Fractional Wannier Orbitals & Tight-Binding Gauge Fields
N
Kitaev Model with Flat Majorana Bands

K B Yogendra

Indian Institute of Science Bangalore

Engineered 2D Quantum Materials

ICTS
15-26 July 2024



Overview

d Low-energy tight-binding model for “fractional” particles in the background of
gauge potential

4 Flat bands, Wannier orbitals, and fractional Chern Insulators for Majorana fermions
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» Couple the ‘gauge’ & ‘matter’ sectors ---- ‘glassiness’ without any ‘disorder’ in the model

* The excitations have fractional statistics
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» The different Gauge sectors provide a platform to manipulate ‘fractional’ particles

0 How to construct a low-energy ‘effective tight-binding model’ for these fractional particles?

importantly, preserving the “flux constraint” in the original model

K B Yogendra Indian Institute of Science Bangalore 2



¥,-flux Superlattices in a Finite-field Kitaev model

H=1i z ]uijcicj + iK Z UjjUjrCiCk

<ij>, Kik>>

Z, — gauge operators: u;; = *1

Ui j Uik U UimUmn Uno = fluxin the plaquette 2 x2 configuration

 Various periodic Z; - flux configurations -- denoted by dxd

K.B. Yogendra , Tanmoy Das, Baskaran, PRB 108, 165118 (2023)
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* Nearly Flat bands for Majorana fermions -- like for electrons in Bilayer graphene at magic angles

* As d increases, the bands become more flat
ForK #0

ForK =0
I ‘_ DOS

00S

For 4x4 periodic configurations
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Effective Model

Herr = 0+(H+ H')f4

= Low-energy bands |p+, k) with projection operators p. H s the original Hamiltonian

U =1 olU 2 = —U
R RY RR{D™ TRV RP R R
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H' is selt-consistence super-exchange/ gauge’ potential

In the momentum space:
Hepr = Lnmr Za (Tt Zyy (K)

— plkr —
where, zg = e'*" and TRan, = Kp_pn/

‘Metric’ ~G,,,,v ~ Re (TRan,)
‘Gauge’ ~U,,,, ~ lm(TRan,)

Flux - Tr([1,, Unn')

Fixing TRan, with flux-preserving constraint — fixes 7,

K.B. Yogendra, G. Baskaran, Tanmoy Das, arXiv: 2407.12559
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Effective Model — example

« Wannier orbitals for Majorana fermions
v Used Maximally localized Wannier Functions (MLWFs) algorithm

v’ particle-hole symmetry is imposed on the trail functions for Wannier
Orbitals

« on the structure of unitary matrices of eigenstates

for Majorana fermions

t t

« Majorana orbitals ~ superposition of ‘electron + hole’ orbitals 4 x4 configuration
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 In k-space:
Quantum metric: G;; + (k) = % Tr(P(k){0;P+(k),9; Px(k)}); Pz = |Fn)Fn|

Bernevig et. al, PRL 128, 087002 (2022)

Berry Curvature: U;j +(k) = _?l Tr(P(k) [aiPJ?(k); dj P?(k)])

_ For 4x4 periodic configurations
* Invariants:

= (o, %dk i~ 0.85 | |
from Gij: G = [ez— 51" Gij; e dxd o+ o Ax4
2 ke dk x_»_zero-flux!i . zero-flux
% *:::::::::;::::::::::z::::::mm%mm
from U;;: C = [pz ; 2 U4,; (Chern number) ¥ "
2 " *x i
* il
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>>>>>>>
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 When the flatness ratio ( f =§) of the bandsislow  §:bandwidth  A: Gap

. Uniform Berry curvature U(k)

&

K =0.12

k,
« As f - 0, these Chern bands -- host ‘fractional Chern Insulators’ in the presence of interactions
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Daniel Parker, et al, arXiv:2209.15023
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6 > > T. Neupert et al. PRL 106, 236804 (2011)

E Tang et al; PRL 106, 236802 (2011)
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Gauge-Invariant Mean-Field Theory

— _. ! "
Hint = —iki XRaq i UrR, URR,URR, CaRCa’R, Ca’R,Ca’R;
3
— i
0= iKy Z <uR,Ri ca,Rca,R;>
i=1
3
Q= —ikg URR. URR: CaR.CalR'
1 1 (“RR;“R,R; “aR;“a'R})
i%j=1

4@ 2(Q
Honge = | et 0O ‘(ﬂzm)* ﬂl(o)*) ; Q= Gy/2
h.C }[eff(k+Q)

2 bands in Hegf(k) = 4 bands in Hyr(k)

the orbital weights of 2 bands get re-distribute to 4 bands = ‘Fractional Chern number’

K.B. Yogendra, G. Baskaran, Tanmoy Das, arXiv: 2407.12559
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Conclusions

0 Construction of topologically non-trivial flat bands for Majorana fermions

0 Wannier orbitals for Majorana fermions
= Tight-binding models conserving the flux present in the plaquette

0 Realization of ‘fractional Chern insulators’ for Majorana fermions in the presence of interactions
= Analytical understanding using Mean field theory
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