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Motivation

Motivation
Why are we interested in dipolar gases?

@ 1995: Bose-Einstein condensation in diluted gases — nobel
prize 2001 (Cornell, Wieman, Ketterle)

@ 2005: Cr-BEC

@ better understanding of static and dynamical properties of
weakly interacting Bose gases

@ strongly correlated systems reached with ultra-cold atoms
and/or molecules

@ contact-interaction: short-range and isotropic vs. dipole-dipole
interaction: long-range and anisotropic

@ supersolids
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Two-body Dipole-dipole interaction

scattering properties

@ Normally the interaction potential between two atoms with
distance r is the Van-der-Waals potential (o< %6)

@ For vanishing collision energy only the s-wave scattering plays
an important role

@ Ultra-cold regime: characterization of the potential by a
pseudopotential with scattering length a and g as the contact
interaction strength

4mha

Ucontact(r) — m

6(r)=gd(r) (1)
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Two-body Dipole-dipole interaction

Two-body dipole-dipole interaction

Dipole-dipole interaction can be written as:

STICE e)r? —3(err)(ear)

(2) , Usa(r) = P (2)
€2
r Cyq 1 —3cos’ 6
Ugd(r, 1) = P N €)
€1
(b) ,
o . I o, G = pop
P (permanent magnetic dipole moment)
€ - o d2
Cid = o

picture from: The physics of dipolar

bosonic quantum gases Rep. Prog. (permanent eleCtriC dlpOIe moment)
Phys. 72, 126401 (2009)
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Two-body Dipole-dipole interaction

anisotropy

Dipole-dipole interaction can be written as:

Cqq 1 —3cos? 6
Uad(r,r') = P — (4)

1—3cos” @ = —2 (attractive)

1—3cos’0 =1 (repulsive)

< —>  © 'magic angle’ — dipole-dipole
I interaction vanishes

1
picture from: The physics of dipolar arccos <\/§ ~ 54’7

bosonic quantum gases Rep. Prog.
Phys. 72, 126401 (2009)
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Two-body Dipole-dipole interaction

long-range character

Dipole-dipole interaction has two important properties —
anisotropy and long-range character

Definition

Long-range character: the integral [~ U(r)dPr diverges at large
distances

@ long-range character: not only the density but also the total
number of particles have a crucial influence on the energy per
particle

1

U(r) =< o

@ One needs to have D > n for considering long-range character,
in case of the dipole-dipole interaction we consider

nD=3-3>3

Yvonne Wiemann Dipolar gases



Two-body Dipole-dipole interaction

quantum gas with dipole-dipole interaction

@ Realization of quantum gases with dipole-dipole interactions
by using particles with electric (much higher coupling!) or
magnetic dipole moment

@ Typical order of magnitude d for an atomic or molecular
system: d o e-ag, o< Ug

@ Ratio of magnetic to electric dipolar coupling:

2
Mol 2 1 —4
2 "% T 1372 ()

@ In order to define the strength of the dipole-dipole interaction,
one use the length:

Cddm
add = 6
9 127K (©)
@ Ratio of the dipolar length to the s-wave scattering length:
add _ Cad
fgg = 4 — 4 7
e ™
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Two-body Dipole-dipole interaction

Feshbach resonances

@ essential tool to control the interaction between atoms in

ultra-cold quantum gases
@ two atoms colliding at energy E resonantly couple to a
molecular bound state with E¢

Tuning of the scattering length a J
10 T
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pictures from: Feshbach resonances in ultracold gases, Rev. Mod. Phys. 82, 1225-1286 (2010) and The
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Two-body Dipole-dipole interaction

gases used for studying dipole-dipole interaction

o the most famous example: >2Cr

@ In the last few years, new systems with dipolar interaction
were achieved, e.g.1%8Er, 194Dy and quantum degenerate
dipolar Fermi gases

Species Dipole moment

S2¢Cr 6UB

aqd = M 7|_I 1
12772 s He

R 1
e — 4 _ Caa e
W= T 3 154Dy 10 ug
168, 7 Ug
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Gross-Pitaevskii equation

Gross-Pitaevskii equation

Loy g 1
’hﬁ__%AW‘F(Vtr‘{'EWA )‘l/ (8)

extension of the Schrodinger equation by the interaction term
© kinetic energy

@ external potential

© interaction term between particles

Yvonne Wiemann Dipolar gases



Gross-Pitaevskii equation

time-dependent Gross-Pitaevskii equation

second quantized Hamiltonian in dipole Bose gas:

[ari()

b3 [drde T (F (U0 -BEFE) (10)

—u| B(r) (9)

replacement of the short-range interaction by the pseudopotential:

A= di'(n) [—mvz—w;g\wrﬂ W ()
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Gross-Pitaevskii equation

time-dependent Gross-Pitaevskii equation

trapped dipolar Bose gas by the Hamiltonian:

H = drigf(r) w(r) (13)

A ’ 1 . 2
T le) + ()

o [T OF (- B (1)

with the trapping potential Vi (r) = 7 [a)g (X2 +y2) + wfzz}
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Gross-Pitaevskii equation

time-dependent Gross-Pitaevskii equation

trapped dipolar Bose gas by the Hamiltonian:

~ R A 1 N
H = dry'(r) —ﬂVz—u+\/tr(r)+§glw(r)l2 w(r) (13)

o [T OF (- B (1)

with the trapping potential Vi (r) = 7 [a)g (X2 +y2) + wfzz}
mean-field approximation

Gross-Pitaevskii equation (GPE)

2

h
— Vo Vel + Sl O (15)

+6 [ 402290 e ] v o

3
—r
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Gross-Pitaevskii equation

stationary non-local Gross-Pitaevskii equation

i m
pwwo(r) = [_QmV2+2 (w§p2+a)§zz) (17)

Cad d,1—3c0529

g
= t _

2
wo()| wio) (19
with p2 = x2 + 2
@ Several numerical and approximate methods for the solution of

the stationary GPE.

@ Gaussian ansatz
© Thomas-Fermi approximation (neglection of the kinetic energy)
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Gross-Pitaevskii equation
®000

Outline

© Gross-Pitaevskii equation
@ Gaussian ansatz
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Gross-Pitaevskii equation

[o] lele]

Gaussian ansatz

Gaussian variational ansatz

2 2
r° z
expl|l 25| =5+ (19)
2a; \ 05 o©Of
with the harmonic oscillator length ap, = /=

picture from: www.hanebeck.at
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Gross-Pitaevskii equation
coeo

Gaussian ansatz

Together with the Hamiltonian of the trapped dipolar Bose gas, we
obtain for the energy:

E(Gp; Gz) = Ekin + Etrap + Eint

Nh®w [ 2 1
Exin = 1 ?JFCTE

p
NhE®
Etrap = 74)[’2/3 (263 +2,2622>

N2hdagg 1 ( a >
Eip = ———0d < f(x
" V2map, 020z \ agd (%)

with the harmonic oscillator length ap, = \/% corresponding to

1/3
the trap frequency @ = (a)ga)z>
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Gross-Pitaevskii equation

O00e

Gaussian ansatz

> 3k2artanh (V1 —«2
f(K):1+2K _ ( >

1— k2 (1-k2)32
with K = g—z

10 10°

Il T

1072 0.1

picture from: The physics of dipolar bosonic quantum gases Rep. Prog. Phys. 72, 126401 (2009)
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Gross-Pitaevskii equation
®00000

Outline

© Gross-Pitaevskii equation

@ Thomas-Fermi approximation
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Gross-Pitaevskii equation
©0®0000

Thomas-Fermi approximation

In this case we neglect the kinetic energy and the GPE reads:
m g
wyo(r) =[5 (03p%+022%) + S ly(r. 1)

Cdd/ ,1—3cos’0 N2
+5q | 9" P |wo(r)["| wo(r)

ansatz for the density profile:

and the chemical potential:

1= gno[1 — 3€4qf (k)]
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Gross-Pitaevskii equation
©00®000

Thomas-Fermi approximation

e case 1: R, > R, (prolate) in spheroidal coordinates

2 p2 £
o(E.1.9) =2 > Ry [/1 dé’/l1 dn’ (§%-n")n (&' n')

y /°° @1+ 1)Pi(n)Pi(n") Qi(E)PI(E")
=0

/\/1-R2/R?
[V e [ an @ n?) o)

X
/

oo

0

(2/+ 1)P/(17)P/(?7’)P/(§)Q/(é’)]
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Gross-Pitaevskii equation
000e®00

Thomas-Fermi approximation

e case 1: R, > R, (prolate) in cartesian coordinates

n 2
o(r) = m(ffxﬂ)z [24=(1— k%) + 48(1— k2)(2— =)

’ <’§Z>2 —24(1-x)(2 - ¥*Z) (ff?)x)2

+8(2K2 —8+33) (z
R,

x (ng>4 1 24(2 + 42 — 3K23) (/‘;)2 (é)z}
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Gross-Pitaevskii equation
©0000e0

Thomas-Fermi approximation

e case 2: R, > R, (oblate) in spheroidal coordinates

2 P2 3
$(E,n.9) = R > Re [/O dé’/l1 dn’ (% +n"?)n (&' 7")

<y (21 +1)Pi(m)P(n") Qi(i&)Pi(i&")

/=0

1/4/R2/R2-1 1
+/§ dg//ldn/(élz_’_n/z) n(é',n')

(2/+ 1)P/(17)P/(17’)P/(i§)Q/(lf’)]

X1
/

oo

0
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Gross-Pitaevskii equation
oooo0e

instabilities

@ elongation of the condensate along the
polarization axis

e energetically favorable for the cloud to
become elongated along the
polarization axis

N (a) without dipole-dipole interaction
Py 1 N . . . .
.ﬁggégﬁ‘g'..;@‘; 2 (b) saddle-like mean-field dipolar potential
N

™
IQ.Q...

picture from: The physics of dipolar
bosonic quantum gases Rep. Prog.
Phys. 72, 126401 (2009)
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instabilities
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Outline

© instabilities

@ Phonon
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instabilities
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scattering properties

@ Determination of inelastic scattering properties

e Elementary excitations in dipolar condensates can be described
in a better way by using the Fourier transform of the
dipole-dipole interaction:

Uga(k) = Cug <cos2 o— ;) (20)

by using the following Fourier transform
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instabilities
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instabilities

o Partially attractive character of the dipole-dipole interaction
leads to a stability problem of the dipolar BEC excitation

@ spectrum of a homogeneous dipolar condensate:

272
a):k\/:s [g+('§d(3cos2a—1) +ﬁ K

4m?
together with the definition

_add _ Cyd
Ed=— =4
a 3g

@ metastable for g44 > 1

@ most unstable situation for a = /2
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instabilities
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instabilities

() (b)

il

picture from: The physics of dipolar bosonic quantum gases Rep. Prog. Phys. 72, 126401 (2009)
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instabilities
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Thomas-Fermi regime

Another approach with respect to dipolar gases: Thomas-Fermi
approximation (neglection of quantum pressure effects)

@ 0 < kK <1 condensate is prolate

@ kK > 1 condensate is oblate

18
1.6
14
1.2
€ 1

trap aspect ratio:

: (0)

ool A=—2

g o

0
picture from: The physics of dipolar o O < Af < 1 trap |S pr0|ate
bosonic quantum gases Rep. Prog. )
Phys. 72, 126401 (2009) @ A > 1 trap is oblate

K'(Edd = 0) =A
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instabilities
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instabilities, Gaussian ansatz

@ stabilization by trapping a BEC for small atom numbers

N
Nlal g5
dho

dho — V H/ma)

@ For BEC with dipolar interactions, one can confine the atoms
more strongly in the direction of the dipoles alignment.

(a) prolate (cigar-shaped) trap, unstable condensate
(b) oblate (pancake-shaped) trap, stable condensate

(a) (b)

picture from: The physics of dipolar bosonic quantum gases Rep. Prog. Phys. 72, 126401 (2009)
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instabilities
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instabilities

variational method to get an idea of the value of acit(4) by using a
Gaussian ansatz — so one can get an expression for the energy:

E(Gpa Gz) = Ekin + Etrap + Eint (21)
Nfo [ 2 1
E.. —— | Z 4+~
kin 4 (Gg + Gz2>

Nh® 2 2
Etrap = 2 (26 + Ao )

N2ﬁd)add 1 ( a

Epe = L 1034d 2k
"V 2man, 030 \ add ( )>

Yvonne Wiemann Dipolar gases



instabilities
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instabilities

@ minimization of the energy equation with respect to o, and o,
leads then to the critical value acit(A) (stability threshold)

e For N = 20000, A = 10 and different values for a, we get a
contour plot of E as a function of 0, and o, from the Gaussian
ansatz. In this case, the critical value reads ait(10) = —8.5a9

a = 18ag a = 10ag o 8= —8.5ag e 0= —32ag
| .
o & o o w? | Elop,0:)
Nhi
\ 1
01 1 10 102 01 1 10 102 0.1 1 10 102 LN 1 10 102
(7/7 ”,’7 Up {Tﬂ

picture from: The physics of dipolar bosonic quantum gases Rep. Prog. Phys. 72, 126401 (2009)
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instabilities
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instabilities

Stability diagram of a dipolar condensate in the plane (dots and
errorbars are experimental results):

20 T )?

10

Stable

10

a/mit/aﬂ

20 - Unstable

10 2 0.1 1 10 102 10*

Trap aspect ratio A = w, /w,

picture from: The physics of dipolar bosonic quantum gases Rep. Prog. Phys. 72, 126401 (2009)
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Outline

© instabilities

@ Roton
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excitations of the system

@ Instabilities in dipolar gases due to excitations in the system
(even in the pancake traps)

o gas feels the 3D nature of the dipolar interactions (e.g. their
partially attracticve character)
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instabilities
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excitations of the system

@ Instabilities in dipolar gases due to excitations in the system
(even in the pancake traps)

o gas feels the 3D nature of the dipolar interactions (e.g. their
partially attracticve character)

"roton-maxon’ instability

@ infinite pancake trap with dipoles along z perpendicular to the
trap plane

@ roton-maxon effects occurs in the Thomas-Fermi limit in the
z-direction

e momentum dependence of the dipole-dipole interactions
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instabilities
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excitations of the system

with increasing g the 'roton gap’ decreases
) —su and vanishes for a critical particle density

2

:
momentum

picture from: The physics of dipolar
bosonic quantum gases Rep. Prog.
Phys. 72, 126401 (2009)

@ Roton instability in the Thomas-Fermi regime due to
experiences of the system with the 3D partially attractive
nature of dipolar forces

@ Attractive contact interactions leads to roton instability
already in the quasi-2D regime
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summary and outlook

@ New effects by studying the dipole-dipole interaction due to
anisotropy and long-range character

o Gross-Pitaevskii equation for calculations, Gaussian ansatz and
Thomas-Fermi approximation

@ Instabilities, form of the condensate, minimization of the
energy to get acit(A), roton-maxon instability

@ Beside BEC, atomic degenerate Fermi gases (Fermi
superfluidity in the weak interaction limit by BCS theory)

e BEC-BCS crossover in the limit of strong correlations
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