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Majorana Fermion

Majorana Fermion: particle is its own antiparticle

Quantum statistics of Majorana Fermion: anyon

|‘F1\P2 >= le | LPZLPl >

Fermion: (Cj*)2 =c; =0 {c;.c}=5,




Majorana Fermion

Potential System Hosts for Majorana Fermion Bound States

*Neutrinos Majorana 1937

*Supersymmetry: photino; neutral gauginos; Higgsinos

Condensed Matter System: quasiparticles

*Quasiparticles in fractional Quantum Hall effect at n=5/2 Moore Read 1991
*Unconventional superconductors -St2RuO4 Das Sarma, Nayalk, Tewari 2000

*Proximity Effect Devices using ordinary s wave superconductors

-Topological Insulator devices F'u, Kene 2008
-Semiconductor/Magnet devices Sau, Lutchyn, Tewari, /das Sarma 2009

Current Status: Not Observed??

Current status: observed in nanowires (2012), but not unambiguously confirmed.




Majorana Fermion

Suggestion: Ultracold Fermionic Atoms near Feshbach Resonance

Question:  Full Microscopic Calculation ?

Signature for Majorana Fermion ?




2D trapped ultracold Fermi gas with SO coupling

Hamiltonian | 3y — [ dr[Hq(r) + Hi(r)]

Single- Particle Hamiltonian

Molr) = D wiHS (0o + [6]Vso(r)vy + He.
7=T,]

Vso(r) = —iA(dy + i)

HE = —h*V2/2M)+Mw?r/2—p—ho,

Interaction Hamiltonian

Hi(r) = Uu'r,ﬂ (1':]15"1(1':]1;}[ (r)eby(r)
Renormalization
/Uy +300 1/ (B2K2 i+ E) — m/(4xh?) In( By / E) E, =(0.915/7) exp(—+/2mh/(Mw:) /as)hw.

Dresselhaus SO Coupling -k, -0k,




2D trapped ultracold Fermi gas with SO coupling

MF BdG Equantion HpacV, (r) = E,¥, (r)
Bogoliubov Transformation | W, (r) = [uyy, un, v1n,vg)"
. ‘ Hi(r) Vsolr) 0 —A(r)
BdG Hamiltonian — Vio(r) M) A(r) 0
PET 00 A —HE() V()
—A*(r) 0 Vsolr) —HJ(r)

Gap Function AF)=-U, <¥, ¥, >

A = —(Uy/2) Zn[umv?‘nf(EuJ + ulnt"?nf(_Eﬂ)]

ng(r) = (]-IIQJZHHHJ??F f(Ey) + |1"mr|2 f(—Ey)]

Single Vortex

Liu, Hu and Drummond, PRA75, 023614(2007)

Alr) = A(r) g~ i¥

Quansiparticle wave function

[ty ()€™ up (1), v1g(r) €™ vy (r)]ef T /32




2D trapped ultracold Fermi gas with SO coupling

Majorana Fermion: Particle = Antiparticle 7 =7




2D trapped ultracold Fermi gas with SO coupling

Topological Invariants

Topological variants




2D trapped ultracold Fermi gas with SO coupling

Question: Does the Majorana fermion bound state exist?

S-wave interaction without SO coupling

u -V
E, >—E, { n}_{ } SO
v, u,

There is not gero mode when the Zeeman field h=0
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2D trapped ultracold Fermi gas with SO coupling

Ho(r) = Y vIHE(x)¢s + [1,-:‘{ Vso(r)¢| + H.u.] ‘
o=1.]
- . E(+)
helicity basis v (+)  w(-)
h>h, only E, (-) is occuped h, =+/i° + N S
E(-)
Dp-wave symmetry e  >cro 0de bound state
Two solutions
u, =V, [, =UCy +V,Cf +U,C, +V,C] n=l  wn=n
u, =-v, [y =U;C{ +V,C, +UC] +V(C, .= v, =7,

Majorana fermion: particle is its own antiparticle
Fermion operator

Yo =n-17 Majorana fermion is a half of ordinary fermion




2D trapped ultracold Fermi gas with SO coupling

Phase diagram
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2D trapped ultracold Fermi gas with SO coupling

Low-Lying Quasiparticle Spectrum

N=400, N, =60, M =120, E_,_ =40
T/y}/‘ee b}"ﬂﬂé‘be‘f ]/)}Zfb _f/ﬁg// ene}"g)} jpd[ﬂ/]g dppeﬂ}"f i EJE=0.1, 1k /E,=1.0, and WE=0.0
“Outer edge” state 0.34050000000583838800050308888535550050055]
“Tnner edge” state iy &
g 00 - T |
Wy o
Vortex: core GAGM state (garoli-de Gennes-Matricon) 0000000000500
0.3 00000000000 85202005@8888000000000oo0<;..
i iy T T T
Phase separation phase: “outer edge” and “inner edge” m

Topological state: “outer edge” and “GdGM state”

(| P —— ; P e T 0.4 T e e e e e . - Tt
i | ] ¥ ) i i b4 |
w@%lé’ogco-“gy o (@Lh=0SE. a® -; | (d) h=0.6E, !
Soo 00000 Oooo ! ] | i
00 o000 Cooog
0.2 } 29900000000, a0 000® 0000007 0.2 ’00000000000000 b g 00000000000099 7 0.2 pe°oec000oo00000000g00gto
0000000% 0000600500 ;0000 9u_cﬂ.;rc;oc' 0000000000000000000
=l taner edge X©_ _0pa90%%" CdGM
— v oo
0.0 s LAY S 0.0 Giiter cdae S608
. ado ) uter 800
&3] Outer edpe, o500 -::\ ZES rooawf’g%"' ZES
5000 Opnoﬂe oooogb00000000000a00,
0.2 lon°°°°°°° " 0o 021 ooooaooooom). c)\‘ooooooouooooc,o(m 0.2 oaoooooooooc oo aBono0000e ‘ 000000,
-0. £0600009° - 00000000000,] V< [2O°°0 9990000000000, 0] U< T 00000000000
0000 Q0000 ] \ Q000
@000y, ¥ [ ] i
- %0 i L} ‘I\ I :
-0.4 2220000907 ;00 - Q800000:904990230090000. 0.4 ey ey e e el e e e adeaand () 4 Beaiaincl e e Qatan e s DR e P RN LR0000 0]
-20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 - 5 10 15 20

0
m m m




2D trapped ultracold Fermi gas with SO coupling

Wave Function

a bond and anti-bond hybridization — u =v, and u,=-v

o o o o

quasiparticle tunneling energy splitting

PS phase: tunneling between two edge states
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Probing Majorana Fermion

Experimental Signature

spin-up and spin-down densities at the trap center

h=0.6E,

Ny (r)—nyy (1)

TS

TS

0.7




Probing Majorana Fermion

Experimental Signature
local density of state p.(rE)= % z[l u, S(E- En)+ v, [ S(E+ E, )]

p,(r0)edu,, (r)P=v,, (r)f

1f-spectroscopy
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Application:

Topological quantum computation using Majorana Fermions as qubits




1D trapped ultracold Fermi gas with SO coupling

Hamiltonian

H = /d;r.-e;f-'Jf () [’Hg‘f (z) — ho, + Meoy| ¥ ()

+91D / d,r?,.-f; (z) -a;i-'I () (x) 1y ()

Hi(x) = —(h?/2m)0?%/02* + mw?r? /2 —

giD — —Qh»z/(”m-m)

Rashba SO Coupling  « ok, —o k Dresselhaus SO Coupling -k, -0k,




Topological superfluid
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1D trapped ultracold Fermi gas with SO coupling

Phase diagram
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1D trapped ultracold Fermi gas with SO coupling
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Manipulating Majorana Fermions
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Manipulating Majorana Fermions

Magnetic impurity potential
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Manipulating Majorana Fermions

Gases

4OI<

SO Coupled ultracold atomic gases

Spielman’s group Nature Vol 471, 83 (2011)

H = /d;r-e;ﬁT (z) ['Hg (z) — ho, + Moy, | ¥ ()

+91D / dx 1'; () -a_-f-']: () Yy (z) 1y (x)




Open Question:

Topological quantum computation

SO coupled bosonic system

Topological supertluidity




