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Long term goal: production of dense,
ultracold ensembles of polar molecules

RbLi is a polar molecule

? ~ 4.7 Debye



Polar molecules: scientific motivation

Additional features not available with
atoms: Energy figure from E.R. Hudson

Rich internal structure:
- rotational, vibrational

Dipolar interactions:

- large and long range ~ 1/r°

- angular dependence (anisotropic) é é S &
Ugéectric B 1 dy-dy — 3(d1 : f)(dz . 72) repulsion attraction

41eg 73 ... and zero at the ‘magic angle’




Polar molecules: scientific motivation

Dipolar interactions - how strong?

* fully polarized
Inter-particle interactions between RbLi dimers (4.7 Debye)*
~1000x larger than mean field interaction in a BEC
~10,000x larger than magnetic dipolar interactions in Cr

Dipolar interactions - at what range?
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Polar molecules: scientific motivation

Weak
E-field due to each E-field
dipole influences
Strong it

E-field

s neighbors

few and many body QM
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* 2002, Quantum logic gates [DeMaille]

e 2004, Quo vadis, cold molecules? [Doyle, Friedrich, Krems, Masnou-Seeuws]

* 2005, Ultracold chemistry - exotic few body QM [Krems]

“Inelastic collisions and chemical reactions of cold molecules in external fields”

* 2006 Exotic many body quantum mechanics [Micheli, Brennen, Zoller]

with polar molecules in an optical lattice dressed with a microwave field, you can realize just about any
spin lattice model :1D xyz, 2D Ising, 3D Heisenberg, Kitaev model* etc...

* topological order
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spin lattice model :1D xyz, 2D Ising, 3D Heisenberg, Kitaev model* etc...

* topological order

S, )
7 N ¢ , : ‘
2 h 'K 4 P
SN YN L
N ¢ #?‘: ;l‘;'-
d_i long range dipolg-dipole c.oupling ! } ; ,‘ , . l ! 4 v '
e N by b Yy
= effective spin-spin coupling )‘/2 ’ t‘ !

for this, you need paramagnetic, polar molecules !



Quantum degenerate polar molecules
from cold atoms: state of the art

2004 Proposal: Efficient conversion of ultracold Feshbach-resonance-related

polar molecules into ultracold ground state molecules [Stwalley],
Eur. Phys.].D 31,221-225 (2004)

K Rb

| 4p+58
4S5+5P

14 + '

* 2008, Uitracold dense gas of deeply bound heteronuclear;
molecules [Jin, Ye] (IKRb) Nature Phys. 4,622 (2008) &
* 2010, Dipolar collisions of polar molecules i
e 2012, Long-Lived Dipolar Molecules in a 3D Optical Lattice |

4S45P




Quantum degenerate polar molecules
from cold atoms: state of the art

2004 Proposal: Efficient conversion of ultracold Feshbach-resonance-related

polar molecules into ultracold ground state molecules [Stwalley],
Eur. Phys.].D 31,221-225 (2004)

molecules [Jin, Ye] (KKRb) Nature Phys.4, 622 (2008) 2
* 2010, Dipolar collisions of polar molecules

* 2012, Long-Lived Dipolar Molecules in a 3D Optical Lattice

14+

K Rb

1 4p+58
4S5+5P

4S45P

Limitations of KRb?

* chemically reactive KRb + KRb -> K> + Rb;

solution: other alkali mixtures are chemically stable
NaK, NaRb, NaCs, KCs, RbCs (endoergic - stable)
LiNa, LiK, LiRb, LiCs and KRb (exoergic - unstable)

e Zero spin

Dipole moments (Debye)

Y Na K Rb Cs
X

Li 0.53 3.50 4.13 5.48
(0.45°) (3.41°) (4.01°)
Na 2.75 3.33 4.60
(2.73%) (3.05°) (4.57°)
K 0.64 1.92
Rb 1.26

J. Chem. Phys. 84, 5007 (1986)

solution : ultra-cold paramagnetic polar molecules made from
alkaline-earth or rare earth + alkali atoms : SrLi, YbLi
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Limitations of KRb?

* chemically reactive KRb + KRb -> K> + Rb;

solution: other alkali mixtures are chemically stable
NaK, NaRb, NaCs, KCs, RbCs (endoergic - stable)
LiNa, LiK, LiRb, LiCs and KRb (exoergic - unstable)

e Zero spin
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(0.45°) (3.41°) (4.01°)
Na 2.75 3.33 4.60
(2.73%) (3.05°) (4.57°)
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Rb 1.26

J. Chem. Phys. 84, 5007 (1986)

solution : ultra-cold paramagnetic polar molecules made from
alkaline-earth or rare earth + alkali atoms : SrLi, YbLi

what about the triplet state of a bi-alkali molecule?



What about the lowest triplet state?
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What about the lowest triplet state?

Li 25’”_; + Rhb {'}E';l__.-'g

6 8 10 12 14 16 18 20 22 24
Distance ( Bohr radius a, )

v paramagnetic
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v somewhat polar (triplet DM ~1/10 that of singlet) DPipole moments (Debye)
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What about the lowest triplet state?

Li 25’”_; + Rhb {'}E';l__.-'g

6 8 10 12 14 16 18 20 22 24
Distance ( Bohr radius a, )

v paramagnetic
magnetically tunable collisions (FRs)

v somewhat polar (triplet DM ~1/10 that of singlet) DPipole moments (Debye)

Y Na K Rb Cs
DM of triplet state LiRb is about 0.4 Debye N
(DM of singlet state KRb is about 0.5 Debye) Li oA R ¢ S
Na 2.75 3.33 4.60
(2.734) (3.05°) (4.57°)
1? Is it stable 22? Ro e

J. Chem. Phys. 84, 5007 (1986)



Is the lowest triplet state stable?

* spin relaxation collisions (triplet to singlet coupling) ?

e chemical reactivity ?

by some magic”, is the triplet state stable?

* or suitably physical reasons



Is the lowest triplet state stable?

* spin relaxation collisions (triplet to singlet coupling) ?

“Spin-orbit couplings are small in light systems. For Liz, one wouldn't expect fast relaxation.
.. but will be more important in heavy systems (like LiRb), but how important?”

e chemical reactivity ?



Is the lowest triplet state stable?

* spin relaxation collisions (triplet to singlet coupling) ?

“Spin-orbit couplings are small in light systems. For Liz, one wouldn't expect fast relaxation.
.. but will be more important in heavy systems (like LiRb), but how important?”

e chemical reactivity ?

Cold Controlled Chemistry, PCCP 10,4079 (2008). [Krems]

Physical Chemistry Chemical Physics

1

B+ AC

Fig. 4 Schematic illustration of minimum energy profiles for an
A(’S) + BC(’T) chemical reaction in the singlet-spin (lower curve)
and triplet-spin (upper curve) electronic states. Electric fields may
induce non-adiabatic transitions between the different spin states and
modify the reaction mechanism.
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e chemical reactivity ?

“The interactions between 2S atoms and 25 molecules in the triplet spin state are typically
characterized by strongly repulsive exchange forces, leading to significant reaction barriers.”
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Is the lowest triplet state stable?

* spin relaxation collisions (triplet to singlet coupling) ?

“Spin-orbit couplings are small in light systems. For Liz, one wouldn't expect fast relaxation.
.. but will be more important in heavy systems (like LiRb), but how important?”

e chemical reactivity ?

“The interactions between 2S atoms and 25 molecules in the triplet spin state are typically
characterized by strongly repulsive exchange forces, leading to significant reaction barriers.”

Cold Controlled Chemistry, PCCP 10,4079 (2008). [Krems]

Physical Chemistry Chemical Physics

Fig. 4 Schematic illustration of minimum energy profiles for an
A(’S) + BC(’T) chemical reaction in the singlet-spin (lower curve)
and triplet-spin (upper curve) electronic states. Electric fields may
induce non-adiabatic transitions between the different spin states and
modify the reaction mechanism.

the fine print

“... non-adiabatic coupling ... may be induced by the spin-rotation interaction and the magnetic
dipole—dipole interaction. The latter is negligibly small and ... transitions are determined by the spin-
rotation interaction in the open-shell molecule.The spin-rotation interaction can be effectively
manipulated with an external electric field.”



Experimental goals and results

L
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\/ Feshbach resonances and
FR molecule production

excited triplet .

spectroscopy
(I-color PA)

lowest triplet
spectroscopy
(2-color PA)

STIRAP production of triplet Li2
from FR molecules
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. tiee)
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Feshbach resonances and
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ultra-cold Li+Rb mixtures



MOT cell

ultra-cold Li+Rb mixtures
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Feshbach coil
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108 Li atoms @ ImK

ultra-cold Li+Rb mixtures




108 Li in MOT

10¢ Li atoms at 250 uK

M

transfer to an ODT




108 Li in MOT

forced evaporative cooling



104 Li dimers at 300 nK

Mixture @ T ~2 uK, 104 Li, T/Tr~ 0.3, 10* Rb, T/Tc~ 3



observing Rb+Li Feshbach resonances

O
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Schematic

20W 20W

Crossed ODT
(optical dipole trap)

imaging axis



Load Lithium MOT




Transfer Li from MOT to crossed trap

20W
20W

Crossed ODT



Transfer Li from MOT to crossed trap

20W

20W

Crossed ODT



Evaporate Li from crossed trap

I5W

15W

Crossed ODT



Load Rb MOT while holding Li

Crossed ODT



Transfer Rb to crossed trap

Rb MOT turned off:

In trap: Rubidium and Lithium

Crossed ODT



Both Rb and Li in trap: trap depths different

Trap for Li half as deep for Rb

Crossed ODT



Simultaneous evaporation of Li and Rb

Trap power lowered to force
evaporation losses

A) If Li+Rb reach thermal
equilibrium, Li leaves trap quickly

B) If Li+Rb decoupled, Li
evaporatively cools and leaves trap
slowly

Trap for Li half as deep for Rb

Crossed ODT



Image Li or Rb

Crossed ODT

imaging axis



Feshbach resonances in °Li+8°Rb mixtures
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Feshbach resonances in °Li+8°Rb mixtures

100 ——— ' ' ' 7/ '
Lithium atom number

N N, t/Tev °

Y °

( ) 0 € * broadest resonances known
0 r —1 in any hetero-nuclear mixture [*®
Toy X O
. °° * large mass imbalance
°o® o® [ .
¢ "V } - . Efimov physics
(of 2 Bose Fermi pairing physics
60F <% '
[ ] [

* large electric dipole moment
electric field tuning of FRs
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(N
S
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For photo-association, just add additional light

“one-color PA”

continuum (s-wave coll.)
N=0, G=0, S=1, I=1

photo-association light



For photo-association, just add additional light

“one-color PA”

atom paLr leaves trap

continuum (s-wave coll.)
N=0, G=0, S=1, I=1

bound state

photo-association light



For photo-association, just add additional light

“one-color PA”

atom loss

o o o o
o N o0 ©

normalized atom number

o
4

atom paLr leaves trap

©
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0.404 0.4045 0.405 0.4055 0.406 0.4065

wavenumber — 12394 [cm‘1]

continuum (s-wave coll.)
N=0, G=0, S=1, I=1 , , L
width set by excited state lifetime

bound state

photo-association light



For photo-association, just add additional light

“two-color PA”

—

il Autler-Townes splitting

PRA 68, 051403 (2003)
[Schloder, Deuschle, Silber, Zimmermann]

QY

continuum (s-wave coll.)
N=0, G=0, S=1, I=1

photo-association light



For photo-association, just add additional light

“two-color PA”

—

-/ Autler-Townes splitting

PRA 68, 051403 (2003)
[Schloder, Deuschle, Silber, Zimmermann]
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For photo-association, we just add additional light
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For photo-association, we just add additional light




Photo-association (PA) laser system

2 Tissapphire lasers

When locked to comb:
I) uncertainty on frequency difference < 10 kHz.

2) line width of each Ti:sapphire: ~ 100 kHz
(verified by an independent heterodyne measurement)

EQ) it 200
Time " ‘I ~~
Domain }
Fourier ¢ ‘
Transfor,
ransform £ N 2l =A91
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Frequency ] A |
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1-color PA spectroscopy results

c(1°5})

continuum (s-wave coll.)

The first 9 poltentials of Liz

Li(2p) +
Li(2p)

12000 to
13000 cm-1

Li(2s) +

§ ~
0.025 Hartree
5486 cm-1 .

Li(2s)

N

=
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internuclear separation (angstrom)
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1-color PA spectroscopy results

c(1°2})
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1-color PA spectroscopy results

1000

c(1°2})
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Internuclear distance (A)

OF

continuum (s-wave coll.)

0) To minimize broadening and systematic shifts,
we evaporate to very low trap powers and photo-

| associate a 2-component quantum degenerate
| Fermi gas (T/Tr ~ 0.4)




1-color PA spectroscopy results

c(1°%71)
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| Fermi gas (T/Tr ~ 0.4)

Initial state:

S-wave collision: N=0
Total spin=0 (G =S+l =0)
electronic spin =0, 1
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1-color PA spectroscopy results

c(1°2})
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OF

the relevant initial state is:
|S=1,N=0,J=1,1=1>

0) To minimize broadening and systematic shifts,
we evaporate to very low trap powers and photo-

| associate a 2-component quantum degenerate
| Fermi gas (T/Tr ~ 0.4)

Initial state:
S-wave collision: N=0

+ Total spin=0 (G =S+l =0)
electronic spin =0, 1

IF=1/2, me=1/2>

I[me=-1/2>  ¢wo states are:
|S=0,N=0,J=0,1=0>
|S=1,N=0,J=1,1=1>




1-color PA spectroscopy results

We resolve three features for each vibrational level
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1-color PA spectroscopy results

We resolve three features for each vibrational level
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1-color PA spectroscopy results

We resolve three features for each vibrational level
split by spin-spin and spin-rotation coupling
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1-color PA spectroscopy results

We resolve three features for each vibrational level
split by spin-spin and spin-rotation coupling
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2-color PA spectroscopy : ground electronic state spectroscopy

. ~ The first 9 potentials of Li2
v'=24, N'=1, G'=0, S'=1, I'=1 Li(2p) +
o i Li2p) -
Li(2s) +
Li(2p)
Qo
a(1°5]) 20
continuum [ e PR -
B O W s Rt I N
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_ 5486 cm-1 LI(ZS)
2

internuclear separation (angstrom)



2-color PA spectroscopy : ground electronic state spectroscopy

c(1°%7) . .
’ Lowest triplet state Li2
v'=24, N'=1, G'=0, S'=1, I'=1
oo T Motivations:
2 /ﬁ Technical: we can access with our lasers.

1)
| ] 2) It has a magnetic moment (Molecular FRs !)
\( 3) Make a BEC of ground state molecules
4) Measure the “Spin blockade”

Q1 5) Study collision properties of ultra-cold super-

Q- rotors (collaboration with Valery Milner)
6) Stepping stone for making triplet LiRb

a(1°%1)

continuum (s-wave coll.)
N=0, G=0, S=1, I=1

—

/
/ 10 vibrational levels
all accessible with our laser system

v=1



2-color PA spectroscopy results

- here Q)1 is fixed and Q2 is scanned
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2-color PA spectroscopy results : here Q1 is fixed and Q2 is scanned
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2-color PA spectroscopy results : here Q1 is fixed and Q2 is scanned
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2-color PA spectroscopy results : here Q1 is fixed and Q2 is scanned
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2-color PA spectroscopy results : here Q1 is fixed and Q2 is scanned
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2-color PA spectroscopy results : here Q1 is fixed and Q2 is scanned
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2-color PA spectroscopy results : here Q1 is fixed and Q2 is scanned
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2-color PA spectroscopy results : here Q1 is fixed and Q2 is scanned
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2-color PA spectroscopy results : here Q1 is fixed and Q2 is scanned
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2-color PA spectroscopy results : here Q1 is fixed and Q2 is scanned
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