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Topological properties

v/ : stretching, bending
cutting, joining




Topological properties

v/ : stretching, bending
cutting, joining

Concern the whole system (non-local)
Characterized by integer numbers
Robust
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® | andau:most states of matter may be
classified by the symmetries they break,

» translational (solids)

» rotational (magnets)

» gauge (superfluids)
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A topological insulator:

Hg-Te quantum well

Hg: Mercury

normal d Te: Telluride
insulator

Phase transition at d=di:
normal-to-topological insulator
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A topological insulator:

Hg-Te quantum well
normal d

insulator
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interesting..., but where?

Topological states predicted in:

® cond.mat. topological insulators

(quantum wells, bismuth antimony alloys, Bi;Ses crystals, ...)

® v=5/2 FQH state (Pfaffian)
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Outlook of my talk

T 2D p-wave SF

T1 2D s-wave SF

with n:#n,
and spin-orbit coupling




Why 2D?

Because in 2D particles have anyonic statistics
( anyons: any phase under exchange of two particles )

In particular, the statistic can be non-Abelian,
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A stable p-wave SF?

3-body losses at a p-wave Feshbach resonance
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A stable p-wave SF?

Ultracold proposals:

e ‘“dissipation-induced stability” in optical lattices (/)
(i.e., how to get no losses from large losses)

® time-dependent lattices 3%

®
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Bose-Fermi mixture

= bl % 364
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composite
fermions
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composite
fermions
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Effective Fermi-Hubbard model
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Effective Fermi-Hubbard model
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Spectrum on a lattice

(homogeneous system)

2D chiral (pxtipy) SF:  E(k) = /&(k)2 + Ap(k)?

Linear dispersion at the Dirac cones

H=-4t =0 M=4t
Two distinguishable topological phases for filling F<1/2 and F>1/2
13
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Spectrum with vortex

A0~t~ I On K (S U Pe Fr-eXxcCc h .) Energy E, of the quasi-Majorana mode

stora £ 3
pairing
The eigenstate with Eo<Ao
is a Majorana fermion. 1 02 03 04 05

Fermionic filling F

Low-lying spectrum: En=nWo
n=0,1,2,...
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Particle-hole symmetry of the BdG eqs.: {E,,, ¢, } < {—FE,,01¢:}. Then,if By =0, ug = v;

more details to be found in:
P. Massignan, A. Sanpera & M. Lewenstein, PRA 2010
14
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T1 2D s-wave SF

with n;#n,
and spin-orbit coupling




Ultracold atoms in
synthetic gauge fields

Proposals: Jaksch&Zoller, NJP 2003 “ adiabatic Raman passage

© adiabatic control of superpositions
Osterloh et al., PRL 2005 of degenerate dark states

Gerbier&Dalibard, NJP 2010 “ spatially varying Raman coupling

Bermudez et al., arXivli004.5101 “ Raman-induced transitions
to auxiliary states in optical lattices
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Tl fermions in
synthetic gauge fields
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Add attractive interactions

l

superfluid
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pectrum on a cylinder

(open b.c. along x)
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Topological phases
h=pt-H1

Chern numbers

to calculate with method from

2
“o‘ . J. Bellissard, condmat/9504030

0

d B

A=t
X=TT1/4
U=-0.5t[|cos(cx)|+|cos(B)|]

A. Kubasiak, P. Massignan & M. Lewenstein, arXiv:1007.4827
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Spin imbalance v:. pair breaking

without SO coupling:
analytic CC limit

(hcc = DNo/v/2)

with SO coupling;
self-consistent calculation of A
from the BCS gap equation

A. Kubasiak, P. Massignan & M. Lewenstein, arXiv:1007.4827
21
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Conclusions

® Ultracold SF fermions possess
non-trivial topological phases

® Optical lattices stabilized p-wave SF > FQH
P. Massignan, A.Sanpera & M. Lewenstein, PRA 2010

® T | fermions in non-Abelian gauge fields > QSH
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Bose-Fermi mixture

Ugr~0
1) Uss>0
2) Strong coupling:
B, IF <K Ugs ’ ‘UBFl composite
(bosons in n=| Mott state) fermions

24
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Bose-Fermi mixture

Ugr~0
1) Uss>0
2) Strong coupling:
B, IF <K Ugs ’ ‘UBFl composite
(bosons in n=| Mott state) fermions
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Bose-Fermi mixture

Uge~0

|:free fermions (F)

|) UBB>O ‘. > Il: F+B @®
: — = 1ll: F+2B @®
2) Strong coupling: LR T FH (Hole) ()

[ F+2H.
B, tF < UBB ’ ‘UBFl R A: attraction composite

R: repulsion

(bosons in n=| Mott state) fermions

Lewenstein, Santos, Baranov & Fehrmann, PRL 2004
24
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Spectrum on a lattice

(homogeneous system)

2D chiral (pxtipy) SF:  E(k) = /&(k)2 + Ap(k)?

with £ = —2t[cos(kza) + cos(kya)] — p and AZ = Ao[sm (kza) + sin®(kya)]

Linear dispersion at the Dirac cones

u=-4t u=0 | H=4t
Two distinguishable topological phases for -4t<p<0 and O<p<4t
25
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Spectrum with vortex

Bulk gap Ay and lowest energy eigenvalues at U=5t
1.5

Aﬂsatz . AZ] p— ij fieiwei

S A ke B RO i

w = £1 : vortex direction of rotation
f; : vortex amplitude at site i

6; : polar angle of site i

0.2 0.3
Fermionic filling F

Ao~t~10nK (super-exch.)

Low-lying spectrum: En=~nWo
n=0,1,2,...

The eigenstate with Eg<Ag
is a Majorana fermion.

Particle-hole symmetry of the BdG eqs.: {E,,, ¥, } <+ {—E,, 019} . Then,if Ey =0, ug = v}
26
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Spectrum with vortex

Bulk gap Ay and lowest energy eigenvalues at U=5t
1.5

Aﬂsatz . AZ] p— XZj fieiwe’i

S A ke B RO i

w = £1 : vortex direction of rotation
f; : vortex amplitude at site i | 02 03
6; : polar angle of site i Fermionic filling F

Ao~t~10nK (super-exch.)

Low-lying spectrum: Ex=nWo parng
n=0,1,2,...

The eigenstate with Eg<Ag

0.2 0.3 0.4 0.5

is a Majorana fermion. " Fermionic fling F

Particle-hole symmetry of the BdG eqs.: {E,,, ¥, } <+ {—E,, 019} . Then,if Ey =0, ug = v}
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E=0 wavefunction

Oscillating wavefunction with exponentially decaying envelope
uo has a maximum (node) in the core for w=-1 (w=1)

27
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~ Half filling

Zero-mode only on odd N*N lattices
d-wave checkerboard symmetry
w=1 state suddenly spreads close to the TPT

(Topological Phase Transition)

Chirality
Px+ipy

P. Massignan, A. Sanpera & M. Lewenstein, PRA 2010
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Edge states

Quantum spin Hall
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Degenerate pair of counter-propagating edge states
with opposite spins
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