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motivation & dipolar systems motivation & dipolar systems ““in the gamein the game””
production of cold moleculesproduction of cold molecules
BEC of atoms with high magnetic moments (Cr)BEC of atoms with high magnetic moments (Cr)
first observation of dipolefirst observation of dipole--dipole interaction in a dipole interaction in a 
degenerate quantum gas degenerate quantum gas 

outlineoutline



contact interaction dipole-dipole interaction

long range

anisotropic

dipoledipole--dipoledipole vs. vs. contactcontact interactioninteraction

interactions make life interesting!

isotropic

short range



electric dipoles p

dipolar systems dipolar systems ““in the gamein the game””

light-induced
dipoles

[p] = 1 Debye = 1 D = 3.33564×10-30 Cm 
e.g.: p+, e- @ a0 ~ 2.5 D

• oscillating dipoles 
• large amplitudes p ~ 5 D
• retardation effects

R. Löw et al., "Probing the light-induced 
dipole-dipole interaction in momentum 
space“, Europhys. Lett., 71, 214 (2005)



electric dipoles p

dipolar systems dipolar systems ““in the gamein the game””

light-induced
dipoles

Rydberg
atoms

[p] = 1 Debye = 1 D = 3.33564×10-30 Cm 
e.g.: p+, e- @ a0 ~ 2.5 D

• oscillating dipoles 
• large amplitudes p ~ 5 D
• retardation effects

• static dipoles (E-field)
• p ∝ n2 , p(n=40) ~ 2000 D !
• fragile, difficult to prepare (1- or

2-photon excitation)
• dipole blockade, QC1)

• van der Waals blockade2)

1) Jaksch et al., PRL 85, 2208 (2000)
2) Tong et al., PRL 93, 063001 (2004)
groups: Gallagher, Gould, Pillet,Weide-
müller, Raithel, Walker, Shaffer, Pfau



electric dipoles p

s

dipolar systems dipolar systems ““in the gamein the game””

light-induced
dipoles

Rydberg
atoms

heteronuclear
molecules

[p] = 1 Debye = 1 D = 3.33564×10-30 Cm 
e.g.: p+, e- @ a0 ~ 2.5 D

• oscillating dipoles 
• large amplitudes p ~ 5 D
• retardation effects

• static dipoles (E-field)
• p ∝ n2 , p(n=40) ~ 2000 D !
• fragile, difficult to prepare (1- or

2-photon excitation)
• dipole blockade, QC1)

• van der Waals blockade2)

1) Jaksch et al., PRL 85, 2208 (2000)
2) Tong et al., PRL 93, 063001 (2004)
groups: Gallagher, Gould, Pillet,Weide-
müller, Raithel, Walker, Shaffer, Pfau

• large dipoles p ~ several D
• starting from molecules: 

cooling difficult
• starting from atoms:

formation, ground state, 
stability ?



electric dipoles p

atoms with
magn. moment

magnetic dipoles µ

s

dipolar systems dipolar systems ““in the gamein the game””

light-induced
dipoles

Rydberg
atoms

heteronuclear
molecules

[p] = 1 Debye = 1 D = 3.33564×10-30 Cm 
e.g.: p+, e- @ a0 ~ 2.5 D

[µ] = 1 Bohr magneton = 1 µB
= ħe/2me = 9.2742×10-24 Jm2/Vs 

• large dipoles p ~ several D
• starting from molecules: 

cooling difficult
• starting from atoms:

formation, ground state, 
stability ?

• BEC & deg. fermi gas
• typ. small dipoles µ~ 1µB
• exceptions:

Er µ~ 7µB (MOT, McClelland, 
NIST)
Cr µ~ 6µB (BEC)



molecules

compare to
contact interaction:

Rb εdd=0.007
Na εdd=0.003
Cr εdd=0.15

atoms

dipole interaction

contact interaction

strengthstrength of of dipoledipole--dipoledipole interactioninteraction

n ~ 1015 cm-3 → r ~ 100 nm
p = 1 D → Udd ~ 10 µK µ = 1 µB → Udd ~ 1 nK

CaH, NH3, ...
di-alkalis
εdd~100



compare to
contact interaction:

Rb εdd=0.007
Na εdd=0.003
Cr εdd=0.15

atoms

dipole interaction

contact interaction
tunable!

tuning
Feshbach
resonance

spinning
polarization

strengthstrength of of dipoledipole--dipoledipole interactioninteraction

J. Werner et al.
PRL 94, 183201 (2005)

n ~ 1015 cm-3 → r ~ 100 nm
p = 1 D → Udd ~ 10 µK µ = 1 µB → Udd ~ 1 nK

S. Giovanazzi et al.
PRL 89, 130401 (2002)



spinning polarization

r
ϑ

ϕ
z

ϕ

Bρ

zB

L spinning trapω >> ω >> ω

U
dd

/U
dd

0

[-1/2, 1]

tuningtuning thethe dipoledipole--dipoledipole interactioninteraction

rotating field Bρ:

x

y



tuningtuning a a withwith FeshbachFeshbach resonancesresonances

scattering length a can be tuned with B-field !

V(R)

collision with molecular potential V(R):

Ec

⇒ a describes scattering @ low T

V’(R)

V’(R) with Ms’≠ Ms + B-field + coupling:

Vc

⇒ a is modified !



detection of Feshbachdetection of Feshbach resonancesresonances in in 5252CrCr
atom loss measurement in crossed ODT typical result:

observed all 11 expected FRs



theory theory –– multichannel calculationsmultichannel calculations

• parametrize potential
• start with 5 adjustable parameters 

C6, C8, a6, a4, a2
• integrate Schrödinger eq. incl. 

spin-spin dipole interaction
• get theo. resonance positions
• compare to exp./compute χ2

• vary parameters… until χ2 is minimal!

a6= 112(14) a0
a4= 58(6) a0
a2= -7(20) a0
C6= 733(70) a.u.
C8= 75(+90/-75)103 a.u.

A. Simoni, E. Tiesinga
NIST Gaithersburg (USA)



FBFB--resonances: expresonances: exp. vs. . vs. theorytheory

∆/Br ~0.003

∆/Br~2×10-4

Cr is textbook element:
• no hyperfine interaction (I=0)
• dipole-dipole interaction is 

dominant coupling mechanism
• <0.6 G av. agreement !



motivation & dipolar systems motivation & dipolar systems ““in the gamein the game””
atoms atoms 

lightlight--induced electric dipoles (oscillating, retardation)induced electric dipoles (oscillating, retardation)
static electric dipoles (static electric dipoles (RydbergRydberg atoms in Eatoms in E--field)field)
magnetic dipoles (weak, but stronger for Cr, tuning possible)magnetic dipoles (weak, but stronger for Cr, tuning possible)

heteronuclearheteronuclear moleculesmolecules
large static electric dipoleslarge static electric dipoles

production of cold moleculesproduction of cold molecules
slowing & cooling of molecules (direct production)slowing & cooling of molecules (direct production)
making molecules out of cold atoms (indirect production)making molecules out of cold atoms (indirect production)
trapping dipolar moleculestrapping dipolar molecules

BEC of atoms with high magnetic moments (Cr)BEC of atoms with high magnetic moments (Cr)
first observation of dipolefirst observation of dipole--dipole interaction in a dipole interaction in a 
degenerate quantum gasdegenerate quantum gas

outline & first summaryoutline & first summary

Eur. Phys. J. D 31 iss. 2 (2004)



direct production of cold moleculesdirect production of cold molecules

• select cold molecules out of beam (Pinkse/Rempe) 
• buffer gas cooling
• slow down molecules of a beam 

How to get cold molecules ???



buffer gas coolingbuffer gas cooling

J. M. Doyle et al. PRA 52, R2515 (1995)



buffer gas coolingbuffer gas cooling



buffer gas coolingbuffer gas cooling

N~1011-1012, n~3×109 cm-3, T~10 K



buffer gas coolingbuffer gas cooling



stark slowing of polar moleculesstark slowing of polar molecules

???



stark slowing of polar moleculesstark slowing of polar molecules

use stark shift!!!



stark slowing of polar moleculesstark slowing of polar molecules

~ 50 cm



stark slowing of polar moleculesstark slowing of polar molecules

first 
results:

~300 m/s

~100 m/s



indirect production of cold moleculesindirect production of cold molecules
• use interspecies Feshbach resonance

• Li-Na (Stan et al., PRL 93, 143001 (2004)), Rb-K 
(Simoni et al., PRL 60, 163202 (2003))

• molecules have very short lifetime; exception: 
dimers of fermionic atoms (Petrov et al., J. Phys. B: At.
Mol. Opt. Phys. 38, 645 (2005) )

• high vibrational states ⇒ negligible dipole moment



indirect production of cold moleculesindirect production of cold molecules
• photoassociation multistep process

Rb-Cs ground state molecules (500/s) 
Sage et al., PRL 94, 203001 (2005) 

eg. Rb-K, Wang et al., 
arXiv:physics/0506232 



trapping of cold molecules Itrapping of cold molecules I
magnetic trapping:

quasi-electrostatic  trapping:
D. DeMille, D.R. Glenn, and J. 
Petrick, „Microwave traps for 
cold polar molecules”. Eur. 
Phys. J. D 31, 375 (2004)

Doyle



electrostatic trapping of cold moleculeselectrostatic trapping of cold molecules

T = 25 mK
n0 = 5×107 /cm3

N = 5 × 104

density 
distribution:



electrodynamic trapping of cold moleculeselectrodynamic trapping of cold molecules

J. v. Veldhoven et al., PRL 94, 083001 (2005)
T~1mK, N=104 in V=0.02cm3, n=5×105 cm-3



from cold to ultracold moleculesfrom cold to ultracold molecules

further cooling plans: sympathetic cooling of molecules 
using MOT (Rb)

Gerard Meijer, Berlin



motivation & dipolar systems motivation & dipolar systems ““in the gamein the game””
atoms (magnetic dipoles, small, tuning possible)atoms (magnetic dipoles, small, tuning possible)
heteronuclearheteronuclear molecules (large static electric dipoles)molecules (large static electric dipoles)

production of cold moleculesproduction of cold molecules
slowing & cooling of molecules (direct production)slowing & cooling of molecules (direct production)
making molecules out of cold atoms (indirect production)making molecules out of cold atoms (indirect production)
trapping dipolar moleculestrapping dipolar molecules
strong effort, many groups, promising results, not yet therestrong effort, many groups, promising results, not yet there

BEC of atoms with high magnetic moments (Cr)BEC of atoms with high magnetic moments (Cr)
what is special about Cr?what is special about Cr?
how to get BEC... problems & solutionshow to get BEC... problems & solutions

first observation of dipolefirst observation of dipole--dipole interaction in a dipole interaction in a 
degenerate quantum gasdegenerate quantum gas

outline & second summaryoutline & second summary



Cr Cr in periodic table of elementsin periodic table of elements

Yb



isotopic distributionisotopic distribution
Bosons (I=0): Bosons (I=0): 5252CrCr (83.8%)(83.8%),, 5050Cr (4.3%),Cr (4.3%), 5454Cr (2.4%)Cr (2.4%)
FermionFermion (I=3/2): (I=3/2): 5353Cr (9.5%) Cr (9.5%) 

versatile level schemeversatile level scheme

electronic configurationelectronic configuration
[Ar]3d[Ar]3d554s4s1 1 ⇒⇒ S=3S=3

large magnetic large magnetic 
momentmoment µµ = = 6 6 µµBB!!

motivationmotivation –– Cr Cr propertiesproperties



preparationpreparation of of coldcold & & densedense Cr Cr cloudcloud

• continously loaded Ioffe Pritchard trap (CLIP-
trap)
J. Stuhler et al. PRA 64, 031405 (2001); P. O. Schmidt et al. J. Opt. B
5, S170 (2003)

• Doppler cooling in compressed IP-trap
P. O. Schmidt, et al., J. Opt. Soc. Am. B 20, 5 (2003)

2x108 atoms in the ground state
phase space density ρ~10-7

• rf-evaporation

• no BEC in MT!    ( β>1012 cm3/s )
S. Hensler et al., Appl. Phys. B 77, 765 (2003)

mJ = +2

+gjµBB

mJ = +3 mJ = +3

mJ = +2

+2gjµBB

→ stop by dipolar relaxation



thethe way outway out

„low field seeker“

•pumping the atoms to magnetic ground state:

σ−

mJ=-3 mJ=+3

7S3

7P3
δ=2µB B0

„high field seeker“

••dipolardipolar relaxationrelaxation suppressedsuppressed

• optical dipole trap:   
20W fibre Laser @ λ=1064 nm

2nd beam:
Pmax=4.5W
w0=50µm
- Umax~22µK

advantages:
•operation at any offset field
•all magnetic substates trapable

problem:
•sample still mainly polarized in mJ=+3

1st beam:
Pmax=9W
w0=30µm
- Umax~130µK



thethe final final stepstep to BEC of Crto BEC of Cr
evaporation in crossed ODTevaporation in crossed ODT

⇒⇒ BECBEC A. Griesmaier et al., PRL 94, 160401 (2005)



CrCr--BECBEC

„pure“ Cr-BEC

~ 105 atoms

νx=581 Hz
νy=406 Hz
νz=138 Hz

Tc~700 nK



CrCr--BECBEC & & phasephase transitiontransition

* * S. Giorgini, L. P. Pitaevskii, and S. Stringari, Phys. Rev. A 54, R4633 (1996)

νx=581 Hz
νy=406 Hz
νz=138 Hz

Tc~700 nK

ideal gas
corr. for finite size
and weak interaction*

exp.

T=1.1µK

T=625nK



motivation & dipolar systems motivation & dipolar systems ““in the gamein the game””
atoms (magnetic dipoles, small, tuning possible)atoms (magnetic dipoles, small, tuning possible)
heteronuclearheteronuclear molecules (large static electric dipoles)molecules (large static electric dipoles)

production of cold moleculesproduction of cold molecules
slowing & cooling of molecules (direct production)slowing & cooling of molecules (direct production)
making molecules out of cold atoms (indirect production)making molecules out of cold atoms (indirect production)
trapping dipolar moleculestrapping dipolar molecules
strong effort, many groups, promising results, not yet therestrong effort, many groups, promising results, not yet there

BEC of atoms with high magnetic moments (Cr)BEC of atoms with high magnetic moments (Cr)
not easy but achieved, ready to go!not easy but achieved, ready to go!

first observation of dipolefirst observation of dipole--dipole interaction in a dipole interaction in a 
degenerate quantum gasdegenerate quantum gas

dipoledipole--dipole interaction modifies BEC expansiondipole interaction modifies BEC expansion

outline & third summaryoutline & third summary



Φdd(r)

• BEC without dipoles in an

• isotropic harmonic trap

• in Thomas-Fermi limit

⇒ parabolic density profile

nTF(r)

perturbation by dipole interaction:

2 RTF

BB

dipoledipole--dipole interaction as perturbationdipole interaction as perturbation



ferrofluids:

similar behaviour with solids and liquidssimilar behaviour with solids and liquids
iron particles:
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dipoledipole--dipole interaction & aspect ratiodipole interaction & aspect ratio

y

z

ry/rz<1

ry/rz>1

as
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B
z

smaller
aspect
ratio !

B

bigger
aspect
ratio !

Magnetostriction!Magnetostriction!



magnetostriction/dipolar expansionmagnetostriction/dipolar expansion

theorytheory –– nono freefree parametersparameters!! S. Giovanazzi , P. Pedri, L. Santos

νx=942 Hz
νy=712 Hz
νz=128 Hz

31 measurements



motivation & dipolar systems motivation & dipolar systems ““in the gamein the game””
atoms (magnetic dipoles, small, tuning possible)atoms (magnetic dipoles, small, tuning possible)
heteronuclearheteronuclear molecules (large static electric dipoles)molecules (large static electric dipoles)

production of cold moleculesproduction of cold molecules
slowing & cooling of molecules (direct production)slowing & cooling of molecules (direct production)
making molecules out of cold atoms (indirect production)making molecules out of cold atoms (indirect production)
trapping dipolar moleculestrapping dipolar molecules
strong effort, many groups, promising results, not yet therestrong effort, many groups, promising results, not yet there

BEC of atoms with high magnetic moments (Cr)BEC of atoms with high magnetic moments (Cr)
first manifestation of dipolefirst manifestation of dipole--dipole interaction in a dipole interaction in a 
degenerate quantum gasdegenerate quantum gas

dipoledipole--dipole interaction modifies BEC expansion dipole interaction modifies BEC expansion 
((magnetostrictionmagnetostriction))

final summaryfinal summary




