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Spinor quantum gas systems

Ground state properties and dynamics
of F=1 and F=2 87Rb-BEC 

Multi-component thermodynamics
(condensate melting, magnatization,
‘new‘  path to BEC,...)

KITP, May 2004 Quantum Gases Conference
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Multi-component spinor-quantum-gases
very rich sytem due to:
- several different interactions
(within condensate fraction, within normal cloud and in between)

- exchangeof population possible
(within condensate fractions and between condensate fraction and
normal cloud)
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Small difference in weak interactions of quantum gases

i.e. different s-wavescattering lengths for different total spin

e.g.

a0 a2

0 0 1 1

≠
total spin of collision process determiness-wavescattering length

F=1 F=2
a0, a2 a0, a2, a4

87Rb:
T.-L. Ho, PRL, 81, 742 (1998);                  C.V. Ciobanu et al., PRA 61, 033607 (2000)

�� ���
���������
���������������������� !�.

110,0±4aB, 107,0±4aB 89,4±3aB, 94,5±3aB, 106,0±4aB, 

totaltotal--spinspin
conservationconservation!!

23Na:
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110,0±4aB, 107,0±4aB 89,4±3aB, 94,5±3aB, 106,0±4aB, 

Edd~10-33J Emf~10-32J

note: dipole-dipole interactions present but negligible

studies on dipole-dipole interactions, e.g. in Stuttgart (Cr-atoms)

totaltotal--spinspin
conservationconservation!!
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System allows studiesof spinor condensate dynamicsand ground state properties
e.g.

mF +2   +1    0   -1    -2

0 ms

10 ms

300 ms

F=2

0

0+1 -1

� coupled Gross Pitaevskii equations vs.
� physics beyond GPE (entanglement, damping,...)

spinor BEC in optical lattices

quantum information applications

Ho et al. 98
Machida et al. 98
Ketterle et al. 98
Cornell et al. 98
Bigelow et al. 98
Ueda et al. 99
Cirac, Zoller 01
You et al. 02
...
Hamburg group 03
Chapman et al.03
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� How do different quantum gascomponentsat different T do
interact with each other and how do they exchange population?

0+1 -1

T1 T2 T3

temperature reservoir and particle reservoir

special here, combination of:
- different time scales for spin dynamics within condensate fraction and thermalization
- allows, e.g.:
� new path to BEC
� condensate melting
� temperature driven magnetization !

Related system: effective spin-1/2 quantum gas (Cornell et al.)
(no self-driven population transfer)

1,1−
1,2 +

Jila
Hamburg

Theory?
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single comp.
mean field

n0
n-1

n+1

chemical potential 
~ 120nK

linear Zeeman

F=2

F=1

~35 µK/G but:
cancels due to
spin conservation

quadratic Zeeman

F=1

F=2

[1] T.-L. Ho, PRL, 81, p.742 (1998)
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[2] M. Koashi, M. Ueda, PRL, 84, p.1066 (2000)

mean field 
exchange interaction

1 1

21 FF
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⋅∝F=1:

g1~10nK , g2~0.2nK ~14nK/G2

n-2

n+2

+1
-10
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Exper imental scheme

creation of Rb-BEC in a far detuned optical dipole trap

preparation of initial spin distribution 
by RAP and LZ sweeps

evolution of spinor  condensate
for a variable hold time
in the optical dipole trap at low bias field

detection after Stern-Gerlach and time-of-flight

mF = +2

e.g. mF = 0

mF = ?

mF0 -1 -2+1+2

ti
m

e

important to remember for interpretation of dynamics:
!!! pictures taken after Stern Gerlach separation !!!
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mF0 -1 -2+1+2mF 0 -1 -2+1+2
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antiferromagnetic ground state is stable for Rb F = 2

0 ms

10 ms

300 ms

mF +2   +1    0   -1    -2

and is superposed in trap! 87Rb  F = 2 is antifer romagnetic

ferromagnetic            antiferromagnetic                   cyclic

F=2 phase diagrams
our calculations
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0 s

5 s  

10 s

mF +1  0  -1  mF +1  0  -1  

0 s

5 s  

10 s

Rb F = 1 is fer romagnetic!

very slow spin dynamics in F = 1!
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seealso: work by Georgia-Tech group
M.-S. Chang et al., PRL 140403
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87Rb

coherent coupling 

antifer rom.ferromagnet
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quantum optics viewpoint � four-wave-mixing

optics:

ω1

ω2

ω3

ω4

for BEC 
(Phillips et al.):

spinor condensates 
(J. P. Burke et al., cond-mat/0404499):

0

-1 +1

four wave mixing

� fully equivalent description
� to populate empty modes:

- seed
- quantum fluctuations

F=2: even more complex

-1 +1

+1-1 0-2 +2

multi modecoupling
competing four wave
mixing channels

NSE`s:
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• adding kinetic energy plus magnetic fields:
additional processes possible

e.g.:
0 0-1 +1

F=1

( )0=p
�

quadratic 
Zeeman 
energy m

k

2
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0,1 =− p
�

0,1 =+ p
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k
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,0
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FWM into zero momentum states

phonon driven spin dynamics??! for very small offset B-field

00

-1

+1

phononk
�

T e.g. quadrupolemode
coupling to spin 
conversion

coupling of spinor componentsand finite T excitations?
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F=2: the other  way round...

0

+1

-1
potential energy � kinetic energy

four wavemixing for k1=k2=0 !  ( what we observe!) 

no grating !? 

entanglement source
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const. T
approach

...612.2)(3
0 =Λ cdB Tn

A. Einstein,  
Sitzungsber. Preuss. Akad. Wiss., 3, 1925
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mF=-1 mmFF=0=0 mF=+1

only population of mF=0
condensate component 

star t:
mF = 0 empty
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if cr itiacl density 
for  component reached:
BEC transition

related work: Cornell et al.: decoherence dr iven cooling

slow spin dynamics
populates mF=0
-> fast thermalization

no relevant
spin dynamics
in thermal cloud
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-1 0 +1

t=0s

t=3s

t=8s

t=10s

filling up mF=0
normal component

cr itiacl density
reached

population of 
mF=0 condensate 

star t:
mF = 0 empty
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thermalization

N0, th
X

th N0
X N t

N t , th
X

th N0
X N t

T th thT N0

N0, sp sp1 N0
0 N0

0
sp2 N0 N0

N0, sp
0 2 sp1 N0

0N0
0 2 sp2 N0 N0

spin dynamics

based on 7 var iables N0 , N0
0, N0 ,N t , N t

0 , N t ,T
'�����(���
�@����������&�����
���'�


N0,1b
X

1 N0
X

N t ,1b
X

1 N t
X

1-body losses

N0,3b
X

N0
X

Lc3 N0
4 5

3-body losses

evaporation

N t ,ev
X

e N t
X

Tev e T T e

phase space redistr ibution
If Nt

X Nc T :

N0
X t t N0

X t Nt
X t Nc

Nt
X t t Nc

T t t T t 1
N0 t N0 t

Nt t t

G�
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M. Erhard et al. cond-mat/0402003. 
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preparation of 
mixture 0,+1:

Spin-1 0 +1

Spin-1 0 +1

� normal components equalize,
(via spin dynamics) 
-> total spin = 0 

� condensate spin increases!

temperature dr iven temperature dr iven 
magnetization of BEC!magnetization of BEC!

-1 0 +1
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offers fur ther  opportunities for  
manipulation of 87Rb spin mixtures 
and entanglement
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Advanced studies on spin-dynamics
- coupling ferro- and antiferromagnetic states
- investigation of coherence and entanglement
- physics beyond ‘Gross-Pitaevskii equation‘

• Playing text-book thermodynamics
- exploration of new regimes

• Filled Spinor Solitons
• Spinor  BEC in optical lattices
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coherent coupling 

antifer romagnetfer romagnet
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The nice city The nice city of Hamburg...of Hamburg...

new institute building at Hamburg (DESY campus) open for  visits!!



Multi-Component Quantum Gases – Magnetism and a New Realisation of BEC

Klaus Sengstock, University of Hamburg (KITP Quantum Gases Conference 5/11/04) 18

t = 1 ms t = 50 ms t = 500 ms

t = 1 ms t = 50 ms t = 150 ms
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representation as function
of total spin (s) and 
offset-magnetic field (q).
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for  details see: H. Schmaljohann et al., Phys. Rev. Lett. 92, 040402 (2004). 
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