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Early interest in dipolesEarly interest in dipoles
• Compass needles
• 1970 DeGennes: 

anisotropic gas; chains
• 1980’s ferrofluids

Rosensweig instabilityRosensweig instability
M. D. Cowley and R. E. Rosensweig, J. 
Fluid Mech. 30, 671 (1967)

• 21st century : add quantum mechanics



Anisotropy: the roton in dipolar BECAnisotropy: the roton in dipolar BEC
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Momentum Roton instability at shorter

Santos Shlyapnikov and Lewenstein PRL 90 250403 (2003)

Momentum Roton instability at shorter 
wavelengths

Santos, Shlyapnikov, and Lewenstein PRL 90, 250403 (2003)



Roton – Maxon type excitation spectrum

Structured groundstates

checkerboard
lid

R. Richter et al., 
PRL 94, 184503 (2005)

S. Ronen et al., 
PRL 98, 030406 (2007)

K. Góral et al., 
PRL 88, 170406 (2002)

supersolid

PRL 94, 184503 (2005) PRL 98, 030406 (2007) PRL 88, 170406 (2002)



Dipolar gasesDipolar gases

dipolar
interaction
contact 

interaction



Isotropic hard sphere“ interactionIsotropic „hard sphere  interaction

AMOLF



Length scalesLength scales

size
0 1 nm0.1 nm

de Broglie wavelength
> 100 nm

mean distance
>100 nm

Two body is dominantTwo body is dominant
Quantum treatment required



Real two body potentials?Real two-body potentials?

??????

K. Anderson
Chem Ph s Lett 237 212 (1995)

Cr2 Rb2

Chem Phys. Lett. 237, 212 (1995)



Universität Stuttgart 5. Physikalisches Institut

Scattering from box potentialg p



Universität Stuttgart 5. Physikalisches InstitutScattering problem

3D Schödinger Eq3D Schödinger Eq.

Stationary solution
Ingoing plane wave

Scattered wave
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Partial wavesPartial waves

Central potential (isotropic): angular momentum conservation
reduce 3D SG to 1 D SG by

Legendre polynomials

Centrifugal barrier box plus centrifugalg p g
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Basic scattering theoryBasic scattering theory

Wigner threashold law ~k-4l
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Square well caseSquare well case
Bound states entering

SS
catteringg 
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Basic scattering theory – for neutronsg y
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the s wave scattering lengthg g

low energy scattering

Definition



Feshbach resonancesFeshbach resonances

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

V(R)V’(R)
V

Ec

Vc

a ! describes scattering @ low T

scattering length a can be tuned with B field !

 a ! describes scattering @ low T
 a is modified !

scattering length a can be tuned with B-field !



Effect of contact interactionEffect of contact interaction
Two particles in a box potential (s-wave)
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Periodic tablePeriodic table 
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Feshbach res.



dipolar interaction
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Alkalis Chromium

BEC 2004
first mechanical dipolar effects 2005

bg12 a
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Alkalis Chromium

Feshbach resonance

 Realization of a purely dipolar condensate
T. Lahaye et al., Nature 448, 672 (2007)
T. Koch,  et al., Nature Physics 4, 218 (2008)y ( )



dipolar interaction
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Alkalis Chromium
Hetero‐nuclear
molecules

Rydberg 
Atoms ?D i

Erbium

bg12 a

10‐2 10‐1 10‐0 102

Alkalis Chromium molecules

>106

Atoms ?Dysprosium

Feshbach resonance

 Realization of a purely dipolar condensate
T. Lahaye et al., Nature 448, 672 (2007)
T. Koch,  et al., Nature Physics 4, 218 (2008)y ( )



How to describe an interacting quantum gas

Gross-Pitaevskii equation for the order parameter:

Contact interaction Dipolar interaction
NON LOCAL tNON-LOCAL term



Elongation of the condensate along B

εdd << 1, spherical trap:

Mean‐field potential due to the dipolar interaction:

Saddle potential

These conclusions remain valid:

Saddle potential.
→ The atoms are accommodated close to the z axis.

These conclusions remain valid:
‐ for anisotropic traps,
‐ for arbitrary εdd,
d i th ti f fli ht

S. Giovanazzi
D. O‘Dell
C Eberlein‐ during the time of flight. C. Eberlein



A quantum ferrofluid

dipolar

contacco ac

T. Lahaye, T. Koch, B. Fröhlich, 
M Fattori J Metz A GriesmaierM. Fattori, J. Metz, A. Griesmaier, 
S. Giovanazzi, T. Pfau; 
Nature 448, 672 (2007)



L. Santos, G. Shlyapnikov,  P. Zoller, M. Lewenstein,
PRL 85, 1791 (2000).



Stabilization of a dipolar gasp g

polarized sample
2

2
dd 3

dV (r) (1 3cos )  

polarized sample

3r

long range anisotropic

r 
long range anisotropic

by contact interactionby geometry by contact interaction



The stability of a dipolar condensate…

…depends strongly on the trap geometry:

Aspect ratio:

PancakeCigar-shaped

Repulsive: stableAttractive: unstable Repulsive: stableAttractive: unstable



Stability diagram

Stable
dd = 1

St bili ti f

Stable

Stabilization of a
purely dipolar
condensate!dd = ∞

Unstable

T. Koch et al., arXiv:0710.3643



Stability & collapse of a dipolar BEC

dipole-dipole interaction:
long-range and anisotropic  geometry-dependent stability / collapselong-range and anisotropic

d-wave collapse 

T. Koch et al., Nat. Phys. 4 (2008) T. Lahaye et al., PRL 101 (2008)
J Metz et al New J Phys 11 (2009)y ( ) J. Metz et al., New J. Phys. 11 (2009)



Collapse dynamicsp y

0 ms 0 1 ms 0 2 ms 0 3 ms 0 4 ms 0 5 ms 0 6 ms 0 7 ms 0 8 ms0 ms 0.1 ms 0.2 ms 0.3 ms 0.4 ms 0.5 ms 0.6 ms 0.7 ms 0.8 ms

T. Lahaye, M. Ueda
et al PRL 101 (2008)et al., PRL 101 (2008)





B i itt Si L hBrigitte Simon, Lohmar 



Is the collapse coherent?p





C h t ll d iCoherent collapse dynamics

J. Metz, T. Lahaye, B. Fröhlich, A. Griesmaier, T. Pfau, H. Saito, Y. Kawaguchi, and M. Ueda
New J. Phys. 11, 055032 (2009)New J. Phys. 11, 055032 (2009)



Stability of a dipolar BEC

Interactions:
- contact interaction (scattering length a):

d i F hb htuned via Feshbach resonance
isotropic and short-range

- dipole-dipole interaction (DDI):
anisotropic and long-range

Multi-well potentials:
inter-site interaction mediated by DDIy

Stability given by energy balance betweenStability given by energy balance between
- on-site interaction (contact + DDI) 
- inter-site interaction (DDI)



A dipolar BEC in a 1D optical lattice

STABLE

Confinement: lattice + optical trap

STABLE

Confinement: lattice + optical trap

UNSTABLEUNSTABLE

S Müller et al PRA 84 053601 (2011)S. Müller et al., PRA 84, 053601 (2011)



Outlook: Stronger dipoles ferrofluidOutlook: Stronger dipoles ‐ ferrofluid

Classical Quantum 

H. Saito, Y. Kawaguchi, and M. Ueda
Phys. Rev. Lett. 102, 230403 (2009)



Interactions in ultracold gases

Dipolar gasesDipolar gases
Chromium Erbium Dysprosium

Magnetic
moment µ
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M L t lK Aik l

Degenerate Erbium Degenerate Dysprosium

contact 
interaction

M. Lu et al., 
PRL 107, 190401 (2011)

K. Aikawa et al., 
PRL 108, 210401 (2012)

K. Aikawa et al., M. Lu et al., 
PRL 112, 010404 (2014) PRL 108, 215301 (2012)
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Thomas Maier

Matthias Wenzel
Thomas Maier

Mathias SchmittMathias SchmittAxel GriesmaierHolger Kadau



dipolar interaction 300 
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Alkalis Chromium

µ µµµµ
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Feshbach resonance

 Realization of a purely dipolar condensate
T. Lahaye et al., Nature 448, 672 (2007)

T. Koch,  et al., Nature Physics 4, 218 (2008)y ( )



dipolar interaction

Alkalis Chromium
Hetero‐nuclear
molecules

Rydberg 
Atoms !D i

Erbium
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Alkalis Chromium molecules

>106

Atoms !Dysprosium

Feshbach resonance

 Realization of a purely dipolar condensate
T. Lahaye et al., Nature 448, 672 (2007)

T. Koch,  et al., Nature Physics 4, 218 (2008)



Polar molecules: Wigner crystalPolar molecules: Wigner crystal

Pupillo, Büchler, Zoller
Bose gas
Bose liquidPupillo, Büchler, Zoller
Bose crystal



Rydberg atomsy g
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R db b i H dRydberg basics - Hydrogen
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O t i l l 43SOne typical example: 43S

2R43,0R

2 2
43,0r R

0 03000a
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Lifetime of the 43s state with Blackbody RadiationLifetime of the 43s state with Blackbody Radiation

spont =  99s

spont+BRR =  46s
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Rb lifetimesb et es

without BBR

with BBR



BEC



Properties of Rydberg AtomsProperties of Rydberg Atoms

quantity scaling 43S‐state of 87Rb

radius  n² 2384 aradius  n 2384 a0 
lifetime  n³ 50µs

Polarizability  n7 8 MHz (V/cm)‐2y ( / )

Van der Waals C6  n11 ‐1.7 x 1019  a.u.



The interactions between Rydberg states areThe interactions between Rydberg states are …

… strong 
… long-range
… tunable
… switchable
… anisotropic

and can be used …

for neutral atom quantum computing and quantum simulation

M. Saffman et al., Rev. Mod. Phys. 82, 2313 (2010)

… for neutral atom quantum computing and quantum simulation
… as long range and anisotropic interaction potentials for

quantum degenerate gases
as an optical non-linearity on the single photon level… as an optical non linearity on the single photon level



Fö t t f
T. Förster, Z. Naturforsch 4a, 321 (1949)

Förster energy transfer



Fö t R
T. Förster, Z. Naturforsch 4a, 321 (1949)

Förster Resonance



Dipolar interactions: 
Förster resonances

T. Förster, Z. Naturforsch 4a, 321 (1949)

Bare states Pair states

finite Förster defect ∆:
van-der-Waals interaction (~ 1/R6)( )

no Förster defect ∆ = 0:
resonant dipole-dipole interaction (~ 1/R3)



Interaction between Rydberg atoms

Förster resonance: tune  to zero

sign depends on 
1 23

d dR 


Dipolar interaction for 
sign depends on 





Stark tuned Förster resonances



Förster resonances



Förster resonances

Is this all coherent
i d ??? ?in a dense gas???            ?



Some experimental detailsp

d
X 400

ryd



Ramsey interferometer

}}

• visibility:visibility:
 decoherence
 population transfer

• phase:
 energy shift (e.g. Stark effect ∆ Φ=1/2αE2/h t)



Rydberg atom interferometryy g y

1
 21 ( )Ryd E t dt   

43S high density



A pair state interferometer
Single shot data

→ see Nipper et al. 
PRL  2012
PRX 2012PRX  2012



A pair state interferometerp
Single shot data



Interaction induced dephasing and phase shift

attractive vdW
repulsive vdW

dipolar



Interaction induced dephasing and phase shift



Interaction induced dephasing and phase shift



Excitation blockade by van der Waals interactionExcitation blockade by van der Waals interaction

Distance between to atoms



Collective stateCollective state
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• made of 2‐100000 atomsSuper         tom

Ultracold samples:

p

02c  

2 atoms

1 atom

N=2: Gaetan et al., Nature Phys. 5, 115 (2009)

N ~ 1000: Heidemann et al., PRL 99, 163601 (2007)
see also Kuzmich group 2012
see also Walker/Saffman 2013

J B l ki hD th i 2013 (N 100000)

72

see J. Balewski phD thesis 2013 (N>100000) 



Blockade measurementsBlockade measurements

change density by microwave change 0

time time

Heidemann et al., PRL 99, 163601 (2007)



S li f it ti t RScaling of excitation rate R
incoherent:

2 1
0R  

individual:

,0gR n

experiment:
0.49(7) 1.2(1)

0 0gR n ,0 0g

R. Heidemann, U. Raitzsch, V. Bendkowsky, 
B. Butscher, R. Löw, L. Santos, T. Pfau,

Heidemann et al., PRL 99, 163601 (2007)
“Evidence for Coherent Collective Rydberg 
Excitation in the Strong Blockade Regime”,
Phys. Rev. Lett. 99, 163601 (2007)



Is it Crystaline?Is it Crystaline?



Second order phase transitionSecond order phase transition



Effective Spin Hamiltonian
( ) ( )

( ) ( )
6 62 2

i j
i i ee ee

z x
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Effective Spin Hamiltonian

6 62 2z x
i i j i i jr r 
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ee zP  Projector:Phase diagram



( ) /ee zProjector:Phase diagram

Quantum criticalQuantum critical 
region

PRL 101 250601 (2008) 



Effective Spin Hamiltonian – Mean-field descriptionEffective Spin Hamiltonian Mean field description
( ) ( )

( ) ( )
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Second order correlation function for the excited state
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Dimensionless parameters
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Equation of state:

(Rydberg fraction)
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Mean atomic distance 
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Universal scaling close to a quantum critical pointUniversal scaling close to a quantum critical point

Strongly interacting Rydberg gas Mean-field result:

5/ 2
21R
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f
f

 
 

Rf



Universal scaling close to a quantum critical pointUniversal scaling close to a quantum critical point

Strongly interacting Rydberg gas Ferromagnet - Ising model

Experiment

PRA 80, 033422 (2009)



Data collapse on a simple power law – Universal scalingData collapse on a simple power law Universal scaling

Scanned parameter space Numerical simulations with up to 100 particles

Experiment with 
up to 107 particles

Fit result:

Theory:

0.45 0.01

2 / 5 0.4
Rf

f


 



 

Experiment 

Theory: Rf   

PRA 80, 033422 (2009)



Rydberg atoms in dense gasesRydberg atoms in dense gases

rRyd>d

Many body physics
y g gy g g

rRyd d

d: mean particle distance

r : blockade radius r >d>rrB: blockade radius

rRyd:        size of electron orbit

rB>d>rRyd


