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5d Transition Metal Oxides:
Strong Spin-Orbit Coupling

Lar‘ge-U 3d: U ~2-10 eV Weak Spin-Orbit coupling

Sc || Ti \J Cr || Mn

small-U 5d: U~ 05 eV Aso~05eV STI"OHQ Spin_

Orbit coupling




5d transition metal (Ir) oxides
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General Intro: Iridates

Brief Introduction:
Topological Phases

Hyper-Honeycomb Iridates
B-LixlrO3  y-LialrOs

Pyrochlore Iridates (bulk and film)
R2lrO7

Hyper-kagome Iridate:
Naslr3Osg



Iridates:
New Platforms for Discovery
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5d orbitals of Ir*: large spin-orbit coupling
Ir*+ = [Xe] 4f'4 5d°
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5d orbitals of Ir*: large spin-orbit coupling

Ir4* = [Xe] 44 5d°
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5d orbitals of Ir*: large spin-orbit coupling

4+ — |4 5
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Strong Spin-Orbit Coupling
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5d orbitals of Ir*: large spin-orbit coupling
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5d orbitals of Ir*: large spin-orbit coupling

4+ — |4 5
Ir [Xe] 4f'* 5d ProgLlie=2Prag = _inl

g — e = - - - - - -
57 A Energy
L= 1ohay = V2 > Jer=1/2
‘\\\ eff — v ,—'C—.—’
- 300000
% Jef= 3/2
, , Jerf=3/2
Crystal Field Spin-Orbit
Coupling

s) Hlyz,ls) + 2y, Ts

Sr2IrQOs4 is a Spin-Orbit
—lyz,Ts) + 2y, ls)) | Mottt Insulator




5d transition metal (Ir) oxides
d Moderate strength of U —3% Mott Insulator

1 Strong Spin-Orbit Coupling —> Clever way to lift
the orbital d |
Avoid Kugel-Khomski € orbital degeneracy

+ Large quantum fluctuations —» Quantum Spin Liquid ?
for Jefs=1/2 moment

1 Doping half-filled Jeft=1/2 band —3» High T. Superconductor ?

4 Small Charge Gap Weak Mott Insulator
Often close to a Metal-Insulator Transition

1 Strong Spin-Orbit Coupling —% Often semi-metal or
could be a Topological Insulator

1 Sensitive to Strain/Lattice —3 sensitive electronic properties



Bulk materials: layered perovskites
The Ruddlesden-Popper Series: Sry,,Ir,01,3,
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Bulk materials: layered perovskites
The Ruddlesden-Popper Series: Sry,,Ir,01,3,




Bulk materials: layered perovskites
The Ruddlesden-Popper Series: Sry,,Ir,01,3,




Superconductivity in doped Sr.IrO; ?

Multi-orbital interaction may be important |




Superconductivity in doped Sr.IrO; ?

Multi-orbital interaction may be important !
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Superconductivity in doped Sr.IrO; ?

Multi-orbital interaction may be important !
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Electron doping on the surface: Sr2IrO4
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Intensity (arb. unit)

Electron doping on the surface: Sr2IrO4
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Hallmarks of the Mott-metal crossover in the
hole-doped pseudospin-1/2 Mott insulator Sr,lrO,4

Yue Cao'", Qiang Wang'T, Justin A. Waugh', Theodore J. Reber!", Haoxiang Li', Xiaoging Zhou’,
Stephen Parham' S.-R. Park!2, Nicholas C. Plumb3, Eli Rotenberg4, Aaron Bostwick®, Jonathan D. Denlinger4,
Tongfei Qi°, Michael A. Hermele!, Gang Cao> & Daniel S. Dessau’

Here we investigate the evolution of electronic structure and dynamics of the hole-doped
pseudospin-1/2 Mott insulator Sr,lrO4. The effective hole doping is achieved by replacing Ir
with Rh atoms, with the chemical potential immediately jumping to or near the top of the
lower Hubbard band. The doped iridates exhibit multiple iconic low-energy features

previously observed in doped cuprates—pseudogaps, Fermi arcs and marginal-Fermi-liquid-
like electronic scattering rates.
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Pyrochlore Hyperkagome
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Brief Introduction:
Topological Phases
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Broken-Symmetry Phases

"Measure” Order Parameter experimentally to
determine the broken symmetry

Lev Landau

X-ray: Crystal Structure, Neutron: Magnetic Structure,

Charge Density Modulation Spin Density Modulation
Landau Order Parameter allows €9 Crystal Structure
the classification of Magnetic Order

different broken-symmetry phases Superconductivity



Order is boring ?  from Matthew P. A. Fisher




Beyond Landau Paradigm !
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Topological Phases



The First “Topological Insulator/Phase’:
Integer Quantum Hall States
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Edge states are “half" of the low energy
excitations in a 1D electron gas

large distance
E < g >

Edge states

Position Potential

B. I. Halperin 1982

The boundary chiral edge states cannot be realized in
a stand-alone 1D electron system



Topological Invariant
Semiclassical Dynamics of electrons

hk = —er X B
= h 'Vie, (k) — k x B, (k)

Bloch states 1 (r) = "™ uy, 1 (1)
Berry Gauge Field A, = (up x| — iVk|unx) Bn =Vk x A,

1
Net Berry Flux is the Chern Number (), = o /ko B?

The total Chern number of occupied states is
an integer topological invariant, and gives the Hall conductance

2
Ozxy — % Z Chn TKNN fOf'ﬂ'\UlC( 1982
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Topological Phases of Matter

Cannot be fully characterized by
a local order parameter
such as magnetization in magnets

Cannot be transformed to "simple phases”
via local perturbations/operations
without going through phase transitions

Often characterized by a variety of
"Topological Properties” or "Non-local Properties”



Intrinsic Topological Phases (Gapped Phases)

Topological Phases

No "Path”
(Local unitary transformations)
without closing the bulk gap

“simpl n  (fully characterized by local order
Simple thSZS parameter/information)

Quantum Hall States
Spin Liquids
(correlated quantum paramagnetic state)



Intrinsic Topological Phases (Gapped Phases)

Quantum Hall States

Non-trivial ground state degeneracy:

v =1/3 quantum Hall state has “3” degenerate
ground states on torus, but “|” on sphere

Non-trivial boundary states:

Edge state is a chiral Luttinger Liquid

N 1_ o o IT I . I . . ‘l" L 162
on-trivial fopological invariant: sy = 5~

Non-trivial excitations:

Fractionally charged e/3 Laughlin quasi-particles



Intrinsic Topological Phases (Gapped Phases)

Spin Liquids ~ Quantum Paramagnet (S) =0

Correlated insulator with no broken translational symmetry

Resonating Valence Bond state (RVB);
Superposition of Valence Bond coverings

P.W.Anderson

Rokhsar-Kivelson

‘RVB> — %{; Avb|vb> QL(IT»_HT» Valence Bond

V2



Construction of a Spin Liquid

m BCS superconductor (L x L lattice)

average number of electrons per site = one (Half-filled)

g(r —r’) & Cooper pair wave function

I'—I'/ CJr CT
BCS wave function |BCS) oc g2 907 )ty

0)

= RVB wave function |RVB) = Pg|BCS) «x »  Ay|vb)
vb

Pc exactly one particle per site; freeze charge fluctuations
Hubbard U — oo in Un;ingy
Ayp = H g(r —r’)

all valence
bond (r,r")

lvb) valence bond covering



Degenerate Ground States

N Lo

N N~

RVB) = Pg|BCS) |RVB') = Pg|BCS')

(RVB|RVB'Y — 0 in the thermodynamic limit

No local measurement can distinguish these phases



Short ‘Coherence Length’ Limit

1
leven) = 5(\RVB>

[RVB'))  |odd) = S(|RV B) — |RVB’))

1
2

TWO topologically distinct valence bond coverings

Intersecting
even number
of dimers

| | Intersecting

~ | odd number
B w ~ v of dimers
~ —

Non-trivial ground state degeneracy



Short ‘Coherence Length’ Limit

1
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“Symmetry-Protected” Topological Phases
(Gapped Phases)

Topological Phases

No Symmetry-
Preserving "Path”
without closing
the bulk gap

Symmetry-
Breaking "Path”
without closing

the bulk gap

"simple phases”

Topological Band Insulator
(e.g. time-reversal symmetry)



Topological Band Insulator

2D time reversal invariant band structure has
a Z2 topological invariant

Trivial Band Insulator Topological Band Insulator

k=Aa k= b k= k=Ab

C.L. Kane, E. Mele, L. Fu  B. A. Bernevig, T. L. Hughes, X.-L. Qi, S. C. Zhang ....



Topological Band Insulator

2D time reversal invariant band structure has
a Z2 topological invariant

Trivial Band Insulator Topological Band Insulator
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3D Topological Band Insulator

In 3D there are four Z, invariants: (v; vivevs)
characterizing the bulk.
These determine how surface states connect.

WA E.
v = 1: Strong Topological Insulator f<
Fermi surface encloses odd number of Dirac points N

¢ ®
v = 0 : Weak Topological Insulator

-
Fermi surface encloses even number of Dirac points

L. Fu, C. L. Kane Non-trivial boundary states
J. E. Moore, L. Balents

R. Roy Non-trivial topological invariant




Symmetry-Protected Topological Phases
with Interactions

Recent theoretical activities focus on “interacting”
versions of Topological Insulators
(not possible without interactions)

Requirement: No bulk topological order
(bulk is gapped and trivial, just like non-interacting TI)

Surface States: Gapless, or break symmetries, or has
intrinsic topological order (even though bulk is trivial)

D-1 dimensional surface states in D dimensional
interacting TI cannot be realized in a stand-alone D-1
dimensional system !



