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Outline for talk

|. Introduction & brief overview of spinor condensates

2. Antiferromagnetic spinor condensate dynamics (**Na
experiments at NIST).

3. Ferromagnetic spinor condensate dynamics (]’Rb
quench experiments at Berkeley)
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Spinor Condensze
Spin structure from hyperﬁn
| = nuclear spin = 3/2

S = electron spin = 1/2
F = total spin =1 or 2
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How do external magnetic

External B fields

1
Hpp oxI-8 = §(F2 — const)

F good quantum #

A

Conserved




A
) :

Spinor Condensates: Order Parar

“ 00

. .
f)

Two-Body Interaction: V(r1 — rg) = 5(1'1 o 1'2)(\ ‘

Many body interaction: Hin = > grtblabg < af3 |

Order Parameter: ) — 1, for a =

C B
j i

Example: Spin one  Hi o (g2 —

Ferromagnetic Polar

go > g2 go <
Mean Field |

Y ~




The symmetry of the spin state is made most apparent by the Schwinger

boson representation:
0. .
R in | =) e?ipt )10
<2>a —|—sm<2>e )] >
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Namely, a collection of 2F points on the unit sphere.

AKA “Majorana”, “Spin Node”, and “Stellar” representation

Also see work by Makela et al PRL (2007), Turner et al PRB (2009) and Lamacraft PRB (2010)

Example: Spin one -- two spin
Ferromagneti go > g2 Polar 9o < g2




Symmetry of F=2 conc

Y ~ (1,0,0,0,0)’ ¥ ~ (sin)/¥2,,
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F=2 spinor conde
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F=3 spinor cond
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Barnett, Turner, Demler (PRA) 2007




* Different types of elementary excitations (phonons)

* Exotic “fractional” topological defects (see Ari’s talk)

* Quantum effects can be important (spin two polar
phase and small particle number)

* Coherent spin dynamics







Experimental Probes

Workhorse: Stern-Gerlach Exp




Experimental Probes

In situ imaging of spin domains

Quantum quenching experiments in spin-one 8Rb 8/Rb: Ferromagnetic interactions

Stamper-Kurn group, UC Berkeley 66 96 126 156 186 216 ms

Sau et al, PRA 80,023522 (2009)

Leslie et al, PRA 79,04363 (2009)

Cherng et al, PRL 100, 180404 (2008)
Vengalattore et al PRL, 100, 170403 (2008)
Vengalattore et al PRL, 97,200801 (2007)
Sadler et al, Nature 443, 312 (2006)




Antiferromagnetic spinor condensate dynamics
(*Na experiments at NIST)

Ryan Barnett, Jay D. Sau, and S. Das Sarma, arxiv:1003.2634.




Experimental Motivation
23Na: Antiferromagnetic interactions
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Dynamics of spin-one 2Na B = 26 T < Bc
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NIST Experime
Analysis based on GPE Analysis in Single-Mode Approximation
[Pure spin dynamics] 1op;
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NIST Experiment

Analysis based on GPE Analysis in Single-Mode Approximation ';
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9 r2 t
H:ﬁ—F — qa,ao

Spin-one matrices:

Ground state when g=0:

U > (a))V]0 >

Put all N bosons in polar state ‘ 3
MFT descripﬁon

Ground state when g=0:

N/2
U > (agag — QCLICLJr_l) 0 >

Condensate of singlet pairs of bosons
“Fragmented” condensate
No mean-field theory analog




—(a1 —a_1)/V2
(a1 +a_1)/iva F=—ib' xb

ao

Change variables (These transform as a vector under rotations)

. 1 _h
Define |QN>:—(Q-bT)N|0> Q- Q=1

VNI

Polar states pointing along unit vector {2
Inner product < Qn|Qy >= (- Q)"
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U >= [dQQy > ¥(Q)

N weight

) = o-function — polar

Represent general state as superposition of polar states:

1 = const — “fragmented” singlet state




General idea: find H,o (written in terms of {2 and its derivatives) such that

HW >= [ g [HiQy >] (@) = [ a0y > (Hodb(@)

Then H.w = EYy — Hyp >= Bl >
U >= [dQQn > P(Q)

Map many particle problem onto single particle (on sphere) problem

¢ Is there a correspondence for every eigenvalue?




General quadratic operators can be written as bl bg|Qn >= Q5 (Vo + NQy) [2n >
V. is the gradient operator on the unit sphere: V{15 = 0,5 — 2,23
Integration by parts can be applied to arrive at H,qt

Under this transformation, Iy, — Lo, = —t€43,§23V, and
blbz — (N +3)Q2 -Q,V,

Thus, H — H,ot = gz L? — q(N + 3)Q2 + ¢Q.V, (not Hermitian).

Can apply similarity transtormation to render rotor hamiltonian Hermi-
tian H,ot = e Hogre ™ F

The result:

Hrot S ZLNLZ o V 9)
V() =q (N + 2)sin*(0)




Unphysical
Rotor spectrum eigenvalues

Physical
eigenvalues

® The complete spectrum of the spinor problem are accounted for by rotor
states.

® The rotor spectrum is unbounded from above while the spinor spectrum is not.

® Interestingly, the lowest eigenvalues of the rotor spectrum are the physical
ones (see plot) which exactly agree.

® This can be understood through perturbation theory.




Harmonic Theot
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e For large g, the spectrum is described by a harmo
0 = 0 minimum. The ground state is the polar stats

e That is, y(0) = ,/#6_02/252 where 0 = \/ 25\72 a;

e When ¢ is decreased, the state becomes delocalized:

i

e However, for large particle number, the polar state -
netic fields.

e When ¢ > 2¢g, a second minimum appears. Possibili



Semiclassical Theory Agrees
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e For ¢ > q., the particle is confined to be
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e Separatrix agrees with result from 3;;




Experimental Proposal: €
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Ferromagnetic spinor condensate dynamics
(3’Rb quench experiments at Berkeley)

Ryan Barnett, Mukund Vengelattore, Anatoli Polkovnikov (to appear)




Anti vs. Ferromagnetic Condensate

£ = cang < x|F|x >* +¢ a2 =

CQ>O

Antiferromagnetic interaction

co < ()

Ferromagnetic interaction




Experimental Motivation

Quantum quenching experiments in spin-one 8Rb

8’Rb: Ferromagnetic interactions

Stamper-Kurn group, UC Berkeley 66 96 126 156 186 216 ms

Sau et al, PRA 80,023522 (2009)

Leslie et al, PRA 79,04363 (2009)

Cherng et al, PRL 100, 180404 (2008)
Vengalattore et al PRL, 100, 170403 (2008)
Vengalattore et al PRL, 97,200801 (2007)
Sadler et al, Nature 443, 312 (2006)




Differences with NIST experiments

-erromagnetic Interactions

Much larger trap --> SMA Is not realistic
No periodic behavior

* [opological defects important

* Mean field ground state changes with g




Phase Diagram with Quadratic Zeeman

£ = cong < x|F|x >2 +q < x|FZ|x >

Quench

q = —2canyg

Na experiments
here
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Method of Simulation: Truncated Wigner Approximation

(General method

* Obtain inrtial wavefunction and take Wigner transform
W(z,p) = [ dE <2+ 6/2un >< bolo - &/2 > %

®* To evaluate expectation values of operators, average over classical trajectories with Wigner function.

- G / Al e O )

est example: w

e In potent:




Method of Simulation: Truncated Wigner Approximation

Application to Spinor Condensate

* The ground state Is the vacuum of Bogoliubov modes about the polar state

* Classical equations of motion are the Gross-Prtaevskil equation for spinor condensates. System s
propagated using a second-order split operator method

2
0 = — 2V + g(u' - ) + ea(WTFY) - F 4 gF2y

v = (Y1, %0,%_1)"

w(t—F At) = e—iHAtw(t) < B_ZVA26_ZTAt€_iVA%¢(t) - H=T+V




TWA results

Saturation

I I I I
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Color gives angle in xy plane

Brightness gives spin length
See also Sau et al, PRA 80, 023522 (2009)
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Linearized Theory

* Bogoliubov expansion about polar (unstable) polar state

Quench
q = —2cang ; ¢




Linearized Theory

* Bogoliubov expansion about polar (unstable) polar state
e Compute observables using linearized theory keeping only unstable modes
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Linearized Theory: spectrum of unstable modes

s — \/(fk T @ llew — G G

Spin domains have characteristic size
given by most unstable mode




Natural Separation of Energy Scales

Density-density interactions are two orders of magnitude larger than spin-spin interaction
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Justification for dropping density fluctuations in linearized theory

4

H=), ((fk + cano + q5) (V] 1 ¥k + U1y ¥-1k)
k

b1 e+ P-1,-kY l.k)) :




Long Times: thermalization??




Long Times: thermalization??
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Assuming thermalization, develop theory to
compare with numerics.

g

U(T) = ~Tr (e *"H)

Z

* |n general hard to find U. But possible when thermal depletion of final state is small
(Bogoliubov theory is applicable)




Assuming thermalization, develop theory to
compare with numerics.

* Heating (Q) Is the difference in energies of inrtial and ground states.

\o/ |
o] “N\_/  e-ie(1-Z)

* Determine temperature by equating heating Q with thermal energy U

U(T) = ~Tr (e~ #"H) UM =Q — T

Z

* |n general hard to find U. But possible when thermal depletion of final state is small
(Bogoliubov theory is applicable)




Bogoliubov theory about symmetry broken state

Bogoliubov theory by expanding ¥, = ¥, + d1), was done in Uchino,
Kobayashi, and Ueda, Phys. Rev. A 81, 063632 (2010).

We alternatively write

| sinn cos ¢ €
U = /ne'™ | cosne”?
sinn sin ¢ e~%.

Such description does not restrict variations of massless degrees of freedom

to be small. (Important for 2d).

By expanding the Berry’s phase iUT9,¥ about the MF ground state, con-
jugate variables can be read off.

Due to “phonon-magnon” coupling, the modes are complicated.

They aquire a simple form in the (physical) large density-density interac-
tion limit.

\/5k(5k + qo)

' 25 =S )
he modes: g Wb (€k+qoqoqf>




Obtaining T and correlation functions

e Can use spectrum to compute U(T) = 6(]7;755:5)2% (quadratic dispersions

dominate).

e Setting U = @ gives|T = \/ 5=no&2(q0 — qr)-

e Verify that thermal depletion 1s small.

e Transverse magnetization correlation function:

G (r.t) %<K®R@>

e Within Bogoliubov theory, the dominant contribution is from the massless

mode: ;
) ) e—<A£2>/2

e 2d (Mermin Wagner) gives power law behavior.

where < A2 >=< (£(r) — £(0))? >.




Comparing with TWA results

* [For short times, the results
quantrtatively agree.

* [For long times the results
qualitatively diagree.

* No thermalization over

= realistic times
Short times 5 e From conserved

| | | It ?
s 1 topological quantities




Conclusions / Open Issues

DINOr condensates are interesting
nowed mapping of spin-one system onto rotor model.

* Used to address NIST experiments and to discuss collapse and
revival.

* Possible for higher spin?

e Used WA to discuss Berkeley experiments

* Analytics agree for short times but not for long times.
* No thermalization over realistic times.

* -rom topological defects!

ThankYou




