David Peter

Um, July Tlth, 2012

spin systems with
dipolar interactions



motivation 2l

polar molecules
in 2D optical lattices

2D dipolar
spin systems

truly new behavior due
to dipolar interactions?



motivation L)L

ARTICLES

polar molecules
in 2D optical lattices

A toolbox for lattice-spin models with polar
molecules

A. MICHELI*, G. K. BRENNEN AND P. ZOLLER

Institute for ical Physics, University of and Institute for Quantum Optics and Quantum Information of the Austrian Academy of Science,
6020 Innsbruck, Austria

*e-mail: andrea.micheli@uibk.ac.at

2D dipolar
spin systems

truly new behavior due

to dipolar interactions?




motivation L)L

ARTICLES

polar molecules
in 2D optical lattices

A toolbox for lattice-spin models with polar
molecules

A. MICHELI*, G. K. BRENNEN AND P. ZOLLER

Institute for ical Physics, University of and Institute for Quantum Optics and Quantum Information of the Austrian Academy of Science,
6020 Innsbruck, Austria

*e-mail: andrea.micheli@uibk.ac.at

2D dipolar
spin systems

understanding of solid-state
systems often based on
short-range models

truly new behavior due

to dipolar interactions?
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introduction

- 2D lattice spin models

- reminder: nearest
neighbor interactions

dipolar spin model
- mean field prediction
- spin wave analysis

ferromagnetic Ising and XY phases
- exclitations spectra

- long-range order

- spin wave dynamics
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7D spin system

Ri; = R; — Ry
2D lattice spin model U
spin couplings: J;;S;S; \R S;
Jii=J O|Ry;) ,_13 nearest neighbor S,
IRj;| dipolar interaction

add

anisotropy

Jij |cos(0) 5787 + sin(6) (stf + SfS;J)}



NN model g

nearest neighbor model:

H = JZ [COSH 5787 +sin6 (Sfo —I—SfS;J)]

0 =0, 0 = +m/2

H==+J) 8757 H=+J) (5757 +5¢sY)
(4,5) (4,5)

(Anti)ferromagnetic Ising model (Anti)ferromagnetic XY model

0 = /4 and 0 = —37/4: full SU(2) symmetry (Heisenberg model)
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NN phase diagram




NN phases =

A A

J broken Zs symmetry

gapped excitation spectrum

ﬁ spin wave dispersion ~ q2 forq — 0



NN phases =

broken Zs symmetry
gapped excitation spectrum

ﬁ spin wave dispersion ~ ¢? for ¢ — 0
gﬂ broken U(1) symmetry (only at 7' = 0)

gapless Goldstone mode
linear excitation spectrum for ¢ — 0



dipolar model: mean-field 8/22

dipolar interactions




dipolar model: mean-field 8122

dipolar interactions

A

_ A A A
ferromagnetic phases
are enhanced 1 i 1 i ' /
l second-nearest neighbors

add (weak) frustration




dipolar dispersion relation 7122

dimensional reasoning

3 qr
. a e
E : iR;q d 3—d
€q — eVt — €q ™ d™r ~ (
’ j#0 |Itj|3 : / rs




dipolar dispersion relation V12

dimensional reasoning

e7jqr B
€q ~ / dr ~ q3 Z

rs




dipolar dispersion relation 7122

dimensional reasoning

3 qr
_ R.q @ d_ € 3—d
q=) ¢ Jq|R.|3 eq’\’/dr gy 4
j#0 J
XY
o




dipolar dispersion relation 7122

dimensional reasoning

eiqr B
€q ~ / d%r ~ ¢> ¢

rs




dipolar dispersion relation V12




hard-core boson mapping 0722
only for n; < 1
St aj ;
S —a, a;,a ] = Uy
SZHaIaZ—l/Z aa,—a;rj—()

4t 4 4 ¢

4—4—m>4—

4t ¢ ¢ -

4+ ¢ ¢ -
hd



spin wave analysis: overview ez

5 x— Cos 0 SFS% + 2 sind (S;LSJ._ + S{S;-r)
H=Ja Z R _R,]

S neglect interaction n;n; ~ 0

Holstein-Primakoff ‘

cosf (nin; —n; +1/4) + 2 sinf (a;raj + a;r.ai>

H:Ja?’z

— R — R;[3
i#]
Fourier-Transform
,,Jong-range tunneling “
3JN 1
H = 4860 cosH—l—ZJ(sin@eq—cosHeo) (nq—|—§)

q

other phases: additional Bogoliubov transformation



spin wave analysis: modifications  2/%2

—3m/4 0. w/4







the [-F phase: dispersion

dispersion relation for ¢ — 0
EI—F ~
q

13 /22

:(070)
= (0,7/a)
= (7/a,7/a)
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the |-F phase: dynamics

linear dispersion E(Il' ¥~ EXY + hclq]

c = —2maJ sinf




the XY-F phase: order? 15/22

>
—>—>—>—>
e i i 2
—>—>—>—>

continuous U (1) symmetry



Mermin-Wagner theorem 6122

A continuous symmetry cannot be
spontaneously broken in d < 2
dimensions at finite temperature

(for sufficiently short-range interactions)

N.D. Mermin and H. Wagner, Phys. Rev. Lett. 17, 1133 (1966)



Mermin-Wagner theorem 6122

A continuous symmetry cannot be
spontaneously broken in d < 2
dimensions at finite temperature

(for sufficiently short-range interactions)

>ZJZ~7 ’Rij|2 < X0
JF#t

N.D. Mermin and H. Wagner, Phys. Rev. Lett. 17, 1133 (1966)



Mermin-Wagner theorem 6122

A continuous symmetry cannot be
spontaneously broken in d < 2
dimensions at finite temperature

(for sufficiently short-range interactions)

2 —Q
> Jij [Rijl” < 0o —p Ji; ~ Ry
JF a>d+ 2

N.D. Mermin and H. Wagner, Phys. Rev. Lett. 17, 1133 (1966)
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the XY-F phase: dispersion

dispersion relation for ¢ — 0
XY-F
by ~ V4




the XY-F phase: order! 18./22

suppression of the order parameter

A:<S§”>+1/2:<agai> — oo for NN model
A =% ]0.08 T =0 C -
~ |finite T >0 — — — —
+— 44—
t+— 4 ¢

dipolar interaction favors
mean-field solution due to
additional ,,neighbors‘



the XY-F phase: order! 18./22

suppression of the order parameter

A=(SF)+1/2= <a,:fai> — 0o for NN model
A =% ]0.08 T =0 e
~ |finite T >0 — — — —

long-range ferromagnetic D b anh B
order at finite T° -

dipolar interaction favors
mean-field solution due to
additional ,,neighbors‘
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the XY-F phase: dynamics

dispersion Eé(Y'F ~ /4

S

group velocity [vq ~1/,/q

speed of wave / (e, o)

packet ~ /o t =205 /a

t =400/
t =600/

10 20 30 ir|/o




the XY-F phase: correlations /22

correlation function T =0
(S7S%)
(S{SY 4 S7S7) —m?




summary 2122

gapped linear
excitation spectrum
algebraic correlations

excitation spectrum ~ ,/q
spontaneously broken U(1) symmetry in 2D
ferromagnetically ordered state at finite T°




summary o/

- conventional linear Goldstone mode
- Kosterlitz-Thouless transition to
quasi-ordered state

gapped linear
excitation spectrum
algebraic correlations - gapped linear
excitation spectrum
- algebraic correlations

excitation spectrum ~ ,/q
spontaneously broken U(1) symmetry in 2D
ferromagnetically ordered state at finite T°
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