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p-wave BCS-BEC condensates:

Using identical fermionic atoms suppresses s-wave, leads to p-wave.

Could be in one of two possible regimes: p,+ip, (axial) or p, (polar).

Identical atoms with p-wave resonances prefer to be in the p,+ip,
regime.

BCS to BEC is a phase transition. For p,+ip,, it is a topological phase
transition.

BCS p, +ip, phase in 2D 1is a topological phase which supports non-

Abelian excitations and could be used for decoherence-free quantum
computing and quantum information storage.

Not yet clear if the p-wave superfluids can be made stable.




p-wave Feshbach resonance
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Weak vs strong: 62 Y R — Interaction range
e

v small — narrow — mean field theory applies
Y ~ 1/20 c, large — strong — there are nontrivial few body effects

(trimer formation).

CZNIO

2D Dimensionless parameter: g




The physics of the resonance
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Mean Field Approximation

e
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q,

B, = u, + v,

UaVy = 0

Substitute: <bap> — 5p,0Ba

<b07a> = B, is a molecular condensate, which

could be
1 0
Boa =B | t |, px + ipy phase Bo=B| 0|, pz phase
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Two phases of a p-wave spinless

superfluid
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Mean field theory
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1, = 0 phase transitions

Phase Bogoliubov spectrum aples>s 1801 ! u < 0
p* ? P .
— 212 — N
47 p? 2 p?
PP, | E, = (2— —,u) +4B% (p2+p?) | Px=0, py=0, o = H Gapped

Thus u=0 represents a quantum phase (BCS to BEC) transition

G. Volovik, (1993). L. Borkowski, C. Sa de Melo, (1999).

In case of p_+ip the transition is topological
P, Py polog

(G. Volovik, Universe in a Helium Droplet))
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p-wave condensates confined to 2D

p.tip, condensates, when confined to 2D, in the BCS

(but not BEC) regime, realize particles with non-
Abelian statistics.

N. Read and D. Green, PRB 2000
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Non-Abelian statistics

F. Wilczek, 80s
N. Read, G. Moore, 1991

X1

O Bosons: ¥ (x2, 1) = ¥(z1, x2)
®

o Fermions: ¥(x2,x1) = —¢(x1, x2)
p

Anyons: Y(z9, 1) = €%1(x1,22) (fractional statistics)

“non-Abelions”: ;(x2,x1) = ), Uijhj(z1, x2) (non-Abelian statistics)

Conditions for the non-Abelian statistics:
2D, gap, fractionalization

Footnote: proposals to realize quantum computing with non-Abelian particles. A. Kitaev (2001)
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BdG Equations 1n a
Superconductor

=% (alhija; — ajhijal + ailia; +

] 1, 7 stand for position, spin, etc.
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BdG Equations 1n a

Superconductor
]:[ — Z (&Ihwdj — CAL]thCALI —+ CAZZA,L]&] TAw z)
] i, 7 stand for position, spin, etc. hi =
AT =
hooa BdG Equations: Hy, = E
Af BT quations: Hv,, = E, ¢,
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BdG Equations 1n a
Superconductor

H = Z(Thwaj ahijal + @il + al Ayl )

] 7, J stand for position, spin, etc. hi =h
AT =
h A : . _
H = (N —hT) BdG Equations: H,, = E, 1,

Important symmetry:

0 1
01 = (1 O)' H* = —o1Hoq, Ho1y, = —orH™Y, = —E,011;.

Eingevalues come in pairs: ¢, F,; o019, —

M. Zirnbauer, 1996: Class D Hamiltonian

—A
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Zero modes 1n a superconductor
HYy =0 — Hoyp™ =0.

1%y = wé

Vo =Y+ o1 Yo =1(Y—o197)

*

" ( U ) Zero mode creation operator
O p—
U

A . *A /\T
Y= E U; A + U; Ay
i

Zero mode 1s a Majorana fermion

Stability of the zero modes: VG, L. Radzihovsky, PRB, 2007
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Breaking a fermion apart

Two Majorana = one

normal (Dirac) fermion ur) ~e |r_lr2|
Uo(r) ~ e 1
¢c= (M + 1Y) /2
o = (31 - i42) /2 o= [ @ [ (a(r) + ua(al ()
{¢,¢} =0
{éT’ é} =1

Thus a superconductor, via its zero modes, breaks
the fermions 1n half: the fractionalization
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2D, gap: p-wave p, tip,

superconductor
1 L A(r) (g —I—ia%) A(r)
2\ VA (- & +id) VA ) L+

A(r) = H f(r—rgy) gtarg (r—ra)
6" v > 0

N. Read, D. Green, PRB, 2000
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Relationship to Quantum Hall
Effect

IBCS) = H (up + vpaT_pasz) 0) Y(ry,ra,...) = (0| a(ry)a(rs:) ... |BCS)




16

Relationship to Quantum Hall
Effect

IBCS) = H (up + vpaT_pasz) 0) Y(ry,ra,...) = (0| a(ry)a(rs:) ... |BCS)

dy 0
Y (ri,re,...) = Alg(r1 —r2)g(rs —ra) .. ] g(r) = / (;ZW])?d ui oipr

. 1
u>0, 2D, Dz T 1Dy — g<T)N;
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Relationship to Quantum Hall
Effect

IBCS) = H (up + vpaT_pa]TO) 0) Y(ry,ra,...) = (0| a(ry)a(rs:) ... |BCS)

ddp Up 1pT
Y (ry,ro,...) =Alg(ry —ro)g(rs —ryg) .. ] g(r) = 2n) upe
1
p>0, 2D, po+ip, — g(r) ~—
1 1 1
¢(21>Z2,...,zN)=A[ ]
Rl — k2 23 — <4 ZN—1 — <N

One recognizes the Pfaffian (Moore-Read) state in the
quantum Hall effect.

. . . C. Nayak,
Thus non-Abelian statistics must follow. Wilezek, 1994

N. Read and D. Green, PRB, 2000
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Non-Abelian statistics

D. Ivanov, PRL (2001)
One fermion (two states —

either empty or occupied

S fermion) per two vortices

n .
272  states per n vortices

In this example, there are two fermions and
four states

Universal matrix of

— 10 vortex exchange

Y1 = | T> Y1 Y1 independent of anything

Yo = ¢ |0) Vortex exchange mixes these Yo [ Yo but the fact that vortices
_ — were exchanged.

Y3 = c,10) states Y3 Y3 ¢

a4 = cjch|0) P4 (17}
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Candidates to realize the Pfaftian
state

(« Quantum Hall Effect. At v=5/2, 1t 1s very fragile and

OH experiments are inconclusive.

* Rotating Bosons. Hard to rotate.

« Liquid *He. Must be in one of the more exotic phases to be
p.tip, , it 1s not clear how to manipulate its zero modes.

« SrRuQ,. Fierce debates whether it 1s a p-wave superconductor

SC at all, to say nothing whether it is p,+ip,, .

e P-wave Feshbach resonances. Known to be p,+ip, . Stability
of the p-wave molecules?
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BCS-BEC phase transition 2D
p.tip,condensate

2 2
Ep = J( P —u) +49°B2 (p2 + py)

2ma

In 2D, the spectrum is gapped at both u > 0
and u < 0, and gapless at u = 0.
w > 0tou < 01is a topological phase

transition

N. Read, D. Green, Phys. Rev. B 61,
10261 (2000)

G. Volovik, “Universe in a Helium
Droplet”
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BCS-BEC phase transition 2D
p.tip,condensate

2 2
Ep = J( P —u) +49°B2 (p2 + py)

2ma

|Q)=H[up—|—’upa a' MO)

In 2D, the spectrum is gapped at both u > 0 p
and n < 0, and gapless at u = 0. _
: s4p : Anderson’s ne + My = 2v™u
u > 0 to u < 0 is a topological phase pseudospin n, = ‘fu|2 — |u|2
transition
1 2gBpx
N. Read, D. Green, Phys. Rev. B 61, il = - = (—%ngy)
10261 (2000) ¢ (Fn =) +48% (R +23) \ I,

G. Volovik, “Universe in a Helium
Droplet”
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BCS-BEC phase transition 2D
p.tip,condensate

2 2
Ep = J (2]:% - u) +49°B> (p2 + py)

In 2D, the spectrum is gapped at both u > 0
and u < 0, and gapless at u = 0.

w > 0tou < 0 1is a topological phase

transition

N. Read, D. Green, Phys. Rev. B 61,
10261 (2000)

G. Volovik, “Universe in a Helium
Droplet”

Explicit calculations show that
N=0ifu <0
N=I1ifu>0

) = [T |up + vp afa’ ] |0)
p

Andersoq’s { Ny —I— iny = 2’0*’11,

pseudospin N, = "U|2 . |’Ll,|2

1

\/(gj,ja—u)zﬂBz (v2 +p2)

N

n =

~ Py

Px

2gBpy
—%ngy
p
2ma K

1 > L S -
N=8—7T/dp [n-@anxaﬁn Eaﬁ]

topological invariant
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Experiments

PHYSICAL REVIEW A 70, 030702(R) (2004)

P-wave Feshbach resonances of ultracold °Li

I Zhang,l’2 E. G. M. van Kempen,3 T. Bourdel,1 L. Khaykovich,l’4 J. Cubizolles,' F. Chevy,1 M. Teichmann,1 L. Tarruell,1

S.J.LJ. M. F. Kokkelmans,]’3 and C. Salomon'
Laboratoire Kastler-Brossel, ENS, 24 rue Lhomond, 75005 Paris, France
2SKLQOQOD, Institute of Opto-Electronics, Shanxi University, Taiyuan 030006, People's Republic of China
3Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands
4Department of Physics, Bar Ilan University, Ramat Gan 52900, Israel
(Received 18 June 2004; published 30 September 2004)

p-wave Feshbach molecules

J. P. Gaebler,* J. T. Stewart, J. L. Bohn, and D. S. Jin
JILA, Quantum Physics Division, National Institute of Stenderds and Technology and Department of Physies,
University of Colorado, Boulder, CO 80509-0440, USA
(Dated: March 3, 2007)
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Origin of stability: Molecular size

3D s-wave 3D p-wave 2D p-wave
V() ~ L (w) ~ U(z) ~ L
@ ()] @ ()| ¥ ()]
R, a r R a r R a
/ &z |¥(2)" ~a / P W) ~ o / @z |[0(2)|* ~ log -
Re Re Re Re Re
Large molecule, hard to Small molecule, easy to Intermediate case, maybe not
collapse collapse so easy to collapse??

R, force range

Ebinding = -

h2

ma?
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3-body recombination (large

molecules)
-

I' = nvo ~

" & (1%8)20”2’y

d—1
~ —0Va —
ad / /v mR? \ a
Elastic cross- e the molecules  Probability of
section spent in the vicinity collapse
of each other

Probability that
3 atoms are
within distance
3D s-wave: v~ —0.2 R, to each other
3.55
h R,
I~ — Y3p ~ 17
@~ 200 — 1000 mas \ a
fe B Petrov, Salomon, Shlyapnikov 3D bosons:
(2005) T ~ B
ma?




23

3-body recombination,
2D p-wave (small molecules)

1 Re h h R
F:nvaw—Sng - S = ——F—
a v mRZ ma* ax
/ ~ 1/500
10KHz
Alternative picture: The atom-molecule
hybridization rate is also
1 v h R _h_Re
I' = nvo = vagw - mat

as v\maQa

Inelastic amp]itude J. Levinsen, N. Cooper, VG, PRL (2007)
L. Jona-Lasinio, L. Pricoupenko, Y. Castin, (2007)
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3-body p-wave bound states

molecule Xi v "—\ﬁv /ﬂ\&”
atom

0 5 10 15 20 25 30
1T - T - 1 T 1 T 1 _
5 o S0l (@ |
At large co ~ m“g®/ R, o
there are bound states of three atoms . 0 -
S
10 s
Experimentally ¢, ~ 10 20~ -
_ (b) -
0.1 s
o -0.08 5
. M. Jona-Lasmp, LQM 0.06
L. Pricoupenko, Y. Castin (2007) 004k
J. Levinsen, N. Cooper, VG, -0.02-
PRL (2007) 05
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Decay 1nto trimers
<

Molecule-molecule scattering
length is no longer real — another
source of instability

Same lifetime as the collapse into deeply bound molecular
state
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Stability of 2D p-wave condensate

. A Re 2d—|—2’y—2_ A Re 242~
ma? \ a - ma2 \ a

What is v in 2D p-wave?

3D s-wave bosons 3D p-wave fermions |3D s-wave fermions

h h R, ho (R
[~ [~ le T ~
ma? ma? a ma? \ a

Unstable Not too stable Stable
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Conclusions

» p-wave in 2D: a path to new exotic physics

p,+ip, 1s formed robustly by single species fermions and, at the same
time, 1s needed for this new physics

*The lifetime of p-wave molecules 1n 3D i1s short, but perhaps 1s not
hopelessly short

In 2D, the lifetime 1s not yet known

*Once the topological state is created, its non-Abelian excitations can be
directly probed.






