativity
lonization potential




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



Ti0

V%.' '
AN\ N

(b)

— — P
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s Existence of electrons * Orbital shape

p orbitals y
V4
A
: . y y
dorbitals & 7
X X
dxy d322-r2
Perovskite structure Y22 372-12
/] A ~4—0Oxygen atom | jgand field splitting €4 ’
o« (Crystal field splitting)
/ ~~ 3d transition metal 29 XY,YZ,ZX

..I.:;:pI_B Q 11



‘dla¥all

o 5

lal/~-Waldhids

oxidation states in compounds election atomic radius In pm (haif the nteratamic distance for the alement, a-Fe in this oxampla) r
important, mos! unportant configuration covalent radius for single bonds in pm (after Pauling: radi for oola and multiphe bonds ara shortar)
(for oasior reading. arabic numerals ! sxitation nurbe .
a0 usod instoad of the ] & lonic radus in pm with ortination namisee (C4 Mn. Fe. Co:va ' e
correct roman onos (s W
) § ?‘"? van des Woals radiue | 13 14 15 16 17 He ..
atomic number \ s | ——— reduction potential £° in V with number () of eloctrons fos B e VA 58 “ b R [
name (IUPAC) \_ NF. . & 2 g A ko ;”' ""h"' b Ny
v . : A X o -
o odament ossontiash 10 e 112 Oslg) + 3,_ + 28 = KOO |
Wil bickogicat apecion inveshigals y
4 l“ : . lectroogalisity | 58 N |c ol M | o) "
| ) abundance (mass fraction in % of |ho olement in the sanh’s - s * 1 Bl |
« biological flunction suggested lithosphere (upper 18 km) plus hydrosphere (oceans) Pl Poei Pein' Yy Ml %
2ssantial to humar pusntmowhuo wsn fraction calcuratod f ) ( A ) L2 1
uggestod ‘o be essontal Lo humana YIOQC tr Nt nd nucinar D v ] -
3 4 5 8 9 ‘o n '2 "Al '8 uﬂ e |l' l‘s I - |l“r 15
3A ns ! viu 8 Vi 8 vilk 18 @ 28 Shean Ny [— "
MM A T MFe'y (MY ey ey x'\ e
3 '\
= TR
MWy iw -
29C . v 6@, |uAs . |.Se .. b\t&‘ w
5 6 10 ﬁxﬁ PG CCEEE ECEEE TTE W) Sy
a? | 3d3 5 d 38 ¢ \ : .
_3d? 3d 3d° 3d5 3d° | 3d7 34 3d ot |
WY o 452 45?451 | 452 | 457 | 457 | 457 | 4s! SN . uie
[ H Fe W NS PO Ns MR [MEE e mrvu mu':ru NENS
s4120 41 863202 61200 Y 7
Wwn 15 o - 5 = 2 1800 L l',‘:\:./
La-Lul-.Hf .. |:Ta .. llW!l.‘ nRe . |x08 .|nlr . u" ‘o nlll,, Pb ~
| T tdon *_|enun Curmmn b m S i::..
| ST (ST mv‘w. m,m,m
| artorien 1| v
um‘:. l.u\‘::-ol‘n VCH Verlagsgeselischalt P O.Box 1260/1280, D-6940 Wenhewn (Federal Republic of Germany)
Ladadens \ USA ard Canada: VCH Publishars. 303 N'W 12th Avanue, Daarbald Basch FL 334421705 (USA)
o 10/ L0 Las /05 | e 0 0e o Order sumber %0 %0100
- =

VCH: The international name in scientific publishing




ese Crystal field splitting of perovskite structure

Octahedral ligands

_h(,_

( eg=——— (z2, x2-y2)

Energy gap [ La3+M n3+03
(tog =E= (v2. x2, %)

Transition
metal ion

Oxygen ion



Superexchange interaction

Double exchange interaction

LaMnO; Carrier doping (La,Sr)MnO;
(S (N E S 'I: 4 _?_”\ ”“ M
— T T T o 4+ +.
+ + A | A L A oA 4 A A
I Y | I I I I I
(a) LaMnO, (b) La,_«Sr,MnO, (T<T)
Mn3+ tij Mn4+

‘D,LT, /—)-\
® <Dy \
_/%‘ééﬁ_ N X ‘ ' A

’,
\‘ rl

o’
(a) (b) (c) tii=1tcos(6:/2)

— _tMnMnCOS(g) - KHundOSMn - Jt2g zsﬁf‘gﬁf

LMnO

7

J‘l‘ém Q 14



Kanamori-Goodenough rules

Kanamori former
president of Osaka Univ.




Superexchange interaction

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) £, = [ ¢, *V,.8,dr
E, a
Mbonding rule
i d : " Ko N
- 6) K7 FiE + T FE -
& .ﬂ ) )
PN
c= [ o=
E, Y
Fe**de'dy’ e it
JEICARTE Fe*de"dy nzj n<5s

(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



Superexchange interaction

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

HEE + feE - 2 2 2
Fes* O+ Fe+*
)( & P,
—4
[¢pgadr =0 [¢pgadr=0 .H _I_
(+ - iti%E, — :FEE%E, (0), (7) B oBLU 7 &B) % I
d DPx Py Pz S * L
X — (o) + + — (o) + :
32— Y + —(0) + — (o) H_
Z + + —(0) —(0) 5 6
X (o + + —(0) 6 2 3d
?—y () + —(0) + — (o) 3d p
Z + + + +
X + —(x) + +
xy Y —(x) - + 4
zZ + + + - 5 5 5 5
X n : n X4-y4,3z4-r
yz Y + + — () +
z + —(x) + +
X + + —(n) +
Y + + - +
- z —(n + + + XnyZ;ZX

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

s and p orbitals arrange Orthogonal coordinates of X,Y and Z axes r @ 18



Superexchange interaction

Ex.) Mn%* -Mn* : Antiferromagnetic

+ - +
Mn4 02 I\/In4 (+ W%, — R, (0), (1) oBLC TR
d Px Py Pz S
—_— X — (o) + + {0
— 3z22— 2 Y + — (o) + — (o)
$ zZ o+ + —(@  —(0)
* X — (o) + + — (o)
+ -y Y + — (o) + — (o)
4 —+— zZ o+ - + -
X + —(x) + +
3d3 2p6 3d3 Ty Y —(a) - + -
Z + e + +
X + + . +
yz Y + + - (x) +
Z -+ — () -+ +
de>0 X + 4 —(x) +
—_— -_ 2T Y + 4+ + +
—Tﬂ_ _ XZ' 2; 322'r2 z —(a + + +
4_—1— —'%_ XY,VYZ,ZX

Qs QP 19



Double exchange interaction

Superexchange interaction Double exchange interaction

LaMnO, Carrier doping (La,Sr)MnO;
::> —
b b TR
I S S [ S S S S
Y | | i | | |
(a) LaMnO3 (b) La,_«Sr,MnO, (T<T)
Mn®* . Mn*
17 7~
ECSI <
== - T T N, T
(a)

(b) (c) tii=1tcos(6:/2)

H = tMn Mncos(g) HundOSMn t2g Zstzgstzg

LMnO
stm @ 20



Magnetization [g]

_tMnMnCOS(g) o KHundOSMn t2g Z StZgStZg

LMnO

40 ' ! T T 100 [XIO'Z]
3.01 ~8.0
g
)
2.0 —6.0 g
2
1 Z
1.or 140 7
O
H=500[O¢] :
I I |
O'OO IOO 200 300

Temperature [K]

Sisir &P 21



238 Colossal magneto resistance (CMR)

—~

4 y 4 t o

| — | | g 6

3 A 4 3 4

| | | | T b

(b) La,_ Sr,MnO;(T«<T,) =
)
G |
T4
=
S’
>
=
2
22
)
5}
a4

0700

T | T
La,_,Sr,MnO,
x=0.175

200

300

Temperature (K)

400

—~ —~
L P 4 e
\ / 4 | g
X 2 / \ 4
N— —7 r N — b
(¢) La,_Sr,MnO5(TZT))
—~ —~
4 R 4
— | 7
4 A 4 4 :

(d) Lal-xsernO3(T§ Té)
H=0

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‘ém Q 22




Main parameters of transfer integral changes

(L) Harrison’s equation

|

| I/pda =<Q H|(p,>~d 7?

’ | ‘ d: the distance between orbitals
Ok

Q)

¢: the bond angle

Eioose, :[nz - % (12 + 7’1/12)}2 Vit 3”2 (Zz + mz)Vdd;r + %(12 + m2)2 V aas

X COS P



Main parameters of transfer integral changes

( O Dielectric SrTiO3 TenS”e Straln
‘ Ferro/Piezoelectric I
&\%' (Ba,Ca)TiO;
— < (La,Sr)Co0, V 70
<QCCE:> ) pdo ~d
ON N
wﬂ; 1__
(b) Compressive strain
f e e R o P L e e e R s O S e e S \
' Co --3d 0 217 Co 3d '
i .
| Strain A | Band width W=2zV
: Overlap Intcgral :
T < -z Coordination number
| |

Exchange Interaction

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

Sisin P 24



Material design for oxide spintronics

Hund coupling

Kitnd )
Hund % /‘ /

;

Transfer integral ¢
\

Exchange integral
J

Jln teréce

lon bonding distance

Magnetic layer 1> &’ Hund coupling (o)
- |ocalized spin (s)

(Magnetlc layer 2> O

|
|%I

delectron energy Coulomb integral  Hynd coupling Exchange integral

Helectron:ZEd_F%ZU_i_ HundZOS +ZJ SS
+> FE, +Zt+AZde

Transfer integral

Sisin &P 25



Nobel
physical
properties

between different layers

(3) Integrate different functional St é?zD
materials =
CT T T T




Control of crystal field splitting due to strain effect

Octahedral coordination In-plane tensile strain

Energy gap [

(te ==




™ g
o o

[E—
()

Magnetization [ B /unit cell]

<
o

MR ratio (%) at 0.8 T

50

Design of room temperature CMR materials

Room Temperature

L | 1 1

ol b
220 240 260

650A

l.luumn.uum..l
240 260 280 300
Temperature [K]

| 11
220

320

PRI TR R L 1
280 300 _ 320

(LaygBay ,)MnO;

SrTi0; substrate

3.91

3.90

3.88

Lattice Constant [nm]

3.87

3.89

Tensile strain

(0.3%)
T T T
L o N
@B oo -®
]
L = N
[ ]

@ aaxis
- @® caxis -
[ A | PR

50 100 500

10

Phys. Rev. B 64, 224418(2001)

Film Thickness [nm]

.‘ ISIR Q 28



Strain effect vs 7. in LBMO films

Lattice mismatch (%)

340 — 400076 083 -0.29 0.1 0.15
x=0.33 .
20F . — 1 350
. =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 o1 d g, 150
2T . R - = 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 | 5> Compressive strain
.05 I Tensile strain Compressive
x (.03 1 0.2 0.3 033 .
strain
Lattice mismatch (%) —0.76 =063 =020 0.1 015 <l =
Strain type r r r C C , _
T of bulk (K) 20° 185 om0 | a0 345 Increasein Tg  decreasein T
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



Stability of double exchange magnetism

Stability of magnetism induced by double exchange interaction
s

Z: the coordination number of nearest
Aé‘el; = thlj = bea<COS(l9l.j / 2)> neighbor atoms ; Z=6

t;: the transfer energy
C. Zener: Phys. Rev. 82 (1951) 403 )
P. W. Anderson and H. Hasegawa: Phys. Rev. 100 (1955) 675 | ‘91']'3 the spin angle between Mn, and Mnj
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)

T ' | ' ' ' ! I
7.0- AE L ]
Sk B--0-0O-. A
L Sﬁ?i :" "E__i— s —12:-\:1- E_~_~i\ﬂ~:“\
6.0 .- o ‘~l\D\\¢$ 4
) o3 = =
I 4 ARt ]
-7 T~ ) AN
*- *-q \ A
5.0—! : ' ‘e’ I ) . .
: kY e,
4.0 AN
| .
3.0 i
. | | L I i i
o_ I | | | |
50Fag-. 1
_‘E“‘ix --@- 729 nny
a0 B —-O- 198 niy
L xS \“E\
L \l\\ N __._' 84 niIy
e ;
. Vg U 24 nn
20—00“0\{)\ .\‘I::\\E\QE\ A 17 nny
L Col e R
b oot gy ]
(60 -0._o_ ONONONO“:ONE'
| Tt reeee e o2
0 50 100 150 200 250

Temperature (K)

2 | o Hallmobility 10K

S 8.0 |

=

> I \‘\

2 60 b -

A

5 I

E 40 e -

S .. :

Z Reference poinf]

2.0- Carrier density \ .
I c S W O ------ Oemem Yo .
| L L N | L L T B
10 50 100 500
Thickness (nm)

Carrier density: Constant
®» the number of carrier x: constant
» Not generating cation deficiency

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

Phys. Rev. B 71, 012403(2005)
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Stability of transfer integral due to lattice strain effect

e _ 391L | SITOI(IIOIOI)Ilélttice constant
TI&0 —_ ' O
™ @ =17 nm i LBMO (103) =z R <
| = 390 i}
:{é § i ’ - @
= £ 3.8% " .
Ly ) i Y
CI) 5 ) o .
z - S 38% .
8 & STO(103) = e O In-plane |
Etz N I __In-plane 3.87 @® Out-ofplane
S e 10 50 100 500
Thickness (nm)
Calculation of stability in double exchange interaction £plane
every thickness o !
¢ stability of double exchange interaction <
AE ox — zAxXAt 9% oC AXAZ? > oC Abo_ O In-plane
x: the number of carriers per a Mn site Z: the coordination number of nearest

neighbor atoms ; Z=6

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

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: V), = M’Z_ /3 Mn-O-Mn bond angle: 180°

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

32212 e

Transfer Out-of-plane In-plane
strength
wor) prr) | e or) o)
0 0 34 34
0 I \3/4 1/4

Phys. Rev. B 64, 224418(2001)
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Contribution elements of stability in

double exchange interaction

Stability of averaged double exchange interaction

Agy o D (s oon s as0(y)edy)).d,) d,,

<i,j> ) :
& Transfer strength from Mn3d orbital to O2p orbital & (7/ )
Transfer strength from O2p orbital to Mn3d orbital & (7/ ,)
n z2-r.
=2 d, :the in-plane Mn-O length
7 : the out-of-plane Mn-O length

®» derived by XRD measurement

n.,,, - theration of occupied electrons ind,, , orbital
n;,.,, - 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

out

A&l o (343, + (B, W +2n, d)

Sisir &P 34



s2¢ Stability of double exchange magnetism

1.008 ——————
100G *._ .
- e, 1 Stabilization of double exchange
. 1.004- - . . . .
$ e interaction with decreasing film
1.002- 1 thickness
1.000 e -
10 50 100 500 1000

Thickness (nm)

What is main factors of 7 increase in strained (La,Ba)MnOj thin films

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

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

."l‘ém @ 35



Function of interface

Nobel
. physical
(1) Introduce strain effect properties

\/

(2)Introduce magnetic interaction
between different layers

(3) Integrate different functional
materials




Control of interface magnetic interactio

Conductive electron Localized spin
n |Hund couplingl

H = _tMn—MnCOS(é) - K 11,7dOS v " ']t2g Zsﬁfsﬁﬁ

LMnO

t2g
~VFe-Mn SMnSFeI _l Z S Fe—FeSFeSFe
I |LFeO

Antiferromagnet LaFe0, INterface magnetic
interaction

Combined with two materials
= Magnetic susceptibility increases

Ferromagnet (La,Sr)MnO,

..I.:;:pI_B Q 37



Spin frustration superlattice




y

(spin fluctuation)

4 }Ferromagnetic metal

(La,Sr)MnO,

Antiferromagnet
LaMO,

M=Cr, Fe, Co,Ni

Resistivity /[10452m]

100

iy o e
o o e

b
o

0.0

..I.:;:pI_B Q 39



Theoretical prediction : New ferromagnet

2

Kanamori1 former
president of Osaka Univ.
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ss¢ Lattice-direction control superlattice

00000
istiayer C1layer




sss Lattice-direction control superlattice

ABO;-AB’O;, superlattice

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

C-type AF

J. Appl. Phys. 89, 2847(2001)

FM(F-type)

oisin &P 43



Lattice-direction control superlattice

Intensity(arb. units)

L 222
|

O Jo N ST . W
S - 50 60 70 80 90
20 (deg)
_.a(.rU? 10.0M T T[T TIT T[T TTIT[TTTT]
LaFeO [ "‘4.0.'. :
8.0F ‘. —
o ....':o'.o
2 6.0F %, -
) [ o0
— - ...
= 4.0 'o: -
i D
I . ]
20F o -
.-._,.-"'.. : .. :
0.q-|||||||||||||||||||||||||||.P£.
["‘” (100] 00 150 200 250 300 350 400
Science 280, 5366(1998) b/ T(K)
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Integration of different functional materials

Nobel
. physical
(1) Introduce strain effect p%ertles
(2)Introduce magnetic interaction \ ] DJ

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

- —‘~/9_/~—1
-

Positive A-tn « = hoke b Negative
voltage

voltage

R < Vetal gate—> [==- - - - -===E3

<— |Insulator —» ,:r i : .. : ..
g

<— (In,Mn)As —>»

LB

«— InAs —

R yay (€)

\ «— Buffer —»

0 w05 o o5 10
Nature 408, 944(2000)

Sisin &P 46



Ferromagnet/Ferroelectric material combination

$3000eny

RN 8%“ ISV%MMW

&
T) z 2"7’7 Ez 7’ LIL| 'II 1 L] 1 LI L I'I
a 8 26 . P
& g 5 [ / Carri iN
3 v 300= === =\ = === Room Temp.— = —
I ~ X
Fleld e1 o i % (La,Ba)MnO;
f = “I o1 -FET
erromac = L IR
o S 200} - _
- ter £
< - 8- doped
5-10nm =
o (Ga,Mn)As I
£ Zg 100+ FET (In,Mn)As -
%) z 5 ] = Tokyo U -FET
TE ] Elec E (Tokyo ) (Tohoku U.) -
£ 8 / S| St
o E S0 ] x
ng‘loo-lo-sosw OII | 11l 1 Lol
Bias (V) l 10 100
Gate Voltage /V
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Ferromagnet/Ferroelectric material combination

Conductive electron Localized spin

0 Hund coupling

\ 12 12

H:_tMn—MnCOS(E)l K 1 11mdO in 'Jtzg ZSMfSM§
LMnO

X

N (The number of carriers)

Electric field

Sisin &P 48



ESPhotonic/FerroeIectriC/magnetic material combination

Photon—Electric dipole — Carrier spin

Iy NGE =
8 P
= Dark
Organic _ £ i il
photoconductive & Decrease resistance -2 —"’
material (by photon) L%) _‘
Cu-Pc
Ferroelectric /0> Dielectric polarization Blasl VOltafle |
Pb(Z1,Ti)O, (electric dipole) SR PO .
| 5 sl >
Ferromagneti Field effect L s $
A Carrier / Spin E
(La.Ba)MnO; & 2E 28 ( pin) ol W
g o Light A Rir(-)
— S 172}
CuPcl Pb(Zr,Ti)O, g 170 5 - 2

Gate
|—.

=
w2
PZT(003)
h

M Gate Voltage [V]
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Summary: Oxide spintronics

(1) Introduce strain effect =~ -------- Room temperature CMR

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

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