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® Background: why 5d transition metal oxide!

® SrirQOg4

v Novel spin-orbit integrated Je+=1/2 state

v' Anisotropic exchange interaction

Kim et al., PRL 101,076402 (2008)
Jin et al,, Phys. Rev. B 80,075112(2009)
Moon et al,, PRL 101,226402 (2008)

e NalrOs;

v anti-ferromagnetic order with spin-orbit Zeeman field

v Z; topological number?
Jin et al., arXiv:0907.0743

Kim et al., (to be published)



Why 4d and 5d Trar

® Close to metal-insulator transition instability

V' 4d and 5d orbitals are more extended than 3d’s
v reduced on-site Coulomb interaction strength

v sensitive to lattice distortion, magnetic order, etc.

® Strong spin-orbit (SO) couplings
v large atomic numbers: relativistic effect
p Vso (3d) < 50 meV
p Vso (5d) = 500 meV



Physics driven by spin-orbi -

® Anisotropic magnetic exchange interactions:

v' Dzyaloshinskii-Moriya interaction

v' Multiferroic physics ...

® Anomalous Hall effect:

v' SrRuQOs

® Quantum spin Hall effect:

v’ Spintronics

® Jopological insulator

v Magneto-electric effect, axion, ...



Anomalous Hall effect and
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Quantum spin Hall effect and
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Zhang et al., Nat. Physics (10 May 2009)



Cheong et al., PRB 39 (1989)



Metal-Insulator Transitior

® Hubbard model:

i = Z tl] ZJCJU T U Z niTnil

(ij)o
E .

Fluctuations * > Mean-field average
U§ E,. . E,

Mott insulator Band metal
U>>W = = w>>U




3d transition metal oxides (I MO
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Localized 3d orbital = a narrow band!



4d and 5d transition metal oxides
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Extended 4d, 5d orbitals @ wider band!



4d and 5d transition me

For the same K;NiF4 structure: La,CuQOy4
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4d, 5d orbitals: more extended > Iarger band width
— expect a metallic band structure in SralrO4!??
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Even more puzzling is that Sr2lrO4 exhibits weak ferromagnetism!

Cao et al.,, PRB 57,R11039 (1998)
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Calculation methoc

® OpenMX code (http://www.openmx-square.org)

e | DA+U methods

® Relativistic pseudo-potential
including spin-orbit terms:

LDA+U+SO calculations

® | DA exchange-correlation potential

® Non-collinear spin configurations

|3


http://www.openmx-square.org
http://www.openmx-square.org
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LDA — LDA+SO — LDA+U+SO
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o in the atomic limi

Hso =AL-S =X\ |L,S,+ (L4 S_+ L_S,)]

Cubic Crystal Field
(4)

52 =1, 5=1/2 manifold
(6) . (signis reversed!)
| @) P o
Jj=3/2 \ (Strong) t2g character
(4) . — - |
due to large crystal field
j=312 /
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Small Aso in the band limi
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| ocalized and ltinerant Pictures

T =120 TN

20



'l llll° MOCIAl 7 1 V)

1
_ E B 1 o
— ta CiaoCiBo T 5 | E U ﬁn’iaan@ﬂa/
(ij) o i(a0)£(B0")

+Aso Z L;-S;

A 1

‘ Jeff 5 _______ 34 |%,i%>

P ==, _T ___________ 3 1
frg ——— 5 hso ! 5.+

T T T 33
_]eff:% %At 2%

cubic SO SO+tetragonal
("

ot = 1/2,£1/2) = F Loy |£) — L (ly2) = il2a) |F)

Robust J.#=1/2 spin-orbit integrated state



‘jeﬂC = 1/2,::1/2> — T

L
N
=
N
=
~——
N—"
L
N
~——

t,, band

wide 7,,~band Metal

LHB

(a) | Optical Conductivity at 100K | (b) |-
_10Ff 0
5 5L
|G _e
OO T >
3 B e L
= A 5
© <

0.0 —_— —

0.0 1.0 2.0 528 530

Photon Energy (eV)

Kim et al., PRL 101, 076402 (2008)

Photon Energy (eV)

Jor=1/2 band

EE:J,,, += 3/2 band

J oz band split due to SO

AB

U ____________
— =1/2 LHB
CSO% ?i'z-Jef

Jeff= 1/2 Mott ground state

(e) R -

e ) N Sd
e 10Pa ey = H
t eff ::::::;CSO ﬁ

2a Jeff= 3/

Crystal Field SO coupling

Crystal Field SO coupling

N
N




B Sos, %4000_— _E
0.14 | o, 3 o T

{
» 03000 - g
[ ]
£ ,r"

Hlla axis % = 1]
NG e I

©

—_

Mo
|

0.04 |

M/H (emu/mole)
5 8 S

0.02 }

hard axis ferro-component

Cao et al.,, PRB 57,R11039 (1998)
23



Canted Antiferromagnetic State: Sr.lrO.

LDA+U+SO calculation predicts canted AF ordering
TMAFM — 0.30 UB Mg — 0.003 UB
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One-band |es=1/2 Hubbar
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Effective exchange Hamiltonian fo

Rotation of IrO¢ octahedron by &
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Dzyaloshinskii-Moriya interaction: | —

Jin et al., Phys. Rev. B (2009) 26
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Unquenched orbital degrees of freedom:
Jesi=1/2 state
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(27)
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® New form of Mott insulator Sra2lrOa:
spin-orbit entangled je=1/2 ground state

v/ Strong anisotropic magnetic interactions:
Dzyaloshinskii-Moriya interactions driven by the Je7=1/2
state

® Proximity to spin-orbit or topological insulator in
NazlrOs

v' Not je=1/2 but SO-entangled e, state

v AFM insulator with strong anisotropy

® Both on-site Coulomb and spin-orbit interactions
contribute to the non-trivial spin and orbital
orderings.
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