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Recently: Topological insulators (TR-invariant) 

Photoemission 

I(E,k)                   I(EF;kx,ky) 
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1988: QAH insulator (TR-broken) 
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Outline 

•  Quick review: QAH (Chern) 
insulators 

•  Realization on decorated magnetic 
surfaces? 
– Propose specific realization 
– First-principles calculations 
– Some success 
– Discuss problems and possible 

solutions 
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Berry curvature in the Brillouin zone 
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Anomalous Hall conductivity: 

Karplus and Luttinger; Sundaram and Niu 



ISSP Theory Seminar, Tokyo, June 7, 2013 

Berry curvature in the Brillouin zone 

⏐uk〉 

kx 

ky 

0 2π/a 

Ω 

FS 

Anomalous Hall conductivity: 



ISSP Theory Seminar, Tokyo, June 7, 2013 

kx 

ky 

0 2π/a 

Berry curvature in the Brillouin zone 
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“Chern number” or “TKNN invariant” 

Quantum Anomalous Hall: 
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J 

Ferromagnetic 
insulator E 

Quantum anomalous Hall effect 

Like integer quantum Hall, but no Bext 

σxy ≠ 0 
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String Berry phases for normal band 
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String Berry phases in QAH band 
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Quantum Hall effect 

•  Semiclassical picture: 

•  Quantum picture: 

Skipping orbits 
(edge states) 

σxy = e2/h 

exactly ! 

Chiral edge 
channels 
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Quantum anomalous Hall effect 

•  QAH insulator: 

σxy = e2/h 

exactly ! 

Chiral edge 
channels 

FM insulator 
(2D crystal) 

No Bext 



ISSP Theory Seminar, Tokyo, June 7, 2013 

Edge states: 2D QAH insulator 

C = +1 k 

E 

Conservation of charge  ⇒ chiral surface state 

J 

EF 
EF Edge current 
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Bulk-boundary correspondence 

Phase A Phase B 

(China) (Hong Kong) 
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QAH insulators 

•  “QAH insulator” = “Chern insulator” 

•  Quantized Hall conductance even in the 
absence of macroscopic magnetic fields 

•  Quite possibly at room temperature 

•  Usefulness: 
–  Precision measurement? 
–  Dissipationless “wires” for microelectronics? 
–  Magnetoelectric coupling? 
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Orbital MEC ↔ Surface dissipationless σxy 

E 

M 
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E 

How to build a magnetoelectric coupler 

QAH 
Insulator 

layers 
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How to build a magnetoelectric coupler 

E 

C 

C 

C 

C 

This can easily be 106 times that of Cr2O3 ! 
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Can QAH insulators be found? 

•  Requirements 
– Spontaneously broken TR (FM or FiM) 
–  Insulator 
– Strong spin-orbit splitting 

•  Prefer gap > 0.2 eV (Q Hall at Troom) 
•  Proposals 

– Magnetically doped TR-invariant TI’s 
– Magnetic adatoms on graphene 
– 2D adlayer on a magnetic insulator 
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Magnetic doping: Claim for QAH 

Observed 
below ~1K 
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Magnetic insulator 

M 

Magnetic insulator 
 -Breaks time reversal 
 -FM or A-type AFM 

Heavy atoms  
 -Large spin-orbit 

Advantages: 
 -Spins align automatically 
 -No doping 
 -Large gap insulators 
 -Large spin-orbit 

Disadvantages: 
 -Preparing surfaces is difficult 

Our strategy 

Au, Hg, Tl, Pb, Bi 

MnTe, MnSe, EuS 
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Our surface systems 

Pb 
Eu 
O FM 

Spins 

• MnTe or MnSe or EuO 
• Monolayer of heavy atoms 
• Direct contact with magnetic 
ions 
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Our surface systems 

Pb 
Mn 
Te 

A-Type 
AFM 
Spins 

• MnTe or MnSe or EuO 
• Monolayer of heavy atoms 
• Direct contact with magnetic 
ions 
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Our surface systems 

Pb 
Mn 
Te 

• MnTe or MnSe or EuO 
• Monolayer of heavy atoms 
• Direct contact with magnetic 
ions 

A-Type 
AFM 
Spins 
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Calculation Details 

  Quantum Espresso with OPIUM norm-conserving potentials 

  VASP PAW's 

  LDA + U 

− U=5 eV for Mn, 6 eV for Eu 

  wannier90 → Interpolation to compute Chern numbers 

  wannier90 post-processing code AHC1-2 

1Wang et. al. PRB 74 195118 (2006) 
2Wang et. al. PRB 76 195109 (2007) 
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Attempt I: One ML heavy atoms 

  6 layers MnTe 
  1 ML heavy atom 

  Directly on Mn 
  Polar surface 
  (Bottom: 1 ML iodine) 

Pb 

I 

Mn 
Te Spins 
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1 ML Tl on MnTe 
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1 ML Tl on MnTe 
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Surface Band Structure – Zoomed In 

C = 0 

C = 0 
C = 1 
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Three observations 

•  Non-zero Chern numbers are common 
–  Provided Ehop, ESO and Emag are at similar scale 

•  Bands are generically isolated in 2D 
–  SO + broken TR = no symmetry-induced 

degeneracies 
–  No accidental degeneracies 

•  Avoided crossing: H2x2 = f0 I + fx σx + fy σy + fz σz 
•  Degeneracy requires fx = fy = fz = 0   (codim=3) 

•  However, if Ehop is too large, there is no global gap 
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Result: 
  Bands tend to be flatter 
  Global band gaps are easier to find 
  But Chern numbers are typically all zero 

Attempt II: 1/3 ML heavy atoms 

? 
1 ML 1/3 ML 
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   Γ                    M             K                     Γ                    K'  

1/3 ML Bi on MnSe 
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Attempt II: 1/3 ML heavy atoms 
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Attempt III: 2/3 ML honeycomb 

Top view Side view 
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2/3 ML of Pb on MnTe – spins along x 

• Bands still too dispersive 
• Metallic 

  K                         Γ                  M                            Γ                          K' 

E – EF (eV) 

AH
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2/3 ML of Pb on MnTe – spins along z 

C=-1 

C=-1 
C=0 

•  EF is in gap of 36 meV with C=-1 
• This is a QAH insulator! 
•  Even larger global gap (>0.2eV with C=-1) above 

  K                         Γ                  M                            Γ                          K' 

E – EF (eV) 
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C (e
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Can we align spins along z? 

EuO (FM) 
•  Rocksalt structure 
•  Our surface is a (111) surface 
•  Spins prefer (111) directions 
•  Anisotropy is weak 

Possible approach: 
•  Apply a weak Bext to fix spin direction? 
•  But not very satisfying… 
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Can we align spins along z? 

MnTe (A-type AFM) 
•  NiAs structure 
•  Our surface is  (0001) 
•  Spins prefer to lie in-plane! 

“That’s a bummer” 
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Can we align spins along z? 

MnSe (A-type AFM) 
•  NiAs structure 
•  Our surface is  (0001) 
•  Spins prefer to lie in-plane at equilibrium 

strain conditions 
•  But lie out-of-plane if… 
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Can we align spins along z? 

Lattice Constant (Angstrom) 
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Critical 
compressive 
strain ~ 2% 
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Search for Chern Insulators 

Strained 
    -2% 

For 
spins 
along 

z 
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Bi/Br on MnSe:  142 meV gap 

E 
– 

E F 
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C = +1 

C = 0 
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Our champion to date 



ISSP Theory Seminar, Tokyo, June 7, 2013 

PbPb I on MnSe:  56 meV gap 
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Another good candidate 

C = -1 
C = -3 

C = -1 
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Summary of strategy 

  Heavy atoms + magnetic substrates 
-  Isolated bands 
-  Typically have Chern numbers 
-  Problem is to find global gap 

  First principles verification 
-  For model structures, gaps of at least 0.14 eV 

are possible 
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Problems with our surfaces 

•  We prefer magnetic easy axis normal to surface 
–  See earlier discussion 

•  Surfaces studied in current work have not been 
checked for thermodynamic instability 
–  Atoms are relaxed etc. 
–  But does metal layer wet? 
– Does desired coverage lie on convex hull? 
– Do surface reactions occur? 

•  Low-T growth might result in metastable 
structures… 
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Problems with our surfaces 

•  Adatoms (Pb, Bi) prefer (+) oxidation states 
– We are putting them in contact with magnetic 

cations (Mn or Eu), also in (+) oxidation states 
–  This may not be realistic for thermodynamic 

stability 
Possible solution: 
–  Coadsorption of anions (I, Br, …) 
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Surface search strategy? 

•  Find other surface systems? 
–  Prefer spins normal to surface 
–  FM, or AFM with uniform surface spins 
–  Thermodynamically consistent with heavy-

atom overlayers 
•  Experiment 

–  Confirm ordered overlayer structure 
– Metallic?  Measure σxx, σxy … 

–  Insulating?  Measure σxy! 

•  Work hand-in-hand with theory… 
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Summary and conclusions 

•  QAH insulator state 
–  Predicted in 1988 
–  Possible discovery in 2013 
–  Seek large-gap examples for robust Troom 

operation 
•  Proposal for experimental realization 

–  Heavy adatom layers on magnetic insulators 
–  Proof-of-concept from first-principles calculations 
–  Experimental realization still challenging 


