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ULTRACOLD ATOMS - ULTIMATE CONTROL 

Ultracold 
atoms 



BOSE-EINSTEIN CONDENSATES 



One-electron atom 
“simple” electronic structure (L=0), 

tunable contact interaction! 

 strong dipolar 

character 

Two-electron atoms  
“simple” electronic and 

nuclear structure (L=0, S=0 and 
I=0),  

clock transitions, ... 

Multi-electron atom 
“complex” electronic structure 
(L very large), tunable contact 
interaction and dipole-dipole 

interaction 

More laser cooled species: Ho and Tm  

BOSE-EINSTEIN CONDENSATES 



✦partially filled 4f electron shell, 
submerged below a filled 6s shell. 

✦large magnetic moment and 
mass 

✦Anisotropic van-der-Waals 
interaction ∆C6 

µ≈7µB 

Magnetic  Anisotropy 
(long range) 

f-block : [Xe]4f126s2  

j=6 

Orbital  Anisotropy 
(short range) 

 

4fn 

6s2 

ERBIUM 



r 

Long Range  
Anisotropy B 

Review articles: M.A. Baranov, Phys. Rep. 464, 71 (2008); T. Lahaye et al.,  Rep. Prog. Phys. 72, 126401 (2009); 

M.A. Baranov,  & al. Chem. Rev., 2012, 112 (9) (2012) 

STRONGLY DIPOLAR ATOMS 

Few-body physics 
and scattering behavior (different 

Wigner treshold law) 

Many-body physics 
e.g. ground state properties, spectrum of 

excitations, novel quantum phases 
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N= 3 x 104  

T/TF = 0.11(2) 

Peak density:  

4x1014 cm-3 

167Er dFg:  
K. Aikawa, et al. PRL 112 (2014) 
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N= 2 x 105  

Almost pure 

168Er BEC: K. Aikawa, et al. PRL 108 (2012) 

166Er BEC: S. Baier, et al. in prep. (2016) 

Feshbach 

molecules 

N= 3 x 104  

T= 250 nK 

Er2: A. Frisch et al. PRL 115  (2015) 

OUR TOOLBOX IN THE LAB 



THIS TALK 

Universal dipolar scattering 

Feshbach spectrum of Ln 

Short range interactions 

Experiments on  
many-body level 
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Universal dipolar scattering 



DIFFICULTY IN EVAPORATIVE COOLING OF FERMIONS  

Identical fermions cannot collide at ultralow temperature 

Previous solutions: mixing distinguishable particles  

• Spin mixture 
• Isotopic mixture 
• Mixture of different atomic species 
 
 

Can identical dipolar 
fermions collide at 

ultralow T? 

167Er 

Fermions collide in odd l  



For small phase shift 

“short-range” fermions 

Pauli exclusion principle: Fermions collide in odd partial wave (l=1, p-wave) 

Wigner threshold law for 1/rn potentials 

WIGNER THRESHOLD LAW 

Intensive theoretical work, e.g.: L.D. Landau, E.M. Lifshitz, Quantum Mechanics (1999); B. Deb and L. You, PRA 
(2001); 
 C. Ticknor, PRL 100, 133202 (2008) , J. L. Bohn, M. Cavagnero, and C. Ticknor, New J. Phys. 11, 055039 (2009), 
Paul S. Julienne et al., Phys. Chem. Chem. Phys. 13, 19114 (2011), and many more 

“long-range” fermions 

const. 2 



universal dipolar scattering 

elastic cross section 

UNIVERSAL DIPOLAR SCATTERING 

40K: 4.4 x 10-17 cm2 

       : 1.8 x 10-12 cm2 

40K87Rb: 6.4 x 10-9 cm2 

Typical s-wave cross section for alkali species: 7 x 10-12 cm2 

Prospect for evaporative cooling of identical fermions 

167Er 

DDI: finite elastic cross section (energy-independent and universal ) 

J. L. Bohn, M. Cavagnero, and C. Ticknor, New J. Phys. 11, 055039 (2009) 

Calculations: 



SPIN-POLARIZED FERMIONS 

Direct FORCED EVAPORATION 

Forced evaporation 

Spin-polarization under control using Stern-Gerlach technique 

Fermions are SPIN POLARIZED in the ODT 



SPIN-POLARIZED FERMIONS 

Efficiency 
g = 3.5(2) 

N= 3 x 104  

T/TF ≈ 0.11* 

*Among the (coldest) deepest 
degenerate Fermi gas  

DIPOLAR COOLING of indistinguishable fermions 

Er dFg: K. Aikawa, et al. PRL 112 (2014) 



(*): Introduced with Rb in C. R. Monroe et al., PRL (1993) and successfully applied  in many experiments 

Probing 
direction 

(Monte Carlo cal. + Exps. *) 

Short-range fermions:   B. DeMarco at al., PRL 82 (1999) 
RbK dipolar molecules:  K.–K. Ni et al., Nature  464 (2010) (inelastic dipolar scattering)   

Dipolar threshold law 

0 100 200 300 400 500

400

450

500

550

T
z
(n

K
)

Holding time (ms)

167Er: 2.0 (5) x 10-12 cm2 

B 

For “short-range” particles  

a = 2.7 s-wave  (bosons) 

a = 4.1 p-wave (fermions) 

Mean number of collision/atoms 

QUENCH OF THE FERMI GAS 

Cross-dimensional thermalization: 

bring the system out of equilibrium and look at how it relaxes  



Probing 
direction 

For “short-range” particles  

a = 2.7 s-wave  (bosons) 

a = 4.1 p-wave (fermions) 

Mean number of collision/atoms 
Dipolar threshold law 
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UNIVERSAL DIPOLAR SCATTERING 



Probing 
direction 

For “short-range” particles  

a = 2.7 s-wave  (bosons) 

a = 4.1 p-wave (fermions) 

Mean number of collision/atoms 
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Collaboration D. Jin, J. Bohn 

Dipolar threshold law 

J. Bohn and D. Jin, PRA 89, 022702 (2014) 

UNIVERSAL DIPOLAR SCATTERING 
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Theory (J. Bohn & D. Jin): NO free parameters 
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ANISOTROPY IN THE DIPOLAR SCATTERING 

Dip Scatt.: K. Aikawa, et al. PRL 114 (2014) 



Feshbach spectroscopy 



FESHBACH SPECTROSCOPY FERMIONS 

all this work performed at 0.58G 

26 Res./Gauss 

what is the origin? 



ORBITAL VS  DIPOLAR ANISOTROPY 

✔Dipolar  Anisotropy (m=5mB) 

✗Orbital  Anisotropy (L=0) 
CHROMIUM 

0.1 Res./Gauss 

From Werner et al. PRL (2015) 



✔Dipolar  Anisotropy (m=7mB) 

✔Orbital  Anisotropy (L=5) 
ERBIUM 

ORBITAL VS  DIPOLAR ANISOTROPY 

3 Res./Gauss 

Er FR: A. Frisch et al. Nature (2014) 
Er and Dy Collaboration: T. Maier et al. PRX (2015) 

additional work on Dy: K. Baumann, et al., Phys. Rev. A 89, 020701 (2014) 



168Er 

ASSIGNMENT OF MOLECULAR STATES 

Er molecules:   K. Aikawa, et al., Phys. Rev. Lett. 115, 203201 (2015). 

Assignment is possible! 
But additional 

information (magnetic 
moment) needed! 

Collaboration with 
S. Kotochigova 



Applying Random 
Matrix Theory to 
Er Feshbach 
resonances 

Er FR:  A. Frisch et al. Nature 507, 475 (2014) 

First observation of the chaotic 

nature of ultracold scattering 

HOW TO TREAT THIS DENSE SPECTRUM IN GENERAL? 

Up to 50 partial waves involved  

Collaboration with 
S. Kotochigova, J. Bohn 



r θ 

Zeeman energy µr : reduced mass 

Which specific interaction potential            for 

lanthanide atoms? 

Dipole-Dipole interaction (DDI): 

Anisotropic van der Waals dispersion: 

C6 (a.u) ΔC6 (a.u) 

Er 1703 174 

Dy 2003 188 

Review: Svetlana Kotochigova, Report on progress in physics, 77, 093901 (2014) 

LEADING INTERACTION FOR CHAOTIC SCATTERING 



r θ 

Zeeman energy B 
large j : Large number 
of Zeeman sublevel in 

the ground state. 

Anisotropic 
interaction potential: 
Coupling of Zeeman 

sublevel 

✦ Set of random matrices, extract global 
properties of spectra 

replace by B=0 Hamiltonian Zeeman energy 

RANDOM MATRIX THEORY MODEL 



B=0 Hamiltonian Zeeman energy 

Diagonal  «sublevels Energies» 
distributed with Brody ηd.   

Coupling between the 
sublevels from Vani(r), 
Gaussian-distributed, 

strength νcpl 

Zeeman 
sublevels 

mi ∈ {-12, 12} 

Very dense spectra 
=> multiple 

(avoided) crossings  

Feshbach resonances spectrum. 

Eigenvalues of HRMT : 

RANDOM MATRIX THEORY MODEL 
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Brody fit of P(s) 

Initial correlation at B=0 

Our understanding also 
confirmed by coupled – 

channel calculations 

Collaboration with 
S. Kotochigova, E. Tiesinga Er and Dy Collaboration: T. Maier et al. PRX (2015) 

Anisotropic van der 
Waals interaction plays 

dominant role 
Chaotic distribution 

arises from 
anisotropic coupling 

RANDOM MATRIX THEORY MODEL 



Short range interaction 

 
precise measurements 

168Er 



PRODUCING A CRYSTAL BY LIGHT 

Erbium BEC 

1D lattice 1064nm 2D lattice 532nm 

+ = 



MODULATION SPECTROSCOPY 
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probe recovered  
BEC fraction 

U U 

MODULATION SPECTROSCOPY 
STARTING 

POINT 

1.5 x 105 

atoms in BEC 

168Er 



MODULATION SPECTROSCOPY 

Energy of particle hole excitation  

(on-site interaction) 

direct proportional to  

s-wave scattering length 

U 



SCATTERING LENGTH 168ER ISOTOPE 
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from our Feshbach 

spectroscopy 



statistical 
error 
below 
5 a0 

SCATTERING LENGTH 166ER ISOTOPE 
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Higher precission then 
cross-dimensional 

thermalization 



Dipolar scattering and short 

range interacton is 
decoupled! 

Is this true? 



BEYOND BORN APPROXIMATION 

Early work e.g.: S.Ronen et al., PRA 74, 033611 (2006) 

Stronger short-range interaction 

Deviation from 
Born result 

Dy 

Dy2 

R. Oldziejewski and K. Jachymski, arXiv:1611:07355 (2016) 

No experimental 
observation yet 



Experiments on  
many-body level 



Extended Bose-Hubbard model 

Peter Zoller Misha Baranov Zi Cai 

Joint work with 

168Er 

S. Baier, et al. Science 352, 201-205 (2016) 



ON-site  
interaction 

nearest 
neighbor 
interaction 

QUANTUM SIMULATIONS WITH DDI 

DIPOLE-DIPOLE INTERACTION 

anisotropic 

long range 

DDI 

Difficult to observe: 

100 times  

lower energy 

 

UONSITE 

3 KHZ 

VNNI 

30 HZ 



For purely on-site interaction U 
->  direction of modulation  

 does not matter 

Dipoles along the plane 

NEAREST-NEIGHBOR  INTERACTION 



∆VNNI  

E(y) = U - Vatt 

∆VNNI = E(y) – E(x) = Vrep - Vatt 

NEAREST-NEIGHBOR  INTERACTION 

E(x) = U - Vrep 

Theory  2p x 91 Hz Experiment  2p x 81 (9) Hz 

first observation of nearest-neighbor interaction dynamics 



Quantum droplets 
Novel of phases in the  quantum 

world 

Thermal  BEC 

Phase transition 
decrease T 

Q-Droplet 

Crossover 
decreasing a 

 

L. Chomaz et al.,PRX (2016) 

Joint work with 

Luis Santos Falk Wächtler 



QUANTUM DROPLETS 

BEC 

• High density state 
• Liquid-like properties 
• Resistant to collapse 

Related Investigations in Dy (Pfau group, Stuttgart, Germany) 

decrease scattering length 
in a well controlled way 

Quantum fluctuations 
become dominant 



LIQUID-LIKE PROPERTIES 

F. Wächtler and L. Santos, PRL (2016) 
D. Baillie et al., PRL  (2016) 

“When released, it falls downs as a stone” 



BEC (εdd =0.7)  droplet (εdd =1.18)  

SELF-BOUND CHARACTER 

Expansion dynamics 



SUMMARY 

Universal dipolar scattering 

Feshbach spectrum of Ln 

Short range interactions 

Experiments on  
many-body level 
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Crossover from a dilute BEC to a self-bound 
droplet stabilized by quantum fluctuation  

S. B. 

J. HENDRICH 

M.J. MARK 

L. CHOMAZ F. FERLAINO 

D. PETTER 

G. FARAONI 

K. AIKAWA A. FRISCH M. MARK 


