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Introduction : dipole-dipole interaction

What's new in a spinor dipolar BEC

- Einstein-de Haas effect
YK, H. Saito, and M. Ueda, PRL 96, 080405 (2006)

- Ground-state circulation
YK, H. Saito, and M. Ueda, PRL 97, 130404 (2006)

- Possible experimental scheme
YK, H. Saito, and M. Ueda, PRL 98, 110406 (2007)




[ﬁipole—Dipole Interaction
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dd_4 3
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e tensor force

e anisotropic
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geometry dependence
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[ﬁipole—Dipole Interaction

pop - p' —3(p-7F)(u' - 7) ’; . "Au’
I8

Vdd =

47 r3

e Magnetic dipole-dipole interaction

2 3 3
po M 1 ag ag
Vdd ~ 2B — = QERyd ( ) ~ 10 X (d) [K] ~ 1 [nK]

4m d f N N weak

fine-structure const. Rydberg energy
~ 1/137 ~3x10° K

mean atomic distance
~ 100 nm ~ 2000aq

solid-state ferromagnets
d~ag —> Vyg~1[K]

e Electric dipole-dipole interaction

1 (eag)?
Ameqg d3

3
a
Vdd ~ = ERryd (EO) ~ 10 [puK]




[ﬁipole—DipoIe Interaction

r3

v _ Hop-p —3(p-T)(p - 7) ’; " $u’
dd 41 u

+ spin degrees of freedom

dipole moment
U

dipolar energy energy ratio

Alkali atom

molecule

: s/ 2
(spin-1) 5 WX 12
|
52Cr atom 6 1y
heteronuclear external

electric field E

Th. Lahaye et. al.,
Nature 448, 672 (2007).




Polarized Dipolar BEC

Stability of the ground state
Santos, Shlyapnikov, Zoller and Lewenstein, PRL 85, 1791 (2000)
O'Dell, Giovanazzi, and Eberlein, PRL 92, 250401 (2004)

Collective mode
Yi and You, PRA 66, 013607 (2002)
Goral and Santos, PRA 66, 023613 (2002)
Optical lattice — Supersolid
Goral, Santos, and Lewenstein, PRL 88, 170406 (2002)
Roton-maxon excitation
O'Dell, Siovanazzi, and Kurizki, PRL 90, 110402 (2003)
Santos, Shlyapnikov, and Lewenstein, PRL 90, 250403 (2003)

Rotating Dipolar BEC
Cooper, Rezayi, and Simon, PRL 95, 200402 (2005)
Zhang and Zhai, PRL 95, 200403 (2005)
Yi and Pu, PRA 73, 061602(R) (2006)

1D and 2D dipolar gases
Pedri and Santos, PRL 95, 200404 (2005)
H. P. Buchler, et. al., PRL 96, 060404 (2007)
R. Citro, et. al., PRA 75, 051602 (2007)




Slpinor Dipolar BECs
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Dipole Ordering in 1D and 2D Mott-Insulator '% SUPERFLOW
Pu, Zhang, and Meystre, PRL 87, 140405 (2001)
Gross et. al., PRA 66, 033603 (2002)

Ground State Phase with Single—Mode Aeeroximation

Yi, You, and Pu, PRL 93, 040403 (2004)
Santos and Pfau, PRL 96, 190404 (2006) =2 SPIN TEXTURE
Diener and Ho, PRL 96, 190405 (2006)

Spin dinamics in Optical Lattice
Sun, Zhang, Chapman, and You, PRL 97, 123201 (2006)

Molecular BEC in Optical Lattice
Barnett, Petrov, Lukin, and Demler, PRL 96, 190401 (2006)
Micheli, Brennen, and Zoller, Nature Physics 2, 341 (2006)




%instein—de Haas Effect

YK, Saito, and Ueda, PRL 96, 080405 (2006)
See also, Santos & Pfau, PRL 96, 190404 (2006)

Dipolar interaction
v pop - i — 3(u r)(p' - 7) j
dd—

SPIN €=—» ORBTAL

mass flow

=» BEC starts rotating C
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%instein—de Haas Effect

-local Gross Pitaevskii equation

dpm(r) _ [_ h2v?2

L -+ Utrap(0)| ()

+g0n(T)Ym(r) + 91> ) fu(r)(Fu)mnton(r) + - -
u n

teaa X2 [ dr' fur)Qu(r = 1) ()i ()

ur n

local density: n(r) = >, Y5 (r)Ym(r) spin matrix
local magnetization: f(r) = > n ¥ (7)) Frnn(r)

kernel of the dipolar interaction: Quv(r) = -5 (Suv — 37,7)
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Instein-de Haas Effect

Non-local Gross Pitaevskii equation

vh

272
d¢$t(r) - [_hQJ\V/I + U“ap(rﬂ v

+90”’(""]/Numerical results for a 52Cr BEC \

spin-3 : 7-component GP eq.
= 3
teda)| =
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&
22t
o
local density: 1 =
: 1+t
local magnetiz g
kernel of the d §> 0 .
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cinstein-de Haas Effect

Spin relaxation

1)

Larmor precession around the dipole field

mass flow

dipole field
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What iIs the ground state of
a spinor dipolar BEC ?7?
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Ground-State Circulation

flux-closure
constraint

solid-state ferromagnets —» domain (spin) structure

ferromagnetic BEC ——> spin texture
spin-gauge
v

mass current

sl. then...

spontaneous mass current
In the ground state ??? YES !l




lux-Closure Constraint

Domain structure in 2D ferromagnets

Dipolar interaction energy

Energy of the static magnetic field
iInduced by the magnet

V.-B=V-(H+M)=0
V-H=-V-M

A\ 4 source

Landau & Lifshitz, 1935.

Flux-closure constraint:

ferromagnets BEC (no rigid boundary)
M // boundary

—> structure formation

A

N4

flux-closure
structure




gpin—Gauge Symmetry

- ferromagnetic or locally spin-polarized BECs - A Y

order parameter (spin 1) A Qj

(] | 1 ™\ :
Yo | = vneU(e, B,v) |0 ;
Y_1q 0 /&\ —>
g~ coszg N
— \/ﬁez’(f?—’}’) \/icosgsing C(_:)Sa;inﬁ
— Y f=mn]|sinasing
e*®sin 5 cos 3

superfluid velocity

nws = %Im[; Y3 Vim] = " V(5 — 0) + cos fVal

Texture ——> mass current
Circulation not quantized
Circulation + topological phase quantized




=nergy Scales

high T

~
1 mK Zeeman energy @ 100 mG

- spin-independent mean-field interaction gon
n -
+ harmonic trap hw
- density distribution: n
10 nK

InT

~= spin-exchange interaction |g1|n
- magnetism (form of the order parameter)

1 nK

—~-

0.1 nK dipolar interaction cqqn

- Spin texture

low T
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Characteristic Length Scales

spin-indep. mf + trap G070

Thomas-Fermi radius | fTF =2 M2 1—100 um
spin-exchange foo = 12 87Rb 52Cr
spin healing length °P \/2M|gl|n0 2um | 0.5 um
dipole A

dipole healing length Sdd = V2Mcgqno 6 um | 0.6 um

@ Nn—5x101% cm-3
@ - trap frequency

Ny : TF peak density

Spin texture can develop when R1F > £qq.
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YK, Saito, and Ueda, PRL 97, 130404 (2006)

'.iha.se Dlag ram See also, Yi & Pu, PRL 97, 020401 (2006)

- ferromagnetic BEC -

in a spherlical trap

Polar-Core Vortex Phase

Chiral
Spin-Vortex Phase

Flower Phase
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lower Phase

almost spin polarized

srvvess SEEEERMREE

z plane r-iz plane

A Spin textur
N mass flow

Polar-Core Vortex Phase

Chiral |
Spin-Vortex Phasew

- o e O E mm E E Em E E E E E  a Ee Ee E a E

Flower Phase J

2 4 6 B 10 12 14
Ry [ &,




R’l'k |"II. Ell.ll.

C

et

hiral Spin-Vortex
Phase

chiral symmetry breaking state

RRRATTTPPAD
L T T T e i i il o o
Ly y ol ol
t2t11111722
* p 7
*e $+ *e
++ TP T2
» P X
PARPPIAANA
PP ARRARR
=T s | 4

i
i
=

4

KEbr+-=-REK
4
"
P

t B

Kttt RK
Kkt t-hEER

REK
b

WRASSFAAAA
WUSSFIFAAA

NEDIIA
NS

r-io plane

A Spin textur
AN mass flow

ezur\p
D,
N

Polar-Core Vortex Phase

i

Flower Phase

Chiral

Spin-Vortex Pha

se '

6 8
RTF / &.ﬁp

10 12

chirality




50Iar—Core Vortex
5hase

flux-closure structure
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weak e— dipole int. —> strong

Jhase Diagram

Polar-Core Vortex Phase

2nd order phase transition

Flower Phase
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Jhase Diagram

flux-closure
structure
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Ground-State Clrculatlon

Polar—Core Vortex Phase )
flux-closure constraint

3 //7\-‘“ — spin texture
3 / "Chl m spin-gauge symmetry
; & ofin-Vortex Phase ™~/ | — ground-state circulation

/

Flower Phase

Nz 4 & & 0 1 L/Nh for 106 87Rb atoms
R [ & /70 HZ 630 HZ
Spin-1#Rb : 0.5 ' ¥

Ep/Eua = Vea/lgl = 0.30 [ FL CSV PCV




d)ipolar Interaction vs. Zeeman Energy

Zeeman : 9ruB

4

: KO 2
Di o ——Cggn cdd = —(9F
pole 3 dd™0, dd 1 (9r1B)

U

. . O
Critical field Bc = 3 9FHBNO

Rb: B~ 10 uG @ mng= 10> cm™3
52Cr : Bc ~ 0.1 mG




Then...
IS the spinor dipolar effect observable

only when the external magnetic field is
extremely weak ?

NOIII
There is an observable effects even though
the Zeeman energy dominates the system.




Igossible Experimental Scheme

L > &44 ir!homo_geneous
A dipole field
Bext ~ 10 nG
~ 100 mG
Inhomogeneous
Larmor precession
7 rf-pulse

spin texture

Ve

Bqq

YK, H. Saito, and M. Ueda, PRL 98, 110406 (2007)
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Numerical results for 8’Rb BEC
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Numerical results for 8’Rb BEC
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TIME SCALE h/cqgqn
S52Cr BEC :

- 144 times faster than 8’'Rb BEC
- spin texture develops in a few ms

t=0ms 106 212 318 424 531

631
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ierkeley Experiment

J. M. Higbie, et. al., PRL 95, 050401 (2005).
Observation of the Larmor precession.

Bext | 2 6 =190°

t Byq L 2

Phase contrast imaging
Time development of fy

homogeneous
Larmor precession

rf pulse

Shot Number

sampling rate : 20 kHz
beat { Larmor precession : 28 kHz




ierkeley Experiment

J. M. Higbie, et. al., PRL 95, 050401 (2005).
Observation of the Larmor precession.

Bext | 2 6 =190°

1 Byq L 2

homoger
Larmor

rf pulse

Phace caontract imaninno

under field gradient

helical structure

> time

=» When 6 # 90°

helical structure will appear
without field gradient

sampling rate :

beat { Larmor precession

20 kHz

- 28 kHz




Summary
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- Einstein-de Haas effect
YK, H. Saito, and M. Ueda, PRL 96, 080405 (2006)

- Ground-state circulation
YK, H. Saito, and M. Ueda, PRL 97, 130404 (2006)

- Possible experimental scheme
YK, H. Saito, and M. Ueda, PRL 98, 110406 (2007)
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Unique feature of a spinor dipolar BEC

DIPOLAR : flux-closure constraint
SPINOR : spin-gauge symmetry

Dipolar BEC becomes more exciting
when it has internal degrees of freedom!






