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Ultracold quantum gases

BEC

At ultracold temperatures…

…quantum behavior dominates.

Fermi sea

molecular BEC

Vortices

Lattice gas

E. Cornell



Alkaline-earth elements

Alkali atoms: 
one valence electron

Yb&

I

II

Alkaline‐earth (like) atoms:
two valence electrons



Strontium level scheme

7.4 kHz



narrow
transition

metastable
states

broad
transition

cooling,
precision measurements,
artificial gauge fields, ...

quantum simulation
& computation

Strontium level scheme

7.4 kHz

no electronic
magnetic moment



Bosons and Fermions

84Sr, 86Sr, 88Sr 87Sr

no nuclear spin nuclear spin I = 9/2 

Bosons Fermion

quantum simulation
& computation



Opportunities
SU(N) magnetism

Artificial gauge fields

Hermele, Gurarie, and Rey 2009

Gerbier and Dalibard 2010
Cooper 2011

Many other possibilities:

RbSr ground‐state molecules



• Quantum computation

• Precision measurement

• Continuous BEC

• Laser cooling to BEC

• Rydberg atoms

• …



SU(N) spin symmetry
Fermionic 87Sr:

electronic and nuclear spin NOT coupled
scattering properties independent of nuclear spin orientation
but for fermionic statistics

leads to SU(N) spin symmetry!      (N=1...10)

nuclear spin I = 9/2 

1S0

F = 9/2 

mF

- 9/2 + 9/2 

Alkali atoms:

electronic and nuclear spin are coupled
scattering properties dependent on nuclear spin orientation

reduced spin symmetry!



SU(N) interaction

Enter regime dominated by SU(N) symmetric interaction:

Load 87Sr into lattice!

Feshbach resonance?     not available

U

Two atoms on same site experience significant mean‐field shift U



SU(N) super-exchange

negligible wavefunction overlap
negligible direct interaction

t t

hopping

interaction in virtual state

U

U

Super‐exchange interaction:

Interaction between sites:



SU(N) magnetism

Heisenberg Hamiltonian

Ĥ = −Jex 12
P

<i,j>

−̂→
S i ·

−̂→
S j Jex = ±4 t

2

U

SU(N) magnetism (simplest case):

SU(N) spins

super‐exchange interaction

;

Properties of SU(N) spins:

• for strong interactions: singlet energetically favorable
singlet has to be composed of N spins!

• spin fluctuations scale with N           (unlike large classical spin!)

link to QCD: baryons are SU(3) color singlets



SU(N) magnetism

SU(N) magnetism:

for N>3 classical ground state highly frustrated

interesting quantum phases expected A.V. Gorshkov, M. Hermele, V. Gurarie, C. Xu, 
P.S. Julienne, J. Ye, P. Zoller, E. Demler, 
M.D. Lukin, A.M. Rey (2010)

M. Cazallila, A. Ho, M. Ueda (2009)

• Analytical methods available for

• Numerical methods up to N=3

N →∞
Rich phase diagram predicted, 
including valence bond solid or chiral spin liquid

Hermele, Gurarie, Rey (2009)

N=3: quantum and thermal fluctuations favor different phases.

T. Tóth, A.M. Läuchli, F. Mila, K. Penc (2010)



Two-orbital SU(N) physics
Fermionic two‐electron atom (e.g. 87Sr):

electronic and nuclear spin NOT coupled

leads to SU(N) spin symmetry!

electronic and 
nuclear spin 
not coupled

True for two states:

scattering properties independent of nuclear spin orientation
but for fermionic statistics



Two-orbital SU(N) magnetism
Two orbital SU(N) magnetism: e.g. Kondo lattice model

A.V. Gorshkov, M. Hermele, V. Gurarie, C. Xu, P.S. Julienne, 
J. Ye, P. Zoller, E. Demler, M.D. Lukin, A.M. Rey (2010)

heavy‐Fermi‐liquid

non‐Fermi‐liquid

antiferromagnet



Two-orbital SU(N) magnetism
Two orbital SU(N) magnetism: e.g. Kondo lattice model

A.V. Gorshkov, M. Hermele, V. Gurarie, C. Xu, P.S. Julienne, 
J. Ye, P. Zoller, E. Demler, M.D. Lukin, A.M. Rey (2010)

heavy‐Fermi‐liquid

non‐Fermi‐liquid

antiferromagnet

Fascinating physics to be uncovered!

Challenge: cool below super‐exchange energy scale.



RbSr ground-state molecules
RbSr ground‐state molecules

Leads to anisotropic, long‐range interactions that are spin dependent!

Have electric (1.5 Debye) and magnetic (1 µB)
dipole moment

Simulation of lattice‐spin models

(So far only electric ormagnetic dipole moment)

Micheli et al., nature physics 2, 341 (2006)



Overview

BEC of strontium
87Sr Fermi gas

Laser cooling to BEC

Strongly-interacting
6Li-40K Fermi mixture



Towards high phase-space density
2000: 88Sr at phase-space density of 0.1

2006: cooling of 88Sr/ 86Sr mixture to phase-space density of 0.06



New approach

Bosonic strontium isotopes:

Isotope Natural 
abundance

Scattering
length

88Sr 82.58 % -2 a0

86Sr 9.86 % +800 a0

84Sr 0.56 % ?

no collisions

inelastic collisions



New approach

Bosonic strontium isotopes:

Isotope Natural 
abundance

Scattering
length

88Sr 82.58 % -2 a0

86Sr 9.86 % +800 a0

84Sr 0.56 % +124 a0 by Roman Ciurylo
using PRL 95, 223002

Our strategy: use 84Sr

no collisions

inelastic collisions



Let‘s do it!

atomic beam
from oven
atomic beam
from oven

Zeeman slowerZeeman slowerMOTMOT



MOT
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blue MOT
461 nm
32 MHz

3 mm

3x105 atoms

1:150.000

>108 atoms !
in magnetic trap

Accumulation in metastable state
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>108 atoms !
in magnetic trap

repump
497 nm
2.3 MHz

red MOT
689 nm
7.4 kHz

Narrow linewidth MOT

3 mm

3x105 atoms



1S0

1P1

1D2

3PJ

1
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3DJ

red MOT
689 nm
7.4 kHz

> 108 atoms
T ~ 0.5 µK

Narrow linewidth MOT

3 mm

3x105 atoms



1S0

1P1

1D2

3PJ

1
0

2

1
2

J

J
3

3DJ

108 atoms
T ~ 0.7 µK

Narrow linewidth MOT

3 mm

3x105 atoms
5x107 atoms with
phase-space density of

0.1 !

Atoms in dipole trap



Forced evaporative cooling



10 million atoms in pure BEC!

See also work by Tom Killian‘s group: PRL 103, 200402 (2009)

Sr BEC!
9/26/2009



Fermionic 87Sr

Bosonic Sr: Fermionic 87Sr:

no nuclear spin nuclear spin I = 9/2 

Quantum computation / simulation



BEC & Fermi sea



87Sr Optical Stern-Gerlach

optical Stern-Gerlach

+ 9/2

- 9/2

mF

Fermionic 87Sr:

nuclear spin I = 9/2 

1S0

F = 9/2 

mF

- 9/2 + 9/2 



Optical pumping

1S0
F = 9/2 

mF
- 9/2 + 9/2 

+ 9/2 - 9/2 
mF‘

3P1
F‘ = 9/2 

+
-



Spin relaxation?

5/2 7/2

t = 0 s

t = 10 s

No spin relaxation after 1000 collisions!

1S0

F = 9/2 
mF

- 9/2 + 9/2 

averages of
25 images



Overview

BEC of strontium
87Sr Fermi gas

Laser cooling to BEC

Strongly-interacting
6Li-40K Fermi mixture



A new dog for new tricks:
laser cooling to BEC

© http://www.flickr.com/photos/dunstan/6236079389/

Why laser cooling to BEC?
• Shows that evaporative cooling is not the only way to BEC

• Laser cooling does not rely on losses

• Easily extended to continuous BEC!





1S0

1P1

1D2

3PJ

1
0

2

1
2

J

J
3

3DJ

108 atoms
T ~ 0.7 µK

Narrow linewidth MOT

3 mm

3x105 atoms
5x107 atoms with
phase-space density of

0.1 !

Atoms in dipole trap

Very high phase-space density has been reached by laser cooling.

Why not more?



Phase-space density limit

Photon reabsorption

• effective repulsive interaction between atoms density limit

Consequences:

• widens frequency spectrum of photons can not cool as well

Another bad effect: light-assisted collisions heating



Our starting point

Highest phase-space density reached by laser cooling sample in dipole trap:

weak cooling laser,
insufficient to support atoms against gravity

dipole trap
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red MOT
689 nm
7.4 kHz

3S1

invisibility
688nm

4.5 MHz

Cap of Invisibility



Cap of Invisibility

1S0

1P1

1D2

3PJ

1
0

2

1
2

J

J
3

3DJ

red MOT
689 nm
7.4 kHz

3S1

invisibility
688nm

4.5 MHz

1S0

3P1

potential

invisibility laser

cooling laser

atoms out of resonance

AC Stark shift
of invisibility laser



Cap of Invisibility in action

laser cooled atoms Cap of Invisibility on



A bit more density…

1S0

3P1

potential

cooling laser

AC Stark shift
of invisibility laser

dimple potential



Dimple in action

laser cooled atoms Cap of invisibility on dimple on

(no invisibility)



Dimple & Invisibility

No invisibility laser, weak dimple invisbility on for 150ms, strong dimple

4 ms time of flight images:
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BEC?
24 ms time of flight images:
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No invisibility laser, weak dimple invisbility on for 150ms, strong dimple



-1,0 -0,5 0,0 0,5 1,0
0,00

0,05

0,10

0,15

0,20

0,25

0,30

0,35

 

 

lin
ea

r d
en

si
ty

 (a
rb

. u
ni

ts
)

x (mm)

BEC?
24 ms time of flight images:
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No invisibility laser, weak dimple invisbility on for 150ms, strong dimple



BEC?
Remove reservoir to see more clearly:

1S0

3P1

potential

AC Stark shift
of invisibility laser

intense
light pulse
for 10ms

dimple potential



BEC!

1S0

3P1

potential

AC Stark shift
of invisibility laser

Remove reservoir to see more clearly:

intense
light pulse
for 10ms

atoms from invisibility area
24ms TOF
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Determine T,N

4ms time of flight: 24ms time of flight:

Double Gauss fit gives:

• N reservoir
• N dimple
• T reservoir
• T dimple

Gauss/BEC fit gives:

• N thermal
• N BEC



0 50 100 150 200 250
0

2

4

6

8

10

 

 
at

om
 n

um
be

r i
n 

re
se

rv
oi

r (
10

6 )

time (ms)

Dimple loading

Dimple fills up on 10ms time scale:

Reservoir atom number reduced: Dimple thermalizes with reservoir:
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BEC formation

Dimple fills up on 10ms time scale:

Reservoir atom number reduced: Dimple thermalizes with reservoir:

BEC forms on thermalization time scale:
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Demonstrate laser cooling power
Repeatedly destroy BEC by heating and removing atoms:

in-situ image

50 thousand atoms coupled out
by briefly increasing dimple potential
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Demonstrate laser cooling power
Repeatedly destroy BEC by heating and removing atoms:

in-situ image

50 thousand atoms coupled out
by briefly increasing dimple potential
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0.5 mm

no laser coolingno laser cooling

Can we create
continuous BEC?



Future research

Quantum simulation RbSr molecules
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Overview

BEC of strontium
87Sr Fermi gas

Laser cooling to BEC

Strongly-interacting
6Li-40K Fermi mixture



Strongly Interacting Fermi mixturesStrongly Interacting Fermi mixtures



ultracold alkali fermions

Li
6 K40

BEC-BCS studies: Innsbruck, JILA, MIT, Duke, E.N.S., Rice, Swinbourne, Tokyo



6Li 40K Fermi-Fermi mixtures

Li
6 K40&

LiK experiments worldwide: Singapore, Amsterdam, MIT, E.N.S., Trento, …

New twists:

• Independent trapping
e.g. 40K in lattice immersed in 6Li Fermi sea

• Mass ratio

New few-body and many-body phenomena!



Impurity in a Fermi sea

??

6Li Fermi sea

40K impurity



Polarons
Single 40K impurity scatters with 6Li Fermi sea and excites it

The complex behavior of real particles can be described by simple behavior
of quasi-particles, here called polarons:



Many-body energy diagram (T=0)
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Em

Em - F

molecule-hole
continuum

(MHC)

repulsive polarons

attractive polarons

E+

E-

studied at ENS and MIT in 6Li

strong interactions



“reverse” rf spectroscopy

K
in non-interacting

spin state

K
in (strongly) interacting

spin state

radio-
frequency



Many-body energy diagram (T=0)
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spectral response



x

spectral response

Interesting:
Lifetime of repulsive polarons >10x longer than in 6Li



x

spectral response

Interesting:
Lifetime of repulsive polarons >10x longer than in 6Li

Outlook
• itinerant ferromagnetism possible?

• K specific lattice
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