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Condensed matter physics with cold gases

Superfluidit

Bosons in optical lattices
a d h

Bose-Einstein condensation

[ ]

e |«B- | W

Strong interactions
(e.g. BEC-BCS crossover)

» Exceptional experimental
control & tunability

« Strong correlations

* New physics envisioned

Fermionic atoms i1 1D §
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Quantum degenerate Fermi gases
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Laser cooling

Two stable fermionic isotopes:
*5Li (671 nm)
«40K (767 nm)

Laser cooling is more difficult
(small excited state hyperfine
splitting, only few times linewidth)

*sub-Doppler cooling is
impossible for Li

relatively big atoms number can
be achieved in a MOT (108-109)

42P

32

42p

=
(%]

D, 767 nm

“K; I=4
F:ism 24 MHz
F=7/2
F=9/2 1 33 MHz
= (] 43 MHz
F=11/2= - - - S - ¥
cool, K ArepUmp. K
F=7/2
I 155 MHz
F=9/2
=
[
o cool
I~
A~
N
F=7/2
1286 MHz
F=9/2
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Magnetic trapping

atom has a magnetic moment pn
(due to the valence electron)

magnetic field
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Fermions at low temperatures

total wave function is antisymmetric for fermions:

‘W> it | Wspatial > ® ‘ l//spin>

antl- metric

1)

no s-wave collisions

possible anti-symmetl
(pair correlation length: A )
- i-symmetric | |14 + ¢T>

symmetric | |1 — ¢T>

spin-polarized

spin mixture

Cooling fermions is more difficult
e use mixture of different spin states
e use mixture with a different species, e.g. bosons
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Magnetic levels of potassium

= 2
1  F=72 _//’;——__::1;2'_

0.5 t +712 7

+7/2

-0.5

+5/2

—

+1/2 |
112
312 T

energy E / h [GHz]
o

0 100 200 300 400
magnetic field B [G]
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Fermions in a harmonic trap

Fermi-Dirac distribution

1
f (8) e (e—p)/KT 1
1 =0 € .

Fermi temperature

| KT, =ha(6N)"”
|

=
L

=0 71T
E;/ F -
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How to measure density and temperature
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Fermi degeneracy

Fermi degeneracy \-—-;%0»»7’ ki T

TMe=0.2

classical gas

| TF profile

(Regal et al., JILA) rad] us a rb
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Bosons vs. Fermions

Bosons Fermions

Bosons shrink to Pauli’s exclusion principle
ground state prevents fermions from shrinking
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Fermions in optical lattices
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Generating periodic potentials

L . 1 2
Induced electric dipole potential: NV = s ‘ E‘
ac polarizability of the atom electric field of the laser
Two options: O, < @, o, >0,
,red detuned” ,blue detuned”

o 2 /
-
Optical lattice

=

+—>

A/2=400nm
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Optical lattice potentials

H =—£d—2+U sin ( X)
2m dx’

scales in units of the photon recoil energy: E___=h*k?/2m

intensit
y dlpole matrix element

Potential depth: U o ‘

e/D|g
A
\ detuning from resonance

I Y K

532nm, 1 W, 150 pm U=-10pK=-2E,, U=-10uK=-12E,,
850 nm, 200 mW, 150 um U=3uK=15E, U=12pK=36E,,
1064 nm, 1W, 150 pm U=10uK=7E,, U=23puK=110E,,
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Fermions in a lattice

tunneling
O _JCITO' Ci l,o

- ZCIG j.o

<i,j>,o

J 4
— . exp(— s ) s=U,..../E,.. lattice depth
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ldeal Fermi gas In a lattice

Brillouin zones
of a square lattice

Band structure

V;=001E Vg=2E, Vy=20E,
25 3 T T K N \x T T J_.r 5 T T
r " !
\ -
/ \ / p \\ ]
7 ) S S A ~—
\ /! ".\' )).'
1) S VA ] ok
-\\ ’/( -.__\ X_,f ---\-...-“-\._\_ _,--"f
WS |
Py 15
-— / '\ /_, x\
E 15 /, \\\ - /.r' \\\ 5k
E s 5, s , ]
- / , wE R R
= rd *,
ool e \ / -0
- e
5L - - o 15
\/ e S I
\M"'-\_\_\. | ]
oF 7
o --_T"—o— " " —n—-'.'_--_ L |_ ._ _. _I L ) . 1 L . 1 N =
ik 0 +hk  -fik 0 +hik -Fik 0 +ik quasli momentum

quasimomentum
2 Tk
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The iInhomogeneous lattice

energy band structure e ]
4 characteristic length scale ¢ = -
maw

-
i

N: particle number,

characteristic density o, =

= D: dimension
o) = 0
o F d: lattice constant
) 2¢
= =
o >
position Theory: M. Rigol and A. Muramatsu Phys. Rev. A 69, 053612 (2004)
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Fermi Surface in the inhomogeneous lattice

3 3

< >

2 hk

quasi momentum
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Observed Fermi surfaces

experiment

theory

“‘conductive state” o > “band insulator®
filling

M. Kéhl et al., Phys. Rev. Lett. 94, 080403 (2005).
UNIVERSITY OF

CAMBRIDGE



Experiment: Fermi surfaces
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Interacting Fermi gases
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Fermions In a lattice

tunneling
—JE! 6

|o-|10'

interaction

un,n,,

R e BB ZW .

<i,j>,c '\
i \/Ekas”4
C T

'Hubbard model =
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Basic properties of the Fermi-Hubbard model

Two spin %2 fermions on two sites

2405|1404, P[0, 14)
N

left right
site site
attractive U: ‘ l//> = I T¢,0> + I 0, 'N/> + -—2-%J—- q T, ~L> = ‘ \L, T>)

* particles tend to pair

<W‘HT n, ‘ l//> ~1 « superfluid

J
)= [Td) =4 1) ¢ (1h.0)+ |0, 1)

repulsive U:

<l//|n¢ nT I l//> oC i . particles ordgr with alternating spin
U « insulator (anti-ferromagnet)
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More particles ...

 The ground state is known only for special cases, e.g.:

attractive U: superfluid/superconductor
repulsive U, half-filling (N+=N;=M/2): anti ferromagnet
one dimension, infinite dimensions

« Sketch of a possible phase diagram for U>0:

0.1 0 0.1 0.2
electrons doping holes

 The general problem cannot be solved theoretically:
the Hilbert space is too big!
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Interactions between neutral atoms

energy

—

hard core

e

internuclear

distance

B

van-der-Waals potential ——66
r




Basic properties of ultracold collisions

. : C
* What is the range of a power-law potential —— (n>2)?
r 2
a particle prepared at a distance r has a kinetic energy Ekin > f
(Heisenberg limit due to the hard core) mr?

n

potential energy of the particle Epot -

r 1

n-2
Ekin i Epot @ rO :( hznj

typical values for alkali atoms: r_z~ 10? ag,,,

 s-wave collisions

;‘ﬁ : P = A mMKT
; Sy
. . prL, 1 > [ 100K
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Basics of low-energy scattering theory

a>0 Interaction strength in the
Born approximation

4 h’a
nt = m

U

depends on a but not on the potential.
a<0 |——

internuclear
spearation
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A toy model for a Feshbach resonance

2
. 5 H - —h—Vz +V
closed channel | i
: V, QO
- r<ir,
-
Sl o o
VC .......... d 0 oo LN
V, “
open channel ~ o

hyperfine interaction: Q < {V_, V, |V,-V_[}

Ansatz:

w)=wo(n)|o)+y.(r)c)

e

open channel closed channel
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A toy model for a Feshbach resonance

Solution for E=0 |+)=cosd|o)+siné|c)
for r > 19 1 [1h) x — - |0), ‘—> = —sin (9‘ O> + Cos «9‘ C>
for r < rg : [¢) Sl“f“ +) + A b”_:, =) tan 20 = 282 <<

g -

... the usual formalism: boundary conditions, continuity of the wavefunction, ...

a-—r, E.+ 4B | AB

magnetic field tuning % -1, (O () 2V.Q2V. 0 B=B.
c g r(())} r, 3000 J

Shift of the resonance position from where
E. crosses into the continuum of the open channel © 0 r

Resonance of the scattering length !

-3000
200 210

B[G]
UNIVERSITY OF

CAMBRIDGE




Feshbach molecules

10

Scattering length

L o L

r-10

ABisua Bulpuig

58
al=
E
£




The more realistic picture

A
|

w
o
o
(@)

s-wave scattering length
o

-3000 ™

energy

closed
channel tuning by external
magnetic field

............ - —

interatomic
distance

open channel

For 40K

s-wave:
9/2,-9/2> +

9/2,-9/2> +
p-wave:

200 210
magnetic field [G]

9/2,-712> @ 202 G
9/2,-5/12> @ 224 G

|9/2,-7/2> + | 9/2,-7/2> @ 198 G
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Strong interactions in the lattice

O—O0—-0—0—0
iSA=A=A=Ac]
o
O-O0-O-0O-O




Repulsive interactions in a harmonic well

Feshbach resonance

fy

S, 3000
am|
= Jf
C
| ' :
repulsive o 0
interactions ho -%
i~
(&)
[7p]

<4—

noninteracting

220 240
magnetic field [G]

Theory according to
T. Busch et al., Found. Phys. 28, 549 (1998).

¢ 5 DUE[200)

a T(-E, /2hw—1/2)

3 D -1 0 1 : 3
scattering length ag [ap]
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Coupling of the Bloch bands

noninteracting

sweep over
Feshbach resonance

= - —
- (N w

Fraction of atoms in higher bands
o
o

Feshbach
resonance

‘ §}§_
Q@

§_§_§A 5 5 |

220 230 240
Final magnetic field [G]

observe atoms in
higher bands

| 9/2,-9/2> + | 9/2,-5/2> mixture

| 9/2,-9/2> + | 9/2,-7/2> mixture
(no Feshbach resonance)

Physics beyond the single band Hubbard model.

M. Kéhl et al., Phys. Rev. Lett. 94, 080403 (2005)
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Radio-frequency spectroscopy

m
noninteracting o r - | - e ° -9/F2
ground state

- - - ®-7/2
e -5/2

bound state

apply RF pulse

v
—@ — @

fraction of molecules measures

B
on-site correlations <nyn >

I\ Fs

25000 / \
i Ll
&

Y

Atom number

25 0 25 50 75 100
Pulse detuning & [kHz]
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Measuring the binding energy

Two particles in a harmonic oscillator: measuring the exact eigenstates

Theory according to
I S T. Busch et al., Found. Phys. 28, 549 (1998).

_ a I E ’ho 1))

4 _ 7 ['(-Es/200)

Binding energy [E/fia)]

4 0 PR 12 16
Scattering Length [a,_]

T. Stoferle, H. Moritz, K. Glnter, M. Kéhl, T. Esslinger, Phys. Rev. Lett. 96, 030401 (2006).
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Thermometry in an optical lattice
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Density of states

Deep lattice

MMM =
n4;4i p(E) o< EO'/21 d : dimensionality
VvyyvvV

Same density of states as the gas in a box potential!

(for comparison: harmonic oscillator has p(E) o E7)

Questions
1. loading the gas from the harmonic trap to the harmonic trap + lattice?
2. temperature dependence of number of holes in the Fermi sea?
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Entropy

Entropy of a Fermi gas in a 3D power law potential V(r) oc r:

1 k.T
san(— 2)5 +O((T/T.))

=« F

Adiabatic loading into a lattice

k. T
initial condition: harmonic trap (a.=2) Sinitial — : EB
F
. i N7z* KgT
final condition: “box” (a.=) S final =
2 B

Adiabdiic lieating of 1/1. by afaclof of 2

M. Kohl, Phys. Rev. A 73, 031601 (2006
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Change of entropy

06| ' -

= 2
= a
=
B £
.0 [ W
2 02F0 e 0

e Desm—

0 5 10 15 20 25
Lattice depth [E ]

M. K8hl, Phys. Rev. A 73, 031601 (2006)

A heating effect is also present for intermediate lattice depth and interacting systems.
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The fraction of doubly occupied sites

molecules Fermi distribution

) | P(E) F2(E)dE <
N jp(E)f(E)dE

(E—p)/KT

+1

Expand into power series around E=x for low T (Sommerfeld expansion).

N, | < )
== 1+ =2, ar,, (kgT)™"" 5
N Nz} _”+] ( hl, ) f!E__“

axlnp( E}

ny, =

E=H

For a general density of states p(E) o Ev
kT kpT \?
n=1—-(v+ I)L+OKL) }
Er Er

M. K&hl, Phys. Rev. A 73, 031601 (2006
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Measuring <n4+n;> correlations

Temperature dependence in the band insulator

1.0
08|
06!
(n.n,)

u.d

0.2}

0.0k i I i L " 1 " 1
0.0 0.2 0.4 0.6 0.8
Temperature T/T,

M. K&hl, Phys. Rev. A 73, 031601(R) (2008).
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Summary

« Cold atoms and optical lattices

 Fermions in optical lattices, Fermi surface

« Tuning interactions by a Feshbach resonance
 Molecules in optical lattices

 Thermometry in an optical lattice
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