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Relevant Interactions

total spin of collision process determines s-wave scattering length
F=1 F=2
% 3 8y, 8, 3y
87Rb: 110,0+4a,, 107,0+4a, 89,4+3a, 94,5+33,, 106,043,
T.-L. Ho, PRL, 81, 742 (1998); C.V. Ciobanu et al., PRA 61, 033607 (2000)
23Na: J. Stenger, et al.,Nature 396, 345 (1998)..

Relevant Interactions

note: dipole-dipoleinteractions present but negligible

@@ -0 e

E =103 E,~1032]

studies on dipole-dipole interactions, e.g. in Stuttgart (Cr-atoms)
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I. Magnetism in Quantum Gases

You et a. 02

Tz oo L UL Hamburg group 03
Chapman et a.03
% coupled Gross Pitaevskii equations vs.
% physics beyond GPE (entanglement, damping,...)
v
quantum information applications

spinor BEC in optical lattices

II. Multi Component Quantum Gas Thermodynamics

temperature reservolir and particle reservoir

specia here, combination of:
- different time scalesfor =11 /oo within condensate fraction and thermal i zation
- dlows, e.g.:

X 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)

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

.2/

~ 120nK 1 1Y spin conservation

Spin-depended energy functional:

= - 2 2 2
Eopin= (- P <F,> + q <F,?> + g,<F>2n + g,|<P;>[“n ) n
lin. Zeeman energy quadratic Spin dependend additional mean field
Zeeman energy mean field [1] for F=2 [2]

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

Mzigirigtiser 1 2 Gals

free spins + collisions + external magnetic field

R AT

“*domain structures"

"anti-ferromagnetism"

Klaus Sengstock, University of Hamburg (KITP Quantum Gases Conference 5/11/04)
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for avariable hold time
in the optical dipoletrap at low biasfield

ti

=2
CCODY =
® detection after Stern-Gerlach and time-of-flight Kg *‘\

JULLL

+2+10 -1-2 m
important to remember for interpretation of dynamics:
Il pictures taken after Stern Gerlach separation !!!

Experimental Scheme

M +2+1 0 -1-2 +2+1 0 -1-2 m

Klaus Sengstock, University of Hamburg (KITP Quantum Gases Conference 5/11/04)
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® detection after Stern-Gerlach and time-of-flight

+2+10 -1-2 m
important to remember for interpretation of dynamics:
Il pictures taken after Stern Gerlach separation !!!

Spin Dynamics for 8/Rb, F=2

relative population

0 100 200 300 400 500

mF +2 +1 0 '1 '2 05 time [ms]

— fast (~10 ms) spin dynamics
— initial delay
—» oscillations

&coherent dynamics
vs. damping

relative population

4_
—>

°

H. Schmaljohann et al., )
Phys. Rev. Lett. 92, 040402 (2004). T mL T s
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Spin Dynamics - Simulation
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delayed build up, oscillations,...
strongly depend on phases and initial conditions
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relative popultion
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Mg +2 +1 0 -1 -2

and is superposed in trap! 8’Rb_F = 2 isantiferromagnetic

ferromagnetic antiferromagnetic

F=2 phase diagrams
our calculations !

cyclic

Klaus Sengstock, University of Hamburg (KITP Quantum Gases Conference 5/11/04)
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Spin Dynamics for 8/Rb,

F=1

Relative Population all Atoms
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c>0 crk S

q/lcl
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ferromagnetic anti-ferromagnetic

mF +1 0 -1 m|: +1 0 -1 . Hold Time [s]' .
very slow spin dynamicsin F = 1!

see al so: work by Georgia-Tech group
M.-S. Chang et al., PRL 140403
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15 30

qflcl
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8/Rb Spinor-Ground States

mF= '2 '1

coherent coupling

ferromagnet antiferrom.

--- F =1 : Ferromagnetic

- I

01 2
‘slow’
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Quantum Gas Four-wave-mixing

(J. P. Burke et al., cond-mat/0404499):
multi mode coupling
competing four wave
mixing channels

four wave mixing

% fully equivalent description
% to populate empty modes: A
- seed ih&(ﬂ = 20 (5Gi¢-1 — 4960,

- quantum fluctuations 0, = gn@ ot -3¢

= gn (G —pCin — 3¢,

7
o
=
SIS
A

I

Quantum Gas Four-wave-mixing

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

k T eg. quadrupole mode
coupling to spin
conversion

+

—» coupling of spinor components and finite T excitations ?

Klaus Sengstock, University of Hamburg (KITP Quantum Gases Conference 5/11/04)
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Quantum Gas Four-wave-mixing

— no grating !?

— entanglement source

BEC Phase Transition

N\ (T,) = 2.612...

JILA 1995

Klaus Sengstock, University of Hamburg (KITP Quantum Gases Conference 5/11/04)
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BEC - "new" aspects
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BEC - "new" aspects

Quantentheorie des einatomigen idealen Gases.
Zweite Abhandlung.

Von A. EINSTEIN.

Ich behaupte, daB in diesem Falle eine mit der Gesamtdichte stets wach-
sende Zahl von Molekiilen in den 1. Quantenzustand (Zustand ohne kinetische
Energic) iibergeht, wihrend die tibrigen Molekiile sich gemif dem Parameter-
wert A =1 verteilen. Die Behauptung geht also dahin, daB etwas Ahnliches
eintritt wie beim isothermen Komprimieren eines Dampfes iiber das Siittigungs-
volumen.

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

Klaus Sengstock, University of Hamburg (KITP Quantum Gases Conference 5/11/04)
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Realization for F=1

slow spin dynamics
populates mF=0 * *
-> fast thermalization

if critiacl density

for component reached:
BEC transition

only population of m_=0
condensate component

28

related work: Cornell et al.: decoherence driven cooling

spin dynamics
in thermal cloud

Experimental Realization

normal component

critiacl density ~ t=8s
reached

population of t=10s
m_=0 condensate

Klaus Sengstock, University of Hamburg (KITP Quantum Gases Conference 5/11/04)
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Multi Component Thermodynamics
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M. Erhard et al. cond-mat/0402003.

Klaus Sengstock, University of Hamburg (KITP Quantum Gases Conference 5/11/04)
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"Free" Condensate Fraction

Possibility to add more and more particles to the
condensate fraction without changing Ny, mal

Multi Component BEC at Finite T
Another example: Magnatization of a BEC

-> total spin=0
n condensate spin increases!

Average Spin per atom

temperaturedriven
magnetization of BEC!

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

thermal

‘0*-component BEC

=0T
40 ms 2
Z st
"pure" condensates R,
5
125 ms ! Y
00 I(I)O 200
? ? ? time [ms]
condensate melting

Mixed Hyperfine State Feshbach
Resonance in 8/Rb

Loss Coefficient [1/s]

‘ ‘ ‘ . . . offersfurther opportunitiesfor
204 006 908 a1 oz @14 manipulation of 87Rb spin mixtures
and entanglement

1.) theoretical prediction

2.) experiment, this work ( E. van Kempen et al. PRL 88,
M. Erhard et al., 093201 (2002))
PRA 69, 032705 (2004
(9.09 +/-0.01G) 3.) experiment, Miinchen
A. Widera et al., PRL92, 160406 (2004
4.) theoretical calculation (9.121 +/-0.005G)

Tiemann, priv. com.

Klaus Sengstock, University of Hamburg (KITP Quantum Gases Conference 5/11/04)
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Multi-Component BEC

Text book quantum gas thermodynamics
M. Erhard et al. cond-mat/0402003. coherentcoupling

Advanced studies on spin-dynamics i ir
- 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

romagnet

e

K. Bongs - Atom optics

Spinor BEC:
Holger Schmaljohann
Michael Erhard
Jochen Kronjager
Christoph Becker
Thomas Garl

Oliver Back
Gerald Rapior

Fermi-Bose mixtures K-Rb:
Christian Ospelkaus

Silke Ospelkaus-Schwarzer Ortwin Hellmig
Jirgen Fuchs

Ralgj Dinter Staff

Hosnieh Safaei Victoria Romano
Marlon Nakat Dieter Barloesius
BEC in Space: Reinhard Mielck
Anika Vogel

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

. % 4 Bepe |

, il
= ; 4 e
new institute building at Hamburg (DESY campus) open for visits!!

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

Solrl Dvalarnies — [nfluencs of Prizise
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Magnetic Ground States

=

—1! ;
ferromagnetic anti-ferromagnetic

Spin Dynamics for 8/Rb, F=2

initially initial initial channels finally
prepared total into mp state populated
mr states spin G [10_130m35_1] mp states
[0) 0 — |£1) = 21.0 equipartition
[+1) +|—1) 0 — |0) ~ 26.9  equipartition
— |£2) =~ 4.6

|+1) +|0) +[-1) 0 — |£2) & 5.0 equipartition
|+2) +1-2) 0 - |+2) +|—2)
[+2) +10) +|=2) 0 = |£1) <01 [+2) +[-2)
+2)+[-1)  1/2 - |+2)
[+1) + |0) /2 —[4+2) =217 |+2)
—|-1) = 19.2
|+1) 1 = |+2) =~ 224 |+2)
—|0) = 12.2
(= |—1) ~ 4.7)
|+2) 2 - |+2)
for details see: H. Schmaljohann et al., Phys. Rev. L ett. 92, 040402 (2004).

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