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Hall Effects: The big picture
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Chiral edge currents
associated with QAHIs 

in dissipationless
electronic circuits is

of potential use.Requisite: Intrinsic nonzero Berry curvature



  

For practical usage one would like to:

 Boost the temperature scale for QAH effect 
[Use d-electron systems rather s or p electron based systems.] 

 Engineer a large topological band gap

 Avoid possible dopant or adatom-induced inhomogeneities by 
considering stoichiometric composition 

[Doping TR-invariant TIs with magnetic atoms (Chang et al, Science 2013),   
Magnetic atoms on graphene (Qiao et al, PRB 2010 ), heavy atoms with large 
SOC on magnetic substrates (Garrity, PRL 2013)]



  

Interface Engineering of QAH effects ?Interface Engineering of QAH effects ?

Combination of
buckled honeycomb 

structure together with
SOC can give rise
to 2D time reversal

Invariant TI.

Xia et al, Nature Commun. 2, 596 (2011)

MOTIVATION

Theoretical Prediction:

Bilayers of Perovskites grown along [111]



  

Spintronics: Sr
2
FeMoO

6 
(Nature, 1998; PRL 2000)

Multiferroicity: Bi
2
NiMnO

6 
(JACS, 2005)

Magnetodielectric: La
2
NiMnO

6
, La

2
CoMnO

6
 (Adv Mater 2005; 

PRL 2008; PRB 2008)

Magneto-optic Devices:
Sr

2
CrWO

6
, Sr

2
CrReO

6
, Sr

2
CrOsO

6
 (APL, 2008)

Diversity of Applications:Diversity of Applications:

Double Perovskites

                      

: A
2
BB'O

6

Doubling of unit cell
(A

2
B

2
O

6
) 

Replacing one of B by B’
Ordering of B/B’

 Perovskite: ABO
3

O



  

3d-4d/5d Double Perovskites

   . .  78,  134431 (2008)Mandal et al PRB 78,  134431 (2008)

 MR behavior of all the SFMO thin films 
       at room temperature.

Sr
2
FeMoO

6
: K-I. Kobayashi, T. Kimura, H. Sawada, K. Terakura and

Y. Tokura, Nature 395 677 (1998)



  

Advantages of 3d-4d/5d DPs:

➢ 3d TM (B) can allow for a high energy scale for magnetism, while the 4d/5d 
TM (B') can feature strong SOC.

➢ Physical separation of ions hosting magnetism from those hosting strong 
SOC, avoids the issue related to interplay of correlation effect and SOC at the 
same site.

➢ Low energy physics is described by t
2g

 bands          suppresses JT (trivial Ins)

[Doennig et al, PRB 2016, (LaXO
3
)

2
/(LaAlO

3
)

4
 X = Ti-Cu]
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Ba
2
FeReO

6
 (BFRO) : Half-metallic (HM) ferromagnet 

with transition temperature of 304 K

Phys. Rev. Lett. 98, 017204 (2007).



  

Ferromagnetism is driven by hybridization 
driven mechanism as found in Sr

2
FeMoO

6

Sarma, Mahadevan, TSD, et al, Phys. Rev. Lett. 85, 2549 (2000)



  

Effective double exchange type model Hamiltonian  

   Fe3+: 3d5:   Hund’s rule:  Large (classical) spin S=5/2 : Site-localized.  

   Re5+:  4d2: Mobile electron: gives rise to metallic behavior.

   Ferromagnet:   Stotal= 3/2

2-sublattice Kondo lattice Hamiltonian :         Energy scales:    tFe-Mo, Δ=εMo-εFe, J   
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 Consider  quantum wells of a double perovskite (Ba
2
FeReO

6
) 

embedded in a wide band gap insulating oxide (BaTiO
3
)

[111] growth direction [001] growth direction



  

Signature of 1-D features in the density of states  Reduced dimensionality

Half-metallicity survives in the heterostructure geometries even for minimum  thicknesses!
Electronic Structure of Q.Wells 

[111] [001]

[BULK]



  

 Highly confined 2D electron gas

Confinement over unit cell thickness (7-14 Ao)



  

Marked Improvement at the level of confinement!

Complete spin-polarization of 2DEG

Polarity control of 2DEG



  

Band structure of [111] heterostructure

GGA GGA+SO 
[Topological HM band structure]

The (111) bilayer thus can be a quantum anomalous Hall insulator, if t1 and t2 
bands can be prevented from spanning a common energy window.

Nontrivial Chern numbers for 
t

1
 and t

2
 bands: -2, 2



  

TRY OVERLAYER-SUBSTRATE GEOMETRY



  

GGA electronic structure:

Gapped at every 
point except G (half 
semi-metal)

Half-metallic!

Band structure in minority spin spin

Quadratic band 
touching at G z!



  

QW Geometry
Overlayer Geometry

  BULK

BULK QW Overlayer

Fe 3.73 3.68 2.99

Re

Total

0.78

3.00

0.79

3.00

0.39

3.00

Bulk/QW : Fe3+(d5)-Re5+(d2)

Overlayer: Fe2+(d6)-Re6+ (d1)

Charge
Redistribution

Mag. Mom (m
B
)



  

GGA +SOC electronic structure:

Inclusion of SOC gaps out the QBT 

Large gap ~ 110 meV

C = 1 



  

3 band model derived from 5d Re t
2g

bands in reduced C
3
 symmetry

Dirac BT at hexagonal BZ corners and QBT at G

In-plane inversion symmetry breaking by localized 
3d Fe generates in-plane electric field that couples 

with  electric dipoles formed by +/- e
g
p doublets

Gaps out the  Dirac points at BZ corners.

 Orbital Rashba-type effect (PRL 2011)Orbital Rashba-type effect (PRL 2011)

Analysis of band structure: 3 band TB model

Introduction of SOC term  
gaps out the QBT.

  For right filling (d1 of Re), this leads to QAHI 



  

Strong SOC and trigonal distortion conspire to pin the Re moments to 
be perpendicular to the plane, leading to high FM T

c

DFT: J
Fe-Fe

 (bulk) ~ 1 meV [agrees well INS Phys. Rev. B 87, 184412 (2013)], 

   J
Fe-Fe

 (bilayer) ~ 3.5 meV

Monte Carlo 
(mixed Heisenberg-Ising):                     (even slightly higher than bulk!) T

c
 ~ 315K

H
Fe−Re

 = J
F-R 

S
i Fe,δ∈Fe,δ  S 

i
 z σ 

i+δ



  

Conclusions & outlook

Three Key IngredientsThree Key Ingredients

1. [111] Bilayers of half-metallic 3d-4d/5d DPs show a strong trigonal distortion,
favoring a non-Kramers doublet from t

2g
 states of 4d/5d TM in reduced C

3 

symmetry             bands in conducting spin channel features Dirac band 
touching at +/- K, and a QBT at G. z

2. Breaking of in-plane inversion symmetry by 3d TM ions gaps out Dirac points 
BZ corners (orbital Rashba effect)          for appropriate filling of 4d/5d this leads 
half semi-metal.

3. Strong SOC of 4d/5d TM ions gaps out QBT.  Strong SOC and trigonal 
distortion also conspire to pin 4d/5d moments perpendicular to the plane, 
maintaining high FM T

c 
even for bilayer.

Should be general [DPs like Sr2FeMoO6 (Tc - 420 K), Sr2CrWO6(Tc - 458 K)]



  

Thank YouThank You
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