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Controllable dipole-dipole interactions W Durham
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Gregory et al., Nature Physics 20, 415 (2024)
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Atoms in optical tweezers
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Kaufman & Ni, Nature Physics Review (2019)
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Atoms in optical tweezers
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Kaufman & Ni, Nature Physics Review (2019)
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Single atom loading & detection:
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Single molecules in optical tweezers

Inspired by experiments
in the Ni group at Harvard

200

Occurrence
o
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Rb

«— 50um —
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Counts

Fluorescence imaging to

detect tweezer occupation Brooks et al., NJP 23 065002 (2021)
(fidelity >> 99.9%) Spence et al., NJP 24 103022 (2022)
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Molecular assembly in optical tweezers W Durham

N oA Loading

. @ 1 /A e .

* e fg 8l o i A - Load, image, rearrange Rb & Cs

g it W2 & : 2 Cecs « Raman sideband cooling to 3D ground state
"™ 1066 i ‘ $Rb « Merge traps
E }
-15 10 5 1/20 5 10 15
Busch et al,,

Foundations of Physics
28, 549 (1998)
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Molecular assembly in optical tweezers W Durham

University
N A Loading
4 1 . 1 ,’A ’-A
§ A , _i_ . '/ ' I*
7§ & ‘i & &
= S
817 nm e im Rb
')
-Q .. <A Formation
s _*/ - ) . .
- 7 P ke W, « Magnetoassociation & STIRAP
TT— e | ‘i‘ . . . .
%t 7R ce Atom pairs remain on sites where

formation failed



Molecular assembly in optical tweezers
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Molecular assembly in optical tweezers
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Molecular assembly in optical tweezers
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Simultaneous Raman sideband cooling

Raman transition — Optical pumping — Repeat

é Y\ In Lamb-Dicke regime
(recoil energy less than

- 1
) UA \ motional state spacing)

n does not change

OP
n
n-1
| 1) | 1)
Narrow linewidth © L -
Resolves motional sidebands v o it =
| 1)

Spence et al,, NJP 24 103022 (2022) Each cycle removes one quanta of motional energy
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Simultaneous Raman sideband cooling W Durham

Three pairs of Raman beams — one for each axis

puggrg:lrzzgg\gz;ne (RB1 is common to all)

Laser table Experiment table

RB2

AOM2

—
-'

AOMla EOM 9.2 GHz

Independent AOMs:
detuning and Rabi frequency control Trap is a little elliptic due to clipping before objective
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Simultaneous Raman sideband cooling W Durham
Frperment tebie Group 1 x5 || Group 2 x10 || Group 3 x10

Zn-a X Zna Y Zp3 X Zp3 Y Zpo X Zp2 Y
AVEm Raman
Beams
RB2 /
B‘FieldE
OoP
Raman
Beams ~ R
» BTN B0 BN 01 l

Time
Start outside LD regime in axial direction — use higher order sidebands
Shaped pulses suppress off-resonant excitation of wrong sideband transition
Apply to Cs and Rb at same time. Each Raman pulse approximately a pi-pulse.
Rabi frequencies ~ 5 kHz (axially) and ~20 kHz (radially)
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Simultaneous Raman sideband cooling W

After 45 ms of cooling, the probabilities to occupy 3D motional ground state are
86(4)% for Rb and 95(3)% for Cs

Cs Rb
, Before RSC o Before RSC
5 ' | ¢ Radiall 5 [ m " 4 Radiall L,
E = 0.75r Radial 2 = Radial 2
L 3 E § x
T  §0.50¢ & 041 |
(v} o i o i
oY Mo2sp J’ \‘— =0.2r 1 /Ru’hlj‘
": ® H; I . .C c
0.00 | 7 '!—‘—h—|— 0.0 ’_J | 7~ 1
-125 -100 -75 75 100 125 -150 -100 100 150
2-Photon Detuning (kHz) 2-Photon Detuning (kHz)
0.8FT T T T - T T T
S Partial RSC o Before RSC -
® 0.6F ¢ Axial 1 ®o.4r ¢ Axial i
© 2 2 i
"X 2 0.4r 1 & X
<C ) =0.2r i .
i 0.2 1 } *|
Y il \ \
| 1 1 S0y o 1 1 1 e ® Adel
0'0-40 -20 0 20 40 0.0 -50 0 50
2-Photon Detuning (kHz) 2-Photon Detuning (kHz)

Spence et al.,, NJP 24 103022 (2022) Final temperature balance of cooling and heating



Merging Tweezers
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potential (arb.)

2.0 817 nm
1.5
1.0 1 s
L
]
2
o
a
0.5 -
0.0 -
—— Rb potential
—— Cs potential
-8 _I6 _|4 _I2 817Inrn 1065I nm

position (arb.)

Merging optimised to maintain
high population in ground state
of relative motion

Estimate >60% of atom pairs
are in (1,1)(3,3) and n,=0

rel

New method of forming molecules
Ruttley & Guttridge et al.,
PRL 130, 223401 (2023).

“Mergoassociation”



Formation of arrays of molecules
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Typically load 8-12 tweezers

Cs
Rb

Use 1D rearrangement of Rb and Cs

Molecule formation budget

Atom pair state preparation

Relative motional ground state
occupancy after merging
Magnetoassociation

0.93(3)

0.56(5)
>0.99

Molecule formation probability

@ Lo 9 v o e
- N w Y w o))
T ]

=
o

FEEis

R

B field ramp speed (G/ms)

B
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Aside: rearrangement W Durham
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o ¥ lﬂk e B SP3/2 (3'.3) 1500 £ Ik | No Rb { 0.1
ol VY Y A | 5 .' Rb
*RLA LV Y iV FWN, , /Sinage 1000 | i 5
& ¥ ’ mage = I ==Ep ==En| i
—— ’ . -~ L ' 8 : I 8. L
’ (2,2) @) 500 _ ,l |
L I
55”2 Rb 0 -_A_I—A—J_A—-I_A_I_ 0.0
——(fm)=(1,1) @ 0 500 1000

Detect errors mid-sequence with high-field imaging Camera counts

No longer post-selecting on molecule formation!

Recovery limit set by Feshbach loss, return STIRAP and

2 06 E loss of atoms due to imperfect state preparation
o L
e
S 04t
s Next steps
= .
8 02r » Scaling to more traps
i [  Direct detection of molecule
GU L L | | 1
0 1 2 3 4 5
Site index n

Ruttley et al., PRX Quantum 5, 020333 (2024)

see also Picard et al., PRX Quantum 5, 020344 (2024) 23



MW Spectroscopy
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Builds upon spectroscopy in bulk gases: Gregory et al. Phys. Rev. A 94, 041403(R) (2016)
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Microwave transitions & single-site addressing
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Add 817nm tweezer to AC Stark shift sites off resonance, global microwave pulse addresses remaining sites

1.0 gy
0.8 F
0.6 F

0.4
0.2

Molecule |G) occupancy

| Dt
: E

O

a f

B 1 =]
- ® With \ E
:_ 817nm ‘?\?’{
@,

Q) —=—

-100 —50 0
Microwave detuning (kHz)

@ﬁ@ @%@

\ Q, &
%o 1;
AR aé ()
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Pulse duration (us)

M MR | PR M B P
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Pulse duration ¢t (us)

PR (TR T L S 7 SR
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Ruttley et al., PRX Quantum 5, 020333 (2024)
see also Picard et al., PRX Quantum 5, 020344 (2024) 24



20
P Durham

University

Microwave transition with multi-state readout

Multistate readout key to microwave measurements
Mitigates leakage errors and loss/formation errors that would otherwise look like excitation to N=1

N=0
—~N=1_
s |
L I I T ! L) [ T
225 E‘B I l0,5)0 |1!6>O
RAP ==~ 3 10 o Sae 7
¥ p S = R s
: =i - 5 08
o (3] E -
o) Cs Cs
! S 06 =11}
H—_“B ® _Rb Rb
b P g = =
o © 0.4 H.* |
— ~ = Q
‘ ‘ T 02t .
AP 4 N 0 20 40 60 80 100 120
’ ‘.i. o Microwave pulse duration (us)
= n T~ N=1 array
T~ N=0 array

Ruttley et al., PRX Quantum 5, 020333 (2024)
see also Picard et al., PRX Quantum 5, 020344 (2024) o5
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Magic-wavelength tweezers WDurham
Added magic tweezer into imaging path — waist 1.87(5) um. Laser now locked to ULE cavity. - ‘_El TIRAP
Find magic detuning on (N =0,M,,=0) — (1,1) transition using Ramsey spectroscopy. *{'l"'f"l'_—l—'zXL
P e IJ‘ UHV
j‘h ;‘E !'? 100 100 J"""'”""';;" _ % ; i
* - * o L 75 F > 1 Camera
05 | s T . [ s0F o7 130 |
b ’ ‘h* . ,' i 22 _l{;’ - AOM
u (o a ~ ub t 355 Shieh e
W= == T [-25 £ ™ e £ 1145 nm
10FE ®m™ @ 3 & S0[50E.. ... ... o o
z Tify en r‘* 1 o [ o 10 20|30 40 - 5
§ ‘* g * B % L Trap intensity (kW/cm?2) = %
2 05 b i ; # ¥ 1 8 7 el ‘:, - = Sensitivity
o i & ' 2L e 2 2
il ol l\ * | Ii.* | **J{ c; 0'_ ..#'E"E‘:- :';__;_:_'_...Q--f"'__‘ E 93.9(3) mHz / MHz/(kW/cm?)
10 o §T’— ;;;;?Effff%, Trap detuning
)/ VP Wy o5 :"',Tf and intensity
I ' * * - ,//z
0.5 1y | Ih:’ ey (i (i Typical coherence assuming
'65,:.* b4 ¢nﬁﬁ 5ol 1 MHz detuning, 4 kW/cm?2
ooL M WY P T S and 4% intensity variation:
80 85 90 -650 -640 -630 -620

Ramsey hold time (ms)

Trap detuning from cavity mode (MHz)

~66 seconds!
25
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What about rotational coherence? D
Two tweezers 8 um apart so no interactions. Depth = 4 uK (3.6kW/cm?). Lifetime ~ 10(2) s.
(BIU€ fiagic6-95 MHZ, Red f,,..ic t28.4 MHz) — ~6 Hz difference in transition frequencies
1.0 = [T ¥ e P P e et e, s .S S S S [, S S ¥ —— S R L
0.8 $ i
[V ]
0.6 # i
- ,
= 04 -
0
: : -
g_ 0.2 fromgic + 28.54 MHz © ]
o * fmagic + 6.95 MHz ¢ |
” OO 1 1 1 1 1 1 | 1 1 1 ! | 1 f 1 | f f 1 L | L L f f | f L L L | L L L ) | 1 =
> 0 250 500 750 1000 1250 1500 1750 2000
1.0 T T T 7] | T T — ' |
- I - AUV I\ ; WA
[ : ? X 4 ? \ /1 IO $
: + % i | @ & A :
0.5 | _ : 1 # AR _ : , #
i : ‘ A ; ¢ [ [é \\//' : 6¢ :
0_0- IJ\. " L‘ ] + ‘+ -_‘ n L ;A“A_- -!. PR L 1-|

1 2 31 32 61 121 122 581 582 1701 1702
Ramsey hold time t (ms)
Measurement time

No spin echo. No dynamic decoupling. Just magic! > 2 seconds!
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What about interactions?
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Hppr = 5(57 35 + 37 8;)

Non-interacting Interacting
‘!\
& o o8 s
T_EU
[11) [11) o)
7N ¥ o
|+)
01), [10)] .-
e ST\
MW |_)
100) 100)

Ruttley et al., Nature 637, 821 (2025)

But for ~3 um separation and (0,0) — (1,1) transition, expect J ~ 5.6 Hz

Need to make both tweezers magic! Requires some trickery...

J/2~2.60(3)Hz £

F Y W vV VYNV V

Detuning A (Hz)

6 8

10

Probability P

1.0 pg—

0.8

0.4

0.2
0.0

1.0

0.8

0.4

0.0

0.6 - i

0.6

0.2

. Collective
excﬁaﬁon

100)

0 900 1800

Pulse time t (ms)
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Entanglement via spin-exchange interactions W Durham

[T(t)) = —e 2% [cos (2m2t) ||)) — isin (2720) [11)]

Spin-exchange interaction in Ramsey sequence

Evolve for % to produce maximally entangled state \%(Mi) — i) (- equivalent to Bell state |PT))

spin exchange
~86 ms E t M Measure coherence with parity oscillations
| Parity=P00+P11—P01 PIO
1.0 pe—r——tr—— 1.0 =20ms 1_"iﬂ""" ’ --1*,:
s> M y. 3
> S B 5 / !\ h /
3 a5 LR o] £ B *"\_ Coherence C= 096(2) ]
S 8 | o [ 4 * * r
o o 1 Y 4 & + “
0 0 - . a _ B X 0O -~ = g a0 } 0 0 I | /r.-” yv \ /
"0 100 200 300 400 ' _q b NI ¥
Ramsey hold time T (ms) State -1 —'—;— O -g- m

Readout pulse phase ¢ (rad)

Fidelity = 3(C + By + Byy) = 0.976%33%

Ruttl t al., Nat 637, 821 (2025 . :
HHiey et al., atlre (2025) (Automatically corrected for loss; otherwise O.924t8j8%2 )29



Competitive with state of the art
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CaF CaF

- 0.4 T - -
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0
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22t 6 )
AV N 3 . 5
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e s 04 - - :
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g T o e c " i
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T @ y, .LDD-" [a]
5 . Q‘t?"‘" o A i
12 14 16 18 2 22 24 0 50 100 150 200 250
P fern) Time (ms)

Cheuk Group
(Princeton)
Science 382, 1143 (2023)

Doyle group
(Harvard)
Science 382, 1138 (2023)

Fidelity, Fapay = 0.80(2) Fidelity, Fgpay = 0.89(7)

o NaCs

i, EEE, =F

0.8 — |e0)

Population
<o Q
IS =N
1 1

0.2 4

800
700 5
T 0.75
__600 05 3
g g
S 500 = 0§ B 05
= N
400 T
0.5 £ 025
300 2
1
200 A 3 3 . . R 0
2 22 24 2.6 0 05 1 1.5 2 2.5 3 [00) |0e) [e0) |ee)
R (um) Microwave phase (rad) Pair state

Ni group
(Harvard)
Nature 637, 821 (2025)
Fidelity = 0.94(3)
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Exploiting the richness of rotation — synthetic dimensions
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Advantages of synthetic dimensions:
» Increase dimensionality of the system

» Site specific tunnelling controlled with microwave fields
» Geometry easily reconfigured
» Single site detection trivial

&)
. & I

- * . * L 4

*
L4 *

+
*
L]

5

*
*
L]

Su-Schrieffer- 1D chain with Simulating 2D square
Heeger model periodic boundary gauge fields lattice
conditions

“Synthetic dimensions in ultracold polar molecules”
Sundar, Gadway, Hazzard, Scientific Reports 8, 3422 (2018)
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Extending to multiple rotational levels
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But — the magic detuning depends on the rotational-state superposition

1 1

1
—=(10) +[1))

(10) +11)) (11) +12))
V2 V2 V2
\\ \ ,//
1.0 A
4% 0.8 - \ "-
é\ 0.4 1 : Q
% 0.2 f R
1l 8
0.0 . . -
185.0 185.5 186.0 186.5
Laser detuning (GHZ)/
1 ~
— (10) +|2))

V2

Gregory et al., Nature Physics 20, 415 (2024)

O (N My

‘\/‘
.‘ |
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2035

)
A 2
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|2

(2,2)
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1.96 GHz . )
|1)
\
v \" ' ¢
Y 1
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0.98 GHz |0)
' °
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Origin of rotational dependence

Transitions controlling the polarizability shift due to
rotational structure & selection rules

— 3 . 2B
b3, — T 2 N Ng 16 p=0 At 185 GHz — isotropic polarizability is slightly N dependent
— 1 = Compensate with small anisotropic polarizability
0 b §
I
X =
(2,2) < =104 — (0,0 E 0.01 - @ =0 : | 35'155\
' = e (1,2} o =0 S
X13+ (3% B _sp | = 0%
— (0,0) ' ' Y 0.00 ' ' =
I
. = <,
—_—3 ~ 20 ﬂi I 'i i < Y. 5(0) _ 5(0)
I b= hil "I il |[3 90 = g - . ag —ay
3 1 10 - I I I'I S =54_7°
oMy —7= 7 2 N = 'y'l |,-|’| T g
7v|—|7¢ 1 E 0 - _5.’.Irl I,I’ | S ?)490
_I_I7F|_L 0 N | —~ —0.02
il < I 1" | JoF 7™ ' ' ' '
1 11 I I = g LI »{Ill 185.2 185.6 186
N | (2.2) é :I'i' :, :l :l' Tweezer Detuning A (GHz)
i+l a1 % -204 ¢ Nl
(0,0) -5 0 5 We can measure this in tweezers!

Tweezer Detuning A (GHz)



Extending to three rotational states
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Measure magic detuning for different superpositions.

(a1 — ap)/h (Hz/(W/cm?))

(an — ay)/h (Hz/(W/cm?))

i} | 351 &
0.01 ayi=0 I’ <§
1L3s0®E
0 00 T | 5
&
\\00 dgo) L &(10)
—001 = B=547o
oS
~0.02 - (28
| T T
185.6 186
-
Y <
ré
A
/Iu
Vs
V4
/
/7
Y 0° 90°
O (0,0)«—(1,1)
A AT(0,0)— (2,2)
(1,1)e—(2,2)
T T T
186 187 188

Tweezer Detuning A (GHz)

Parallel polarisation is better!



Extending to three rotational states
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Measure magic detuning for different superpositions

(a1 — @g)/h (Hz/(W/cm?))

(an — ay)/h (Hz/(W/cm?))

i} | 351 &

0.01 a®=0 l’ <5

| 350°E

I

0.00 '
&2
\\00 dgo) L &(10)
—001 = B=547o
oS
~0.02 - (28
| T T
185.6 186
-
Ve
V4
7/
v
y 0° 90°
O (0,0)«—(1,1)
A A (0,0) > (2,2)
(1,1)e—(2,2)
T T T
186 187 188

Tweezer Detuning A (GHz)

Parallel polarisation is better!

Ramsey contrast C

Lower-state population

Map out fringe contrast for 0.5s Ramsey time

1.0 A AR (0,0)¢=(1,1) &
// A | (1,1) e (2,2)
K + (0,0)—(2,2) 4
0.5 - / '
Fits all consistent with
0.65% intensity noise
R & | e e
184.8 185.0 185.2 185.4 185.6
Tweezer detuning A (GHz)
1.0 —— i R0 j O
n S A 0 M A
7 : . 3”;; 4 LITARG
AN AN Y/ SRR §
0.0 & 4  EE—
498 499 500 501 502

Ramsey hold time T (ms)

High contrast for all three superpositions
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Three level generalised Ramsey sequence W Durham

Prepare coherent superposition of 3 rotational states, evolve, close Ramsey interferometer. Multistate readout.
00 (1,1 (2,2

2,2) 7 [|&@) F (A i [le
+ = |
(1,1) 17| |@®) LSS — > / (A ] !i:!
+ |-—dI [l | g
(0.0)|e®) / \|e®) / A R o

Next: interacting spin-1 system OR mapping to spin %2 hard-core bosons / t-J models:

Homeier et al., PRL 132, 230401 (2024 ); Wellnitz et al., arXiv:2409.05109; Qiao et al., arXiv:2501.08233 ”
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Extending the magic trap to more levels W Durham

Prediction assuming 7 = 4.6(3) kW/cm? and intensity noise of 0.1%

§ 01
= -25- o .
N Crossings indicate predicted
g =50+ magic detuning for different
= | - F rotational superpositions
(e _75 ‘_}f
|
§ —-100
~ 1018
-~ £ 10% ol TTeg .. Estimated coherence time
* = - -0 " . .
s r . for all superpositions involving
+ 10 *ed.
€ 051 ks $eeeen, N=0to 10
E 1 ; ' !
0.0

170 180 190 200 210 220 230
Tweezer detuning A (GHz) o5
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Example: Su-Shreiffer-Heeger (SSH) model W Durham .

- 1D lattice model with topological features | | | | | |
« Developed to describe conductivity of polyacetylene B T R T
« Chain with two alternating tunnelling rates ! | ! I I I

N=4
. . QA
E.g. minimal 4-level model
N=3

Perform spectroscopy on
N =0 — 1 transition

See similar work in Rydberg atoms:
Browaeys, Killian, Gadway, Deiglmayr...
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Example: Su-Shreiffer-Heeger (SSH) model

15 15 —T 1.0
(a) =2 (b) BT : : (0
- i e wrey
P : (i) (i) (i)
” i : 3
10 -7 BUIk StateS 10 : : -
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E -E D o5
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< c E 0.0 “
m 0.4 g — 100 -75 -50 —25 00 25 50 75 10.0
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Q
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(4-levels O, = 2.3 kHz, Qg = 13 kHz)

Eigenstate composition

= £dge states —

N=2 N=3
Site index

N=4

|4>
I
3>
o
2> Y-
Q4
|1>
|4>

13>

[2>

:o"?'l':o‘
> @ >

=
A%

N (norm.)

5188t il 4 o'oc.é | Lt

JTOCITR e i T
0 2 4 12 14 16 30 32 34 60 62 64 100 102 104

Prepare in N =1 (~ superposition of eigenstates)

b A A

Wo>=|1>

N
@

0 2 4 12 14 16 30 32 34 60 62

_ SSH Time (ms)
|Wo> =(|1> +[4>)/V2

SSH Time (ms)

Prepare in superposition of V=1 and 4 (~ an eigenstate)
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What about lattices?
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First observation of spin-exchange interactions W Durham
University
Letter Published: 18 September 2013
Observation of dipolar spin-exchange interactions with
lattice-confined polar molecules Perform Ramsey interferometry
Bo Yan, Steven A. Moses, Bryce Gadway, Jacob P. Covey, Kaden R. A. Hazzard, Ana Maria Rey, Deborah S. )
JinB2 & Jun Ye & n/2 Tt /2 3
n ~
Nature 501, 521-525 (2013) | Cite this article T1/2 1/2 'J_' &
;
3D lattice with ~10% filling ”
302 + Pulse sequence to suppress
1.0 s + | pair-wise dipolar interactions
& + (contrast decay now due to interactions
5 a] | of multiple molecules)
g TR Spin echo - oscillation due
© 05- { to spin-exchange interactions
(removes single particle dephasing)
Using KRb molecules N.O spin ‘?Cho .
(single particle dephasing)

(0,0) & (1,1) X010 20 30 40 s0
T (ms)



Quantum gas microscopy
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Article = Published: 01 February 2023

Probing site-resolved correlationsin a spin system of
ultracold molecules

Lysander Christakis, Jason S. Rosenberg, Ravin Raj, Sungjae Chi, Alan Morningstar, David A. Huse, Zoe Z.

Yan & Waseem S. Bakr &

Nature 614, 64-69 (2023) | Cite this article

2D lattice with ~10% filling

Perform Ramsey interferometry

/2 F 1 /2

Y T/2 L4 T/2 n

z
> Y
X

Observe correlated XY spin dynamics

‘ 0135 0.5F + + +
. %ﬂ\ 20.4 3 ++ + ++ (} ++é+ oo
0.30 YR A PP R AR b ANy oA
% f + 2 oo} b ## N + +
L ﬁ % 8 o4l ¢ ¢¢ ¢ ¢ 2X]
E 020 +++ w + ap .
g * ./ \y/ osf °
Eos ¢i}+\?j/ © o4t —~ 2
0.10 g osf ¥
B o5l Pad b gy ub =
2 g2 $ % %
ol . S0l b 4.4 +¢¢+é¢”“ FAETRAX.
L ofpe”
’ ‘ %0 2 4 6 8 10 12 14 16 18 o5k
- Time T (ms)
é %10 - —a 2ms 6ms 14 ms Cla) 2 04F
010 H my=-1my=0 my=+1 1 2 o3p
&0 \ £ & 0.4 © 0zl
@ L3 g o
TNV SRR BT U] .
% s = Z Gotee ¥ i v s iy s
0 A 5 3 0 3 3 0 3 3 0 3 0 0 2 4 6 ] 10 12 14 16 18
5 10 15 20 |‘T> N=0 my = 0 Shift 5 (a,,) Time T (ms)

Radial distance (a,,)

Using NaRb molecules

Ramsey phase set to leave molecules in [¥) which is dark to detection
Interactions entangle pairs producing oscillations between [{{) & |T1) c.f. tweezers



: AR
Quantum gas microscopy W Durham

Article = Published: 01 February 2023

Probing site-resolved correlationsin a spin system of
ultracold molecules

Lysander Christakis, Jason S. Rosenberg, Ravin Raj, Sungjae Chi, Alan Morningstar, David A. Huse, Zoe Z.

Yan & Waseem S. Bakr &9
- Floquet engineering of XXZ model
Natire 614, 64-69 2023) | Cite this artidle (frequent rotations around the Bloch sphere such that the molecules
evolve for an equal time under H,, and H,, time-averaging to H,,,)

2D lattice with ~10% filling

n 06
w2 = n2 . L‘E [&[E + # ] +
g 04 # 9 4 s ¢ %
Hiy ¥ Hy ¥ Hyz 3 Hiey E B2 . é
; , o o
i i f 4 i ole
' Z ¥ Time ' o0&l I &
N e G
f 'ff/,j—\v z( \ [ 4z r|/ \\ § 0. = e ¥ ' 9 ; $
| l\{_;j ook / “{._,) \__F_/ 2" ozt & @
‘ﬁ Y z 8 - "
\’-”’ ; i} '?
_ 100 B—y ¥ |1 | A
0.15 ’?_'* Nl¢_>10 ' . ; i * B d : ' il E 0.4
.E = L
S b=t ‘} I 075 " 5 g ®© g
010 " my=-1 my,=0 my, = +1 = 3 T ot T g sl .
g T : 8
$ 0.05 o \ / 0:s0f - . . . . . : . o« ; . . . . . .
< . Li] 2 4 & ] 10 12 14 o 2 4 & ] 10 12 14
= |T> Mo i Time T jms) Time T (ms)
= . mN:

Rad}al d|stance (a,at)

Using NaRb molecules
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Recent advances W Durham

Article  Published: 11 September 2024 . B = . . . _
Two-axis twisting using Floquet-engineered XYZ spin | Obseryatlon .of gene.rallzed t-J spin dynamics with tun
able dipolar interactions

models with polar molecules

VID WELLNITZ .SEAN R MULEADY JUMNYU LIN KRZYSZTOF P ZAMARSK|

Calder Miller &, Annette N. Carroll, Junyu Lin, Henrik Hirzler, Haoyang Gao, Hengyun Zhou, Mikhail D.

fewer = Authors Info & Affiliations

Lukin & Jun Ye &4
SCIENCE - 24 Apr2025 - Vol 388, Issue 6745 - pp. 381-386 - DOL 10.1126/science.adq0911

Nature 633, 332-337 (2024) | Cite this article

Study Ramsey contrast decay rate k as a function of

Benchmarking XXZ spin dynamics _ _ ! Sk _
interaction anisotropy X = J. — J | & motion in lattices

Electric field vs. Floquet engineering

Electric field (kV crm) Electric field (kV cm-)
g 27 A5 65 12.7 gg 0 27 45 65 127 Electric Field (kV{cm) Electric Field (kV/cm)
1.0 27 4,56 6.5 1272 10 27 4.56 6.5 12.72
&
5
W 61 i @
U? = —
2 S—
| = _ S5
L L L L L L L L L L L L L ¢ ._‘U Q A
-200 -150 -100 -50 0 50 100 -200 -150 -100 -50 0 50 100 Iu; T
x/(2m) (Hz) #/(2m) (Hz) ®
w
a z < CH == == = = = ‘I=' 2r i
0.4 - _:'_
o o,g'/ fa g omBB88n k4
2 s o i :/ & loggaoo o /.J
. . s ¥ 2 [ | S R S e R SR St et e e e e TT:.-.-Tﬂ—.-.'.'._._'......-
Then use Floquet engineering = <+ |looesss i
) - ) 0 Mzai(:ad)a/z" 2 0 rdzw:rad)a/zn 20 mg ¢
to realise TAT Hamiltonian “.l A
NS TR o &ty gobeg , 2300 -150 -100 50 0 50 100 200 -150 -100 50 O 50 100
g . e X (Hz) X (Hz)
L] 2 n 3/2rn 2 0 n/2 n 3/2n 2n
¢ (rad) ¢ (rad)
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Our work on lattices

Quantum gas microscope: » DRSC of both species in 3D MOT chamber
» Fast moving-lattice transport to cell (~30 ms)
* Duty cycle < 30s

Cs 2D MOT

&‘,)

£

¥ >3t
: :=.

- = )

37.2 cm

Matthies et al. PRA 109, 023321 (2024)

» Sequential transfer and separate cooling

A/v/2 = 810nm, J ~ 280 Hz

See also:
Bakr group: Nature 614, 64-69 (2023)




Dual-species BEC

P
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University

Quantum gas microscope:

‘ ‘ Cell

A/v/2 = 810nm, J ~ 280 Hz

See also:
Bakr group: Nature 614, 64-69 (2023)

Science

« Sequential transfer and separate cooling

Produce separated
dual species BECs
(ready for lattice loading)

OR

Merge thermal clouds
and make ~3000
RbCs molecules

Cs 0D

Int CD

Int QD

15 4

1 mm

m— (s Density
m—— Dthermal

== Psec

1 = Rb Density

== Drhermal
"= PBEC

41



Lattices: put the molecules closer together!
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Quantum gas microscope:

Science
Cell

L1~

< 4

A\/V2 = 810nm, J ~ 280 Hz

See also:
Bakr group: Nature 614, 64-69 (2023)

Occurences

Imaging in 2D lattice + light sheet

0 3000 1500
= = O
My - 2000 B@ #1000
o =
) 1000 B Qg 500
5pum 5um
& 0 H 0
. 2000 ;
i @ 1500 i
] U 1
1 S 1 1
i 2 1000 1
1 3 1
I S 500 !
1 1
0 50000 100000 0 20000 40000

Counts in 8x8px ROI

Counts in 8x8px ROI

...............
..........
...............
...................
.................
..................
...................
...........
...............
...............
...............
.............
..............
oooooooooooooooo
...............

..........

.................
..............

---------------
...............

Parity projected Cs cloud 41



Lattices: put the molecules closer together! W Durham

Quantum gas microscope:

Science

‘ Cell

A/v/2 = 810nm, J ~ 280 Hz

See also:
Bakr group: Nature 614, 64-69 (2023)

University

Detecting single molecules in a bulk gas:

Molecules confined
in light sheet

7 m
Dissociate

75

OYOYOYO!OYO’

\_____/I
'\______/l
2

81810!8!0!6)

Pin in
2D Lattice

to atoms

one species

;‘:'_'.-d‘”o.x . K
PGC Imaging -257
RbCs
50 0 50
y (um)

See also “Continuum microscopes”

T. de Jongh et al. PRL 134, 183403 (2025).

R. Yao et al PRL 134, 183402 (2025). 26
J. Xiang, et al. PRL 134, 183401 (2025).
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Lattices: put the molecules closer together!

Quantum gas microscope:

Multistate readout of molecules
) MOT RbCs N=0 — Rb RbCs N=1 — Cs

Science

Cell
» Take 3 images in each experimental run

_ Image Rb Only Image Cs only Image both Reconstruction

A/v/2 = 810nm, J ~ 280 Hz

c.f. Covey et al., New J. Phys. 20, 043031 (2018)

See also:
Bakr group: Nature 614, 64-69 (2023) 27
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Lattices: put the molecules closer together! W Durham

Quantum gas microscope: _
Multistate readout of molecules

RbCs N=0 — Rb RbCs N=1 — Cs

Science

Cell
‘ Rabi oscillations with multistate readout

°
2]
£
S 1000 A ®
‘g e GCs
2 500 e RDb
£
=]
=
0 -
T T T T T T T
0 50 100 150 200 250 300
A/\/ﬁ = 810 nm, J et 280 HZ N=0 -> N=1 Pulse time (us)

See also:
Bakr group: Nature 614, 64-69 (2023) 27



Lattices: put the molecules closer together! W Durham
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Quantum gas microscope: _
Multistate readout of molecules

RbCs N=0 — Rb RbCs N=1 — Cs

800 - N=1
+ Local
o0 | ALy addressing
1100 4 N=O
)\/\/§ = 810nm, J ~ 280 Hz
See also: Still a lot to do, but moving towards many-body physics in lattices

Bakr group: Nature 614, 64-69 (2023) with single molecule and single site detection 41
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Future: prepare molecules in lowest band of magic lattice

week ending

PRL 118, 073201 (2017) PHYSICAL REVIEW LETTERS 17 FEBRUARY 2017

Quantum Engineering of a Low-Entropy Gas of Heteronuclear Bosonic Molecules

14
in an Optical Lattice
12
id Lukas Rcichséllnﬁr,' Andreas Schindcwo]f,' Tetsu Takf:kos['li,"2 Rudolf Grirm‘n_.]'2 and Hanns-Christoph N'zigcrl'
a !Institut fiir Experimentalphysik, Universitit Innsbruck, 6020 Innsbruck, Austria
O o8 % Institut fiir Quantenoptik und Quanteninformation, Osterreichische Akademie der Wissenschaften, 6020 Innsbruck, Austria
8 (Received 22 July 2016; revised manuscript received 13 December 2016; published 17 February 2017)
06
04
2 L 02
1 mm iz
00 0.0
151 m— Cs Density
8 = Dthermal
o *=== PgeC
£
0 E
C J R
) 30] — Ro Density
8 == Prhermal
o " PBeC
=

x Achieved 30% filling of Feshbach molecules
New STIRAP route: Das et al., SciPost Phys. 15, 220 (2023)

XY Quantum magnetism and t-J-V-W models (Gorshkov et al., PRL 107, 115301 (2011))
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Questions?
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Controlling collisions
Loss of molecules
Shielding
BEC




Early KRb experiments showed loss
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Quantum-State Controlled Chemical

Reactions of Ultracold
Potassium-Rubidium Molecules

S. Ospelkaus,’* K.-K. Ni,»* D. Wang,* M. H. G. de Miranda,* B. Neyenhuis,* G. Quéméner,*

P. S. Julienne,? ]. L. Bohn, D. S. Jin,*t ]. Ye't

Science 327, 853 — 857 (2010)

&~ 04 ———
b

2 et

£ 08 " 88 -
— i —> |
N '\ A

= D2t .
L T = 250 nK

[} . B =3.3(7)x10'2 cm?¥s

[

@ 01 }.\g

=) a0

o il S -

> . . -
= 0 4 6 8

Decay Coeff. B (10-12 cm3/s)

= N
o
o

—
(9]
AL
T y \K

o
o

Chemistry!
KRb + KRb — K, + Rb,

m—

ik
o
T T

e [-4,1/2)
o 1-4, 3/2)
®  50/50 mixture

9]
T T

L. T

o

" 02 04 06 08

Temperature (LK)

1.0

1 s-wave

| p-wave

]
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Where do our molecules go?

But...

Stable against reactive collisions

4000
RbCs+RbCs >¢Rb, +Cs,
3000
TABLE II. Energy changes A E, for the reactions 2XY — X, + 2
Y (in em™"). The quantities in parentheses are uncertainties in the 3
final digit(s). %
=
Na K Rb Cs 5 2000
@
Li —328(2) —533.9(3) —618(200) —415.38(2) E
Na 74.3(3) 45.5(5) 236.75(20) 3
K —8.7(9) 37.81(13) 1000 -
Rb 29.1(1.5)
: ¢
Zuchowski & Hutson PRA 81, 060703(R) (2010) .
0.0 0.5 1.0 15 2.0 25 3.0

Hold Time in Dipole Trap (s)

Experiments on NaK and NaRb
show similar behaviour
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Not all bialkall molecules are reactive! W Durham

_ s M_=5s
P  18145G <3 o g § ! ground state |
= 4 1047G £ %

|
L=5NOT 1 g

. ot
| ground state ! g

F 4004 0 50 100 150

2 4 \ magnetic field B (G)

5 A - \I

b %

< 200{ \#Nf4¢ 1T 4
5 & .

*
0 200 400 600 800 1000
hold time in trap 1, (ms)

RbCs - Takekoshi et al., PRL 2014

|
g
ﬁ/
o2
Qs
o
L, (107" cm'/s
=




Not all bialkali molecules are reactive!
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Ground state molecules  Ground state molecules

3000 T T T

2000

1000+

3000

2000

1000

T
~ 10fiG1) 2
3

£
£ °

00 0 100
Det. 55/(2n) (kHz) ]
< [ via [E1)
ol . -
0 1 2 3 4 5
T T
~ 1.0} |G2) 1
B
< o5
@
100 200

1 1 via [E2) ¢

¢ Det. 52/(2n) (kHz) |

0 1 2 3 4 5
Hold time (sec)

NaK — Park et al., PRL 2015
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Not all bialkali molecules are reactive! W Durham

What is the mechanism for the observed loss?

“Sticky Collisions”?
Mayle et al., PRA 87, 012709 (2013)

o v=0
© 10 B oy=1
X ~-== Fit for v=0
b —Fitforv=1
0
E
3
L
i P
= :
Q
o
o
=

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Holding time (s)

NaRb - Ye et al., Sci. Adv. 2018




Molecular scattering is highly resonant "
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Even simple diatomic molecules collide on anisotropic 4-body potential energy surfaces!

4-body collision complexes can have
fairly deep wells (1000 to 2000 cm-")

&
g ]
G = V=2, N=1,2
= V=1,N=1,2
V=0, N=1,2

Rovibrational ground state
(incoming / outgoing channel)

7
7y
7
-
\/ a . 8

High density of states near top of well
associated with vibrational and rotation

Scattering is highly resonant!
Observables averaged over many resonances

U.et (le)

ln—l5

RbCs + RbCs elastic cross section

167?

“]—IZ

o1 I

107

10-° Egw
collision energy(K)

From a statistical treatment with
model potentials to estimate DOS

Mayle et al., PRA 87, 012709 (2013)



Molecular scattering is highly resonant
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Even simple diatomic molecules collide on anisotropic 4-body potential energy surfaces!

4-body collision complexes can have
fairly deep wells (1000 to 2000 cm-")

&

g |
io —— V=2,N=1,2,...
; ———  v=1,N=1,.2,..
V=0, N=1,2,...

Rovibrational ground state
(incoming / outgoing channel)

High density of states near top of well
associated with vibrational and rotation

Scattering is highly resonant!
Observables averaged over many resonances

Can lead to “sticky collisions”
= The formation of long-lived
4-body collision complexes

T = 2nhip

~

Density of states
(Estimated from model potentials)

Mayle et al., PRA 87, 012709 (2013)
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Courtesy of John Bohn, Santa Barbara

* EDI note: other insects are available
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Courtesy of John Bohn, Santa Barbara




: U]
Complex formation and loss W Durham

“Sticky Collisions” If long-lived collision complexes Requires ‘long’
Mayle et al., PRA 87, 012709 (2013)  collide with a molecule — LOSS! Complex lifetime

Trap laser limits lifetime New DOS calculation shows complex For (RbCs),
Karman et al., PRL 123, 123402 (2019) lifetimes too short for collisional loss 0.25 ms

But laser excitation very fast !!

10 - T T
20000 - 35T BT and XD 4+ BT §
- 10°F
10 um 2
1 : . 1
[ /
15000 | —~ 10 P Flaser > -y
= 'w 107F 1550nm 1064 nm
€ 10000 = :
S g 10°) 4 Z
Ly F—%& : A Pl I a4
5000 1064nm 10°F /[ & E == Ty g
} : / i [ Dis
Ayt 4 xint 107 / : -
04 ( X +X 4 P Ty
10-6 H | f | [l T T |
I T T
L 10 1% 20 0 2000 4000 6000 8000 10000 12000

R(ao) qu(cmfI )

In both cases, if complex formation is
rate-limiting step expect 2"d order kinetics



Confirmation of optical excitation 1
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Final Molecule Sample Dark time (ms)
N=4000, T =15 K, npy = 107 o (ipgekosive g e
o . _ AN Stagﬁgr?r:\éfs ' Estimate for
Fits to a two-body " (2101) complex lifetime
30001 decay process g RbCs, + Rb 517'15009 14 =0.53 £ 0.06 ms
2 = (1981) O~
< k, = 4.8(6) x 10" cm3 s = Rb,Cs + Cs £ 2250
.gzooo 1? (29.1) 2 + 0.2
£ Rb, + Cs, - 1é’ooo .
= Incident =
1000- energy =——— 4-body CO”'S'OQJ)}@@ |
RbCs: — (RbCs), complex 5 g
[ : , + —
00 os Al i;-g e Tzrfp ay 28 AR RbCs : =  Should dissociate backoo -
=  into free RbCs moleculesb -
? 250 -
RbCs +RbCs>4 Rb, +Cs, — 2o —T T o I
E=5a om frmod (kHZ)
Gregory et al. Nat. Comms. 10, 3104 (2019)

Gregory et al. PRL 124, 263402 (2020)
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Confirmation of optical excitation 2

Ni group — direct detection of the collision complex allows measurement of lifetime

Molecule production 04— T . T I T
HTEE? "92“ Transfer track g‘___;- I:|106 4 nm Iight - 0.4 = : . . i
i 5 — ;| "Kill"
: w02] "H" ODT 1
0 8 s R T N S e S i
. 5% :, | |
MOT” chamber - -50 -40 30 20 -10 0 10
c Time (us)
O =l il il b
— 1 T
...... N,
4 g
- —-K2Rbi fit %
K § K2Rb2 counts i
)
; S
lon spectrometer O Los } - 3
506 s t ! -
o g 0.6
T i
. . . 204t S04
Experimental lifetime 360 + 30 ns 8~ 8
- §02
— !.. _________________
Theory prediction 170 £ 60 ns 021 % & 46 45 Z0 |
P Tme(us) "
O | | | 1 1 1 1
-1 -0.5 0 0.5 1 15 2 2.5

UV delay (us)
Liu et al., Nature Physics 16, 1132—1136 (2020)
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THE JOURNAL OF

PHYSICAL
CHEMISTRY He®

A JOURNAL OF THE AMER|CAN CHEM|CAL SOCIETY

pubs.acs.org/JPCA

Ultracold Sticky Collisions: Theoretical and Experimental Status
Published as part of The Journal of Physical Chemistry virtual special issue “Cold Chemistry”.
Roman Bause, Arthur Christianen, Andreas Schindewolf, Immanuel Bloch, and Xin-Yu Luo®

*} Cite This: J. Phys. Chem. A 2023, 127, 729-741 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations |

ABSTRACT: Collisional complexes, which are formed as intermediate
states in molecular collisions, are typically short-lived and decay within ‘ ¥ ‘ —
picoseconds. However, in ultracold collisions involving bialkali molecules,

complexes can live for milliseconds, completely changing the collision

dynamics. This can lead to unexpected two-body loss in samples of

nonreactive molecules. During the past decade, such “sticky” collisions

have been a major hindrance in the preparation of dense and stable

molecular samples, especially in the quantum-degenerate regime. (D
Currently, the behavior of the complexes is not fully understood. For ®,
example, in some cases, their lifetime has been measured to be many

orders of magnitude longer than recent models predict. This is not only an

intriguning problem in itself but also practically relevant, since under-

standing molecular complexes may help to mitigate their detrimental effects.| Here, we review the recent experimental and theoretical
progress in this field. We treat the case of molecule—molecule as well as molecule—atom collisions.
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How do we overcome this problem?

Use dipolar interactions to
shield collisions!
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Resonant collisional shielding using electric fields W Durham

Barrier prevents molecules from reaching short range where the chemistry happens
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