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Introduction
i) Some general applications
i) S=1/2 Fermions and S=0 bosonsin lattices

*  Spin-onebosonswith anti-ferromagnetic inter action
i) Mott states (Nematic states)
ii) Valence bond crystals and Spin singlet condensates

* Magnetically Stabilized Nematic Order

* Correlated statesas Hamming codes and stabilizer codes
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Information processor and Information storage
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Large Scale Structure and Cosmic Strings
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Creation of vortices, monopoles and half vortices.
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S=1/2 Fermions in optical lattices
(small hopping limit)
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Gapless Spin liquid ~ HTcS made of cold atoms? Neel Ordered

S=0 bosons in lattices

Mott states (t << U) f\

o |0 o] le] |o

Condensates (t >>U)

o Cloel 1 Moel ™

In (a) and (b), one boson per site. t is the hopping and can be varied by
tuning laser intensities of optical lattices, U is an intra-site interaction
energy. In aMott state, all bosons are localized.

M. P. A. Fisher et a., PRB 40, 546 (1989);
On Mott statesin afinite trap, see
Jaksch et al., PRL. 81, 3108-3111(1998).
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Quantum Spin Nematic States
and spin singlet states

S=1 bosons with Anti-ferromagnetic interactions
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S=1 states as AM triplet Cooper pairs
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Pairs given hereareunpolarized,i.e. <0 | SO’ |A>=0.

Condensates of spin one bosons
(d>1)

LQ IR

N(Q)

Snap shots

Y = ZC a' X, Y,Z
pBEC /(NxVT)! Oa' \/T a,
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Half vortices

In a half vortex, each atom makes a rtspin rotation; a half vortex carriesone
half circulation of an integer vortex. A half vortex ring isalso a hedgehog.
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Thevortex isorientated
along the z-direction;
the spin rotation and
circulating current
TIspin rotatl on Ttcirculation  oceur in an x-y plane.

&

Schematic of microscopic wave functions
a) NM1; b) SSMI (N=2k); ¢) SSMI (N=2k+1in 1d).
Each pair of blue and red dotswith aringisa spin singlet.
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Two particles per site

NMI

SSMI

€ VS. N isplotted.
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Constrained quantum rotor model
valid when the hopping is much lessthan “U”.
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Numerics 1: Large N=2K limit
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n=10.91

O VS. 1N (proportional to hopping) is plotted here. Blue and Green lines
represent metal stable states close to the critical point.
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Magnetically stabilized nematic order
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O(2) nematic order in external fields

Level Crossing and Nematic Order
(from a spin singlet stateto a nematically ordered state)

|2,2>
S=2,
S,=0,£1,+2
S=0 ~ “4
"
~_
On site Hilbert space |0,0>

‘ Pseudo spin Bloch sphere‘

all spin coherent states except north and south pole states have
nonvanishing nematic order.
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Development of Nematic Order
(mapping to a ferromagnetic XXZ model in a z-field )
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‘ U.P.=|2,2> Mott state; D.P.=]0,0> Mott state; O(2) Ferro=Nematic state ‘

Magnetically stabilized nematic states
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Fractioanlization of atomsin 1D
and Hamming/Stabilizer codes

Spin singlet quantum “condensates” in 1D optical lattices
ssQc)

S=1, “Q=e” bosons with AF interactions =>

S$=0, “Q=e” bosons interacting via Ising gauge fields
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A projected spin singlet Hilbert space
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In aprojected spin singlet Hilbert space (statesin a), b), d) and €)):

i) An atom formsa singlet pair with another atom either at the same site
or at anearst neighboring site;

ii) Each link isoccupied by either one singlet pair of atomsor zero.

An effective Hamiltonian
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Hopping of S=1 Bosons

a) and d) SSM1 states for even and
odd number s of atoms.

b) A kink-like S=0, Q=1 excitation
in an “odd” lattice.

e) A dring-like Q=1 excitation in
an “even” lattice.

¢) Hopping in an “odd” lattice
leads to kink-anti  kink
excitations.

f) In an “even” lattice hopping is
suppressed because of a string
of valence bonds between
particle and hole excitations.
Red dotsare“charged”.
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Tower-like Hilbert space for “odd” Mott states
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A 3-bit Hamming code [3,1,3]
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(0,00) - 0 111) - 1

Quantum Error Correction Code

Requirement for a QECC

1) Errorsin different codewordsare ~

distinguishable; <g | E;Eﬁ | g, >= JijCaﬂ
2) Subspace of errorsareindistinguishable so

that therewill be no infor mation leakage.

Error Space

m
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Code Space
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Spin one bosons in optical lattices

We have discussed

1) Half vorticesin condensates

2) Nematic Mott insulators and spin singlet Mott
insulators

3) Vaencebond crystals (N=2k+1,1D) and Spin
singlet condensates

Work in progress
» Magneticaly stabilized nematic order

e Towards fault tolerant quantum information
storage

References

1) Zhou, Phys. Rev. Lett. 87, 080401(2001); Int.Jour. Mod.
Phys.B17, 2643-2698 (June, 2003).

2) Demler and Zhou, Phys. Rev. Lett. 88, 163001(2002).
Snoek and Zhou, cond-mat/0306198 (2003), PRB (2004)
A. Imambekov et al., cond-mat/0306204(2003), PRA (2004)

3) Zhou, cond-mat/0207041, Euro. Phys. Lett. 63,505 (July,
2003). Zhou and Snoek, Annals of Physics 308, 692(2003).

4) A. Imambekov et al., cond-mat/0401526; Zhou et a., PITP
preprint (2004).

Fei Zhou, (Univ British Columbia (KITP Quantum Gases Conf 5/11/04)




