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Electron Correlation & Spin Orbit Coupling
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W. Witczak-Krempa et al., Ann. Rev. Condens. Mat. Phys. 5, 57 (2014)



5d Transition Metal Oxides

== [nterplay among electron correlations, spin-orbit coupling and
crystal electric field (U ~ SOC ~ CEF)

== Spin orbit coupled Mott insulator = exotic quantum phases

B.J. Kim et al. PRL 101, 076402 (2012)
W. Witczak-Krempa et al., Ann. Rev. Condens. Mat. Phys. 5, 57 (2014)
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I (545

,/
’
=T
\\\
\\\

/
/
/
4
4
4
4

N

/A

[
[ )
@
UHB
Joe=1/2
””” i._ ::::-________L'j
- soc LHB
____________________ “06°2°=
Jeff: 3/2 Jeff: 3/2

B.J. Kim et al. PRL 101, 076402 (2012)



St,IrO, — Single Layer Perovksite Structure




St,IrO, — Single Layer Perovksite Structure

Crystal structure:
tetragonal point group 4/mmm
inversion symmetric

La,CuO,

Cu



St,IrO, — Orthorhombic Magnetic (J 4 = %2 ) Structure

St,ItO, J=%
T, = 230K

Crystal structure:

tetragonal point group 4/mmm
inversion symmetric

Magnetic structure:
in-plane canted dipolar AFM
orthorhombic mmm1’
inversion symmetric
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Doped Sr,IrO, — Fermi Arcs (Pseudogap Behavior)

Surface K doped Sr,IrO, (electron doping)

Y. K. Kim et al., Science 345, 187 (2014)
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Surface K Doped Sr,IrO, — d-wave Gap

ARPES results STM/S results
Y. K. Kim et al., Nature Physics DOI: 10.1038 (2015) Y. ). Yan et al., http://arxiv.org/1506.06557 (2015)
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Constructing A Phase Diagram?
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d-wave gap behavior
Y. K. Kim et al,, Nature Phys. DOI: 10.1038 (2015)
Y. J. Yan et al., http://arxiv.org/1506.06557 (2015)

Superconductivity predictions
F. Wang & T. Senthil, PRL 106, 136402 (2011) =
C. Martins et al., PRL 107, 266404 (2011)
H. Watanabe et al., PRL, 110, 027002 (2013) "
Z.-Y. Meng et all., PRL, 113, .177003 (201.4)
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Analogy to Cuprates Phase Diagram
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Nonlinear Optics

Multipole expansion of radiation source term

Electric Dipole Magnetic Dipole Electric Quadruple
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Expansion of electric dipolar ( P ) contribution
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Property Tensor & Symmetry Properties

Neumann’s principle : A property tensor of a crystal is invariant under the
symmetry operation of the crystal.

Symmetry group =2 independent nonzero tensor elements

Higher rank response tensor = greater symmetry resolution

pe pee
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Second Harmonic Generation (SHG)

Inversion Symmetry: (x,y, z) 2 (=x, =y, —2)
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Rotation Anisotropy SHG (RA-SHG)

I?° (¢, T, 1)

Four polarization geometries
P/S.. —P/S

¢ dependence RA-SHG

T dependence

r dependence SHG imaging

D. Torchinsky et al. Rev. Sci. Inst. 85, 083102 (2014)



RA - SHG on Sr,IrO, at 295K

L. Zhao et al. to appear in Nature Physics (2015)
D. Torchinsky, H. Chu, L. Zhao et al. PRL, 114, 096404 (2015)



RA - SHG on Sr,IrO, at 295K

" (C, rotational symmetry

" Rotated ~12° off a axis
Broken ac, bc mirrors

¥ Refined structure 4/m
2 Inversion symmetric

® Bulk electric quadruple
Q=y*EE
Pey=y**EVE




RA - SHG on Sr,IrO, at 295K

C, rotational symmetry

Rotated ~12° off a axis
Broken ac, bc mirrors

Refined structure 4/m
Inversion symmetric

Bulk electric quadruple
Q=y*EE
Pey=y**EVE



RA - SHG on Sr,IrO, at 295K

» Bulk E. Q. contribution
from 4/m structure.

» Consistent with recent
findings of forbidden
neutron peaks it 4/mmm
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C. Dhital et al., PRB 87, 144405 (2013)
F.Ye et al., PRB 87, 140406(R) (2013)

D. Torchinsky, H. Chu, L. Zhao et al. PRL, 114, 096404 (2015)
L. Zhao et al. to appear in Nature Physics (2015)




4/m Crystal Structure

ac, bc mirrors
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2/m1’> AFM Structure
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RA - SHG on Sr,IrO, at 175K
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RA - SHG on Sr,IrO, at 175K

® C, rotational symmetry

® Structural contribution
from E.Q. under 4/m

&

a New contribution
from E.D. under 2°/m

Broken Inversion
Broken Time Reversal

» NOT AFM (2/m1°)




RA - SHG on Sr,IrO, at 175K
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RA - SHG on Sr,IrO, at 175K




SHG Imaging on Sr,IrO, at 295K

I (2w) [a.u.]




SHG Imaging on Sr,IrO, at 175K

I (2w) [a.u.]




Scanning RA-SHG on Sr,IrO, at 175K




Four Domains of the Hidden Order in Sr,IrO,




Consistency with ®; Loop Current Order (magneto-electric)

C, C, & Broken Inv. & T. R.
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Relation between Hidden Magnetic Order and AFM in Sr,IrO,
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St,Ir, ,Rh O,

Hole doping

Y. Cao etal., http://arxiv.org/14406.4978
J. P. Clancy et al., PRB 89, 054409

Suppressed AFM

J. P. Clancy et al., PRB 89, 054409
T.F.Qietal, PRB, 86, 125105

Pseudogap

Y. Cao etal., http://arxiv.org/14406.4978
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T Evolution upon Rh Doping in Sr,Ir, _Rh O,
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Hidden Magnetic Order Region in Sr,Ir, _Rh O,
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Conclusions and Outlook

A hidden magnetic order: broken rotation, inversion, time
reversal symmetries.

Four domains.

Not trivially tied to AFM

== Possible relation with Pseudogap behavior ?
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