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IN the Zeeman-spin-orbit sagas
Majorana, Dirac or Lifshitz?
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> Introduction: BCS-t0-BEC evolution

> Zeeman and spin-orbit effects in ultra-cold Fermi
superfiuids
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Conclusions

> heevolutien frem BES e BEC sUperiuids nitne presence ol Zeeman, spin:
ool fields andinieracions exiibiiiseveraliiopological phase iansiiens, Where
e symmensy e the supesilid erder paiameler dees not Change: Ui the
%opolcc)lgy Off EXCItatioNs’ and oi greund Stale Preperies Chiange achoss Phase
GURGEAIES;

> Such topological transitions belong te the Lifshitz class, where Dirac fermions
disappear at phase boundaries creating gaps in the excitation spectrum in
momentum space. In some of the phase transitions Dirac Fermions annihilate
leading to the emergence of bulk Majorana Fermions as guasi-particles
becomes massive.
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Some of our earlier work
on topological superfluids
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Thermodynamic properties in the evolution from BCS to Bose-Einstein condensation
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Quantum Phase Transition in the BCS-to-BEC

Evolution of p-wave Fermi Gases
S. 5. Botelho and C. A. R. Sa de Melo

JLTP 140, 409 (2005)

G. E. Volovik’s book “Exotic Properties of Superfluid 3He” (1992).




Main References for Talk

Evolution from BCS to BEC superfluidity in the presence of spin-orbit coupling

i Han and C. A. R. Sa de Melo
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Introduction: BCS-to-BEC evolution

> Zeeman and spin-orbit effects in ultra-cold Fermi
superfiuids
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BCS Pairing (g << Er or kra,~> 0)
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BEC Pairing (g >> E¢ or kca, > 07)

Weakly interacting
gas of tightly bound
“Cooper” molecules
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Scattering LLength
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BCS-BEC evolution in 3D
for s-wave IS |uSt a CroSSoVer.
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> Introduction: BCS-t0-BEC evolution
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> Zeeman and spin-orbit effects in ultra-cold Fermi
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Connection to the Lifshitz Transition
(Weakly or noen-interacting Fermi Systems)

Increasing Pressure

Change in topology of the Fermi surface
changes density of states and thus alters
thermodynamic properties.




Topological Invariants:
Gauss’ Law and Electric Charge
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d-wave Superconductors

Order Parameter A (K) = A (K2 = k,?)

K, = |k|cos6
ky = |K|sin®

Excitation Spectrum

E(K)I= [(g, = W)= A (K)[FTH
-J 21



E(k) = [(g, — w)? + A?K|? (cos?0 — sin?0)> 112

BEC (u < 0)
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> Introduction: BCS-t0-BEC evolution

4 Zeeman and spin-orbit effects in ultra-cold Fermi
superfluids
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3 MARCH 2011 | VOL 471 | NATURE | 83

LETTER

doi:10.1038/nature09887

Spin-orbit-coupled Bose-Einstein condensates

Y.-J. Lin!, K. Jiménez-Garcia"? & 1. B. Spielman’
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3 MARCH 2011 | VOL 471 | NATURE | 41

| ATOMIC PHYSICS | NEWS & VIEWS g Lie,

Atoms playing dress-up

The idea of using ultracold atoms to simulate the behaviour of electrons in new

kinds of quantum systems — from topological insulators to exotic superfluids and
superconductors — is a step closer to becoming a reality. SEE LETTER P.83

MICHAEL CHAPMAN & CARLOS SA DE MELO
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Zeeman and Spin-Orbit
IHamiltonian

Kinetic Energy Spin-orbit and Zeeman

Contact Interaction
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lgnore interactions first
and go to momentum space

Experimental Zeeman Spin-Orbit

Hyzso(k) = —h.o. — h)t, — herp(k)o,
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Two-level system
N Momentum space




Energy bands in helicity basis

§y(k) = K1 (k) + |heg (k)]

e () = (0200, D (), hy)

ERD

heff (k) - (01 ka’ O)

Can have intra- and
Inter-helicity pairing.




Energy bands in helicity basis

ERD

v =0.5vc and h,=0.3¢¢

Can have intra- and
Inter-helicity pairing.




Bring Interactions back:
Hamiltenian in initial spin basis
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Bring Interactions back:
Hamiltonian in the helicity basis
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Order Parameter: Singlet & Triplet

'Wm e (K) = (0, VK, )



EXxcitation Spectrum
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Excitation Spectrum (ERD)
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Ap(k) = Ag|hL(k)|/|heg (k)| =



Spectral Function (k, = 0, @ = 0)

1

| I_JLI
-1 0 1 2
kz /RF+




Topological invariant (charge)
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Need to Determine Phase Diagram

Controllable variables: h,, v, 1/(ka,), T

Some Optionsat T =0

a) L, versus h,
b) u, versus v
c) h, versus 1/(kca,)
d) P;.q versus 1/(k-a,)

Some Options at finite T

a) T versus h,

b) T versusv

c) T versus 1/(kea,)
d) P;qVversus T




For phase diagram need chemical
potentiall and order parameter
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1, and A, Versus interaction
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Criticall Polarization
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Momentum Distribution: (k.
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Conclusions
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GURGEAIES;

> Such topological transitions belong te the Lifshitz class, where Dirac fermions
disappear at phase boundaries creating gaps in the excitation spectrum in
momentum space. In some of the phase transitions Dirac Fermions annihilate
leading to the emergence of bulk Majorana Fermions as guasi-particles
becomes massive.
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