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Detecting entanglement 1n large ensemble of large spin atoms

This has been done with BECs interacting with spin dependent Van der
Waals interactions spin 7, spin 1

We are studying growth of entanglement
between spin 3 chromium atoms
interacting with dipolar interactions

in optical lattices



Two interactions at play for spin dynamics in chromium quantum gases

Spin =3 for chromium

Long range Anisotropic R

Dipole-dipole interactions EVan-der-Waals (contact) interactions
: : _4xn’ .
Ly Mo 2 (1 _3c02(0)) V(R)= as6(R)

V=228 (gsky) ( cos™( )) 3 0
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N Short range Isotropic

Both interactions create Spin Exchange processes

In a BEC spin dynamics
is mostly driven by spin dependent
contact interactions
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Ising Exchange

In lattice with one atom -1 l
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is purely dipolar

&2 \'2 i3 4 Entanglement generation! Arh?
=", (ag—a,)
" m

dipolar atomic systems: Stuttgart (Dy), Innsbruck (Er), Stanford (Dy), Paris (Dy), ...




Ingredients for spin dynamics in chromium quantum gases

e

3 AZ AZ 1 X Ax ~ o
Effective dipolar Hamiltonian H,, = Z V. j(Si S; _E(Si S +87S7 )J

i>j
2
Ly , 1=3cos” 4, Uy , 1
V. =— — ~2.8 Hz
T 4 (g:uB) Ri,j3 A (g:uB) (/1/2 3
- H,=B,> 8"
Quadratic effect 0~ "o Z i Due to the tensorial light shift created by lattice lasers
B, ~-5,+5 Hz
Zeeman term H, = gluBZB(i)SiZ
E(F) — (Bo +b. ;7) 7+ b : Magnetic gradients

i

Eliminated in the rotating frame



Spin dynamics in deep 3D lattices: preparation

Our lattice architecture:

(Horizontal 3-beam lattice) x (Vertical retro-reflected lattice)

Anisotropic lattice
f, ~ 170 kHz

f, ~ 50 kHz

f, ~ 100 kHz

deep 3D lattice — strong correlations, Mott transition
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One atom per site ensures a pure dipolar spin dynamics

Rectangular
lattice of
anisotropic sites



Principle of out of equilibrium spin dynamics experiments
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1- Excite the spins

2- Free evolution under the effect of interactions

3- Measurement of Spin populations

4- Prove entanglement



Principle of out of equilibrium spin dynamics experiments
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Q00 00 p —-3.-3 3,3
Q00 000 initial |7 D% DFseeenyT DIy Z>

O 00000000
Q0000 0000
@]

1- Excite the spins

Use of light: large quadratic light shift to beat the linear Zeeman shift Vi) = ‘_ 22,_22’---->_22a_22> dePaz et al, PRL 2013

Use of Radio Frequency: induce spin rotations Yoo = ‘_ 39:_39:----9_399_39> Lepoutre et al,
NatCom 2019

2- Free evolution under the effect of interactions

Minimize all source of noise: magnetic noise

3- Measurement of Spin populations

Absorption imaging; to be improved

4- Prove entanglement

Open question...



Prove entanglement in large ensemble of large spins interacting at a
distance through dipolar interactions

I- Comparison of spin populations dynamics with quantum simulations

Quantum thermalization: an isolated system thermalizes due to growth of entanglement

[I- Measurement of the norm of the collective spin

Is it an entanglement witness?

III- Finding well adapted entanglement witness

Spin squeezing like inequalities?
Bipartite measurement?

An
experimental
talk




Out of equilibrium spin dynamics after rotation of the spins

Short time exact results:

. . . . . — 0 : 04 9 V 2.2
Prediction (Ana Maria Rey): 0 small — classical precession Pu, ()= P, (0)Fsin 0, (O) 't 1
y dzQz 1 Gx Qx &y Qv
PRL 110, 075301 (2013) 0 large — entanglement grows H= ;VW-(SI- S; —E(Si S1+8!'S) )) v, = ﬁZVuz

i>j

while mean field theory predict zero dynamics for 6=7/2 without gradients

. | g J
1- Excite the spins .
0 rotation
Spin =3 for chromium T f =TT
——— > >
J Ez ; Jy
\Pinitial = | - 32,_32,---.,_32,—3z> \P(z:O) = | - 309_393----3_399_39>

2- Free evolution under the effect of interactions LP(tzo) — ¥ (¢)

3- Measurement of Spin populations

an evolution of ]
spin populations
prove the effect
of interactions

™

‘ms =_1>

Stern-Gerlach separation:
(magnetic field gradient) s =0)

‘ms=1> \

Out of equilibrium dynamics characterized by the change of the populations of the Zeeman components




Spin dynamics in lattice: comparison with simulations

10000 atoms!

NO exact simulation available beyond 15 atoms: problem with border effects!

Mean field simulations

Quantum simulations (Generalized Dichotomized Truncated
Wigner Approximation) developed by J. Schachenmayer

Short time exact results:  p,, (t)=p, (0)+sin@*a, (O),,°t’

n A A A A A A |
A3, 382687 08:8)) v =y 0

> i>j



Spin dynamics in lattice: comparison with simulations

Z
52Cr - Q?3
&€
é‘iz -1 ’
m.=-3

Quantum simulations (GDTWA)
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Mean field simulations

The quantum simulations agree well with data: a very good test for GDTWA for large atom numbers




Spin dynamics in lattice: indirect proof of quantum correlations buildup
with comparison to simulations

the quantum state of the full system is pure, but the reduced single spin density matrices can assume a mixed character due
to the build up of entanglement between the spins

(a) Absolute values of the central
spin density-matrix elements

Off-diagonal single-site coherences
are destroyed as the spins become
entangled during the quantum dynamics

Close to a maximally mixed state

(b) B ) \ . (b) Second-order Renyi entropy
""""" o 26[ L gR ATV
2-5 s e . . ,!'I'}‘, e SC — _10 (T [ A 2])
------ 224884 . 2 g7,
2t y : ] ;gLS’_Q."?!!ﬁ‘J:;;; 28,4 a measure of entanglement if the system is pure
s 5t : . a. < [ Supis
&0
—g=oz2r a2 | L :
H 0 =037 16 Tettegi (c) Diagonal entropy
—60 =04r "
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averaged single particle density matrix



Spin dynamics in lattice: Quantum Thermalization

0=0.5m
_ —_—mg = +£3
1- Our data show that spin dynamics stops in about 60-80 ms 0.4 —mg = 2|
—_—mg = *£1

in agreement with quantum simulations (solid lines) 03F

while mean field simulations show revivals at this time scale

(dashed lines) 0.2 Y A XY L _
24
0.1 -
0 1
2- Asymptotic experimental populations are close 0 20 40 60 80 100 120
to population distributions maximizing entropy at fixed magnetization ¢ [ms|

—0=02r. 0=03r— (4 —ES0ME . —0=057

llllli'iﬂlilllliil"“ﬁi - 1233

§_i%y
.Il!! x

0 0 0L [—mg = —3]—
0 10 20 30 40 0O 10 20 30 40 O me = —2 40 0 10 20 30 40
s
t [ms] t [ms] =] t [ms]
—_mg = 0

A long-range interacting many particle isolated system which internally thermalizes through entanglement build-up,
and develops an effective thermal-like behavior through a mechanism which is purely quantum and conservative




Models for Quantum Thermalization

1 1
ke, T C T
Oth order

One body physics quadratic energy term:
easy exact calculation

E(m,) = BQms2

E =FE, Initial energy

P, =Aexp[-BE, 1  fB,~032

0.30¢
0.25¢
0.20¢
0.15}
0.10}
0.05}

Very different with experimental values!

Perturbative approach, small 3 :

=Tr[H]/Tr{1]

Goal: predict thermalized spin populations for finite temperature

Dipolar interactions:
Analytical model (Ana Maria Rey)

p = exp[-pH]
p= | —,BI‘A[

“Canonical approach”

_H-E (b )=F, -plur, -B, H)

AH? =Tr[H*1/Tr[i]-H>  E, = Initial energy

Pure dipolar Hamiltonian:

A=, $8-36151+5:3;))

i>j

H=0 AH* =24V Eoz—gVa 0=~
1 2 1
V==V, v =S
off N; »J a Nl.>j ij
From the 3D lattice structure:
Va =-—0.56 Hz V()ﬁ =4.33 Hz

1
p2te T~-9nk |P, ==
48V * 7

eff 1st order



Our Model for Quantum Thermalization

Previous slide suggest that the quadratic effect acts as a perturbative effect on dipolar Hamiltonian

Analytical model (Ana Maria Rey) at 1%t order for: f = ZVi j( S: §jz _l(ﬁix S*jx +S7 §jy )j n BQZ §i22

i>j 2
3 9 —
E,==B,—— = 2 _ 2 2
0 2 0 2I/a H 4BQ AH —12BQ +24I/eﬁp
5B, +9V
- 9 "o P :1(1+ﬁBQ(4—ms2))
24BQ +48Veﬁ S

1st order

Validity of the perturbative approach:

Note: B, is given
by the full dynamics

2 )
<< I/e v analysis

‘BQ‘ <<V, ‘BgVa




Our Model for Quantum Thermalization: results

Temperature (nK)

10;

......

Populations

0.25¢

0.20

=

Pop 0
Pop +/-1

Pop +/-2

Pop +/-3

B, (Hz)

5 fBq
0.8t
0.6¢
0.4

0.2}

10

0.146¢

-5 5 10 Bq (Hz)

T~-9 nK 5B, +9V, =0

0145 Bg=0 B=0
0.144w
0.143}

0.142}
0.141}

-0.5

0.0 05 1.0 15
B, (Hz)



Our Model for Quantum Thermalization: comparison with experiments

Prediction of the model:

s

P - %(1+ﬂBQ(4—mS2))

Parab

olic shape

Stationnarity value for mg= +/-2

4

One PmS independent ofBQ only for S=1/2, 3, 48, 121/2

A

P = !
©25+1

(1 +pB, L—S(S; D_ m’ D

Comparison with experimental results

Pmg

02
B |
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Pmg

0.2 g 02
0.1 V/ \ 0.1 / \

<=
<

3002 -1 0+ +2 43 Mg 3002 -1 0+ +2 43 mig 3002 -1 0 41 42 43 Wy
o 2 I S i
: ! 02 02
02 A : .
(]
0.1 0.1
0.1 ) i
i :
O "3 2 a4 0+ 423 mg 3 2 4 180 2am Y 335 a0 0Hd 2 Aam
@
=
5
02 o o I . —
. 1/7 | » 07 | 15 | 27 | 35 | 28 | 34
® Bp (Hz) | 4.2|-2.9]5.9|-4.2] 6.9|-4.9] 7.0|-5.0| 8.7|-6.2| 8.3|-6.0
0.1 Q T(nK) |4.0[-2.7[34(-2.4]3.3|-2.4|3.3|-2.4|3.4|-2.4|3.4|-24
0 Quantum Thermalization
302 0 4+ 2B omy

at a few nK

Other experiments:

Greiner: few 2 spins, superexchange processes
B. Lev: Dy atoms, thermalization through collisions




Collective Spin Length measurement in Optical Lattice: an entanglement witness?
- - ~ A2 A2 A 2)V2 ‘J
7= J|=[(J.) +{J,) +(J.) 0<r="1<3
N
{ is the contrast of an atomic interference sequence (Ramsey type experiment)

Many reasons for £ to change:

pure dipolar dynamics quadratic field magnetic inhomogeneities
2
g([) = 3 81 Veﬁ l‘2 damping and revival ¢ (t ) —0
short time 16 h2 I . h
fo=op "~ 2gubR,,
I/eﬁ ~4 Hz Td =15 ms 2BQ EH Oy

By,=5 Hz b=0,1 G.cm!
Dipolar interactions lead to

zero spin length!

sz3 ms

20 40 60 80 100
t (ms)

Not a pure dipolar dynamics... Echo type experiment necessary




Collective Spin Length measurement in Optical Lattice: does an echo change the dynamics?

0,35

0,3

0,25

piﬂs

0,15
0,1

0,05

% —t—(SG), Dynamics without echo

0,05

-+
Hop— o H—H
- HEH-P O
o [ 41 o] o9 HabH
HH B et FethHbeH

. M

Pop 0 Pop -1 Pop -2 Pop -3

The two dynamics look very close
Is it a surprise?

Calculations for two atoms:

o gradient

Gradient + Echo

Gradient

PR S TR SN S (N TS U S S SN S S T T —— |

i i Pop -3
I 0.15
g a
0.10
40 50 60 70 80
t [mS] 0.05 [
A ———-7———(8G), Dynamics with Echo
0,25
(] 2 t ...... ‘ ------ i-
0,15 ; i
0,1 :
0.05 $ 3
0

32 -1 0 +1 +243
mS

0.05 0.10 0.15 0.20 0.25



Collective Spin Length measurement in Optical Lattice: procedure

Y
/
\ y ¢ 1s due to dephasing
= magnetic noise
£=3
after A" after dynamyés Jy ¢ ¢ is random after a few ms
I, y X
X
()=t )= () =0
quantity > _
measured: J component measured:
Vs
Experiment for measuring spin dynamics: ——t—(SG
Xp uring spin dy 5 ~1=(56). M, J.
Experiment for measuring spin length: T (SG)
2 : M,
R iment — :
amsey type experimen J¢ = COS ¢ ']X +sin ¢ ']Y
Experiment for measuring spin length Tt T T (SG) ¢ is random
and cancel effect of magnetic inhomogeneities: 2 2 2 2 ’ M
Echo type experiment z

We measure distributions of M, -3<M,<+3




Collective Spin Length measurement in Optical Lattice:

t=10 ms

t=3 ms (no echo)

10

7204 -02 0.0

Assume Classical Spin:

Jy,=cospJ, +singJ, => M_=/(cos¢

av 1 1
dM . M2

Assume ¢=0, and Gaussian noise:

dN 1

MZ
- = ex —__Zz
M. o p( azJ

02 04 08 -06 -04 -02 00 02

two
extreme
proba-
bility
distributi
ons

t=8 ms (no echo)

77 =
M,
0.5
n /(3/2)"
1,6
1.5 G
1.4
[ ]
1.3 . .
1,2 ® ° @
L1 ® ® €5
S S TE ey
0,9
20 40 60 80 100

Ratio of distribution moments:

time (ms)

data analysis (1)

=100 ms

1st method to
derive ¢:

fit probability
distributions
with a
convolution
of the

two

« extreme »
distributions




Collective Spin Length measurement in Optical Lattice: data analysis (2)

we measure the collective spin component </, g — COS ¢Jy+sing J,

<.}¢2> = <cos2 ¢J, +sin*¢ J,  +cosg sing J,J, +.}ij>

¢ random - _<
) )=

¢ and J uncorrelated

Var(J)=(1,7)=(7,)  (J)=Ne  vadp=(37)

<j 2> =1N2€2 N Var(jX)+Var(jY)
) 2
F=L [0t G
N 12 2
Quantum noise ~ 1 /N
Real life:

s Loy Var(jy)+Var(jy) 2
<J¢ >exp _Eg + 2 +O—exp

2 . . . .
~—/ 2 + o'exp Technical noise dominates Quantum noise...

and collect values of Mz

2nd method to derive ¢:

From:
2
i)zl

Number of sample

And: o

exp

5 Atom number




Collective Spin Length measurement in Optical Lattice: results

AT

o
At 1 ms 2,5
dephasing
is not total
A
o) °
®
1,
A
‘ ®
1
0,5
No echo
0
() 20

30

40

50

60

70

80

¢

90

100

t (ms)

® 1Istmethod

A 2nd method



Collective Spin Length measurement in Optical Lattice: comparison with simulations

® 1Istmethod

A

A 2nd method

2,5

GDTWA (Bihui Zu)
unit filling, B,=-5 Hz

0.36 filling, B,= 0 Hz
1,5

Some physics to understand!

0,5

No echo

¢

0 20 30 40 50 60 70 80 90 100 t(ms)



Normalized standard deviation

<j¢2>exp - %Ez

Measurements of spin fluctuations

Echo Ramsey

JJarGo+varGy) o g

exp

(O  Echo No Ramsey

12
®
10
0 ®
8 "V
4 b A
2 A O-exp
SON
0
0 20 40 60 80 100

time (ms)

A No Echo Ramsey

/A No Echo Ramsey



Spin dynamics in lattice: quest for entanglement witnesses

0 small — classical precession

Prediction (Ana Maria Rey):
rediction (Ana Maria Rey) 0 large — entanglement grows

PRL 110, 075301 (2013)

Interpretation: dynamics comes from the difference to the Heisenberg Hamiltonian

as there is no dynamics under Hy;, J,
1 1 1 T
H,, =8§..5,. _Z(SHSZ— + S1—S2+) H,, = _EHHeis +§S1ZS2Z
Hyy o L
5 5 ! 5,50 & 82 Tgorore — i
H iy = 5,8, = 5..5,. +E(S1+S2- + S1-S2+) -0 :__S_qllfe_z_lfig__! JY

. . . . . . . 1 '
Squeezing is nice, but it is not an entanglement witness for spin s > %2 ! A. S. Sorensen and K. Molmer.,

Phys. Rev. Lett. 86, 4431 (2001)

Entanglement witnesses from measurements of collective spin components of order 2

G. Vitagliano et al, Phys. Rev. Lett. 107,240502 (2011) —» | all of them

can we measure it? 1- control ¢

) >1 2
<Jx> +<Jv> J: (ZmJ — ¢ X Jy LJy
&]2:<}2 — 2> J LJ Zj 2 . Zm? 2- rotate by Og X
m m U v iz —si
j " |

N
Zji m2> in the Yz plane —




Spin squeezing criteria: an entanglement witness for dipolar dynamics?

1 ~ R 1
Results for two atoms o H, =48, _Z( 575, 45, S2+) v, OCF
dd
squeezing entanglement
‘!O; gos
éﬁ \
sq
20 0.9 ;
}l
150 osl
0.7
0.6
0.00 D!l}f GlIO A OITS 0%0 0:25 330l — ’0;35. — lO:IOI Il 13]1‘3. “ ’3120. — IOIZE
-t O
2 V 1
é: — A']J_ dd ) R Vdd
sq 2
() Z_NI(AJU)+N]
2N gos ( _) ~ 2 ~ 2
/ () +(3)

enough squeezing is obtained to prove entanglement, but...



Spin squeezing criteria: an entanglement witness for dipolar dynamics?

enough squeezing is obtained to prove entanglement, but there is a bad scaling...

spin-1 vs spin-1/2,Vdd,ring

o '

spin-1/2,N=4
spin—-1/2,N=6
spin-1/2,N=8
spin-1/2,N=10
spin-1,N=2
spin-1,N=3

1 0L0910[§osz]

spin-1,N=4
spin—-1,N=5

spin-1,N=6

Bihui Zu



Bipartite measurements: a possible entanglement witness?

witness which could be adapted: Tommaso Roscilde

2 A(JH - g, J*)A(JH —g.J8)> (KJA>

BRI R

=2 00
7

Vo =262 272 A ( JA+JE ) ~0

*|
inf Ey8:

> p(J!
Iz

V)

inf )

T




Bipartite measurements: realization with bichromatic lattice

1- spin dynamics in single color lattice 2- create the double color lattice

T

A B A B

3- combine band mapping + Stern Gerlach

IstBZ 3rd BZ I I mg=+1



We are looking for a post doc!
We have money for two years!



What happens when the same experiment is made with a BEC?

0 rotation
‘}lzmtzal | 327 329 3 9_3Z> > \P(t 0) ‘ 30 30,....,—36‘,—36‘>
o . . o VB #0
Magnetic gradients below 4 mG.cm! in all three directions Magnetic gradient 45 mG.cm’!
T
0.4F 0 ZE
T T TIITTI; ;ﬂ‘-?-—’__.——’——'— -m=—3 - e -
ﬁB_O B !]"l zf:'xfl ”Illil ; } } i _ 2 0.4 Ps 0.4 = 0.4
%021 R i T ERNE -1 0.2} O'ZM 0.2}
T = - 0 0.0 il 0.0k : I 00
= — . : : +1 0 10 20 0 10 20 0 10 20
- ' N gL S8 [ 4] == AF AF AF
2 I ! * +2 0 Po 0 P+1 0 P+2
ML I TS TR T T “1“} ISR 0.2} R 027 et 02
0.0e___ L = 5 ~y]| - +3 i . a0
0 10 20 0.0k : 0.0k . d 0.0 .
0 10 20 0 10 20 0 10 20
0.4F 410%k
p+3 Nl()(
0.2} 210°F g
9B — T
VB =0 _ 0 10 20 0 10 20
E Igyn (MS
4
= — INE
4

tdyn(ms)

comparison with GPE excellent:

Mean field predictions:

Without magnetic gradients spin dynamics is triggered by dipole

interactions unless &= /2

Kawaguchi, Saito and Ueda, PRL 98 110406 (2007)

non beyond mean field effect

S. Lepoutre et al, Phys. Rev A 97 023610 (2018)




Spin dynamics in a bulk chromium BEC: preservation of a ferromagnetic state

Experimental results after a Ramsey type experiment w2 —t- 12
Final 30—
.. o :
magﬂetlsatlon K_/'—
20 ! I H
; = | l
. . . | .
Lok g i 2 ' !
‘ : | | :
0.0 ' : * : : )
| 1 ] 1 | 1 1 1
0 2 4 6 8 10 12 14 tdyn (ms)
The experimental measurement demonstrate that the norm of the collective spin remains high S. Lepoutre et al,
This shows not only preservation of ferromagnetism but as well that the spins remain almost parallel Phys. Rev A 97 023610 (2018)
Trapped magnon modes !
(a) Jor Eigenmodes frequencies: Validity criteria:
. Magnetic
gradient
2
1 (gugb ag—a
2 LR S I M(TB <me =t
TSk = oz " o2 of T
Trap density
frequency

Z
172
2Mw
; Natural timescale: 7 = X
8Hp

X S. Lepoutre et al, Phys. Rev. Lett. 121, 013201 (2018)



Adiabatic production of the ground state of an Hamiltonian: principle

N

N N
HXXZ _zJi,j(ASi S +(Si S, +8;8; ))+,u Bzzsi TH szsi

i>j

i=1

i=l1

longitudinal

transverse

tot rotating frame

S AZAZ 1 AXAX AV A
ZVI.’].(SI. s: —E(si ST +S; S;))+h5

f

N N
D SIS
i=1

y l=1

2
v, = %(g'uB ¥ w H 4= Dipolar Hamiltonian

i

Ferromagnetic Ground state:
<——  All spins aligned along Ox=RF field

/

5 = a)Larmor - a)RF

Theoretical model

ext

Experimental
realization

|Q #+ - RF Rabi frequency

/
Bgr

Principle of the experiment:
Perform an adiabatic passage

with an easy knob (RF amplitude)
from a polarized state to a non trivial
ground state of the dipolar Hamiltonian




Adiabatic production of the ground state of an Hamiltonian: results (preliminary!)

Theoretical prediction (Tommaso Roscilde)
mean field calculations

Magnetization
8 YY) |« Order parameter

(set by 0)
3

0 5 10 15 20
Q/‘JO Jo =V

IQ z- - RF Rabi frequency|

Magnetization

Experimental measurements

“distance” to a
ferromagnetic state

XZ
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Spin dynamics in lattice as a function of lattice depth

Competition between dipolar interactions, tunneling
and tunneling assisted superexchange

Superfluid Mott state
Lattice depth
8 E,
Gutzwiller GDTWA

The Gutzwiller method aim to describe
bosons in an optical lattice.

Our work is the first to consider the
extension of this method to describe
spin-3 bosons with dipole-dipole
interactions.

It treats onsite terms exactly and inter-
site couplings (due to tunneling and
interactions) at the meanfield level.

Petra Fersterer et al, PRA (2019)




Spin dynamics in quantum gases: summary of our results

In deep optical lattices
Mott insulating state, one atom per site

The norm of the collective spin goes rapidly to zero

Quantum correlations build up, entanglement grows

Spin dynamics lead to quantum thermalization

Lepoutre et al, arXiv:1803.02628 (2018)

In a bulk BEC = superfluid

The BEC remain almost ferromagnetic

Lepoutre et al, Phys. Rev. A 97, 023610 (2018)

Spin dynamics well described by mean field simulations
(Kaci Kechadi, Paolo Pedri at LPL)

Collective Spin Modes of a Trapped Quantum Ferrofluid
(trapped magnon modes)

Lepoutre et al, Phys. Rev. Lett. 121, 013201 (2018)



Spin dynamics in a bulk chromium BEC: preservation of a ferromagnetic state

GPE results
for local spin length

Experimental results
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The experimental measurement demonstrate that the norm of the collective spin remains high
This shows not only preservation of ferromagnetism but as well that the spins remain almost parallel

S. Lepoutre et al, Phys. Rev A 97 023610 (2018)



Spin dynamics in a bulk chromium BEC: ferrofluid model predict spin collective modes

Hydrodynamic equation - Kudo and Kawaguchi, Phys Rev A 82, 053614 (2010)

85 4 [ K foona B am. 9uE = e
E = -5 X [—m (CLV) S — mv28+ WTBB(F) a = V(ntot)/ntot

Spin remains almost ferromagnetic:

S(F) = {f, g,\/1—f2— 92} Excite spin modes with a magnetic gradient:

B(F) = bai,
f(x,t) = Mo2gupb/h? (1 — cos2mvt) x

f = P(¥)sin(wt) g = P(¥)cos(wt)

Assume a Gaussian density:

Trapped magnon modes !

—> P(¥) Hermit polynomials
Eigenmodes frequencies:

: k(i § Kk
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Spin dynamics in a bulk chromium BEC: observation of trapped magnon modes

Comparison with experiment:
evolution of spin components populations and spin components peak density positions are derived from the ferrofluid model
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Spin dynamics in a bulk chromium BEC: triggering spin dynamics

Van der Waals interactions cannot trigger spin dynamics as the initial state is ferromagnetic
and 1s therefore an eigenstate of Hy 4y v =] 30,_30,““,_30,_30>

Dipolar interactions
mean field predictions: spin dynamics

.. - Bipolar 18 parallel
is triggered by DDIs unless 6= /2 Bext — — 0 the Spiﬁs if Or /2
Kawaguchi, Saito and Ueda, PRL 98 110406 (2007) - B

dipolar

Magnetic filed gradients can trigger spin dynamics as they can locally break the initial ferromagnetic
character of the ground state

ms=0

ms=+1
2 2 _ms=+1.
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Spin dynamics in a bulk chromium BEC: comparison with GPE

P-)
VB #0 :
- 0 10 20
6==
> P+2
hza? Wz 13a T
Magnetic gradient 0 1.0 20
45 mG.cm!

Losses due to dipolar relaxation

S. Lepoutre et al, Phys. Rev A 97 023610 (2018)



Spin dynamics in a bulk chromium BEC:

ms=0

s=1 ms=+1
—_—

v

space

Local structure of spinor
- modified by gradient
- restored by spin-exchange

Spin states 1 0 1

The spin-dependent interactions can undo the population
imbalance that the magnetic field gradient creates !

simple model to interpret protection of ferromagnetism

Assuming infinite strong spin dependent interactions one obtains:

Magnetic
gradient

: b :
M i ((I,UB ) mg _ Z ”’2'1)?71’3 (0) +4

m_s
s

\ BEC radius

Universal behavior: interactions adiabatically eliminated

Validity criteria: Natural timescale:

5 1/2
- 2Mw
T B
TrapT density
frequency

This model is in good
agreement at short time
with GP simulation when
DDI are neglected.
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Interpretation: locally, spinor is at a maximum of the interaction energy.
Magnetic field gradients cannot change the spinor structure without violating

energy conservation

Fractional population

1

0.8

0.6

0.4

0.2

-3 -2 -1 0 1 2 3

Relative phase

ms=0

Local structure of spinor
- modified by gradient
- restaured by spin-exchange

] ' ! >

-1 0 1

Spin state



Rampe
d'intensité des
réseaux

R ey ‘4‘..,5‘:
26 m 40 ms




