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POLAR MOLECULES IN ELECTRONIC VIBRATIONAL GROUND STATE

� Towards Ultra-Cold Ground-state Polar Molecules in the Lab

� Experiments: (All) cold atom labs;

DeMille, Doyle, Mejer, Hinds,Ye, Rempe, Wi-

demüller, Stwalley,. . .

� Techniques are being developed for

• Cooling & trapping (cavity cool.OH)

• Preparation via

• Photoassociation (LiCs,RbCs,KRb),

e.g. 2-species BEC in Mott-Phase

• Buffer gas cooling, Stark deceleration,

. . . (SrO,CaF,CaCl,YbF,OH)

� AMO Goodies: Optical trapping,

Optical lattices, Measurements, . . .

� New Features from rich internal structure & polar nature

• Permanent electric (large) dipole moments in el-vib.gs

• Rotational excitations in microwave (∼ 10GHz) domain

• Negligible spont. emission & Black-body rates (< 1mHz)

→ Excited rotational states “usable”

• Control via external DC electric and AC microwave fields

• Strong dipole-dipole interaction (long-range & anisotropic)

• Additional electronic & nuclear spin available

• e.g. alkaline-earth monohalides MO-X (CaF,CaCl,YbF)

� Applications in Quantum Information & Condensed Matter

• Lattice Spin-Models: exotic phases, topological order

• Superfluid-Crystal QPT: initialization, smaller latt. spacing

ROTATIONAL SPECTROSCOPY OF A SINGLE POLAR MOLECULE

� Rigid rotor (X1Σ): Hrot = BN2
i ,

• EN = BN(N + 1), |N,MN〉

• dipole-moment d ∼ 3 − 9 Debye

• rotational constant B ∼ 10 GHz

• essentially no spont. emission

� Spin-rotation coupling

(X2Σ1/2) - MO-X (neglecting hyperfine)

• Hrs = BN2
i + γNi · Si, |N, J,MJ〉

• EN,J = BN(N + 1) + 1
2

{

+γN
−γ(N + 1)

}

• spin-rotation const. γ ∼ 40MHz

• cf. ρ-doubling (N ≥ 1): γ(N + 1/2)

� Hyperfine interactions: el. and nucl. spin

• Hmol = BN2
j + γNi · Si +

+ bIj · Si + cIζi S
ζ
j + eQq

3Iζ2

j −I(I+1)

4I(2I−1)

• looks like an alkali on a GHz scale

• with strong dipole transitions

LATTICE SPIN MODELS I: SPIN-1/2

�
∗ AM, G. K. Brennen, and P. Zoller,

A toolbox for lattice-spin models with polar molecules,

Nature Physics 2, 341 (2006).

� Simplified models in CMP to describe more complex systems

• long-range order, phase transitions, broken symmetries, . . .

� Growing interest in studying spin models with exotic phases

• topologically ordered ground-states, which are robust to
arbitrary perturbations in the underlying Hamiltonian

• no long-range pair-wise correlations,
rather long-range order in strings of operators

• spin models are highly anisotropic in spin and space,
often involve N > 2 body interactions.

� Applications:

• fault tolerant topological Quantum Computing

• studies in fundamental physics

� Challenges: find physical systems where these models

• can be built and their properties can be probed

PHYSICAL INGREDIENTS

� Realization with molecular quantum gases

• Optical Lattices (see AMO-Hubbard-Models)

• one molecule per site, e.g. from 2-species Mott-phase

• Spin S = 1
2

as internal structure of rotating polar molecules

• 2Σ1/2 alkaline-earth molecules (neglect hyperfine)

� Anisotropic Spin-Spin-Interactions from perm. dipoles + AC

• Strong off-site interactions via Dipole-Dipole-Interactions

TWO POLAR MOLECULES

� Dipole-Dipole Interactions

Vdd =
d1 · d2 − 3(d1 · eb)(eb · d2)

r3

� Features

• long-range ∼ 1/r3

• angular dependence

� Include spin-rotation coupling in adiabatic potentials

Eλ(r) for molecular dimers

• at typical lattice spacing r ∼ λ/2 & rγ = (2d2/γ)1/3

• rotation of dimers strongly coupled to spins

• Hunds case (c) exc. states, {|Y |±g,u(r)},

with Y =
∑

i(MN,i +MS,i)

• solvable in closed form due to symmetries

• ground-state manifold (“S1/2+S1/2”)

· van-der-Waals interactions (with C6 = d4/6B)

· weak and (essentially) spin-independent

Veff(r) ≈ −C6

r6

[

1 +
(

γ
2B

)2 (

S1S2 − 3Sb1S
b
2

)

]

• excited-states (“S1/2+PJ”)

· resonant dipole-dipole interactions

· competition of dipole-dipole and spin-rotation

MICROWAVE COUPLINGS WITH

TUNABLE SPIN PATTERNS

� Adiabatic mixing with dipole-dipole coupled states by microwaves,

Hmf = −~Ω
∑

j=1,2

dj · eFe−i(kF ·xj−ωF t)/d + h.c.

,

Heff(r) =
∑

i,f

∑

λ

〈gf |Hmf |λ(r)〉 〈λ(r)|Hmf |gi〉
~ωF − E[λ(r)]

|gf〉 〈gi|

? Feat. 1: Tuning close to resonance, selects specific spin pattern,

Hspin = 〈Heff(r)〉rel.
Pol. Res. Spin-pattern

x̂ 2g σzσz

ẑ 0+
u ~σ · ~σ

ẑ 0−g σxσx + σyσy − σzσz

ŷ 0−g σxσx − σyσy + σzσz

ŷ 0+
g −σxσx + σyσy + σzσz

ŷ − x̂ 0+
g −σxσy − σyσx + σzσz

Polarization relative to the body axis,
here set eb ≡ ẑ.

? Feature 2: For multifrequency field spin-textures additive

� • 1D XYZ model, 2D Ising model, 3D Heissenberg, . . .

• Typical coupling strengths: |J | ∼ 10 − 100kHz,
sign(s) adjustable by tuning above/below given resonance

? Feature 3: Tunable interaction range of a given spin texture, cf.
reminiscent of optical shielding, → toolbox

� Spatial orientation dependent Ising interactions - Realization by
tuning MW “far” blue from bare “S1/2 ↔ P3/2” transition

� Interaction given effectively by interplay of 3 resonances

• outer two yield single eff. interaction, and optimal near 2g
• gives σzσz in direction z
• and σxσx in direction x.

MODEL I: ERROR PROTECTED

GROUND-STATES

� Model on 2D square lattice ∗∗,
∗∗ B. Doucot et al., Phys. Rev. B 71, 024505 (2005).

H
(I)
spin = J

`−1
∑

i=1

`−1
∑

j=1

(

σzi,jσ
z
i,j+1 + cos ζσxi,jσ

x
i+1,j

)

� Gapped spectrum with 2-fold degen-
erate ground-state: |0〉L , |1〉L

� Ground-states robust to local errors
up to `th order (for cos ζ 6= 0)

� Logical operations correspond to a
string of operators along a row or a
column

� Tunable coupling by rotating polatization of the driving microwave
field E(t) by angle ζ out of plane.

DESIGN AND VERIFICATION
ON SMALL (3 × 3) LATTICE

� Noise resilience as measured by rms-
magnetizations in gs-manifold

δ2Sα =
1

2`2

∑

i,j

∑

G′,G

| 〈G′| σαi,j |G〉 |2

• as function of the detuning

• give worst case scenario for logical
bit flip / phase flip errors

• protected near 2g resonance

� Verification by absorption spec.

χα = =
[

L 〈ψ|Sα −Γ
ωprobe+iΓ−Hspin/~

Sα |ψ〉L
]

• for sin ζ = 0 (E ⊥plane)
→ probe gap at J/2.

• for cos ζ = 0 (E along the plane)
→ gap disappears,
→ excitations as spin-waves Sx.

MODEL II: TOPOLOGICAL ORDER

� Model on a 2D honeycomb lattice∗∗∗
∗∗∗ A. Yu. Kitaev, Ann. Phys. 321, 2 (2006).

H
(II)
spin = J⊥

∑

x−lks
σxi σ

x
j + J⊥

∑

y−lks
σyi σ

y
j + Jz

∑

z−lks
σziσ

z
j

� Exactly solvable model: 2 phases

• |Jz| > 2|J⊥|: gapped phase with
abelian anyonic excitations

• |Jz| ≤ 2|J⊥|: gapless phase which
becomes gapped in presence of a
magnetic field with nonabelian any-
onic excitations

� Effective Hamiltonian in gapped phase,
with |Jz| � |J⊥|, encodes topologically
protected memory∗∗∗∗
∗∗∗∗ E. Dennis, A.Yu.Kitaev, J.Preskill,
J.Math.Phys. 43, 4456 (2002).
12(1) ⊗ σz

2 → Z, σ
y
1 ⊗ σx

2 → Y , σx
1 ⊗ σx

2 → X,
∏

j∈white eiXjπ/4.

Heff = −Jeff

[

∑

+

Ze1Ze2Ze3Ze4 +
∑

�

Xe1Xe2Xe3Xe4

]

, Jeff

Jz
=

(

J⊥
2Jz

)4

CONSTRUCTION IN AN OPTICAL LATTICE

� Implemenation in Q∗bert lat-
tice:two staggered triangular
lattices, near. neighbors give
honeycombs, their edges form
orthogonal triads

� Realization: 0−F , 1g, 2g all z
fields (several poss. choices)

� Operator fidelity (on 4-spins)
sup

[

||
(

Hspin −H
(II)
spin

)

|ψ〉 ||2
]

= 10−4|Jz|.

� For realistic parameters
|Jz|/h ∼ 100kHz → Jeff ∼ 167Hz

LATTICE SPIN MODELS II: SPIN-1

�
∗ G. K. Brennen, AM and P. Zoller,

Designing Spin−1 Lattice Models using Polar Molecules,

New Journal of Physics (2007).

� Extension of toolbox

from Spin-1/2 to integer Spin models

• e.g. Realization of 1D generalized Haldane Model

� Physical Ingredients:

• Alkaline-earth monohalide, 40Ca35Cl, X2Σ1/2

• el. spin S = 1/2 + nucl. spin ICl = 3/2

• Rotor + el.Spin-Rotation + (fermi & dipolar)

el.Spin-nucl.Spin + electic nuclear Quadrupole

Hmol = BN2
i +γNiSi+bIjSi+cI

ζ
i S

ζ
i +eQq3Iζ2i −I(I+1)

4I(2I−1)

• encode total spin F = 1 ground-state

|N = 0; J = 1/2;F = 1,MF 〉
� Ext. AC microwave fields: electric dipole-transitions

� Optical Lattices: “talk” to unpaired electron

SPIN-PATTERN VIA MICROWAVE-FIELDS

� BO-potentials for two molecules with hyperfine struc-

ture interacting via dipole-dipole interaction

H =
∑

jH
(j)
m + [

∑

q(−1)qd1,qd2,−q − 3d1,0d2,0]/r
3

• Ground-states: weak Van-der Waals 1/r6

• Excited-states: strong dipolar 1/r3 mixing

• competition with nucl.spin-el.spin-rotation

� Adiabatic mixing of ground and excited state

via Microwave fields, Hmf = −∑2
j=1 djE(rj, t), as

Heff(r) =
∑

i,f

∑

n

〈gf |Hmf |ψn(r)〉 〈ψn(r)|Hmf |gi〉
~ωF − (En(r) − Egr)

|gf〉 〈gi|

• Asymptotic coupling exactly solvable

• Can build a large class of 2-body Hamiltonians, e.g.,

• Sz1S
z
2 and (Sz1)

2(Sz2)
2 with 2 z-polarized fields

• [1−(Sz)2]⊗2 with 3 linear-polarized fields (x, y, z)

• Sx1S
x
2 + Sy1S

y
2 and S1S2 with 5 z-polarized fields

1D GENERALIZED HALDANE MODEL

� Realization of 1D Generalized Haldane ModelHθ =

U
∑

j

[

cos θ~Sj · ~Sj+1 + sin θ(~Sj · ~Sj+1)
2
]

• Haldane, Ferromagnetic, Dimerized, Trimerized, VBS

� Optimization with 4 MW fields at λ/2 = 250nm.

• Realizations 4,�,◦ have errors < 0.05

� Interactions on nearest neighbor links

� Residual Interaction on next nearest neighbor

VERIFICATION

� Spin structure factor

SO(q) =
1

N

N
∑

j,j′=1

e+iq(j−j′)〈OjO
†
j〉

� obtainable from time of flight measurements

(coincidence measurents) ∗

∗ E. Altman, E. Demler, and M. D. Lukin, PRA 70, 013603 (2004).

TELEPORTATION

� Valence bond state (VBS) is ground state of

Hθ for tan θ = 1/3

H = U
∑

j

[

~Sj · ~Sj+1 +
1

3
(~Sj · ~Sj+1)

2 +
2

3
19

]

= U
∑

j

P Stot=2(j, j + 1)

• represent state as subspace of chain of

virtual spin-1/2 particles∗

• teleportation from one end to the other∗∗

by single particle measurements only

in basis {|0〉 , (|−1〉 ± |+1〉)/
√

2}.

� serves also as verification of ground-state

∗ I. Affleck, T. Kennedy, E.H. Lieb, H.Tasaki,

CMP 115, 477 (1988).
∗∗ F. Verstraete, M.A. Martin-Delgado, J.I.Cirac,

Phys. Rev. Lett. 92, 087201 (2004).

STRONGLY CORRELATED 2D QUANTUM

PHASES WITH POLAR MOLECULES

� H. P. Büchler, E. Demler, M. Lukin, AM, N. Prokof’ev, G.
Pupillo, and P. Zoller, Strongly Correlated 2D Quantum Phases
with Cold Polar Molecules: Controlling the Shape of the Inter-
action Potential, Phys. Rev. Lett. 98, 060404 (2007);

� AM, G. Pupillo, H. P. Büchler, and P. Zoller, Cold Polar

Molecules in 2D Traps: Tailoring Interactions with External

Fields for Novel Quantum Phases, quant-ph/0703031 (2007).

� Polar Molecules, here: closed shell 1Σ like SrO, LiCs, RbCs

• coupling AC microwave and optical fields

• cooling and trapping

• rich internal structure

• polar: permanent dipole moment (via DC)

• strong dipole-dipole interactions, long-range

� Combination of interaction and control via external fields

• allow for control of the strength

• allow to tailor shape of the interaction

• stability via 2D optical trapping

• suppression of 3-body recombination

� tool for exploring novel quantum phenomena,e.g.

• floating self-assembled crystals
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DESIGN OF INTER-PARTICLE

INTERACTIONS

� Single polar molecule:

• Optical 2D trapping

• Rigid rotor in DC/AC electric field

induce permanent dipole moment

in rotational ground-state: dg = 〈g|dj |g〉

Hj =
pj

2m
+ Vtrap(rj) + BJ2

j − djE(t)

� Two molecules: Interacting via dipole-dipole

H =
∑

j

Hj + [d1d2 − 3(d1n12)(d1n12)]/r
3
12

• Without external field

• Van der Waals attraction in ground state

V (r) = −C6/r
6 with C6 = d4/6B.

• With external drive field

• Dipole-Dipole interaction in ground state

V (r) = d2
g(1/r

3 − 3z2/r5).

• Validity of BO-potentials:

r > (d2
g/B)1/3, (dE/dg)

1/3

• Attraction of dipole-dipole

→ Instability in the many-body system

• collapse for Dm/~2as & 1

• roton softening, supersolids ?

(see Goral et al. ’02, Santos et al. ’03, Shlyapnikov ’06)

STABILITY

VIA TRANSVERSE CONFINEMENT

� Effective interaction (DC case):

V (r) = d2
g

(

1

r3
− 3

z2

r5

)

+
1

4
mω2

⊥z
2

• characteristic scale: `⊥ = (d2
gm/~

2a⊥)1/5a⊥
• potential barrier: larger than kinetic energy

� Tunneling rate in semi-classical rate (instanton):

Γ = A exp(−SE/~)

• Attempt frequency A and Euclidian action SE

• SE = C ~(d2
gm/~

2
√

8a⊥)2/5 with C ≈ 5.86

QUANTUM PHASE TRANSITION

� Effective 2D interaction

by integrating out transverse motion

Heff =
∑

j

P2
j

2m
+

∑

i>j

d2
g

|Ri − Rj|3

• interaction strength: rd = Eint/Ekin = d2
gm/~

2a

• particle separation a ∼ 300 − 500nm

• (induced) dipole moments d ∼ 9 Debye (SrO)

• crystal stiffness rd ∼ 121µm/a

• stability SE/hbar > 130 for a⊥ ∼ 40nm

� Quantum Phase Transition from

(strongly interacting) superfluid to crystal phase

• Path Integral Quantum Monte Carlo (G.P.&N.P.)

TAILORING POTENTIALS

WITH DC AND AC FIELDS

� Coupling by DC electric + AC microwave fields
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� 2D shielding of core region
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� Potential engineering with several fields, e.g.,

� a single DC field: d2
g/ρ

3

� one DC and one AC field:

• variable range deff(ρ)2/ρ3,

• shielding as hard-sphere, e.g.,

• deff(ρ� rC) � deff(ρ� rC)

� one DC and two AC field:

• repulsive core

• attractive outer region

• tunable minimum and depths


