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Topological phases of quantum matter

Quantum Hall effects

. I
GaAs: 2D electron liquid J
25 Graphene: Dirac liquid

Magnetic field (T)

Quantum Hall effect
- Precise quantization of Oy

- Chiral edge states

Topological insulators, top. crystalline insulators
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Topological insulators (3d)
- Precise E - B coefficient © = 7
- Chiral odd-# Dirac surface states



Quantum anomalous Hall effect
Magnetically doped topological insulators

« Consider Tls near a band inversion transition (e.g., thin films)
« Breaking time-reversal strongly with dopant magnetization: QAH effect
« Spin orbit coupling is crucial
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Bands in Crystals — Momentum Space Topology

aky
-2 0 2

Crystal momentum

k-space energy bands: E,, (k)

2D Brillouin zone: Torus
Bloch wavefunctions: |y, (k))

Two-Band System

“‘Bloch sphere”

H(k) = d(k

cZ(k): Information about wavefunction

dk.dk, - .
/ 2d(k) - 9,d(k) x 9,d(k) |=» Topologicalinvariant (Chern number)

Sample boundary: Change of topology leads to gapless edge states



Strong correlations can drive new phases of matter

High temperature superconductivity Colossal magnetoresistive oxides
HgBa,CuO,,; YBa,Cus0g.; La,,,Sr,CuO, TI,Ba,CuOg,;
(Hg1201) (YBCO) (LSCO) (T12201)
Phase Diagram of La;_Ca,MnO;
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Topology meets Strong Correlations

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?



Research interests

Sr, La
Transition metal oxides
and heterostructures:
Can they realize correlated
topological phases?
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Graphene, TM dichalcogenides:
How to endow them with nontrivial
topological character?
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Quantum magnetism and spin liquids: pressure

Are there materials with spin liquid
phases and topological order?

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

Periodic Table of the Elements
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(2) Band topology

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

Periodic Table of the Elements

NNNNNN

Symbol

Name
Atomic Mass

4 5 6 7 8 9 10 1 12
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24

Ti V Cr Mn Fe Co Ni Cu Zn

m  Titanum  Vanadium  Chromium  Manganese lon  Cobalt Nickel Copper Zinc
47.88 50.942 51.996 54,938 55.933 58.933 58.693 63.546 65.39
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Engineering topology + correlations in solids
Layered complex oxides of 5d transition metals

Phase-Sensitive Observation of a
Spin-Orbital Mott State in Sr,IrQ,

B. J. Kim,»?* H. Ohsumi,? T. Komesu,® S. Sakai,>"* T. Morita,>* H. Takagi,>** T. Arima™>® SCIENCE VOL 323 6 MARCH 2009

Strong correlation effects needs narrow bands

(2x2=4)
S
D-orbitals =—— < O (2)
— Spin orbit -
(5x2=10) Crystal couplin — |=1/2
Field by —— <
(3x2=06) —— j=3/2
(4)

Spin orbit coupling can cause band narrowing!



Engineering topology + correlations in solids
Oxide heterostructures and superlattices
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LaAIO3/SrTiO3 interface [100]

H. Y. Hwang, J.M. Triscone, J. Mannhart,

R. Ashoori, K. A. Moler, ...  Tee e R o
Basic physics: Magnetism + Superconductivity o AN AN er
0 9

Applications: Write/Erase circuits using electric field

3d-3d Superlattices along [111] AIP Applied Physics |
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materials PUBLISHED ONLINE: 22 JANUARY 2012 | DOI: 10.1038/NMAT3224 Local electronic and magnetic studies of an artificial La 2 FeCrO 6 double perovskite

Benjamin Gray, Ho Nyung Lee, Jian Liu, J. Chakhalian, and J. W. Freeland

Exchange bias in LaNiO3-LaMnO; superlattices Citation: Applied Physics Letters 97, 013105 (2010); doi: 10.1063/1.3455323 B
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Prediction of topological insulators in simple TMO bilayers
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Double Perovskites: Mixing correlations and SOC

General formula: A,BB'Og4 (B,B’ = 3d, 4d, 5d)

Double perovskite lattice

J Sr
Q fe
2 Mo
° 0

Layered along [111]

Metallic systems

B: Magnetism and B’:Conduction electrons
. Half metallic ferrimagnets (eg:Sr,FeMoOg, 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: Ba,YReOg)
. Unusual spin-orbit coupled liquids?

. Insulating ferrimagnets (eg: Sr,CrOsOg, Tc=725K)




Single atom physics

Nominal valence: Ba,2*)Fe(3*)Re(>*)Q4(2")
Sr,(2YFe(tYMo(5Y)0Q4(2-)

3
Fe®Y  3( Mo®Y 44
ey H- 0, ——
S=5/2
e e
Hund’s coupling > crystal field SOC: A ~100meV

e

Re: Spin orbit coupling in ty; (L=1)
P, LP, =—{ (£=1) P
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_j=1/2
— =3/2



Single atom physics

Nominal valence: Ba,2*)Fe(3*)Re(>*)Q4(2")
Sr,(2YFe(tYMo(5Y)0Q4(2-)

Fe(3+) 3d Mo(5+) 4d Re(5+) 5d

Hund’s coupling > crystal field SOC: A ~100meV SOC: A~ 500 meV

Hubbard U
/ Important
Re: Spln orbit coupling in t,4 (L Re: Interactlons in ty,
Pt29 LPtQQ = —/ (E — 1) Hipng :U;naTna¢+ (U — 5— %nang
- —2Jy Y Sa-Sp+Ju Y didl dgdg .
HS.O. — _Ag ° S a<p aFp

(Kanamori)



Double perovskites: Itinerant perspective

Double perovskite lattice

Origin of half-metallicity

tg #F tog EIE

Hund’s coupling > crystal field

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 Ba,FeReOg4: Hartree theory

Correlation on Re: Stabilizes half-metallic state
Keep only intra-orbital U

trere~ 330 meV, U ~ 2.5eV, Ac71~ 1 eV

tre.re ~ 100 meV, Other hoppings small < 50 meV

G X S Y G Z o X S YGZ

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



Incorporating SOC and Hartree Mean Field Interactions

Non-Interacting

Sz

(Recall -

40 (i.e., 4.8 ug)
Sz (Re) ~ -0.15
z (Re) ~ -0.09

In projecting to t,Q)

Ordered J (Re) ~ 0.24

Comparison with XMCD data

With Hartree

Sz 0 (i.e., 4.6 ug)
Sz (Re) ~-0.78
z (Re) ~-0.48

(Recall - In projecting to t,Q)

Ordered J (Re) ~ 1.2

Important for correct mg,; = 3.4 ug

Theory: (Morb/Mspin) ~-0.31

XMCD eXpt: (Morb/Mspin) ~-0.29

C. Azimonte, et al, PRL 98, 017204 (2007)

A. Cook, AP (PRB 2013)




Single atom physics: Hund’s coupling and SOC

Consider rhenates 5d2

Orbital x Spin = 6 _

Solve “atomic” Kanamori interaction

- U-3Jy 4

J -
2 2 H 79
Hing 9 Niot — 2JHS:ot -

_§-l%ot

« \Weak interactions: Fill up j-manifold

e Strong interactions: Effective j=2 “spin”
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Magnetic fluctuations in bulk Ba,FeReOg

Inelastic neutron spectrum
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« 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)



Magnetic fluctuations in bulk Ba,FeReOg: Local moment perspective

Energy Transfer (meV)
=N W AW,
o O O o O O

Experim_et _

|
(a)

=l (o)

Theory

nle—6

Zone boundary
energy ratio: F /R

05115225 3 (1511 1.52 25 3
Q| (A1)

Experimental estimate
F/R =~ 1.6
10 “Mean field” estimate
s | F/R~19

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

* 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



Ultrathin double perovskite films

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

nature .
materials

LETTERS
Y 2012 | DOI: 101038/NMAT 3224

Exchange bias in LaNiO3;-LaMnO; superlattices

Marta Gibert'*, Pavlo Zubko', Raoul Scherwitzl", Jorge ifiiguez? and Jean-Marc Triscone'

M)

Local electronic and magnetic studies of an artificial La 2 FeCrO 6 double perovskite
Benjamin Gray, Ho Nyung Lee, Jian Liu, J. Chakhalian, and J. W. Freeland

Citation: Applied Physics Letters 97, 013105 (2010); doi: 10.1063/1.3455323

Re: Triangular lattice

Substrate




Ultrathin double perovskite films

 Triangular half-metal

L =0: d322—7“2

2
Trigonal splitting 04 ’
— 12 dy g2 tidy, 307
Non-Kramers doublet -
= 00
-0.2
r M K r

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

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



“Orbital Dipoles™ and the “Orbital Rashba effect”

0.4 -

| . %z 0.2
Inversion-symmetry breaking 2

« “Orbital Rashba” effect gaps out K Dirac point £ 0.0
+  Half-semimetal = 01
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“Orbital Dipoles™ and the “Orbital Rashba effect”

/‘\ Fe
o-©0
L\
| ‘_‘1“

0.4 -

Inversion-symmetry breaking 0.2

(eV)

« “Orbital Rashba” effect gaps out K Dirac point £ 0.0
+  Half-semimetal = 01

Y
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Large gap quantum anomalous Hall insulator

0.4 z
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& n
= 0.0
02
r M K I
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{2
r MK r

“Orbital

Rashba”
—

QAH gap ~ 100 meV

Ferromagnetic Tc ~ 250-300 K
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DFT calculations
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Berry curvature

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



Can interactions drive new phases at topological critical points?

Quantum critical points in “gapped” systems

Quantum phase transitions
B-field induced magnetic

order in insulating TICuUCl,

Disorder tuned or B-field tuned

Superconductor-insulator transition
12 ———

10}

3
- s
% e ;

20 25 30 35 40

FieldH [T]
triplet <

singlet

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

 Finite T crossovers: “critical fan”

tunable parameter



Quantum critical points in metals - “emergent” phases

Temperature [K]
- — N nN
8 8 8 8

3

Fermi liquid

temperature (K)

0 1
0

e — et 0

1 2 B o SIS 0.05
3 -— o
Pressure [GPa) 5 01 \ntercaiation (]
stforromagneti e A.F. Kusmartseva, et al, PRL 2009
10xTc
0
0 20 40 60
pressure (kbar . Sr. Ru O_,Bllc

N.D. Mathur et al, Nature 1598 (Cambridge) 02 S 2
+ Grenoble group results

—
a

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)

Temperature (K)

o
3

0
75 8 8.5
B(T)

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



Can interactions drive new phases at topolog

ical critical points”

b
o.qof ' c'zu(nf; a,_) Oay
t 0.1 ain g 20
‘5 A
e ' iE " « QCP: Quadratic band touching
Py VALL/AS - « Finite density of states
) - - /t 1.0 ] 1.0 ) . .
R A 1 — « Marginally relevant interactions
i 0.5
i C=0 Wi K. Sun, H. Yao, E. Fradkin,
T TR S. Kivelson (PRL 2009)
Aty
H=-Y tc c ,+A (nit—mnqy )+U AT
(i7) i 1 RG flow
2
2N ™ dr ul t1
Hlow % (t2+t1) k2 +r %tg (kx — Zky) @ =2r + 5 )
r 3+ (k V2 3 (f_p) 2 am /12 4+ t2/4
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— du  u? 1
- —
dt 6m\/tT +13/4

B _ _
Sim=1 | dr Z Yt (7)%ir (T)Piy (7)ir (1)

Single “hot spot”
Single marginally relevant coupling



Chern transition and “emergent” phases

Breaks rotational symmetry

1 . 7,29k » .
M= oo zk:(ckaoaﬁckﬂ) / v/- Emergent “nematic order
Ak — U — Umz U(mm —Zmy Quadratic band touching point
By — — i+ Um, splits into two Dirac nodes

Hume (k)= (D;-U(m$+z’my)

2.0

Hall Crossoyer ™"

Hall Crossoye;™

T/t 1.0

N

i
0.0 0 ¢r 1 2 3N 4
A/ty

Interactions give rise to an emergent liquid crystal!




Mott insulating double perovskites: FCC lattice iridates

Double perovskite lattice

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
Ba,YMoOg Sr,YReOg Sr,YIrOg La,MglrOg ...



Mott insulating double perovskites: FCC lattice iridates

La,ZnirOg , La,MglrOg  [G. Cao, et al, PRB 2013]

« Insulating DPs, Zn%*/Mg?* are nonmagnetic
« Ir**is in 5d° 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)

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

Other well studied examples of j=1/2 Mott insulators
Perovskite, Sr,IrO, - B. J.Kim, etal, Science 2009
Honeycomb, Na,IrO; - Y. Singh and P. Gegenwart PRB 2010 (“Kitaev material”)

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



Magnetic order and spin dynamics -

Inelastic neutron scattering (ORNL)

hw (meV)
o - N W &2 O O

hw (meV)
QO - NN W s O >

Magnetic order: Type | AFM
O/Ty < 2 (weak frustration) va

I

(&) LaaMgIrOg

T=15K

0.4

| (f) La:ZnlrOx

T=15K

0.4

0.8

1.2

Q (A

Band of gapped magnon excitations -

AFM A-II

T>Ty

hw (meV)
O - oW s, 00 O
T

0 04 08 12 16 2 24

81" (d) LasZnlrO¢ o o5
_5F T=20K =l B
> 4 0.6
&l
3 0.4
< 2

L 0.2

0 | | | | | 0

0 04 08 12 16 2 24 28
QA"

Is this just a boring “Ising” model?



Magnetic Hamiltonian: Symmetry analysis of ideal fcc lattice

0 ) /G Hyy = JuSi - S+ JicS7S; £ T(STSY + SYST)

+
H,, = JH§1 ' §2 + JrSTS5 £T'(SYS5 + S755)
H,. = JgS; S+ Ji 575y £ T'(S7S5 + S755)

+ \
Important conclusion:
Uniaxial Ising interaction forbidden on ideal fcc lattice

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

Kitaev++ models in iridate materials

P Honeycomb a-Na,lrO5/Li,IrO4
2d/3d Honeycomb lattice: Jackeli, Khaliullin, Chaloupka (2011,2012) — Kitaev Hamiltonian

Kitaev model leads to a J. Rau, H. Y. Kee (PRL+PRB 2014) — Beyond Kitaev
quantum Spin |IC|UId with Hyper-honeycomb f/y— LisIrO4

topological order Takagi group (2014), J. Analytis group (2014) — 3D Kitaev generalization
|.Kimchi, R. Coldea, A. Vishwanath (2014); E.K.H.Lee, Y.B.Kim (2014)



Luttinger-Tisza phase diagram

2.0
1.5
1.0

J_ 0.0 A=l AFM
" as (0,0,m)

1.0 IC-T Spiral

y 1.5 1.0 0.5 0 G5 1.0 15 20
Jk
AFM A-1 J‘_—I

Small frustration parameter and measured order A-ll suggests large Jx>0

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



Spin dynamics

« Minimal Hamiltonian: “Kitaev model”

(rr') 2y

(rr’)y.

(rr’) ;.

Hi = Jx » SiSi+Jx» SeSe+Jx » SYSy

Thermodynamic studies: Jx ~ 24K

Classically: Spins can point
anywhere in XY plane

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

- Data for La

| (f) La:ZnIrOx
T=15K

hw (meV)
QO - NN W s O

2ZNIrOg

\“\ " A\. -

Q (A)

1.2

Theory for La,ZnlrOg

(d) 6
5

_—

>4

hw (me

3
2
|
0

0.0

1.0

0.0

0.4 08 12 |.6 20
Q (A')
‘JK ~ + 07 meV, J2 ~ - 02 JK

Heterostructures could realize engineered topological 2D Kitaev models



Summary

2D/3D double perovskites: Sro,FeMoOg, Ba,FeReOg
- Topological phases including emergent Chern bands
- C=1 quantum anomalous Hall insulators

Emergent nematic order at topological quantum critical points
Mott insulating double perovskites: La,ZnIrOg, La,MglrOg

- Spin Hamiltonian with unusual non-Heisenberg interactions
- Heterostructures might realize 2D Kitaev models: Topological physics?



