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Topological phases of quantum matter

GaAs: 2D electron liquid
Graphene: Dirac liquid

Quantum Hall effects Topological insulators, top. crystalline insulators

Quantum Hall effect
- Precise quantization of
- Chiral edge states

�
xy

Topological insulators (3d)
- Precise          coefficient 
- Chiral odd-# Dirac surface states

⇥ = ⇡~E · ~B



(Bi,Sb)2Te3 film doped with Cr or V atoms
Ferromagnetic Tc ~ 10-15K

C.Z. Chang et al, Science 2013 (Xue group, Tsinghua)
C.Z. Chang et al, arXiv (M. Chan + J. Moodera groups, PSU/MIT)
A. J. Bestwick et al, arXiv (Goldhaber-Gordon group, Stanford)
A. Kandala, et al, arXiv (N. Samarth and C.X. Liu groups, PSU)

• Consider TIs near a band inversion transition (e.g., thin films)
• Breaking time-reversal strongly with dopant magnetization: QAH effect
• Spin orbit coupling is crucial

R. Yu, et al (Science 2010) Surface Dirac fermions get gapped

Quantum anomalous Hall effect 
Magnetically doped topological insulators

⇠ 10�4 h

e2



Bands in Crystals – Momentum Space Topology

2D Brillouin zone: Torus

Two-Band System

H(k) = ~d(k) · ~�
E±(k) = ±|~d(k)|

“Bloch sphere”

k-space energy bands:

Sample boundary: Change of topology leads to gapless edge states

d̂(k)

pseudospin

: Information about wavefunction

Crystal momentum

Topological invariant (Chern number)
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Strong correlations can drive new phases of matter

High temperature superconductivity Colossal magnetoresistive oxides



• Band topology - momentum space, global
• Strong correlations - real space, local

• How can we bring together strong correlations and band topology?

• Can strongly correlated materials display topological bands?

• Can we get new types of many-body topological properties?

• Does the interplay lead to new magnetic interactions and phases?

• What happens at an interacting topological transition?

Topology meets Strong Correlations



Research interests

Graphene, TM dichalcogenides:
How to endow them with nontrivial
topological character?

Quantum phase transitions (QPTs):
What happens at topological phase
transitions?

Quantum magnetism and spin liquids:
Are there materials with spin liquid 
phases and topological order?

Transition metal oxides
and heterostructures:
Can they realize correlated
topological phases?
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Ciaran Hickey
(PhD: Univ. Toronto)

Discussions:  Bruce Gaulin, John Greedan, , Y. B. Kim, M. Randeria, N. Trivedi, 
Pat Woodward, S. Trebst, G. Chen, L. Balents, S. Sachdev

Collaborators



(1) Strong correlations

- Brink of Mott localization or deep Mott insulator regime
- Common in 3d oxides: Kinetic energy ~ Interactions
- “High” energy/temperature scales for correlations/magnetism



(2) Band topology

- Nontrivial band topology: SOC + conducting electron fluid
- Strong SOC needs heavy elements
- Expected in 4d/5d oxides (eg: Rhenium, Osmium, Iridium)

Increasing 
SOC



Layered complex oxides of 5d transition metals
Engineering topology + correlations in solids

t2g

eg

Strong correlation effects needs narrow bands

D-orbitals
(5x2=10)

(3x2=6)

(2x2=4)

j=1/2
(2)

(4)
j=3/2

Spin orbit coupling can cause band narrowing!

Crystal
Field

Spin orbit
coupling



LaAlO3/SrTiO3 interface [100]
H. Y. Hwang, J.M. Triscone, J. Mannhart, 
R. Ashoori, K. A. Moler, ... 
Basic physics: Magnetism + Superconductivity
Applications: Write/Erase circuits using electric field

H. Takagi group (APL 2015)
3d/5d Superlattices along [111]

3d-3d Superlattices along [111]

Quantum Wells, Modulation Doping
S. Stemmer group (UCSB)
Confined 2DEGs, high mobilities, magnetism

Prediction of topological insulators in simple TMO bilayers

Oxide heterostructures and superlattices
Engineering topology + correlations in solids



Double	Perovskites:	Mixing	correlations	and	SOC

General formula: A2BB’O6 (B,B’ = 3d, 4d, 5d)

Metallic systems
B: Magnetism and B’:Conduction electrons
. Half metallic ferrimagnets (eg:Sr2FeMoO6, TC= 420K)
. Large polarization: good for spin injection
. Interplay of Magnetism, SOC, Metallicity

Mott insulators
B=magnetism, B’=inert or magnetism
. Well isolated TM-oxygen octahedra
. Frustrated fcc lattice (eg: Ba2YReO6)
. Unusual spin-orbit coupled liquids?
. Insulating ferrimagnets (eg: Sr2CrOsO6, TC=725K)Layered along [111]



Single	atom	physics
Nominal valence: Ba2(2+)Fe(3+)Re(5+)O6(2-)

Sr2(2+)Fe(3+)Mo(5+)O6(2-)

Fe(3+)

t2g

eg

Hund’s coupling > crystal field

S=5/2

Pt2g
~LPt2g = �~̀

Re: Spin orbit coupling in t2g (L=1)
(` = 1)

H
s.o. = ��~̀ · ~s

3d Mo(5+)

t2g

eg

SOC: λ ~100meV

4d

t2g
j=1/2

j=3/2



Single	atom	physics
Nominal valence: Ba2(2+)Fe(3+)Re(5+)O6(2-)

Sr2(2+)Fe(3+)Mo(5+)O6(2-)

Fe(3+)

t2g

eg

Re(5+)

t2g

eg

SOC: λ ~ 500 meV 
Hubbard U 
important

S=5/2

Pt2g
~LPt2g = �~̀

Re: Spin orbit coupling in t2g (L=1)
(` = 1)

H
s.o. = ��~̀ · ~s

Re: Interactions in t2g
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(Kanamori)

Mo(5+)

t2g

eg

SOC: λ ~100meV

4d

Hund’s coupling > crystal field



Double perovskites: Itinerant perspective

Hund’s coupling > crystal field

Mo(5+)

t2g

eg

4d

Origin of half-metallicity

Fe(3+)

t2g

eg
S=5/2

3d

hopping

D.D. Sarma, et al (PRL 2000); S. Di Matteo, G.Jackeli, N.Perkins (2003); G. Jackeli (PRB 2003);  P. Sanyal, P. 
Majumdar (PRB 2009); O. Erten, O. Nganba-Meetei, M. Randeria, N. Trivedi, P. Woodward, (2011, 2013)



Electronic model for Ba2FeReO6: Hartree theory

Comparing Hartree-corrected dispersion with LDA+U

G SX GY Z

Correlation on Re: Stabilizes half-metallic state
Keep only intra-orbital U
tFe-Re ~ 330 meV, U ~ 2.5eV, ΔCT ~ 1 eV
tRe-Re ~ 100 meV, Other hoppings small < 50 meV

B.C. Jeon, T.W. Noh, et al, (JPCM, 2010)A. Cook, AP (PRB 2013)

Fe

Re

Re



Incorporating SOC and Hartree Mean Field Interactions

Comparison with XMCD data

Sz (Fe) ~ +2.40  (i.e., 4.8 µB)
Sz (Re) ~ -0.15 
Lz (Re) ~ -0.09 
(Recall - L flipped in projecting to t2g)

Theory: (µorb/µspin) ~ -0.31

XMCD expt: (µorb/µspin) ~ -0.29

Sz (Fe) ~ +2.30  (i.e., 4.6 µB)
Sz (Re) ~ -0.78 
Lz (Re) ~ -0.48 
(Recall - L flipped in projecting to t2g)

Ordered J (Re) ~ 0.24 Ordered J (Re) ~ 1.2

Non-Interacting With Hartree

Important for correct msat = 3.4 µB

C. Azimonte, et al, PRL 98, 017204 (2007) A. Cook, AP (PRB 2013)



Consider rhenates 5d2

t2g
Orbital ⇥ Spin = 6

Solve “atomic” Kanamori interaction

• Weak interactions: Fill up j-manifold
• Strong interactions: Effective j=2 “spin”

Single	atom	physics:	Hund’s	coupling	and	SOC



Magnetic fluctuations in bulk Ba2FeReO6

Inelastic neutron spectrum

• Evidence for scattering at the magnetic Bragg peak
• Evidence for signal disappearing near magnetic Tc
• Confirm with Q-dependence of signal over wider range

- weaker at large Q, unlike phonons
K. Plumb, A. Cook, et al, PRB 87,184412 (2013) 

Y.J. Kim group



Zone boundary
energy ratio:

Experimental estimate

“Mean field” estimate

F/R

F/R ⇡ 1.6

Experiment Theory

F/R ⇡ 1.9

• Assuming F=2.1-2.3, find R ~ 1.3-1.4 (i.e., R>1)
• Indicative of orbital moments participating in dynamics
• Estimated Re-Fe exchange coupling ~ 3 meV

K. Plumb, A. Cook, et al (PRB 2013) 

Magnetic fluctuations in bulk Ba2FeReO6: Local moment perspective



Ultrathin double perovskite films

• What if we dimensionally confine the half-metal to 2D?

+2

• Bilayer: Buckled honeycomb lattice

Re: Triangular lattice



Ultrathin double perovskite films

• Triangular half-metal

t2g

Lz = 0 : d3z2�r2

L
z

= ±2 : d
x

2�y

2 ± id
xy

Trigonal splitting

Non-Kramers doublet

Dirac points at K: Inversion + “Time-reversal”
Quadratic band touching at Γ: C3 + “Time reversal”

S. Baidya, U. Waghmare, AP, T. Saha-Dasgupta (to appear)



“Orbital Dipoles” and the “Orbital Rashba effect” 

Fe

Re

kx=0

(+,kx>0) , (- , kx<0) (+ ,kx<0) , (- , kx>0)

Γ ΓM K
-0.2
0.0
0.2
0.4

E-
E F
(e
V
)

Inversion-symmetry breaking
• “Orbital Rashba” effect gaps out K Dirac point
• Half-semimetal
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Large gap quantum anomalous Hall insulator

QAH gap ~ 100 meV
Ferromagnetic Tc ~ 250-300 K

DFT calculations

Berry curvature

S. Baidya, U. Waghmare, AP, T. Saha-Dasgupta (to appear)

SOC

“Orbital 
Rashba”

SOC

Chern band C=1



Quantum phase transitions
B-field induced magnetic 
order in insulating TlCuCl3

Disorder tuned or B-field tuned
Superconductor-insulator transition

• Sharp change in ground state
with tuning parameter at T=0

• Finite T crossovers: “critical fan”

singlet

triplet

Quantum critical points in “gapped” systems

Can interactions drive new phases at topological critical points?



Quantum critical points in metals - “emergent” phases

1T-TiSe2

CeIn3

• Critical point involves Fermi surface reconstruction
• General overview: “Hot spots” on the Fermi surface 

could lead to new instabilities
(Metlitski, Sachdev, 2010; Berg,Metlitski, Sachdev, 2011)

N.D. Mathur et al, Nature 1998 (Cambridge)
+ Grenoble group results

A.F. Kusmartseva, et al, PRL 2009

C.Lester, et al, Nat. Mat. 2015



Can interactions drive new phases at topological critical points?

• QCP: Quadratic band touching
• Finite density of states
• Marginally relevant interactions 

C=2 C=0

• Single “hot spot”
• Single marginally relevant coupling

RG flow

K=0

K. Sun, H. Yao, E. Fradkin, 
S. Kivelson (PRL 2009)



Chern transition and “emergent” phases

ei2✓k
Breaks rotational symmetry
- Emergent “nematic order”

Interactions give rise to an emergent liquid crystal!

Quadratic band touching point 
splits into two Dirac nodes



Mott insulating double perovskites: FCC lattice iridates

Mott insulating double perovskites
A sublattice: Inert closed shell atom
B sublattice: Magnetic ion
• Atoms farther apart, suppresses delocalization
• Rich variety of fcc lattice Mott insulators 

Ba2YMoO6, Sr2YReO6, Sr2YIrO6, La2MgIrO6, …



La2ZnIrO6 , La2MgIrO6 [G. Cao, et al, PRB 2013]

• Insulating DPs, Zn2+/Mg2+ are nonmagnetic
• Ir4+ is in 5d5 configuration: j=1/2 moment
• Oxygen octahedra nearly perfect, small tilts/rotations

(G. Cao et al, PRB 2013; Battle and Gore, J. Mater. Chem 1996; 
Currie et al., J. Sol. St. Chem, 1995)

t2g
j=1/2

j=3/2
j=1/2 Mott insulator

Other well studied examples of j=1/2 Mott insulators
Perovskite,   Sr2IrO4 - B. J. Kim, et al, Science 2009
Honeycomb, Na2IrO3      - Y. Singh and P. Gegenwart PRB 2010 (“Kitaev material”)

Opportunity to explore magnetism of SOC moments on the frustrated fcc lattice  

Mott insulating double perovskites: FCC lattice iridates



Magnetic order and spin dynamics

T < TN T > TN

Band of gapped magnon excitations - Is this just a boring “Ising” model?

Magnetic order: Type I AFM
Θ/TN < 2 (weak frustration)

Inelastic neutron scattering (ORNL)



Magnetic Hamiltonian: Symmetry analysis of ideal fcc lattice

+

+

-

-

Ir

Honeycomb α-Na2IrO3/Li2IrO3
Jackeli, Khaliullin, Chaloupka (2011,2012) – Kitaev Hamiltonian
J. Rau, H. Y. Kee (PRL+PRB 2014) – Beyond Kitaev

Ir

Ir

IrIr Mg

Mg

MgMg

H. Ishizuka, L. Balents (PRB 2014)
A. Cook, S. Matern, C. Hickey, A. A. Aczel, AP (PRB 2015)

Hyper-honeycomb β/γ− Li2IrO3
Takagi group (2014), J. Analytis group (2014) – 3D Kitaev generalization
I.Kimchi, R. Coldea, A. Vishwanath (2014); E.K.H.Lee, Y.B.Kim (2014)

Hxz = JH ~S1 · ~S2 + JKSy
1S

y
2 ± �(Sx

1S
z
2 + Sz

1S
x
2 )

Hyz = JH ~S1 · ~S2 + JKSx
1S

x
2 ± �(Sy

1S
z
2 + Sz

1S
y
2 )

Hxy = JH ~S1 · ~S2 + JKSz
1S

z
2 ± �(Sx

1S
y
2 + Sy

1S
x
2 )

Kitaev++ models in iridate materials

2d/3d Honeycomb lattice: 
Kitaev model leads to a 
quantum spin liquid with 
topological order

Important conclusion: 
Uniaxial Ising interaction forbidden on ideal fcc lattice



Luttinger-Tisza phase diagram

A. Cook, S. Matern, C. Hickey, A. A. Aczel, AP (PRB 2015)

Small frustration parameter and measured order A-II suggests large JK>0



Spin dynamics

• Minimal Hamiltonian: “Kitaev model”

• Thermodynamic studies: JK ~ 24K

• Quantum order by disorder: Pins moments to point along Ir-O bond direction
• Magnon interactions important: Leads to a gap in the spin wave spectrum
• Incorporate weak second neighbor ferromagnetism

Classically: Spins can point 
anywhere in XY plane

Theory for La2ZnIrO6

JK ~  + 0.7 meV;  J2 ~  - 0.2 JK

Data for La2ZnIrO6

Heterostructures could realize engineered topological 2D Kitaev models



Summary

• 2D/3D double perovskites: Sr2FeMoO6, Ba2FeReO6
- Topological phases including emergent Chern bands 
- C=1 quantum anomalous Hall insulators

• Emergent nematic order at topological quantum critical points

• Mott insulating double perovskites: La2ZnIrO6, La2MgIrO6
- Spin Hamiltonian with unusual non-Heisenberg interactions
- Heterostructures might realize 2D Kitaev models: Topological physics?


