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Course outline

L1: AMO renaissance overview

L2: Feshbach two-atom scattering

[.3: S-wave Feshbach resonant superfluidit
L4: Imbalanced s-wave resonant Fermi

L5: P-wave Feshbach resonant superfluidity




Lecture 4: Imbalanced s-wave resonant
Fermi gases

* experiments

* two-channel model

* phase diagram

 Fulde-Ferrel-Larkin-Ovchinikov (FFLO)

» Goldstone modes, fluctuations and stability of FFLO
* topological defects and fractionalization in LO

* experimental predictions




Imbalanced (“magnetized”) BEC-BCS

e motivation: superconductivity in B field, quarks-gluon plasma, ...
* natural realization in cold atoms: 4, = H- h(N,- N )

2
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Imbalanced BEC-BCS experiments

 Ketterle’s experiments (vortices, phase separation)
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« Hulet’s experiments (phase separation, surface tension)
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Imbalanced BEC-BCS experiments

* Salomon’s experiments (phase separation, oscillations)

(PRL 2009) *°|
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* N = 104, axial trap with 20:1 anisotropy (cf Rice)
* superfluid core disappears at P,= 0.76 (cf MIT)
* LDA works (cf MIT)

* no visible surface tension effects (cf MIT)




y>>1 Broad resonance scattering
2
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e scattering T-matrix relates A to a:
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b,=B,0,, Mean-field theory taidsr ~ el <1 )

q
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* ground state: |gs) =TI (uk,q + Uk,QaT—k+Q/2,la’L+Q/2,T) 0)
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¢ ground State energy. Egs = (R + 60— 2:U’)BC22 — zk:(Ek- — 519) + zk: [Ek,TH(—Ek,T) + Ek,le(—Ek,l)]
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* determine By, Ny, N,y N,y (AN,), O by:

ZZE;QS — (0 (gap equation), 6(5(33

energy minimization — W——> =0 (Puu=0



u, h fixed

BCS and crossover regimes (6 >0)

* BCS SF By#0,By=0,AN=0: 0<h<h, =75 g By(u0) %
B

* FFLO B,=0,B,# 0, AN#0: <h<h, (8 —

“supersolid”: broken rotational and translational ¢

symmetry

* Normal B,=0, B,= 0, AN # 0 (Pauli “paramagnet”): hpg;o (8) < h ’ Eq
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N, h fixed Phase separation (6 >0)
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N, h fixed

BEC regime (6 <0)

* BECSF By#0,B,=0,AN=0: 0<h<h,(5)~-62
VARV,
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* SFy; By#0,Bo=0, AN #0: h,, < h < h () ~-0.65
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* Normal B,=0,Bs= 0, AN # 0 (Pauli “paramagnet’): h > h_,(8) = 23/%¢p — 6/2

h=uy - u,

(N fixed)




Imbalanced BEC-BCS Sheehy, L.R. ‘05

* Ist order transitions and phase separation
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Imbalanced BEC-BCS
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Imbalanced BEC-BCS Sheehy, L.R. ‘05

e 1st order transitions and phase separation
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\/\/\/\/\ EFELO state

e pair “density” wave: A=) Aqe®™
* motivation: «
+ Stabilized in lower dimensions (Huse, et al)
» negative surface tension for + A domain wall (Matsuo,et al.; Yoshida+Yip)
» = SF— LO: C-I transition of domain-wall proliferation?

= “yes” in 1d (Machida-Nakanishi '84) A Daw

Y

AN| |
‘\.'6 \ Phase

- -.l 0 ‘e,
Burkhardt, Rainer ‘94 BEC-BCS SF °-.
Machida, Nakanishi ‘84 _

= excess fermions sit on domain walls (¢f. polyacetylene of Schrieffer, Su, Heeger)

" microphase separation (cf. H,, transition to vortex state in type I sc’s)



Evidence in 1d and 2d

400

2d Burkhardt & Rainer ‘94
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Axial density (107 cm™1)

Experimental realization in quasi-1d

/ Y Liao, et al, Nature 2010
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Expenmental realization in quasi-1d

c

Axial density (107 cm™1)
L N w . (42}
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Y Liao, et al, Nature 2010
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Microscopics to Ginzburg-Landau

HBC'S [(_"0., Co_] |l~

Her A
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near h.,

with A =V{c c,)

LR, unpublished ‘07
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Broken symmetries in LO/FF states
LR, Vishwanath

» Fulde-Ferrell: App (x) = AQeiQ'x PRL, 2009

.....
e,

o
ot
o

/ - broken: time reversal, orientational, off-diagonal
orientationally-ordered superfluid

e Larkin-Ovchinnikov: A 7,0 (X) — AQ COS Q - X
Q

- broken: orientational, translational, off-diagonal

_Q superconducting smectic




Low-energy excitations in LO/FF states
- order parameter: Aro(x) = Age’’Te’¥* + Age-e X
= 2A0e" cos[Q - x — Qu]

1

e superfluid phase and phonon: 6 = %(9_ +60,) u= @(9— —04)

* coupled Incommensurate smectics u,, u_:

K B
HLO — Z [?(v2uo¢)2 + 5 (azua)Q
¢ ozz:l:\\ . -
' \ rotational invariance
Q of smectic liquid crystal
t, Eu4 (x)] =0, for :

ui (x) = ¢u



Low-energy excitations in LO/FF states
- order parameter: Aro(x) = Age’’Te’¥* + Age-e X
= 2Ape"? cos[Q - x — Qu]

e superfluid phase and phonon: 6 = %(9_ +60,) u= %(9— —04)

* coupled Incommensurate smectics u,, u_:

K B 1 2
Hio= 3 [Z(VQ“O“)Q + 7 (0t + 5 (Vua)?)
a== ~— — _
rotational invariance
of smectic liquid crystal
Q E[ul.(x)] =0 for u3(x)= z(cos¢ — 1)+ zsin¢
U,
u.



Low-energy excitations in LO/FF states
- order parameter: Aro(x) = Age’’Te’¥* + Age-e X
= 2Ape"? cos[Q - x — Qu]

e superfluid phase and phonon: 6 = %(9_ +60,) u= %(9— —04)

* coupled Incommensurate smectics u,, u_:

K B 1 2 Y
HLO — Z [—(V2ua)2 + 5(8;,11,& + §(vua)2) + 5 (VU+ — V’U,_)Q

a== . P
—— —
rotational invariance j=j.+j =0
of smectic liquid crystal
Q E[ul.(x)] =0 for u3(x)= z(cos¢ — 1)+ zsin¢
U,
u.



“Infinitely” anisotropic superfluid
* supercurrents: CL

|

Jy~ o) Oy i~V -Vu

* Goldstone modes “elastic” theory:

K B 1 2 Y
Mo = 3 |GV ¢ (O 50|+ F (T~ V)

K B !
~ S (Viw?+ S (0:0)” + B (Vi)

2
Z 2N o y

smectic elasticity superfluid stiffness

o superfluid stiffness anisotropy:

L Ao \° /
p—S”:< Q) %111<ZCQ><<1
s ABCS h




Fluctuations and stability of LO/FF states

i B K
e fluctuations at T=0: Lro = %(((9#9)2 + g(ﬁ’tU)2 + 5(37,’“)2 + §(V2U)2

- (0?), (u?) ~ finite for d > 1 = LO stable to quantum fluctuations

e fluctuations at T#0:

- (0%) ~ finite for d > 2 = SF order stable to k,T fluctuations
- (u?) ~ diverges for d < 3 = positional order unstable

== LO = superfluid smectic (SF, ) with: S(a) v
> quasi-Bragg peaks (3d), Lorentzian (2d) j \/\/

> anomalous elasticity (Grinstein and Pelcovits) 0' 2Q 4Q 6Q

q

> transitions to superfluid nematic (SFy)

—— SF smectic ———

O & G4 O P

0 T T

critical phase

C



Topological defects

_ 10(x) . - U(1) x U(1)
Aro(x) = Age cos|Q(z — u(x))] -
* integer dislocations 1n u: f Vu - dx = ang q
<—>
(n,n,) = (0,1)
o1t/ - (=[]~ [+]- |+]- |+ - |+
~ destroy LO order (“charge”-2 SF and full smectic periodicity)
- retain “charge” > 4 homogeneous SF (A7) N IR
. o NI N S [ A
e Integer vortices 1n O: ]{VB - dx = 2mn,, I NN ©
R N N (SR it
—~— ~A~ - N~ |
- Y— |- 1Ty —
(mony) = (1,0) il D074 AU Nl
. _ .|~ ;1 . . »‘Q ~ -
- destroy LO order (full SF and O smectic periodi[.~ 4 7«|, + #2324
. . . L. 'W/'//A\W *»\\v\\
. retain wavevector > 20 smectic periodicity (|A|} . | [ ] o




Fractional topological defects .

Aro(x) = Age?™ cos[Q(z — u(x))] ”

* -vortex — a/2 dislocation pairs:
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Fukuda, et al., PRB 45 ’92

* \\mm\ (Smalyukh)
- destroy LO order

~ restore full translational invariance and atom ‘“conservation”



U1) xU(1)

Topological defects energetics 7
Aro(x) = Aged*) cos|@(z — u(x))]

* integer a-dislocation in u (composite): ‘ Eqo .~ K L‘

* integer 2n-vortex in B (composite): E,, (=~ psLlog L

*_m-vortex — a/2-dislocation (elementary): E_ =" p,LlogL+ 74 KL

Composite defects (a-dislocation) unbind 15t = “fractionalized” phases




Aro(x) = Ao’ cos|Q(z — u(x))]  Phase transitions

unbind defects, e.g., dislocations (0, a):

a AN
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. Phase
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Phase transitions '\

h= 1y —
FL,; (Normal)
FL, *‘“@Z‘?L*N ~01
(m, a/2) " _FLg, (27t,0)
FL**N SFSm (LO)
SEL N, s
SF, (BCS)
. 1 > —l/kFa




Phase transitions '\

h = — 1 2d finite T

FL,; (Normal)
FLL *‘“@Z‘?L*N (O’G)Ty
(mt, A/2) . Fln (27,0)
FL*\ O satE0)
SF4 (0,0)
(7t, =0/8
FLy
SF, (BCS)
. 1 > —l/kFa



Structure function and time of flight

quasi-long-range order in 3d for T >0

1 1
S q Y Ny ~
,\( ) g2 — 2qo[2~47 N ks — qof27
A v
ol 2q, 4q, 6qq q, 0 Qo 2d  3q, k,



Finite trap geometry u.(r) =l —r?/R?)

! K B
HLO ~ %(VZQ)Q + E(V%_U)Q + 5(6ZU)2 -I—anV(I')aZ’U,‘

-1 no(r)

IP(r) ~ =0 u(r) = 82/ Kvi _Bge ng(r)o,V(r) = TV(I‘)
r! 1L 2%z




Fluctuations and stability in a trap

A

“infinitely” anisotropic fluctuations

/z ~ A < quf— 0

L, ~ Li/A>L, —

SF in isotropic trap

3d = 2d crossover
In 1sotropic trap!



Fermionic sector of LO state

* excitation spectrum: EkT/lQi — (Ei + A2Q)1/2 + (h + 1]

(gapped and gapless k')

JEKr/1Qs
* 2 distinct LO states. of
- Q\\\I/ , /'/10 \“\
O
— : —
ep—h et
* ground state: |LOq) = I[I oloqlBCSa),
k;Q’LeEkaQ <0
= Il duay II dhiaq II Guctoc o e, a)0)
k,Q;€ks k,Q;:cko k,Q;€k;

H;m - Z [EkaQi@(EkGQi)aLGQiakaQi o EkaQi@(_EkaQi)akaQiaLUQi]



Fermionic sector of LO state

* ground state: |LOQ)

H aI(GQJBCSQ)a

kaQi eEkaQi <0

T T T T
H ck+3il H c_k+%iT H (uk—l—vkck+&lc_k+gi )I0)

k,Q;cks ? 7 k,Q.cks, k,Q,ck; 2

* excitation spectrum: EkT/lQ (Ek + A2 )1/2 + (h + 1]

(gapped and gapless k')

i

; * gapless fermionic excitations band of Andreev states:

SF




Fermion-Goldstone modes coupling in LO state

* supercurrent-current: H; .~ V0 - »iVy + h.c.

- ]w|aij(w,q)viﬁvj6’ /\/\Q’\/\

* supercurrent-density: H;_ n ~ (V9)21$¢

= n;(V0)? \/Qv

* atom-phonon: H,_, ~ ((')zu + %(VU)2>@¢ + (Vu - 9iVy)?
> np(0-u+ %(VUV) Q

* How do these affect Goldstone modes and fermions?

* weak) Landau damping, finite corrections to q,, p, K, B, ...

* fermions retain their anisotropic pocket Fermi surface



Experiments

* trap suppression of fluctuations:

= Ao~ R o N5 W?r(T)

* anisotropic vortices: [\

- v — \/105937 (—y,x)

Yyt + 3y

i
T A

h
* momentum distribution (time of flight):
1
™ N
’kz — QO|2_77

* structure function:

1 &=
I e

novel vortex phases?
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Summary and directions:,

e Larkin-Ovchinnikov state < superfluid smectic .. | Separted 2
3 8Fy k

-2 -1

* a
*J\ liquid crystals

0 ’0.1 :
BEC-BCS SF **a. ..

e critical phase at finite T with universal properties
« half-integer vortex and dislocation defects

e transitions to N—szQ and SF,-Nm (“charge”-4 SF nematic) phases

*
.,
‘*;IJ

da

T

= [ H[- | +[- |+ |+ |+

...many remaining questions.

e effects of Fermi pockets - Goldstone modes interactions?

* better microscopic support for the energetics?

e connection to experimental knobs: detuning and 1imbalance?

* explore further experimental consequences, detection signals?

e charge-4e¢ SC? ...



Next time

* L1: AMO renaissance overview

* L2: Feshbach two-atom scattering

 L.3: S-wave Feshbach resonant superfluidity
;4 Imbalanced s-wave resonant Fermi ¢ gases




