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The quantum spin Hall (QSH) effect is known to be unstable to perturbations violating time-reversal
symmetry. We show that creating a narrow ferromagnetic region near the edge of a QSH sample can push
one of the counterpropagating edge states to the inner boundary of the ferromagnetic region and leave the
other at the outer boundary, without changing their spin polarizations and propagation directions. Since
the two edge states are spatially separated into different “lanes,” the QSH effect becomes robust against
symmetry-breaking perturbations.
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Quantum Spin Hall Effect (QSH)

Theory:
Graphene GaAs with strain gradient
Kane and Mele, PRL 95, 226801 (2005) Bernevig and Zhang, PRL 96, 106802 (2006)

Experiments:

HgTe quantum wells thicker than d.(band inversion)
Bernevig et al., Science 314, 1757 (2006)
Konig et al., Science 318, 766 (2007)

Key ingredient:
Spin orbit interaction (SOI)

Time reversal symmetry (TRS) protected
Immune to non-magnetic scattering, but
sensitive to TRS breaking perturbations

Characterized by spin Chern number C,



Quantum Anomalous Hall Effect

Quantum Anomalous Hall effect created by TRS breaking
due to exchange fields in Hg, ,Mn, Te quantum wells

Liu et al., PRL 101, 146802 (2008)
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QSH with broken TR symmetry

Honeycomb lattice with TRS breaking due to exchange field.
Below a critical value band topology remains intact,
allows for magnetic manipulation of QSH

Yang et al., PRL 107, 066602 (2011)
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Hamiltonian including exchange field

Q>

H = Hy+ H,

Hy = vp(t.kyb6y + ky6y) + DE* + (Mo — Bk?)6.
Hl — (gOa-z ""_gl)%z 1
(G — GE)

Non-zero band gap if

91| < max(|Mo|, |gol)

Spin Chern number:
Cy = +1/2|sgn(B) + sgn(My + go)]

go = 0 BMy > 0: Cy = +sgn(B) QSH phase
0 | BMy<0: Cyr=0 insulator



QSH Sample

Mn breaks TRS
(backscattering)

Mn-doped

go = =(Gy — GE)
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increasing g, separates |6+ (0,y) ’2

‘Cb— (0, y) |2 spreads out (g,=0.2) and
localizes at y=I ke, =20



Edge states Il Cy = (Cy,C-)
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Separated lanes for + and -,
protection against backscattering



Numerical Model — HgTe QW

Randomly distributed Mn atoms, not fully aligned,
provides exchange field and scattering potential
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a=0
Mn spin orientation distribution Mean field recovers
F(s) ox =150 Hy = (909 + 91)7-

M/Mg = — (cosf,) = cothn — 1/n

vrp = 364.5 meV nm
B = —686 meV nm?
D = —512 meV nm?
My = 10 meV



What about backscattering? - Spectrum

Energy (meV)

Longitudinal momentum q_

¢ = doping concentration

I

Energy gaps vanish
(backscattering is quenched)

q.] =27/ L,



Numerical Model — Probability density
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EF — 4 meV



Conclusions

Use QAH and QSH with broken TRS to separate QSH lanes

Numerical testing shows robustness

- Thank you -



