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Plan of the presentation

The context: Tight-binding Hamiltonian,
magnetic field and Peierls phase

The problem: Periodicity of the
Hamiltonian in quasi-1D and 2D systems
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The solution: Gauge invariance to obtain
practical and general formulas

B=VXA

A->A+Vy

An example: disordered 2DEG Hall bar
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Peierls phase

27 (R
Pmn = _/ dr - A(r)
R,

R. Peierls, Z. Phys. 80, 763 (1933)

Hon = (| A|hn) = j dr3 s (P H (r, —ihV) b (1)

In the presence of a magnetic field B=VXA(r) we operate the minimal substitution
AN P N I " e
#=p+-AF) - —ihV - —ihV+-A(r) ¥(R,)

A

The gauge freedom A(r) — A(r) + Vyx(r) entails ¢, = @ + CZD_TL' (Xn — Xm)
0

X(Rp)



2D

Hamiltonian periodicity

S

efficient numerical techniques
for electronic structure and transport

Bloch theorem (band structure)
[Zeitschrift flr Physik 52, 555 (1928)]

Sancho-Rubio algorithm (NEGF simulations)
[Phys. F: Met. Phys. 14, 1205 (1984)]

A homogeneous magnetic field B is periodic
but the vector potential A(r) is not !




Periodic 2D system

______________________ .| Lattice vectors: T, and T, Basis vectors: d,, d,...d,
o
N : . _
N Site/atomic positions: Rimim,=mi Ti+m, T, +d,
T TS
@ State at site R,-'mllm2 Hpim 1,m2>

Hamiltonian elements

Hi,ml,mz;j,nl,nz = (d)i,ml,mz |ﬁ|¢j,n1,n2) = j dT?’d)f(T - Ri,ml,mz)H(r; _ihv)d)j (‘l‘ - Rj,nl,nz)

Hamiltonian periodicity under translation by a generic lattice vector T, =5, T, +5s, T,

— — 3 ;
I,mq+S1,My+55;jn1+S1,Ny+5, — Hi,ml,mz;j,nl,nz - f dr ¢;(r_Ri,m1,m2_Tslsz)H(rr_lhv)¢j(r_Rj,n1,n2_Tslsz)



Periodic 2D system
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RN | Lattice vectors: T, and T, Basis vectors: d,, d,...d,
o
N : . _
N Site/atomic positions: Rimim,=mi Ti+m, T, +d,
TN
. @| Generic vector potential: A(r)= EB xXr+Vx(r)

Peierls phase for the Hamiltonian element H; ;. . .in, n, = e¥imumainanz Hyp i o

Rj nqny X (Rjnlnz) X (Rimlmz)

2T 2 |1
(pi,ml,mz;j,nl,nz - CPT dr ) A(r) — CPT [E B ' (Rim1m2 X Rjnlnz) + Xjnlnz _ Xim1m2]
0 0

Ri,ml,mz

Condition for periodicity: Pimy+s,ma+sz;jni+sino+s; — Piomymy;jngn, = 2mq



Periodic 2D system

Condition for periodicity:  ©; . 45, my+s,:jn1 4511045, — Pimymy:jngn, = 278GV S1,5, € L

. __> onlydependsonR;; n.

Xjni+sin+s, — Xjingn, — ERj,nl,nz ) (T51,52 X B)"' multiple of the quantum magnetic flux

N

Only depends on Ri’ml’mé/__)(i,m1+$1,m2+$2 + Xi,ml,mz + ERi,ml,mz ) (TS'l,SZ X B) . qCDO

2

If we write the translated gauge as

1
Xi,m1+51,m2+52 = Xi,ml,mz + EB ) (Ri,ml,mz X TS]_,Sz) + f(ll ml)mzl Sl) SZ)

then the condition is f(j,nq{,n,,s1,8,) — f(i,my,m,,81,8,) = q®y V i,j,my,my,ny,Ny, 81,5y

and then  f(i,mq,my,51,52) = f(S1,52)



Periodic 2D system

1

Xi,m1+51,m2+52 = Xi,ml,mz + EB ) (Ri,ml,mz X T.Sl,Sz) + f(Sl’ SZ)
& a
i sV 1
“ //c //Q = Xim{m, + EB ) (di X Tsl,sz) + EB ) (Tml,mz X Tsl,sz) + f(Sl'SZ)

51

m

N

1 1
le1+sl Mmy+s, — XLOO + ZB (d X Tm1 mz) + = B (d X T51 sz) + f(my + s,m; + 53)

Y

Y

' 4 A\ ) 1
— Xi,ml,mz T f(ml’ mZ) + EB ) (dl X Tsl,Sz) + f(ml + Sl’ mZ + SZ)

1
i fmy +s;,my +55) = f(my, my) + f(s1,52) + EB ' (Tml,mz X Tsl,sz)




Periodic 2D system

1
Xi,ml,mz = Xl,0,0 + EB ) (dl X Tml,mz) + f(mli mZ)

1
f(m<;51»m652) = f(mqy,my) + f(s1,52) + EB ‘ (Tml,mz X Tsl,sz)

1
f(sy+my,s5 +my) = f(s1,82) + f(my, my) — EB : (Tml,mz X Tsl,sz)

They must be the same modulo @,

B - (Tm1,m2 X TSl:SZ) = qq)o \4 mq,my,,S1,Sy € Z

Condition on the magnetic field

=) B (T; xT,) = ®(B) = qb,

quantized flux through the unite cell




Periodic 2D system

A simple choice is: f(m,,m,) = i%B - (myT{ Xxm,T,) = imlzmz qd,

General expression for the Peierls phase

A d;, xd; + (di + dj) X [(ny —my)T, + (np — my)T,]

(pi,ml,‘mz;j,nl,nz - _B ’ —_
D +(myn, —nym, +t nyn, + mym,)T{ xXT,

Generalization to quasi 1D systems with periodic terminals
oriented along different directions

—> see [Phys. Rev. B 103, 045402 (2021)]




Example of a quasi 1D system: a 2DEG Hall bar
2DEG - m* =0.067 m,-0=3Xx 1083 e/cm2 @ T=77.36 K

Six terminal Hall bar pristine or with moderate disorder

Simulation technique:

»

yL —4 100 nm
A potential profile

e discretized effective mass Hamiltonian

* Green’s function approach

* complex plane integration for equilibrium charge

0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

U (eV) [D.A. Areshkin and B.K. Nikoli¢, PRB 81, 155450 (2010)]
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Conclusion

 The obtained formulas for the Peierls phase factor that preserve the
translation symmetry of the Hamiltonian for periodic systems under
homogeneous magnetic fields.

 They allow the use of efficient numerical techniques for electronic
structure and transport simulation.

e This approach is simple, general and ready to use.

For more details and examples = Phys. Rev. B 103, 045402 (2021)

[ hank you fa/‘ your tond attention/
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