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Spinor-BEC

Spinor-BEC:

Bose-Einstein
condensate with spin 
degree of freedom

"Conventional" BEC:

Quantum gas with 
fixed spin orientation

Spin-independent trapping

Spinor-Systems

Spinor-BEC Quasi-Spin-½

F = 2

F = 1

87Rb

-2 -1 0 +1 +2

-1 0 +1

"5 Orientations"

"3 Orientations"

23Na

F = 2

F = 1

87Rb

-2 -1 0 +1 +2

-1 0 +1

"2 Orientations"

Optical trapping
mF-independent

x

EZ

0

Magnetic
trapping

(2,+2)

(2,+1), (1,-1)

(2,0), (1,0)

(2,-1), (1,+1)

(2,-2)

Ketterle et al. 98
Sengstock et al. 03
Chapman et al. 03
Hirano et al. 04
Stamper-Kurn et al. 05

Cornell et al. 98
Hall et al. 04For theory see talks of T.L. Ho and M. Ueda

Spinor-BEC as a Multi-Component System

Inter-atomic
interactions

Interaction with
external fields

Finite
temperature

0+1 -1

T1 T2 T3



Experimental Studies (not complete)

Inter-atomic interactions
23Na F=1 - ground state, spin domains and metastability
- J. Stenger et al., Nature 396, 345-348 (1998).
- D. M. Stamper-Kurn et al., Phys. Rev. Lett. 83, 661 (1999)

- H.-J. Miesner et al., Phys. Rev. Lett. 82, 2228 (1999)

87Rb - ground states and dynamics in F=1 and F=2
- H. Schmaljohann et al., Phys. Rev. Lett. 92, 040402 (2004)
- M.-S. Chang et al., Phys. Rev. Lett. 92, 140403 (2004) 

- T. Kuwamoto, K. Araki, T. Eno, and T. Hirano, Phys. Rev. A 69, 063604 (2004)

Interactions with external fields

Coherence in a quasi spin 1/2 system
- D. S. Hall, M. R. Matthews, C. E. Wieman, and E. A. Cornell, Phys. Rev. Lett. 81, 1543 (1998)

- M. H. Wheeler, K. M. Mertes, J. D. Erwin, and D. S. Hall, Phys. Rev. Lett. 93, 170402 (2004)

Coreless vortex formation
- A. E. Leanhardt et al.,  Phys. Rev. Lett. 90, 140403 (2003)

Vortex lattice in a quasi spin 1/2 system
-V. Schweikhard egt al., Phys. Rev. Lett. 93, 210403 (2004)

Finite temperature

Thermal component spin waves
- J. M. McGuirk et al., Phys. Rev. Lett. 89, 090402 (2002)

- J. M. McGuirk, D. M. Harber, H. J. Lewandowski, and E. A. Cornell, Phys. Rev. Lett. 91, 150402 (2003)

Decoherence driven cooling
- H. J. Lewandowski, J. M. McGuirk, D. M. Harber, and E. A. Cornell, Phys. Rev. Lett. 91, 240404 (2003)

Constant temperature BEC
M. Erhard, H. Schmaljohann, J. Kronjäger, K. Bongs, and K. Sengstock, Phys. Rev. A 70, 031602 (2004) 

Interactions in spinor 
Bose-Einstein condensates

Single Component Collisions

Gross-Pitaevskii equation

( - ∆ + Vext +              | ψ( r )|2) ψ( r ) = E ψ( r )
h2

2m

4π h2a

m

Collisional interactions 
approximated by effective 
mean field potential

1r
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21 rr
rr −

Umol

Density below 1015 cm-3

6 mean distance > 100 nm >> r0

r0 ~  nm

Temperature ~ 100 nK 
6 low relative velocities

Only s-wave scattering, 

single parameter: a
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Simple collision picture:

Colliding atoms experience 
the corresponding molecular 
potential.

Quantum gas parameter regime:
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• long range
• orientation dependence

Spin dependent part

• conversion between 
angular momentum and 
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repulsion
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Collisional Magnetic Interactions

Classification of collisional 
interactions by the total spin 
of the colliding pair.

+

F F f=0,2,...,2F

21 rr
rr −

Umol(f)

r0 ~ few nm

f=0

f=2

Effective mean field now depends 
on several characteristic scattering 
lengths: a0, a2,..., af
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m
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4 rrhrr δπ

Molecular potential curves 
change slightly for different 
spin configuration in the 
entrance channel.

Collisional Interactions for F=1

( ) ( )

( ) ( )
212120

21

2

21int

4

rrFFgg

Parr
m

rrV
f

ff

rrrr

rrhrr

−⋅+=

−=− ∑
δ

δπRewrite the potential in 
terms of the spin 
expectation value for 
each atom:

3

24 02

2

0

aa

m
g

+= hπ
3

4 02

2

2

aa

m
g

−= hπ

spin-independent part spin-dependent part

Magnetic properties: 
:02 >g

:02 <g

"anti-ferromagnetic"

"ferromagnetic"

Two contributions:

• determined by spin-
dependent part

• total spin projection is 
conserved

• typically a small difference 
in the weak quantum gas 
interactions

Example 87Rb: a0=101.8(2) aB, a2=100.4(1)aB

E.G.M. van Kempen. et al., PRL, 88, 093201 (2002) 

Dipolar versus Collisional Interactions
dipole-dipole

Edd~10-33J

collisional

Emf~10-32J

0 0

1 1

1 1

-

conservation of total spin:

0 0 1 1

see also: Cr-BEC (µ~6µB)
Axel Griesmaier et al., Phys. Rev. Lett. 94, 160401 (2005)

Interactions with an External Magnetic Field

B
µ

( )42

Zeeman −−−= zz FqFpV

Bgp FBµ=

( )
0

2

4 E

B
q B

∆
±= µ

linear Zeeman effect

quadratic Zeeman effect



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

mean field 

exchange interaction

[1] T.-L. Ho, PRL, 81, p.742 (1998)

lin. Zeeman energy quadratic
Zeeman energy

Spin dependend
mean field [1]

additional mean field 
for F=2 [2]

Spin-dependent energy functional:

Espin= ( - p <Fz> + q <FZ
2> + g2<F>2 n ) n+ g4|<P0>|2 n

[2] M. Koashi, M. Ueda, PRL, 84, p.1066 (2000)

1 1
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g2~10nK , g4~0.2nK ~14nK/G2
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Interactions in Spinor BEC

Spins on a lattice and exchange coupling
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Magnetism

Condensed matter (100-1000 K):

"ferromagnetic" "anti-ferromagnetic"

↑∝ Nψ ( )↓+↑∝
2
Nψ

Gas (nK):

Experimental determination of 
spinor ground states

F=1 in Na

p

q (offset field)

|0>
|1>|-1>

|-1>
+
|0> |0

>
+
|1

>

q (offset field)

|0> |1>|-1>

|-1>+|1> p

|0> |1>|-1>

|-1>+|1>

ferromagnetic

antiferromagnetic

mf=0

mf=±1

mf=+1 mf=-1

spin dynamics

time of flight 
Stern Gerlach 

analysis

preparation

J. Stenger, et al., Nature 396, 345 (1998).

final state



Rb F = 1 is ferromagnetic!
0 s

5 s 

10 s

mF +1 0 -1

mF +1 0 -1

0 s

5 s 

10 s

M.-S. Chang et al., PRL 92, 140403 (2004)

F=1 in Rb

Hamburg (2003)
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F=2: Losses

Problem: decay to F=1 possible for non-streched states

for details see: H. Schmaljohann et al., Phys. Rev. Lett. 92, 040402 (2004). 

F=2 Spin Dynamics Rates

Antiferromagnetic
ground state is 
stable for Rb F=2

0 ms

10 ms

300 ms

mF +2   +1    0 -1 -2

Components superposed 87Rb  F = 2 is antiferromagnetic

ferromagnetic        antiferromagnetic              cyclic

F=2 Ground State

Phase diagram for 
F=2 spinor Bose-
Einstein condensates



Magnetic Ground States in Experiment

F = 2

F = 1

87Rb

-2 -1 0 +1 +2

-1 0 +1

"5 Orientations"

"3 Orientations"

23Na

23Na 87Rb

X
anti-ferro-
magnetic

anti-ferro-
magnetic

ferromagnetic

Investigated Elements:

Methods:

• Relaxation towards the equilibrium state

• Study of spatial overlap and relative population

• Investigation of spin dynamics

Spin Dynamics

Spinor Vector Order Parameter

Single component BEC:

6 scalar order parameter
( ) ( ) ( )trietrntr ,,,

rrr φψ =

Spinor-BEC:

6 vector order parameter ( )
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Fmψ population in magnetic hyperfine state mF

2

1+ψ 2

0ψ 2

1−ψ

The population in each 
spin component is 
directly accessible in 
experiment!
What about the phase?

Spindynamics - Simulation

Coupled GPE (T=0),
homogeneous case:

small seed in +/-1 und +/-2 comp.: 10-4

Results:

• delay

• oscillations

• phase dependency !

• here: no damping

numerical simulation experiment

H. Schmaljohann et al., PRL 92, 040402 (2004) 



Spin Dynamics 87Rb

mF +2   +1    0 -1 -2

• Example: F=2, preparation in mF = 0

0 ms

10 ms

300 ms

H. Schmaljohann et al., PRL 92, 040402 (2004) 

ntotal

n1 – n-1

n1+n-1-2n0

M.-S. Chang et al., PRL 92, 140403 (2004)

• Spin-oscillations in F=1

• Spin-oscillations in F=2

ms ms

T. Kuwamoto et al., PRA 69, 063604 (2004) 

Spin Dynamics: Influence of Magnetic Field

Linear Zeeman-effect has no consequences

B = 0 B = 340 mG B = 1700 mG

Dephasing by quadratic Zeeman-effect
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Spin Waves

Preparation:

Image: E. A. Cornell, JILA
Phys. Rev. Lett. 89, 090402 (2002)

Spinor-BEC:

Quasi-Spin-½:

???

Spin waves in thermal 
ensembles, not in the 
condensate fraction

Origin: interference of 
collisional amplitudes 

Spin waves in 
condensate fraction 
predicted but not 
yet experimentally 
confirmed

spatial effects in spin dynamics

H. Schmaljohann et al., Appl. Phys. B. 79, 1001 
(2004)T. Kuwamoto et al., Phys. Rev. A 69, 063604 (2004) 

Coherence in Spin Dynamics ?

Preparation
Decoherence
Dephasing

Fragmentation



Goal: General Understanding of Decoherence in 
Multi-Component Systems

known: - spinor ground states and basic spinor dynamics

- coherent manipulation techniques and external influences

next: - measure and study spinor density matrix in time

- develop understanding of the dependence of decoherence 
on the dimensionality of the system

entire Hilbert space

classical world
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0

0
classical

?
QM ρρ

Electromagnetic Coupling of the Internal States

D. S. Hall et al., PRL 81, 1539-1542 (1998)

Two-photon microwave-coupling:

Reminder:
2-level system

1

2

12ωh
ωh

P1,P2

1

½

0
Ωτπ/2 π 3π/2 2π

Rabi-frequency

Example:
Quasi spin-½

2-level system

Coherence in a Quasi-Spin½-System

-2 -1 0 +1 +2

-1 0 +1

Idea: Ramsey-Interferometer

total population

central population

"phase memory" > 100ms
D. S. Hall et al., 
PRL 81, 1543-1546 (1998)

Spinor-BEC Preparation - Two Regimes

B

E

ωh

ωh

"Linear Zeeman regime"

• The "coupling energy" 
is larger than the
quadratic Zeeman
splitting

• Simultaneous coupling
of all mF-levels

• Full multi-level system 
treatment necessary

"quadratic Zeeman regime"

• The "coupling energy" 
is smaller than the
quadratic Zeeman
splitting

• Only coupling of 
adjacent mF-levels

• Effective two-level
system
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Preparation Considerations

mF
+2   +1    0 -1 -2

High offset field:

0

+1

+2 -2

-1

• individual transitions resolved

•<F2> changes

• full state space accessible

• adiabatic passage:
phase relations hard to track 

Low offset field:

-1

+1

0
• simultaneous coupling 

on all transitions 

•<F2> conserved
6 no spin dynamics ?

• only "classical" states accessible

• phase relations well defined

• "Rabi"-oscillations

"Classical Spin" Picture

x
y

zClassical picture:

• Spin-1 sphere in real space
• Arrow represents spin expectation value
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Example: Rotation

• Rotation by angle φ around axis    :

• Example: 90o around x-axis ("π/2-pulse"):
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Linear and Quadratic Zeeman Influence

quadratic Zeeman effect:

• relative phase between 0 and ±1 components
• periodic de- and rephasing
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mF=+1 mF=-1
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• relative phase between +1 and -1 components
• no change in classical spin length
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Model System
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"Ramsey-Experiment" for Spin 1 Systems

initial prep.
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Attention: This is not a Bloch-sphere description !!!

?

detuning
-> rotation in xy-plane

noisy linear Zeeman effect
-> phase randomization

quadratic Zeeman effect
-> dephasing

magnetic field gradient influence
(see J.G. Higby et al., cond-mat/0502517)

temperature

other decoherence mechanisms

"Ramsey-Experiment" for Spin 1 Systems

magnetic offset field ~ 0.55G (νL~384kHz), νR~5kHz, νQZ~87Hz

condensate fraction

normal component

quadratic Zeeman dephasing

linear Zeeman randomization temperature dominated
spin dynamics

"Ramsey-Experiment" for Spin 1 Systems

condensate fraction

normal component

magnetic offset field ~ 1.1G (νL~770kHz), νR~5kHz, νQZ~350Hz

detuning (-> "Rabi" Oscillations)

dephasing/decoherence

"Rabi"-Oscillation

continously driven spin
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important:
depends on magnetic field gradients only via the "Rabi"-frequency
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"Rabi"-Oscillation

condensate fraction

normal component

magnetic offset field ~ 1.1G (νL~770kHz), νR~5kHz, νQZ~350Hz

quadratic Zeeman dephasing

"Rabi"-Oscillation

condensate fraction

normal component

magnetic offset field ~ 1.1G (νL~770kHz), νR~5kHz, νQZ~350Hz

Incomplete "Ramsey-Experiment"

initial prep.
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Recent Results from Hamburg

Evolution of the condensed fraction

Evolution of the normal component

Incomplete Ramsey:

• Rotated streched 
state "broken" by
quadratic Zeeman
effect

• Quadratic Zeeman
phase dictates the
direction of spin 
dynamics

Clear evidence of 
coherent evolution!

• Thermodynamics
dominates for long
time scales 



Coherence in a Quasi-Spin½-System

H. J. Lewandowski et al., PRL 91, 240404 (2003)

Now:

condensate+thermal cloud

temperature dependent decoherence

decoherence-driven cooling!

Y How do different quantum gas components at 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

- total spin conservation allows, e.g.:
Y new path to BEC
Y condensate melting
Y temperature driven magnetization !

Thermodynamics

‘0‘-component
0 ms

Separation: Condensate - Normal Component

87Rb in F=2: 
Fast (coherent) spin dynamics results in a spinor-BEC with a spin 
projection different from the normal component (thermal atoms).
-> "Statistically different ensembles"

40 ms

"pure" condensates

125 ms

separate ensembles

BEC Phase Transition

TTc
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T>Tc T<Tc

...612.2)(3

0 =Λ cdB Tn

Condition for BEC:

JILA 1995



A. Einstein, Sitzungsber. Preuss. Akad. Wiss., 3, 1925

History BEC – “new“ aspects

BEC

const. T

approach

...612.2)(3

0 =Λ cdB Tn

m
F
=-1 mm

FF
=0=0 m

F
=+1

slow spin dynamics

populates mF=0

-> fast thermalization

if critical density

for each component reached:

BEC transition

only population of m
F
=0

condensate component 

start:

mF = 0 empty

normal components +/-1: temperature reservoir
condensate fractions +/-1:particle reservoir

TT

Realization in F=1 Spinor BEC
BEC at Constant TemperatureBEC at Constant Temperature
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M. Erhard et al., PRA 70, 031602 (2004)
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thermalization
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Thermodynamic Rate Model

preparation of 

mixture 0,+1:
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Spin-1 0 +1

Spin-1 0 +1

? normal components equalize,
(via spin dynamics) 

-> total spin = 0 

? condensate spin increases!

temperature driven temperature driven 

magnetization of BEC!magnetization of BEC!

Temperature Dominated Thermodynamics: 
Magnetization of a BEC

Spinor-BEC: Open Questions

• Interplay of spatial and spinor dynamics?

• How does the transition from a pure state to a mixed state occur?

• Seed effects ?

• Spin waves ?

• Entanglement ?

• ...

quantum optics viewpoint Y 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

Y fully equivalent description

Y to populate empty modes:

- seed

- quantum fluctuations

F=2: even more complex

-1 +1

+1-1 0-2 +2

multi mode coupling

competing four wave

mixing channels

DGLs:

Outlook: Spinor Four Wave Mixing



• adding kinetic energy plus magnetic fields:

additional processes possible

e.g.:
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Raman excitation kh2
offset field ~ 3G

phonon driven spin dynamics ??! for very small offset B-field
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T e.g. quadrupole mode

coupling to spin

conversion

coupling of spinor components and finite T excitations ?

Outlook: Spinor Four Wave Mixing Outlook: Spinor-BEC in Optical Lattices 

87Rb offers:

ferromagnetic system in F=1

anti-ferromagnetic system in F=2

MI-SF phase transition is modified

compared to single component BEC

complex new phase diagramms

Various possibilities for the creation of 

spin domains

Dipole-dipole interactions become 

important

quantum-phase transition to a 

ferromagnetic state in F=1 theoretically 

predicted

Entanglement in OL in various scenarios
or

or


