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Introduction

Remarkable progress in ultracold atoms are
owing to the tunability of various parameters

* Interaction strength by Feshbach resonances
- Superfluid-Mott insulator transition in Bose gases

- Collapse & phase separation in Bose-Fermi mixtures
- BCS-BEC crossover in Fermi gases

- Efimov effect

 Dimensionality of space by strong optical lattices
- 3D : BCS-BEC crossover and etc.
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D . Berezinsky-Kosterlitz—Thouless transition

D . Tomonaga-Luttinger liquids

. ... and more?



Mixed dimensions

2-species mixture of A atom ® & B atom @
confine “only” A atoms in lower dimensions (2D or 1D)

2D-3D mixture 1D-3D mixture
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Choose laser frequency close to the resonance of A atoms
but far from the resonance of B atoms with low intensity




Brane world in cold atoms?

ldea of mixed dimensions often appears in physics ...

graphene in condensed matter

Photons in 3D induce 3D Coulomb int.
between electrons confined in 2D

physicsworld.com (2007)

brane world in cosmology

We live in 3D brane but
gravitons in extra dimensions

we live In
3D brane

» extra dimension
M. Cavaglia, Int. J. Mod. Phys. A (2003)



http://www.sas.upenn.edu/~zhl/research.html
http://www.sas.upenn.edu/~zhl/research.html
http://arXiv.org/find/hep-ph/1/au:+Cavaglia_M/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Cavaglia_M/0/1/0/all/0/1

Mixed D = new type of imbalance

Fermi gas with equal number of T and | fermions
BCS-BEC crossover (s-wave superfluid for any coupling)

—

But if we introduce an imbalance (nt1#ny) ...

normal phase

imbalance

FFLO phase -

gapped SF
BEC BCS

| - interaction
K

Imbalance leads to new and rich physics
- density imbalance (nt1#n ) *mass imbalance (mk+mui)
- dimensionality of space (dk+dui)



Rich physics in mixed dimensions

Rich few-body & many-body physics
can be realized in mixed dimensions

2D-3D mixture 1D-3D mixture
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5 o *- \l .f’
T N 2
@ o ~ -

- Modification of scattering properties
" » confinement-induced 2-body & 3-body resonances

- Interesting and rich many-body phase diagram
0 » induced s-wave & p-wave superfluidity,
dimer BEC, (stable) trimer Fermi gas, ...
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Few-body physics in mixed D



Effective scattering length

2-body scattering in 3D 2-body scattering in mixed D
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. Resonances in mixed D (ma/ms=0.15)

2D-3D mixture 1D-3D mixture
A=°6Liin 2D & B=%%K in 3D A=°6Liin 1D & B=%%K in 3D
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T Infinite series of confinement-induced resonances
Resonance is shifted to “a<0” side



Resonances in mixed D (ma/ms=0.15)

2D-3D mixture
A=6Liin 2D & B=%°K in 3D
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I Infinite series of confinement-induced resonances

Resonance is shifted to “a<0” side


http://arXiv.org/find/hep-ph/1/au:+Cavaglia_M/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Cavaglia_M/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Cavaglia_M/0/1/0/all/0/1
http://arXiv.org/find/hep-ph/1/au:+Cavaglia_M/0/1/0/all/0/1

First experiment @ Florence

Scattering in mixed dimensions with ultracold gases

G. Lamporesi’, J. Catani*?, G. Barontini', Y. Nishida”, M. Inguscio'+*, and F. Minardi'+
YLENS - European Laboratory for Non-Linear Spectroscopy and Dipartimento di Fisica,
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3 Center for Theoretical Physics, Massachusetis Institute of Technology, Cambridge, Massachusetts 02139, USA
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First experiment @ Florence
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Universality

When “aefr» /7, the confinement Qoft /! Q
- 5,

length “/” can be neglected

Then the system is universal, ... ... . . | e

being characterized only by “aett” ~
5L

E.g., binding energy of AB dimer |
1 10+

MABGQ g

@
deff
(Cf. universality in 3D required “a»ro”) \4\'

/ aeffi<O : weak attraction ("“BCS”) side

- aef>0 : strong attraction ("BEC”) side

» |aeff| o : resonant (unitarity) limit with scale inv.
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Universal limit

At finite density & temperature, the universality requires

aeff & any other scales » /

confinement length / typical scale [
O 00 €
: ® ! > o
mixed D T 1 pure 3D o *
experiment? ©

— —

We will work in the “universal limit” [—0

Nawvi = No V2 z J(a:,y) for 2D

HpixedD = — Z 2mA Z sz Ve \(z) for 1D

TE =

( x4 is 2D or 1D coordinate while g is 3D coordinate)



Field theoretical description

2
H = /dw;(m) (—JM ) Ya(x) < A atoms @ in 2D

2 2
+/da:dz¢TB(:B,z) <—V i ) Yp(x,z) «<— B atoms ® in 3D
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scattering of A and B atoms occurring in 2D plane (z=0)

- 1A and us control the densities of A and B atoms



Few-body physics in mixed D



Efimov effect in 3D

When 2 atoms resonantly interact, 3 atoms form Efimov trimers

with a geometric spectrum E,/E, .|
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3 bosons heteronuclear system

1/a<0 0 1/a>0 B =

A+A+A a®  g®g® 3 1/a%, 0 1/a_
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a™/a® = alP/a =227
a"0/a’ =106 A RoRoK = 131

Inverse scattering length 1/a

Akkro = 3.48x10°

Efimov effect exists only in 3D (2.3<d<3.8) but notin 2D or 1D ...
How about mixed dimensions ?



3-body problems in mixed D

N a V%A Npg VC2BB
2 Lo ith  Ng+Ng=3
QmA J:Zl sz _I_ eff Wl A —I_ B
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4 types of 3-body problems...
Na=2 in 2D/1D & Ns=1 in 3D Na=1 in 2D/1D & Ns=2 in 3D

Q 2D-3D mixture o o

® 1D-3D mixture P ®
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Are there Efimov trimer states in mixed dimensions? — Yes!




Efimov effect in mixed D

- If majority atoms are bosons, Efimov effect occurs for any ma/ms
- If majority atoms are fermions, Efimov effect occurs for ...

O 2D-3D mixture @ O
O
, @
ma/ms > 6.35 ma/ms < 0.0351
O 1D0-3D mixture @ ®
e @ e
ma/ms > 2.06 ma/ms < 0.00646

Compare those critical mass ratios with 3D values:
ma/ms > 13.6 ma/ms < 0.0735



Implication for 40K-6Li mixture

Interesting possibility in Fermi-Fermi mixture of A=%°K and B=°Li
when 49K is confined in lower dimensions ...

critical ma/ms
A

Q@
+ 13.6 in pure 3D
o
e
mk/mui = 6.67—1 & 2c 0 5p_3D ®
o
| ®
+ 2.00in 1D-3D
Q@ o

Confinement induces the Efimov effect !!!

. 2 1 r 4.39 1
Such trimers are long lived : 77! ~ —; ( 0) < Etrimer ~ —5
mrg \ | ml



3-body recombination rate

3-body recombination (A+A+B->A+AB) results in atom losses
Tiw = —2an?4n3

Its rate constant a has the characteristic log-periodic behaviors

with the scaling factor A=22.0 for A=%°K in 1D & B=°Li in 3D
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iInduced Efimov resonances for acffi<O deconstructive interferences for ae>0

Efimov parameter k.=1.91// & width parameter n.~(ro//)?-3° «1

If observed, the first evidence of the Efimov effect in fermions !!!




Scaling factor for fermions

Scaling factor is expressed by \ = ¢™/%0  with E,/E,41 = A\
S0

e ; 1D-3D
(5 ' 20-3D
10} 3D
; e @
05 .
: A=fermions
Pec m A
00 ——h— e
0 5 10 20 mp
For A=6Li & B=40K For A=%0K & B=5Li
pure 3D : no Efimov pure 3D : no Efimov
2D-3D : no Efimov 2D-3D: A =1.78x10°
1D0-3D : no Efimov 1D-3D: A =22.0

Confinement induces the Efimov effect !




Scaling factor for bosons

Scaling factor is expressed by \ = ¢™/%0  with E,/E,41 = A\
S0

20,
15 e
i
- 2D-3D 3D e @
0.5 '
A=bosons
OO \ \ . S (P o L ) i i PN | %
T 01 02 05 10 20%G0 100 200 mp
For A=K & B=38’Rb For A=87Rb & B=41K
pure 3D : A =3.48x10° pure 3D: A =131
2D-3D: A =59.3 2D-3D: A =27.7
1D-3D: A =67.0 1D-3D: A =34.0

Confinement greatly reduces the scaling factor !
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Many-body physics in mixed D



Fermi gas in 2D-3D mixture

Fermi-Fermi mixture (e.g. 49K and 6Li) in 2D-3D mixed dimensions

parameters of the system B . ®
" Qeff *ma/ms < 6.35 '
kra=(4mna)12 - T=0 rg & Y
- 0«@10 >
Investigate the phase diagram in terms of (aefrkr)! [kr~kra~krg]
‘ > (efrkr)!
2 4 5

- aeffkF—-0 : weak attraction ("BCS”) limit
» |aefrtkr| = : resonant (unitarity) limit with scale inv.
- aeffkF—+0 : strong attraction ("BEC”) limit

: : 1
with AB dimer Eg ... = — o
2mapaiy




Weak attraction (BCS) limit

: > (aeﬁkF)']
-00 0O 400
- AB pairing does not take place
due to the mismatch of
2D and 3D Fermi surfaces

‘Instead B atoms in 3D induce
an effective attraction

. @
between A atoms in 2D
Vvind(T‘) 20 agﬂ: Sin(QkFBT) = 2kF4B7° COS(QICFBT) i O(ag’ﬁ)
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MARB r 3z V8Tapnp

Arnpa’. e V2r/ée 1
(Cf. If B=bosons, Vina(r) = ————2& )




Strong attraction (BEC) limit

| o > (aefrkr)-!
-00 0 O(1) +00
- A atoms in 2D capture
B atoms from 3D to form dimers o

*When aefftkr < O(1),
dimer size < mean distance

Dimer BEC in 2D

2 330
TBKT > ?_\ZLCZ 1n_1 <_E 111 ndagﬂ‘>




Possible phase diagram

= | = (gefrkr)!
00 0 O(1) +00
A
2D p-wave SF 2D dimer BEC
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If px+ipy pairing extends to the unitarity limit : aeffkF—c

A(p)
EFA

o (Be + ipy) e~/ (aettken)® _, (5 1 ip,) x O(1)

- Majorana fermions @ vortices

2= » -Non-Abelian statistics N.Read & D.Green, PRB (2000)
- Topological guantum computation ...  A.Y.Kitaev, AnnPhys (2003)



Many-body physics in mixed D



Bilayer Fermi gas

Optical lattice creates many layers ... A ®
parameters of the system . —
+ Qe -ma/ms < 6.35 gl W
‘kFa=(4mna)'/2 - T=0 SR IS ITHE o
-krg = (672nB)1/3 - d e u 9
®
]CFCZ O(1) v ' ' ‘ z
| . y
The phase diagram ®

o] becomes 2-dimensional :
(aeffkr)-! vs. (krd)
[kF~krFa~kFs]

Interlayer correlation
induced by B atoms

would lead to rich physics
0 1 (even without tunneling)




Bilayer Fermi gas

Optical lattice creates many layers ... o ®
parameters of the system o e
* Qeff *ma/ms < 6.35 e o °
‘kra=(4mna)t/2 -T=0 K o
-krs = (672nB)'/3  +d 0e . *
®
krd O(1) v @ ' ¢
intralayer p-wave SF ® ® .
o) dimer :
BEC Interlayer correlation

induced by B atoms

would lead to rich physics
1 (even without tunneling)

interlayer

s-wave SF
trimer gas

— 00 0 +00 aefko



. Weak attraction (BCS) limit

B atoms in 3D induce Vind(r)
between A atoms in 2D

P-wave pairing of A atoms
“ ¥ | in the same layer for large d

or

S-wave pairing of A atoms
¥ | in different layers for small d

krpd
20

1.5¢
[ intralayer p-wave

1.0

0.5
. interlayer s-wave

A e o et e L nbe) it ot 0 SR M
0

krd

intralayer p-wave SF

interlayer

s-wave SE
trimer gas




Strong attraction (BEC) limit

- A atoms in 2D capture
B atoms from 3D to form dimers

- When aeﬁkF<O(]) & aeff<d,
dimer size < mean distance

h 4
Dimer BEC in each 2D layer

-2 layered BECs are coupled
via the residual B atoms in 3D

krd O(1)

intralayer p-wave SF

interlayer
s-wave SF

—00 0 +00 Qeftkr
©
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Interlayer trimer formation

*When 2 dimers in different layers ked o)
overlap “aef>d”, they form a trimer! intralayer p-wave SF

“Taefr>d

interlayer

s-wave SF
trimer gas

—00 0 +00 afefko

—0)

—0.1}

Interlayer AAB trimer is formed
for “O(-1)<d/aerr< O(1)”

» A single trimer state is stable!

(as far as tunneling is negligible) i

—0.5¢

- RF spectroscopy will be possible
- Efimov spectrum

~06

atoms trimer dimers



Phases of bilayer Fermi gas

Very rich but "minimal” phase diagram!!!

0. -
Sy o
‘e ® —%
— intralayer p-wave SF -
. . -
o) dimer 2
BEC
interlayer
s-wave Sk
0 1
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Possible many-body approaches

]-CFd O(l)
e ° -4
e o
(I |
0(1) dimer
BEC
mterlayer
' | 111
~. et @ | s-wave SE @
® frimer gas g A
— 00 0 o/ iOO Ueff kF

- mean-field approximation
- € expansion & large-N expansion
- Monte-Carlo simulation

+ experiment using 4°K-8Li mixture




Summary

Mixed dimensions = New arena of universal physics !

- confinement-induced 2-body resonances (observed)

- 3-body (Efimov) resonances, critical mass ratio for fermions

- rich phase diagram including dimer BEC, trimer Fermi gas,
intralayer p-wave & interlayer s-wave superfluidity, ...

ldea of mixed dimensions can be extended to
Bose-Fermi mixtures, Bose-Bose mixtures,
multilayer geometry, multiwire geometry

B New interesting research direction !
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Resonances in mixed D (ma/ms=6.67)

2D-3D mixture 1D-3D mixture
A=%0K in 2D & B—6Li in 3D A=K in 1D & B=°Liin 3D
/' 0\ /0
aeﬂ:/l 105 aeff/l 10
5 s
L el l < 1
=5 1 e ’ 1= Dl
‘1i <z ; 01 < ™
Infinite series of Confinement-inolluced resonances

Resonance is shifted to “a<0” side



. Weak attraction (BCS) limit

B atoms in 3D induce Vind(r)
between A atoms in 2D

P-wave pairing of A atoms
¥ | in the same layer for large d

or

S-wave pairing of A atoms
— ¥ | in different layers for small d

d/¢p
>0 If B=bosons, ...
1.5¢ .
intralayer p-wave
1.0
0.5
- Interlayer s-wave

e e A o il o L R Dt A i
0

krd

intralayer p-wave SF

interlayer
s-wave SF




Other bilayer systems

bilayers in condensed matter

 bi
 bi
 bi

ayer semiconductors
ayer quantum hall systems
ayer graphenes ...

interplay between

intralayer & interlayer correlation
‘ interlayer exciton condensation

bilayer of the universe?

70000

Gravity

70000

Our world

e

e 4

Hidden world

J. Gauntlett, Nature 404, 28 (2000)




