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Motivations
Interaction is the most important parameter in ultracold quantum gases

Atoms and molecules with dipole-dipole interactions (DDI) allow us to access physics beyond that provided
by atoms with only short-range effective contact interaction

Dipoles and dipole-dipole interaction
Experiments with magnetic atoms

Ultracold polar molecules

Rep. Prog. Phys. 72, 126401 (2009) Cold and Ultracold Molecules
Rep. Prog. Phys. 86, 026401 (2023) Insight issue Nature Physics (2024)
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d: C-m; most often: atomic unit (ea,) or Debye (statC - cm)
1D ~ 3.3 X 1073°C-m = 0.39¢aq,



Dipole-dipole interaction

Unit of dipole moment:

r eh
p: Bohr magneton (ug =

)

2m,
d: C-m; most often:
atomic unit (eay)

In general: or Debye (statC - cm)
1D ~ 3.3 x 1073°C-m = 0.39¢aq,
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Dipole-dipole interaction: anisotropy
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For polarized dipoles:
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Rep. Prog. Phys. 72, 126401 (2009)
Rep. Prog. Phys. 86, 026401 (2023) 5



Dipole-dipole interaction

Can be realized with  Can be realized with
a pancake trap a cigar trap

Special cases:

side to side (8=90°) pure repulsive,
head to tail (8=0°) pure attractive
vanishes at the "magic angle" (6=54.7°)

Rep. Prog. Phys. 72, 126401 (2009)
Rep. Prog. Phys. 86, 026401 (2023)



Dipolar scattering

21(14+1)Ah?

Ultracold collisions: the centrifugal barrier — prevents collisions via higher partial waves [ > 0

1
For a — potential, the scattering phase shift (with k — 0 the relative momentum)

r
k2+lforl < (n—3)/2
81k o {k”‘z otherwise

So, for n = 4, only s-wave and short-ranged.

However, for DDI with n = 3, §,(k) « k for all partial waves.

All partial waves can contribute to the scattering process. DDI is long-range and can be felt beyond the
centrifugal barrier.

Example effect: identical fermionic dipolar gases can still thermalize despite the absence of s-wave
interactions



Dipolar scattering

For polarized dipoles:
(b) Cdd 1-— 3 cos 8

| Udd(l')—
0, e

v Individual AM (I or s) is not conserved, but j = [ + s is: dipolar relaxation of spin

T. Pfau group
PRL 101, 080401 (2008)

v U4 can couple to higher partial waves

Scattering matrix ~ j Yirmi Y20 Yim dQL

Sol' + [ + 2 must be even, m'=m;

U,4(r) can couple to even (for boson) and odd (for fermion) partial waves



Characterise DDI

(b) For polarized dipoles:
Cy [1-3cos’ @
L\e I ey U= 433( g j
81I,,r"'
. ﬁz
Dipolariength: | =0V% + Uaa(®) J1(r) = (1) Universal scattering cross section:
2 2
h - d_ a = r—d = Cddm O4d X aczld (0.4 (mdz)z
mri 13 4473 7 12mh?

For dipolar bosons:

Both the long-range and the short-range parts of the interaction.

For dipolar fermions:
Only by the long-range dipolar part of the interaction.

Rep. Prog. Phys. 72, 126401 (2009)
Rep. Prog. Phys. 86, 026401 (2023)



Characterise DDI

87Rb 1 Mg

52Cr 6 Ug 16 ~100
et =y 7 Ug 67 ~175
164Dy 10 pg 130 ~100
KRDb 06D 3700

NaK 2.71D 43180

NaRb 3.3D 112700 ~ 200
NaCs 47D 324000

Rep. Prog. Phys. 72, 126401 (2009)
Rep. Prog. Phys. 86, 026401 (2023) 10



Dipolar pseudo-potential: for bosons

v" Uyq can couple to higher partial waves

For s—wave effective contact interaction, _
v" Modify the short-range s-wave U ,act

the only parameter is the scattering length a
. 4mh’a _ | Amh?a
Ucontact () = m 6(r) g = m

Pseudo—potential including DDI:

L. 4mh*a(d) _ | dd 2
V) = m o) + 41 13 (1 —3cos”0) The s-wave scattering could be modified by
4rh?a(d) DDI for large €44
g = m

S.Yi, L. You, Phys. Rev. A, 61, 041604(2000).

A. Derevianko, Phys. Rev. A 67, 033607(2003).

A. Derevianko, Phys. Rev. A, 72, 039901(2005).

S. Ronen, D. Bortolotti, D. Blume, J.L. Bohn, Phys. Rev. A, 74, 033611(2006). 11



Stability for a homogeneous dBEC

. h2k2 (h2k2
Bogoliubov spectrum ho(k) = \/ — < ——+ 2gn(1 + e44(3 cos2 ), — 1)))

s-wave Sound velocity: ¢, = /gn/m

Anisotropic sound velocity with DDI: ¢(6)) = coy/1 + €44 (3 cos2 8, — 1)

0, = 0,along the dipole: highest c(8,,) (stiff modes)
0, = m/2, perpendicularto the dipole: lowest c(6;) (softer modes)

For Hk - T[/Z, C(ek) = 0 at €dd = 1

Phys. Rev. Lett. 85 1791(2000) 12



Theory work: many

Dipolar collisions

Dipolar quantum gas
Ultracold chemistry
Quantum information
Precision measurement
Dipolar quantum phase
Synthetic gauge field......

D. DeMille, T. Pfau, Li You, Su Yi,
L. Santos, L. Carr, Lewenstein,
Zoller, Buchler, Lukin, H. Pu,
Baranov, Meystre, G. Shlyapnikov,
Kurizki, Bohn, R. Krems, T.L. Ho,
H. Zhai ...

A

AN
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S. Vi, C.P. Sun et al., PRL 98, 260405 (2007)
Similar work: Capogrosso-Sansone, et al. PRL 104, 125301(2010).
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Ultracold dipolar systems

Magnetic atoms:

Magnetic dipole moment

Rep. Prog. Phys. 84 012403 (2021)

* Cr (6 pg), Er (7 pg), Dy (10 pg)...

* Long lifetime

« BEC and DFG

Polar Molecules:

Electric dipole moment

X,
@

(*

« Many species available now: bi-alkali,

CaF, SrF, YO...

 d ~ 1to several Debye; tunable

» Long lifetime? Complicated by two-

body interactions

« DFG 2019, BEC 2023

14



Experiment: rapid progress

Magnetic atoms:

Rep. Prog. Phys. 86. 026401 (2023
Cr, Dy, Er, Ho, Eu °p. FT0g. Fhys (2023)

Polar molecules by cold atom association:

KRb, RbCs, NaK, NaRb, NaCs, LiK, LiNa... Cold and Ultracold Molecules
Insight issue Nature Physics (2024)

Polar molecules by direct laser cooling:

SrF, CaF, YO, CaOH...

15



Dipole and dipole-dipole interaction
Experiments with magnetic atoms

Ultracold polar molecules

16



>2Cr BEC: first ultracold dipolar quantum gas

A. Griesmaier et al., "Bose-Einstein condensation of chromium"
Phys. Rev. Lett. 94, 160401 (2005)

J. Stuhler, et al. "Observation of Dipole-Dipole Interaction in a Degenerate Quantum Gas"
Phys. Rev. Lett. 95, 150406 (2005)
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>2Cr BEC: enhance the dipolar effect with Feshbach resonance

Effect of
=~ (o} . .
€dd q . increasing the
<0 dipolar parameter.
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>2Cr BEC: stability vs. trap geometry

Tilman Pfau group
Nature Physics 4, 218 (2008)

Oblate trap (A > 1)

40
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40
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>2Cr BEC: d-wave collapse

For polarized dipoles: Pfau and Ueda et al.,

) PRL 101, 080401 (2008)
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Also for Dy and Er BECs

Dy 10 pg 130 ~100 1.3
Er 7 Ug 67 ~175 0.38
@ sofecoe
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Innsbruck 2012: BEC of Er
o ¢ ¢ 0 0 d-wave collapse vs. a
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Stanford 2011: BEC of Dy

Anisotropic expansion and stability 21



Dy and Er DFG: evaporative cooling via DDI

Identical ultracold fermions collide via p-wave (I = 1)

(1 +D)A° p-wave collisions are suppressed at ultralow
2mr? temperatures
“Identical fermions do not collide with each other”

| —C,/r®+

At ultracold T, p-wave collisions
are slow

10" F
g —= TWO component

E i ]
=
. 10-12 ! \\
§ Single component

1 0—13

10 | T lliOO
T (1K)

Measured with ultracold 40K by D.S.Jin’s group,

PRL (1999) 2



Dy and Er DFG: evaporative cooling via DDI

Achieved in Stanford (2012) and Innsbruck (2013), respectively
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Dy and Er: chaotic Feshbach resonance

(a) v" Feshbach resonance for alkali atoms:
single or a few partial waves; bound levels
Bound state with large energy spacing
in channel 2 v" Feshbach resonance for magnetic atoms:

— O @ multi-partial waves; bound levels with large
energy spacing

Colliding atoms
(continuum states)
in channel 1

— ] m
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Example PEC for Dy+Dy
Phys. Rev. A 85, 062712 (2012). 24



Dy and Er: chaotic Feshbach resonance

Dense Feshbach resonances in Er and Dy
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Dy and Er: chaotic Feshbach resonance

Some of these resonances can still be used for scattering length a tuning A4

€dd =
160 a
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f ll-imaging
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From Er experiment
PHYSICAL REVIEW X 6, 041039 (2016) 26



Dy and Er BEC.: droplet

Conclusion from mean-field theory
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Dy and Er BEC: ground-state droplet

3D droplet

Relative dipolar strength, €4
2.10 2.08 2.06 2.04 2.01 1.99 1.95 1.91

1,000

800

Qrattarinn lanath (a V&

Critical atom number

600

400 :

6.45 6.50 6.55 6.60 6.65 6.70 6.75 6.80
Magnetic field (G)

4U um B 4§ 28



Dipolar droplet: beyond MF effect

E/V = (gn*/2)(1 +[128\/ na’ /15\/x + ! : ) LHY correction due to

quantum fluctuation Phys. Rev. 106, 1135 (1957)

For dipolar BEC:
E
EF ~ 93/2 E”C(] Jaip(K) €aa)
BMF Sum of MF
)" ' : and BMF
Epmr (2 g 128 . ;

N (‘3) 2157 Ve Qs(2aa).

For fdip(K)gdd > 1:

Eyr <0, but

E=vehas a stronger dependency in the density

29



Dipolar droplet: beyond MF effect

Also in Er BEC PHYSICAL REVIEW X 6, 041039 (2016)
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Dipolar supersolid

Roton mode in dBECs confined in cigar-shaped geometries

(a) e _ — == _ jJBragg beam 2
, Bragg beam 1\ -~ © -0
B @,

(b)

él
IhA N
h(l)| ——g= )
A ¢
w e 2 k—'\
23 ’ X 32 6.4
5} ’ ¢ 4
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Roton minimum at k~1/1z

Phys. Rev. Lett. 122, 183401 (2019)
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Dipolar supersolid

Two hallmarks of supersolidity:

« spontaneously formed density modulation
« global phase coherence

U ms

ol ms

40

Phys. Rev. X 9
011051 (2019)
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An early experiment

\ TR W T
-40 -120 -200

AV,,/h (H2)

200 120 40

60

(zH) u/'A

zH) y/™

.....

90

30

0

Angle 6 (°)

Probe the nearest neighboring interaction

Science 352, 201-5 (2016)
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Extended Hubbard model: Dipolar quantum solids

266 nm lattice constant + Quantum microscope

On-site interaction > all other energy scales ——t Z (a a;+ h.c.) - Z JA;+ Z
Extended Hubbard model in the hard-core boson limit (i) i<j
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Nature 622, 754 (2023) 34



Extended Hubbard model: Dipolar quantum solids

266 nm lattice constant + Quantum microscope
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Nature 622, 754 (2023) 35



Summary: magnetic atoms

 Degeneracy Is easy to reach;

DDl is not strong, but its effects can be enhanced by
controlling contact interactions;

« DDI’s anisotropic character can be explored;

« Strongly long-range many-body physics: smaller spacing.

Lots of exciting results ahead: pay attention!

Not discussed:
Dipolar 1D system, 50 nm spacing system (MIT), Dipolar BKT (HKUST), Optical
tweezer... 36



Thanks for your attention!
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Magnetic atoms in optical lattices: extended Hubbard model

3 4
-

5

normalized BEC fraction

o 1 2 3 4 5 6 7
Modulation frequency v _ (kHz)

Science 352, 201-5 (2016)
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1 R 1 R 1
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Aspect ratio AR

On site interaction

SF-to-MI transition
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Magnetic atoms in optical lattices: extended Hubbard model

3 4 5

normalized BEC fraction

o 1 2 3 4 5 6 7
Modulation frequency v _ (kHz)

Science 352, 201-5 (2016)
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ol 1 1
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Aspect ratio AR

1.0 1.2 1.4 1.6

SF-to-MI transition

On site interaction
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Magnetic atoms in optical lattices: extended Hubbard model

\

\ \ A \ \ \
200 120 40 -40 -120 -200
AV, /h (H2)

Nearest neighboring interaction

Science 352, 201-5 (2016)
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Dipoles and dipole-dipole interaction
Experiments with magnetic atoms

Ultracold polar molecules

Rep. Prog. Phys. 72, 126401 (2009) Cold and Ultracold Molecules
Rep. Prog. Phys. 86, 026401 (2023) Insight issue Nature Physics (2024)



Ultracold dipolar systems

Magnetic atoms:

Magnetic dipole moment

Rep. Prog. Phys. 84 012403 (2021)

* Cr (6 pg), Er (7 pg), Dy (10 pg)...

* Long lifetime

« BEC and DFG

Polar Molecules:

Electric dipole moment

? e
?

v

« Many species available now: bi-alkali,
CaF, SrF, YO...

 d ~ 1to several Debye; tunable

» Long lifetime? Complicated by two-
body interactions

« DFG 2019, BEC 2023

Rydberg atoms:

Giant electric dipole moment

Nature 491, 87 (2012)

 d~ 1000 Debye
 Blockade mechanism
« Short lifetime: ~ 100 us

 Tweezer array



Molecules can provide much larger DDIs

e
r , 2

In general:

(a)

€1

U —
ad (1) AL 3

Cqq = Hom? for magnetic dipole moment p
2

Caa <é1 8y —3(éy-1)(éy- f))

Ciqg = - for electric dipole moment d
" uzo 1\
0°B . a%?=(———) : DDIis much stronger in electric case
(e ag)?/e * <2 X 137) ' 5 SeT :

T. Lahaye, et al, Rep. Prog. Phys. 72, 126401 (2009) 4



Polarize the polar molecule

d

The electric dipole moment is along the axis of the
molecule. Without external E field:

derr = (Y|d|p) = e@|Flyp) =0

Polarize with static DC electric fields

d€/B

DC Stark shifts

2 4 6 8 10
d€/B

Lab frame dipole df

With microwave AC electric fields

11, +1)

'))) ot/o~

|N = O,mN — O)

——11,0)

n w
_Y_|0,0)
Effective dipol tdopr do
ective lpO e moment: eff \/
1+ (A/Q)2

Karman et al., PRA 105, 013321 (2022)



Dipolar droplet and supersolid

87Rb 1 Mg
520y 6 Hg 16 ~100
168y 7 Ug 67 ~175
164Dy 10 pg 130 ~100
KRb 0.6 D 3700
NaK 2.7D 43180

Rep. Prog. Phys. 84 012403 (2021) NaRb 33D 112700 ~ 200
NaCs 4.7D 324000

Larger a, : less particles are needed to form a droplet and to reach the saturated regime

4000 add‘130 ap| 250ag 400 ay 600a, | G i )
o i i

g 3000 R
= > _ ‘ _
2000 g0 o 0 L0
0 5 10 15 20

aqa (10° ap)

200 5
a, (ap) PRR 4, 013235 (2022)




Dipolar droplet and supersolid

Larger a,q : also richer supersolid states
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Extended Hubbard model

For magnetic atoms: needs small spacing

Science 352, 201-5 (2016)

For polar molecules with a 1 Debye dipole
moment:

At 532 nm spacing, DDI~ 1 kHz
At 266 nm spacing, DDI~ 8 kHz

Richer dipolar quantum solid phases could be
reached easily.

for Er at 266 nm spacing, DDI~ 30 Hz

2 b Tunable-spacing accordion ¢
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olo|o]o
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Nature 622, 754 (2023)

Make connection to the helium version of SS states?

.00
eelds

Picture from:
Nature 464, 176 (2010) 8




More resources from molecules

\ 3S+5P_
Molecular states
_ 3S+5P1/2
10000 H .
: — (10" — (3)0 Electronic: 1T, 311...
— (10 ——(2)0 : .
~ — . Fine structure: 0, 1, 2...
H'E [ 11 —— @) )
S 5000 | —&;i —(3)0" Hyperfine
s —on o
I ' —(2)1 Vibration
ol Rotation
I / 3S+5S
L X12+
-5000 - | / =\ | | |

5 IIlOIIII15IIII20IIII25
Internuclear distance(a )
- A-type doubling?

For non-Z states.
Induced by coupling between nuclear rotation and
electron orbital angular momentum
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Rotational level: resonant dipolar interaction

Two molecules in levels of opposite parities

(&)
uZ
u=(0]al1) x5

Interaction potential

0 5 10 15
interparticle distance

Energy

Same physics for two homonuclear atoms

< 1/r3
S+P
x —1/r3
S+S
/ (0.4 —1/T6
>
Distance

10



Dipolar spin exchange: spin model and entanglement

O N=0.79(7) x 10*
o N=2.02)x 104

0.5

Contrast

0 10 20 30 40
T (ms)

First experiment on JILA's KRb system, Nature 2013

0.5

O o. : ¢
g g; ,’ﬁ\t ﬁ/}(\ ; */N +;""”\1’
¢ & ¢/

® o2
Q

© 0.1
ofe

0.5 =)
O o4} o
f=4

£ 03}

£ oz A s m
T e ¢ ¢
8 0.1F .‘/ ¢ Q++ ¢ +

. s s s s L s s s
o] 2 4 6 8 10 12 14 16 18
Time T (ms)

Quantum microscope, Bakr group, Nature 2023

-------------------

Fraction

P

A @
A ® e (O A
O AA o0 QO
OO0 D ED A EO A0 EOEDED || @ Odd Sites
| & Even Sites

0 5 10 15 20 25 30

Time (us)

Independent Rabi
osc. at large spacing

Fraction

Directly laser cooled
CaF molecules in OT

Doyle group, Harvard
Cheuk group, Princeton

0 10 20 30 40 50 60 70
Time (ms)

Dipolar spin exchange
at small spacing
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Fundamental physics with molecules

Example: Measurements of the electron electric dipole moment (eEDM)

is a test of physics beyond standard model J, »
Standard model: d,~ 1038 e cm T_

TR
R

B h
- 2estVN

5d,

High € enhances sensitivity E~10 V/icm

The internal E-field of polar

Spin

s\ Mass

PhD thesis
Huangian Loh

| ’Ee~10 GV /cm
molecules is very high

P. G. H. Sandars. 1975.
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eEDM experiment with cold molecules

eEDM search with cold ThO molecule on the Q-doublet structure of the 3A, state

Buffer Gas Beam Source Rotational Cooling Interaction Region

.
[ Vacuum ny; E-field Plates Magnetic coils

[
j0gk 1hO2 Target |

406‘ ng E-field plates
556 Sl +
R v I U1 | Light
- - - | Collection
_ Pulsed YAG | Adjustable | dl|
X L________EO_””I'IBEO_FS___ N — — ——— = TR N, I 1090 nm
y Magnetic Shielding
Science Vol. 343, 269 (2014)
ACME Il result: Lower T will further improve the limit by orders of magnitudes:
do = (4.3+3. 15+ 2.64,) x 10730 lclganrrl)tr;I:C?_fcf)ictt_;me 5
gi ion time... 5d. =
Nature 562, 355 (2018) e DesT \/N
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Ultracold dipolar systems

Magnetic atoms:

Magnetic dipole moment

Rep. Prog. Phys. 84 012403 (2021)

* Cr (6 pg), Er (7 pg), Dy (10 pg)...

* Long lifetime

« BEC and DFG

Polar Molecules:

Electric dipole moment

? e
?

v

« Many species available now: bi-alkali,
CaF, SrF, YO...

 d ~ 1to several Debye; tunable

» Long lifetime? Complicated by two-
body interactions

« DFG 2019, BEC 2023

Rydberg atoms:

Giant electric dipole moment

Nature 491, 87 (2012)

 d~ 1000 Debye
 Blockade mechanism
« Short lifetime: ~ 100 us

 Tweezer array

14



Roadblocks for molecules

1. More challenging to prepare (and detect) 2. More complicated interactions

Atoms

2>

o I ‘,‘ Q‘

Molecules
A four-atom system, with more degrees of freedom:

./. beyond the current computational capability

15




Two main production techniques

Cold atom association: KRb, RbCs, NaK, NaRb, NaCs, LiK, LiNa...

o
(%]
T

1. Prepare ultracold 2. Form heteronuclear Feshbach 3. Transfer to
(< pK) mixture molecules near degeneracy ground state

-
=

o "
L3

L
X

o

27
"
é

i

Direct laser cooling: b
SrF, CaF, YO, BaF, CaOH...

I} =I (v=10) .
5 10 15 . 20
Internuclear Separation (a,)

Vo Cold and Ultracold Molecules
Insight issue Nature Physics (2024)

Ay = 685.4 nm

v=0 A= 686.0 nm 16
Age= 663.3 nm




Two-body interaction between molecules

KRb + KRb - K,Rb, — K, + Rb,

A B
— 0.4 T T T T T _— | . : | :
? o
- > 200 | g + |
5 1 E o |
i “ o 100= ~
o 0.3 d
= o o |-4,1/2)
= _F{) © 51| & a3 |
_-;.' il ®  50/50 mixture i\
8 02 T =250 nK | m— o agDT ZL |
8 B = 3.3(7)x10'2 cm¥/s % 10+ |
o 01F i 8 A
= Z 5r )i ]
> o
ra O
(@] 1 1 i 1 I Q |
= a

02 04 06 08 10
Time (s) Temperature (pK)

o
no
N
()]
0
o

JILA, 2010
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Two-body interaction between molecules

For NaRb(v = 0) Fast loss is still observed!
—~ 5[e
o |e
NaRb + NaRbY& Na, + Rb, = .
& a4t
K
-
a 3f
i
4y}
Z
P % £ |
: o
| P
o
O
UI....l....l....l..*.l.*.*l
0 50 100 150 200 250

Hold time (ms)

M. Guo et al. Phys. Rev. Lett. 116, 205303 (2016)

Also in RbCs, NaK, NaCs...
18



Complex-mediated collisions

ﬁ‘-_._.‘l, Molecular reaction dynamics, Levine, R. D.
“Q (2009).
_ ap hight Complex lifetime predicting by RRKM theorem
A optica! Co -
P Na, (v=0,J=0)+
A Rb, (v=0,J=0
NaRb (v=0, J = 0) + 2 ) hp(E)
NaRb (v =0, J = 0) .. T, = ——=
§ ° (‘-e 47 cm’” o
L | — Y — p. DOS of the complex at the incident energy

N,: number of dissociation channel for complex

Ultracold ground-state molecules (non-reactive):

« High energy resolution (~100 nK)
« Well-defined reactants [both internal and
external states (single partial wave)]

Excitation of the complex by trapping light « N, =1 (back to the reactants)
causes loss regardless of the chemical reactivity.

19



Chemical reactivity control with vibrational excitation

NaRb + NaRb — Na, + Rb,

B Narov=1J=0)+
NaRb (v =1, J = 0)
A Na, (v=0,J=0)+ !

A Rb, (v =0, J = 0) A ac-e Nay (v=0,J=0)+
NaRb (v=0, J = 0) + — Rb, (v =0, J = 0)
NaRb (v = 0, J = 0) '. 164 o

5 - 3

| . — | 1

= Qc-e ‘470m'1 2

W | e—— - e | L
> >

X. Ye, et al.,
Sci. Adv. 4, eaaq0083(2018)

Similar situation in NaK, NaCs and RbCs 20



Reactive vs. Non-reactive loss

| o v=0
Y mv=1 1
=~ ---- fitforv=01 % | [
b —fitforv=1| & 15l T e O
£ = g
2 ©
% 1k 8_ © v=0
O I - i o v=1 |
- i T = 10 --- - fit for v=0 |
= - —— fit for v=1
00 05 10 15 20 25 3.0 0.00 0.02 0.04 0.06 0.08 0.10
Holding time (s) Holding time (s)
2
dN,, B ApPN
dt T2
3/2
1/2 =
X. Ye, et al., at ol 47sz

Sci. Adv. 4, eaaq0083(2018) 21



Direct detection of the complex by ionization

Ni group at Harvard

with ultracold “°K& Rb molecules (reactive)

13 5 7 9 11 13 18 17 19

e,
) Ny, =2
¢ 120 ' o
356.0 nm :
13 5 7 9 11 13 15 17 19_
100 | Nes,
E ] NK2=4
s Ksz; g,
co = g
t ° —
8 1.3 5 7 9N11 13 15 17 19
S 60 141 -12 -1Q o -
5 A (mm) 1 /’!r —=10°
Q _;; _____ :
40 I frzj P =0.001 1o
1287 910121817 10 s 5 7 o J1 a8 17 0 3 ‘l‘ P P'G_‘”— _____ .
20 1 § 7 9 5o ~ N, =10 h . - Ny, =12 ¢ 10{0J| I‘-"{,U;g:-.
K; — KRb2 % o M . e Hm ) 10
0 MMWW 20 20 F l ﬁ wspren L 5‘ .
50 100 150 200 250 300 ° 1 3 5 7 9 11 13 15 17 19 ¢ 1 3 5 7 9 11 13 15 17 19 o 10 20 30 40 50
m/ Z NHhQ A Channels removed
Observation of the complex Measured product state distribution and

comparison to statistical theory

Science 366, 1111 (2019) Nature 593, 379 (2021) ’



Loss suppression by engineered long-range barrier

»
»

Inter-molecule distance

Short-range Long-range

‘.

‘ ‘ Shielding barrier V « d

Complexes and Evaporative cooling and
chemical reactions many-body physics

Nature Physics (2024)
23



DC field induced rotational Forster resonance

—_

K

—

Energy

0.28f

0.27}

0.26}

0.25r

B (cm?s™)

DC Stark shift of
two KRb molecules

10,0)12,+1)

11,0011,0)

10,0512,0)

|Eil Bl

10

10°
10¢
107
10®
10°
1e10
10°
10®
107
10®
10°

1010

11 12 13 14
|[E| (kV/cm)

FOrster resonance between

11,0}11,0) and [0,0)|2,0)

B
10,012,0)

|EI<|E| 28$ |EI>|E;|

11,0011,0)

|Ex

105

106

108

10

|E| (kV/cm)

1 1 1 1
15 10 11 12 13 14
|E| (kV/cm)

Barrier in the long range

Adiabatic energies (pK)

-100

10° 104

r (&)

102

Resonant collisional shielding of loss

Science, 2020
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DC field induced rotational Forster resonance

Alao works for other molecules, including NaRb

1 0:8

107
10

~ ~

v INN A
\ . / \ I/ \\%
\  elastic VAR L
- — /

Y

N

reactive

Rate coefficient (cms/s)
S

10

From Goulven Quemener
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Microwave shielding

Microwave loss suppression
by engineering a long-range barrier

A=8 MHz ; p = +1 ;EC=400 nK: M=0,+1,+2

Energy

N=0+N=1
N=0+N=0 :
-147“ TR IR T T R RN T N SO AR N B RO T T T N B | R “7
100 5 10 15 20 25 30 35 40
— Q (MHz)
Distance By courtesy of G. Quemener

G. Quemener et al., PRL, 2018
Karman et al., PRL, 2018

Need high Rabi frequency, high purity circular polarization
26



Experiments on microwave loss suppression

a NaCs Optical dipole

\w d))((‘ - trap

‘\\\Q;‘_ e 2
1 Y] 5 d Stat !I!—ZEMH e gl
% [} Lc?\fer Dressed State.‘ﬂ=23MHz | 1 064 nm 1 550 nm b
= © Ground State —
2088 ™ _ Microwave «————
S : \%\ @ field —
» v RN ==
% 04 %‘\ - -~ | %% Antenna
Q@ . hE array
o] \ Se.a L - |
ﬁ o2t \\ é\ T “% - )-y STIRAP beams l I
% s ~ % and imaging Bg
0 hRS L DT “ L
0 20 40 60 80
Collision Time (ms) [~
a Effective dipole moment, d, (Debye) -——————————————————————————————.'J—
078 08 o4 02 o r
108 ETT T T T g F &
E 107 L & T
o F . T
s 10° Smf-ﬂ N O ooT 1
T @ E T . .
. . < s p intensity ¢
CaF in optical tweezer (Harvard and MIT) o & WS gy
. g @ o} Microwave ‘—]
Science, 2021 ' L L intensity || |
= F 'JIYJ\ ~ -——
02 L . | thoid tror
1012 . - " ) ) ) ] 2 4 6 8
0 10 2 3 40 50 60 70 AlQ
Detuning, A/(2r) (MHz)
Na*°K evaporative cooling to DFG NaCs loss suppression

Nature, 2022 Nat. Phys. 2023
Field-linked state, Nature 2023 (Columbia)

(MPQ)
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NaRb molecule with microwave dressing

(@) — (b)
10 |
P > f‘ \ — )+
P ——. | o = N o e e e e e b e
/.f |0, 0) |_|_> \'\, “x“ ~ 0 _\.-
J——— E = 10,0)/0,0)
+ 1-photon -* F@> B = i +1-photon
< = L
R T T
N | & . ” - " |O!O>I111>
= 15=1) 4
o Hyu‘ ]_> v
¥ y i ke /
< /
3:( . P i IPET PN TS PR N
| — X = 500 1000 1500 2000 2500
"‘x\‘ U = 0, m] = 0) y/‘v{ R (aO)

Need high Rabi frequency, high purity circular polarization
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Loss suppression

Density: 3 x 10t cm™3 4r dn

2
— = —fixn“ —I'n
Temperature: 600 nK : B Without microwave dt 'B in
31 © With microwave
§ 5 Bare sample:
Q) =2m X 10 MHz Z | Bin~3.4 % 1071%m3/s
A =2m X7 MHz 11 O .
? € Best with MW:
0 [ ey o~ —-12 3
0 5 4 5 3 10 Bin~3.0 X 10~-*cm?/s
Holding time (s)
Theory:
o .
10 | s coupled-channel scattering
00 o calculation

B, (10"2cm?3/s)

_ 5 10 15 20 29
Junyu Lin et al. PRX (2023) AI21t (MHZ)




Elastic collision and evaporative cooling

Junyu Lin et al. PRX (2023)

10i**i

PSD

Be (107 cm?/s)

1 ................ O 5 1 1 5
5 10 15 N (10% N (10%)
A2 (MHz)
DDI results in very large ,; Temperature decrease and phase-space

density increase are observed
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Influence of filed-linked tetramer state

Problem at small detuning: 3-body loss of molecules due to field-linked states John Bohn: RRL, 2008
(@ Thes
v :O_h_|6 fildes . 500 1000 1500 2000 2500 3000
ey 12 o002 -
g ) %00"F |
)
0.6
J=0—— =
10 (b) o N
’E? . 11) %u EE:
gi—l() 2).[3)] 8 5/
% _(—MT 06+ <
g 5),16)
[£2
30 ﬁ L | | | :
0 1000 2000 500 1000 1500 2000 5 10 15 20 25 30 35 40
r/ag r/ag Q/(27) MHz For NaRb
Ve (1) = Qsmzé’{l FAp) + [1 = Fe(g)]2cos20) = .
eff r é: ’ —T;100 nK by Tao Shl
—— T =400 nK | 1
73 3cos?0 — 1 + 3F¢(¢)sin6), = / |
= _
. . é B
Tao Shi, Su Yi et al. (2023) ,
. . . -3
Experimental observation by Xinyu Luo et al in 4

MPQ, Nature 2024 ° 1OA/(271:)3 MHZZO 2 % 31



Filed-linked tetramer state

Experimental observation by Xinyu Luo et al in MPQ, Nature 2024

With microwave dressed Na4°K molecules

a ®! i | i i i
2.5 [ I I I I
o | 8l el | : |
X 20 : I { l
a : d = | ' '
® 9% 4 @ ® 3 5f 0 A" i
= '( | | P!
@)~ =), @ 0 E/h(kHz) 100 200 300 2 10p| U ' : I
s 6 { | ) -
® | @ : € os} | A | )
° . @i® e® ® ° A I R
( ﬁE 5 Association > ( —F %0 20 40 60 80 100 120
‘- — Modulation frequency v (kHz)
b c ‘“; (i b c
G = 150 10.0
o - X 2 —
S ol B & 5 < |8 g
3 “ Dimers .. W 100 | & wp
USJ E =0° * E =14° * e g Distance g
=2} - * & )
| | | 1 0 1 1 ‘8 50 S
0 2 4 0 2 4 0 20 40 2 0 0.1 /
f o =
Distance (x10%a,) Distance (x10%a,) Rabi frequency €2/2rn (MHz) of 0° 1 . / 1 ¢ t(ms) ©
5 10 15 5 10 15
Ellipticity & () Ellipticity £ ()
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BEC of polar molecules with double MW dressing

¢ 23
J=1 I
s ) g
N
5 6(2) K
~
ha
o)
J=0
~ 20+ - -
T 10} | >
x
s O\~
>~ _10 - = ~_ T IIII T I T T 4 - T T T ] T I T I T T
o) —— noTr, one bound state ; 4 _41{5)"*(;5""\ @_ 4l 15(4)%1 @ i 18(5) % ﬁ @ ) _35[7]% P @_ 5 _50(101% @_
g 20 F —— noT, no bound state e £ 1 o~ Iz ' Iﬂ.l
L 30| — full complensation | ;iif: 5L jf ‘e’\ 1oL / \_ 2+ J‘/\\* 1k IJ”" 41qL I' #L i
103 104 g-t}_.’I 1 Ix_ D_ 1 | | l D_. | | I. D_‘r..-?./; I\.‘Il-*_ O_MI%_
- =25 0 25 =25 0 25 -25 0 25 =25 0 25 =25 0 25
Intermolecular distance, R (ap) x (um) x (um) x (um) X (um) x (um)

arXiv: 2312.10965
NaCs molecule, Will group at Columbia 33



Summary and outlook for polar molecules

« Both association of cold atoms and direct cooling work well for creating ultracold
ground-state polar molecules

 The loss has deep connections with chemical reaction

« Dipolar interaction can be used for loss suppression and interaction engineering

« With the achievements of DFG and BEC, more and more interesting results are

expected

« Quantum microscope and optical tweezers offer even more possibilities

Only a small portion of the recent results are included in this talk
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Cold molecule groups

Association
Molecule | PI_____| location _
KRb Ye
RbCs/AgFr Demille
RbCs/KCs Naegerl
RbCs/CsYb  Cornish
NaK Zwierlein
NaRb Wang
NaLi Ketterle
NaK Zhao/Pan
NaK Luo/Bloch
NaK Ospelkaus
KRb/NaCs Ni
NaCs Will
NaCs Bigelow
LiCs Weidemuller
LiK Dieckmann
NaRb Bakr
NaK Park
YbLi Gupta
SrRb Schreck
NaCs Jia

JILA

Chicago
Innsbruck
Durham
MIT
CUHK
MIT

USTC
MPQ
Hannover
Harvard
Columbia
Rochester
Heidelberg
NUS
Princeton
Postech
Washington
Amsterdam

Shanxi

CaF/CaOH
CaF/YbF
CaF

CaF

YO

BaF

BaF
AICI
MgF
BaH
YbOH

Direct laser cooling

Molecule _ location

Demille
Doyle
Tarbutt
Ospelkaus
Cheuk

Ye

Yan
Langen
McCarron
Yin

Zelevinsky

Hutzler

Chicago
Harvard
ICL
Hannover
Princton
JILA
Zhejiang
Stuttgart
Uconn
ECN Shanghai
Columbia

Caltech

There are also other methods
(not included)

Theory

Dulieu

Quemener
Bohn, Rey
Karman
Hutson
Tomza
ldziaszek
Zuchowski
Cong/Wang
Zhang

Shi, Yi

Pl location

LAC
LAC
JILA
Radboud
Durham
Warsaw
Warsaw
UMK, Poland
Dalian
Dalian
IOP, CAS



o flt
s Tommre

Thanks for your attention!
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Dipolar collision of “°K8Rb

For bulk sample, dipolar collisions accelerate
the chemical reaction

— BIT~d® I
\¢ (Attractive dipole _
«I;w 1ol dipole mteractlon) \ __
£t :
& _
0
o
|_
S
= 1) & ‘
0.01 0.1

Dipole moment (Debye)

Ni, et al. Nature(2010)



Dipolar collisions of NaRb
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2
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)
-

450
400

350 +
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? 3
3 4 3
' 3
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Dipolar collision for NaRb

« Effective potential:

a) 10
(a) 2o
< of .
\-—41 -
3 ’
¢ -10F ¢
< )
* , ——M3=0,u=05D
20 o - -
500 1000 1500 2000
(b) 30
L=2
-- |M|=0,u=0D
20} L
-~ M|=1,u=0D
-- IM|=2,u=0D
< 10}
>
<)
e Of
i . ——IM|=0,1=05D
Ao ——M|=1,1=05D
1 —|ML|=2,p.=0.5D
I
-20 LLL - .
500 1000 1500 2000

Intermolecule distance R (a,)

h*L(L +1 C
A R e I
C3(L, L'; My)
- 73 Oy, MY,

»Modify the “s-wave” potential shape

mCa 1/(a-2)
hZ
hZ

E, = >
mry

Char. length 7y = (

Char. energy

»Modify the “d-wave” barriers:
anisotropic nature of DDI
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Analysis by partial wave

o d-wave: Exp
— d-wave: CC

anem-p

(sj,wo  01) ™"
g O |

MES)

)
= ]

z 3

oo
O -

B T
Mgy SRR 7
o0 (e} < nu/_

0.2 0.3

A

0

0.0

0.2 0.3 0.4 0.5 0.6 0.7

1

0.

#(D)
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