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Outline

* routes to correlated atomic gases
o Feshbach resonance
o optical lattices
* two-body Feshbach resonance on a lattice
« many-body Feshbach resonance on a /lattice
o reentrant BCS-BEC crossover superfluidity
o resonant superfluid-insulator transition




Strong correlations via Feshbach resonance

e tunability (strength and sign) of 1nteractions (sudden and adiabatic)
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== e g-wave BCS-BEC superfluidity
* p-wave superﬂuidity (see e.g., Gurarie and LR, AOP 2007)
e polarized superfluidity (eeceg. Sheehy and LR, 40P 2007)
..quite well understood:

- quantitatively for narrow (I/e. <<l) resonance

- qualitatively for broad (I/¢. >>1) resonance
mft, 1/N, e-expansions ——universality

(Veillette, Sheehy, LR ‘07, Nikolic, Sachdev ‘07; Nishida, Son 06)



S-wave resonant fermionic superfluidity
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* BCS-BEC crossover

atom-molecule hybridization
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S-wave resonant fermionic superfluidity
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S-wave resonant fermionic superfluidity
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Strong correlations via optical lattices
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ac-Stark effect

* superfluid-insulator transition of bosons
(Doniach’81, Fisher, et al. ‘89)
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realized in cold atoms (M. Greiner, et al., "01, Jaksch, et a 98 )
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Resonant fermions in a periodic potential

tom diatomic Fedicheyv, et al., 04
@ molecule @ Zwerger, ’04
~ — '\\ — Pl Sa de Melo, et al ‘05
@ 7 \@ ~ @ Stoof, et al ‘06
atom Zhai, Ho 07
Buchler, ’10
Cui, et al., ’10

von Stecher, et al., ‘11

* 2-body problem:
0 0 0 00 m
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T=X-(1-X-TI)""



Band hybridization: periodic potential

two atoms in a periodic potential with attractive interactions
A in 1D for a lattice with V= 4E.:

A=0.

6 - two qtom_bands -
: . 3 . . . 5 s e . (130) _I_ 3@{
51 & >Z

3 5 100)
=

21

1

0: K=(k,+k,)

-1 -1 0 : 1

Center of mass momentum in units of 7/l



Band hybridization: periodic potential

two atoms in a periodic potential with attractive interactions
A in 1D for a lattice with V= 4E:

von Stecher, Gurarie, L.R., Rey, PRL ’11

two atom bands
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Band hybridization: periodic potential

two atoms in a periodic potential with attractive interactions
A in 1D for a lattice with V= 4E:

von Stecher, Gurarie, L.R., Rey, PRL ’11
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Energy

Effective 2-channel model
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von Stecher, Gurarie, L.R., Rey, PRL ’11
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Energy

Parity: even

_ von Stecher, Gurarie, L.R., Rey, PRL '11

S coupling
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Energy

Parity: odd

_ von Stecher, Gurarie, L.R., Rey, PRL '11
AS coupling
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Parity: odd vs even dimers
von Stecher, Gurarie, L.R., Rey, PRL ’11

(1,0) molecule: 1%t excited (2,0) molecule: 2" excited
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Band hybridization: periodic potential

two atoms in a periodic potential with attractive interactions
A in 1D for a lattice with V= 4E:

A=-4.0303 von Stecher, Gurarie, L.R., Rey, PRL ’11
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Is it possible to reduce to single band resonant lattice model?
yes: U=l 7+Il _, €e—— needto convertl to a,



Band hybridization: periodic potential

two atoms in a periodic potential with attractive interactions A in 1D:

two particle bands (n,m) and bound states
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Reduction to single-band resonant model

» band width << band gaps (E,.,  <<E,,, «== { > {,,):

gap

Egap:% U = ama [ _ _f( recotl UO )]1
- E’:LSU EQCLP Egap

e interaction << band gaps (U,<<E_, ) == no band hybridization:

gap

4a al?
U = 1 — const.—

03 m Co )
U(ay)
) — = oq :—

Ho.p, = Z (—tcl)acr/,a — tbblbr/) + Z (Voblbr + gbicr,Tcr,l + h.c.)
(r,r’) r

for g — oo, vy — oo, with U = —g? /vy fized

Hi., = —t Z cr oCr' .o+ UZcr Tcr | Cr,1Cr,1
(r,r’)



Single-band resonant lattice model: 2-body

Hocp, = Z (—tcT ! o —tbbTb ) + Z V()ber +ngCr,TCr,l + h.c.)

-0.588318

- lattice induced resonances (F. Zhou)
- repulsively bound pairs (4. Rosch)
- bound states at BZ boundary for arbitrary U
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Single-band resonant lattice model: many-body

* two-channel model:

HQch = —t1 Z Cy O'CI'/ Z Cy O'CI' o tb Z bibr’
(r,r’)

(r,r'’),o

+(vo — 2) Z blby + g Z (blericr| + hoc.) .

e broad resonance, y >>1: g — 00, Vg — 00, with g2/yo fixed

—> one-channel model:
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Resonant tight binding model: superfluidity

 narrow resonance (y << 1):

closed-channel molecules open-channel atoms
* two-channel: e ¢ l
o number n=2\3\2+/ <1— i )
keBZ \/§£+92|B|2

9 ga/ !
Vo — 40 = —
2 JkeBz \/§%+92|B|2

ex = —2t(cosky +cosk, +cosk,) &k =€k — U

O gap

* broad resonance (mft): g — 0o, vy — oo, with g° /vy, A = gB fixed

—> one-channel model: £
n — ]. -
o number /kEBZ ( \/§%+A2>

o gap lzl/ 1
U 2 Jkepz /& + A2



Resonant tight binding model: superfluidity

ex = —2t(cosky +cosky +cosk,) Sk =€k —
* one-channel model:

Ex )
o number n = / (1 — A(U,n
kEBZ VEE + A2 (Uin)
—>
O gap 11 / : n(U,n)
U 2 JreBz /& + A?

e particle-hole symmetry: ¢ — ¢, n—2—n, € — —eg, b= —L

o u<0,forn<1 = pairing of atoms
o u=0,forn=1 => no BCS-BEC crossover

o u>0,forn>1 => pairing of holes



BCS-BEC crossover: one-channel model
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BCS-BEC crossover: two-channel model
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BCS-BEC phase diagram

two-channel model
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SF-Insulator transition: n=2

LL4 /Insulator — SF transition

0 k12t | > V)
SF Voc Insulator
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SF




Experimental implications

» reentrant BCS-BEC crossover for s-wave Feshbach resonance

« nonmonotonic dependence of thermodynamics, Cooper pair size, ...
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 SF-Insulator transition at n=2:
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Experimental implications

» reentrant BCS-BEC crossover for s-wave Feshbach resonance

« nonmonotonic dependence of thermodynamics, Cooper pair size, ...

e superfluid-insulator transition at n=2

* “wedding cake” density profile:

H

Local Particle Density n(r)
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Experimental implications

» reentrant BCS-BEC crossover for s-wave Feshbach resonance

« nonmonotonic dependence of thermodynamics, Cooper pair size, ...

e superfluid-insulator transition at n=2

* “wedding cake” density profile

» vanishing compressibility: x ~ |[n - 2|~



Experimental implications

e reentrant BCS-BEC crossover for s-wave Feshbach resonance
« nonmonotonic dependence of thermodynamics, Cooper pair size, ...
e superfluid-insulator transition at n=2

* “wedding cake” density profile

« vanishing compressibility: « ~ |n - 2|7

 lattice unitary universality U.=8t: 1 =1 /(n)

with f(n) = f{2-n)
~ 6+ & (3nn)??



Experimental implications

« nonmonotonic dependence of thermodynamics, Cooper pair size, ...

e superfluid-insulator transition at n=2

* “wedding cake” density profile

« vanishing compressibility: x ~ |n - 2|7

e lattice unitary universality U, = 8t : u =17 f(n)

* multiple fopological phase transitions for
p-wave Feshbach resonance:

Above half filling

Gurarie + L.R., AOP 2007

Below half filling



Summary and outlook

* non-monotonic BCS-BEC crossover

and SF-Insulator transition at n=2;:

 multi-band extensions?
» molecule-molecule interaction ——

* Bloch oscillations?

two-channel model
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S-wave Feshbach resonant scattering

tunability (strength and sign) of interactions (sudden and adiabatic) U
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S-wave resonant fermionic superfluidity
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* BCS-BEC crossover

atom-molecule hybridization
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fermionic open-channel atoms bosonic closed-channel molecules



S-wave resonant fermionic superfluidity

e BCS superfluid win 04 o, ‘ﬁr‘
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« BCS-BEC crossover:
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y>>1 Broad resonance scattering

2
Hach ==t Hich = Y} — = po)¥o + MY

e scattering T-matrix relates A to a:
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S-wave resonant fermionic superfluidity

« BCS Sllp@I'ﬂllid (Regal, Jin 04
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S-wave resonant fermionic superfluidity

* molecular BEC (Regal, Jin 03) (O @
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S-wave resonant fermionic superfluidity

) ~2
p p
Hach = wl(% — W)Yo + ¢ y— 21 + €0) & — gﬁb%b}r‘ﬂ
2 2 Yooy 7 5, AB ~ 1G ~ 100uK
. . . . g\/ﬁ g 1 202G
dimensionless coupling: |y ~ ( r ) 172 ™~ roni/3 veki ~ 0.1, AB ~0.1G ~ 10uK
F

e narrow resonance Yy <1 — MFT:¢(z) =B

eqp ~ 1uK

2

e broad resonance Y > 1= Hi.p = wi(;; — )Yy + )\zﬂzpjzplzm
Strongly coupled ¢ and == MFT uncontrolled m

-1 -1/kpa

-1 0 1 -l/kga



Resonant fermions in a periodic potential

at;m diatomic & Fedichev, et al., ’04
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0 0 0 0 0 m 0
* 2-body problem: X = >< +><>< +
0 0 0 0 0 n N0
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+ Ihigher
- band hybridization

- lattice induced resonances

- deep lattice = single band tight binding model

- repulsively bound pairs

- bound states at BZ boundary for arbitrarily weak attraction



S-wave resonant fermionic superfluidity
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y>>1 Broad resonance superfluidity: Large N

* no small parameter for k.a ~ n'3a >> 1 — introduce 1/N
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MFT Veillette, Sheehy, LR
Nikolic, Sachdev
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y>>1.ka—» Universality at unitary point 1 Ho 4
« f,=-1/(a! +ik) =ik, k.isthe only scale

A check in N—co (BCS) limit:
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kBTC = ’)’GF . ol
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N Veillette, Sheehy, LR
Result from 1/N & = 0.5906 — 0.312/N + ... ®"

Exp with “K £ = 0.467093



Band hybridization: periodic potential

two atoms in a periodic potential with attractive interactions A in 1D:

two particle bands (n,m) and bound states

E/E,

6 - band hybridization
S ST T T A _Jattice induced resonances

SEIL0.2=-14 2.0).4=-39 von Stecher. Gurarie, L.R., Rey, PRL 11
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Possible to reduce to single band resonant lattice model?
yes: U=M7+Il ., «—— needto convertl to a,




