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Optically trapped ultracold polar molecules offer a rapidly maturing platform for quantum

science. Due to their strong, long-range, and tunable dipolar interactions, these systems are par-

ticularly suitable for realizing spin-motion models with rich many-body physics. However, the ad-

ditional complexity of molecules compared with single atoms makes production of ultracold gases

and control of interactions challenging.

In this thesis, I discuss our efforts to improve production and control of ultracold molecules

and to explore the many-body physics arising from their interactions. Using a spin encoded in

rotational states of fermionic 40K87Rb molecules, we demonstrated tuning of Heisenberg XXZ

models with electric fields and Floquet engineering of XYZ models with microwave pulse sequences.

By additionally regulating motion with optical lattices, we realized highly tunable generalized

t-J models, relevant to quantum simulation of strongly correlated materials. We used Ramsey

spectroscopy to explore the out-of-equilibrium dynamics of these systems, observing one- and two-

axis twisting at short times, and dephasing due to dipolar interactions and their coupling to motion

at longer times. These methods could be used to generate spin-squeezed states relevant to precision

metrology.

In addition to controlling interactions, observing new dynamics and phases predicted for these

models requires preparing low-entropy initial states in bulk or lattice systems. I present progress

towards producing a deeply degenerate Fermi gas in an isolated 2D layer, enabling control of the

anisotropy of the dipolar interactions. Using a tunable-spacing optical lattice, we compressed a

K-Rb mixture into a quasi-2D geometry, producing 2D molecular gases below the Fermi temper-

ature. I discuss prospects for improving molecule production and evaporative cooling into deep

degeneracy.
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Chapter 1

Introduction

”[Magnets], how do they work?”

Miracles – Insane Clown Posse

Advances in quantum science depend on improved control of increasingly complex systems.

Over the last century, scientists have learned to probe and manipulate internal degrees of freedom

of atoms and molecules using electromagnetic radiation [1, 2]. This understanding led to the

development of the laser [3], which enabled the cooling and trapping of neutral atoms at ultracold

temperatures [4]. These trapped atoms provided suitable starting conditions for evaporative cooling

[5], leading to the creation of quantum degenerate gases of bosonic [6, 7] and fermionic [8] atoms.

Tools for local control have also been developed, allowing preparation and detection of single atoms

in optical lattices [9, 10], tweezers [11] and cavities [12]. Currently, atomic, molecular, and optical

(AMO) physicists are working towards scaling to larger systems [13] and lower entropies [14] and

quantum control of more complex particles, including even polyatomic molecules [15].

Two major themes in quantum science that are enabled by enhanced control are application

of AMO platforms to the study of the many-body physics of interacting quantum systems, and

to precision spectroscopy with applications to metrology or fundamental physics. The many-body

physics direction is motivated by the rich phenomena of solid-state systems, like magnetism [16],

high-temperature superconductivity [17], and quantum Hall physics [18]. Direct observation and

manipulation of electrons in solids is difficult, and precise measurements can be hindered by defects

in materials, often limiting microscopic understanding of phenomena. A complementary approach
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to studying condensed matter phenomena, known as quantum simulation [19, 20], is engineering

quantum systems that have the same essential physics as a material of interest, but are assembled

from constituent particles that are easier to control and detect. Atoms in optical lattices or tweezers,

representing the electrons in a material, are a powerful platform for quantum simulation. Ultracold

atoms can strongly interact at micron distances, so standard optical microscopy techniques can

resolve single particles. This is impossible at the angstrom scales of lattices in a solid. A variety

of representative Hamiltonian terms, including hopping between sites and short and long-range

interactions, can be generated [21] and tuned into regimes where materials exhibit interesting

phases. Notably, the system parameters are widely tunable by changing the applied potentials or

electromagnetic control fields, as opposed to condensed matter systems, where different samples

or materials are required to access different regimes. Using feedback control [11] or evaporative

cooling [5], thermal states, including low-temperature phases [22], or interesting out-of-equilibrium

initial states can be prepared. In addition to condensed matter systems, quantum simulation can

also be applied to study of phenomena from high energy physics [23, 24]. I briefly introduce the

most relevant models for quantum simulation in Sec. 1.2.

Another exciting direction within AMO physics is metrology and precision measurement.

Because their spectra and response to perturbations are well-understood to a high degree of preci-

sion, cold atoms and molecules can be used as sensors for a variety of phenomena. The possibility

to prepare large numbers of identical particles gives these sensors excellent statistical uncertainty

and helps with rejection of systematic errors. Atomic spectroscopy underpins the definition of the

second and the development of the most accurate clocks [25], along with sensors for motion [26] and

electromagnetic fields [27, 28]. In addition, spectra depend, sometimes sensitively, on fundamental

constants and symmetries [29]. Spectroscopy can therefore measure these quantities, and test or

constrain fundamental theories or potentially enable discovery of new particles.
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1.1 Quantum science with ultracold molecules

Optically-trapped polar molecules may enhance the capabilities of the next generation of

quantum simulators [30, 31]. In addition to the features of ultracold atoms, molecules possess rich

internal structure, allowing selection of states with desired properties or for multiple levels to be used

for realizing more complex models. Their electric dipole moments both provide a handle for control

with external fields and lead to long-range dipolar interactions between molecules. As in other

platforms used for quantum simulation such as Rydberg atoms [11, 32], these dipolar interactions

allow the study of quantum magnetism in spin systems. Unique to molecules, the dipole-dipole

interactions are between long-lived states and can reach energy scales comparable to the molecules’

kinetic energy. This allows realization of a rich space of models incorporating both spin and motion,

which are important for simulating materials like high-temperature superconductors [17].

Molecular level structure is also beneficial for precision measurement [33]. Notably, because

of strong internal electric fields, molecules are orders of magnitude more sensitive to charge-parity

violating effects like an electron electric dipole moment (eEDM) than atoms. Experiments using

neutral molecules [34] and molecular ions [35] have set constraints on the eEDM, with prospects for

improvement using trapped molecules [36]. In addition, certain dark matter models predict time

variation of fundamental constants, which could result in detectable variations of molecular energy

levels. Entanglement between molecules could enhance the sensitivity of precision measurements

[33].

The additional complexity of molecules as compared to atoms imposes challenges for both

areas of application [30]. Both rely on initialization of molecules in a well-defined internal state out

of the dozens that are often present even in the ground electronic and vibrational manifolds, and

high-fidelity detection of the molecules, which are generally difficult to directly image. Exquisite

control of the molecules’ position and motion is additionally required for many-body physics ap-

plications, which often require a deeply degenerate bulk gas or ordered states in optical lattices

or tweezers. Preparing large, ultracold samples and preventing collisional loss due to chemical
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reactions is essential for these applications.

In the past two decades, the ultracold molecule community has overcome many of these

challenges and made extensive progress towards production and control of ultracold molecules. Two

leading approaches to molecule production are direct laser cooling and assembly from ultracold

atoms. Direct laser cooling [37, 30] has produced magneto-optical traps (MOTs) of molecules

with alkali-like (SrF [38], CaF [39], CaOH [40], . . . ) or alkaline-earth-like (YO [41], AlF [42])

electronic structure from cold molecular beams [43]. This approach requires species with diagonal

Franck-Condon factors1 to suppress decay into excited vibrational states and design of laser-cooling

schemes to ensure rotational closure [44]. Sub-Doppler cooling enabling loading of optical tweezer

arrays [45, 11] and production of gases at relatively high phase-space densities (PSDs) [46]. Optical

pumping [36, 47] can prepare samples in a single quantum state and the same cycling transitions

used for laser cooling allow fluorescence imaging.

An alternative approach is assembly of molecules from ultracold atoms. Well-established

methods enable preparation of deeply degenerate atomic gases [48, 49]. These can be associated

into vibrationally excited molecules using a Feshbach resonance [50], then optically transferred to

the rovibrational ground state. So far, most homonuclear (Li2 [51], K2 [52], . . . ) and bosonic and

fermionic heteronuclear (KRb [53], NaK [54], RbCs [55], NaRb [56], NaLi [57], NaCs [58], KCs

[59], . . . ) bialkali and a few alkali-alkaline-earth (RbSr [60]) or alkali-transition metal (LiCr [61])

species have been created. The coherent nature of the process ensures that the resulting molecules

are in a single internal state. Because their association is relatively efficient, the molecules inherit

a high PSD from their precursor atoms. This is the primary advantage of associated molecules –

the resulting PSDs of approximately 1 are orders of magnitude higher than the highest yet attained

with direct laser cooling. For detection, the molecules, which do not typically have closed cycling

transitions, can be dissociated and the atoms imaged.

1 The Franck-Condon factor between two vibrational levels is the degree of overlap between the electronic wave-
functions in the two levels. The rate of decay from an excited electronic state into different vibrational ground states
is proportional to each state’s Franck-Condon factor.
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1.2 Quantum simulation of spin-motion models

The rich physics of materials emerges from the motion of electrons through a potential land-

scape defined by ion cores and other electrons [16]. Some key ingredients for quantum simulation

of condensed matter systems are apparent from this brief description: a general quantum simulator

should include spinful particles with fermionic statistics and tunable interactions, mobile within a

controllable potential landscape2 .

Atoms in optical lattices naturally satisfy many of these desiderata. One can choose atoms

with fermionic or bosonic statistics, and hyperfine levels of the atoms can encode a spin. The

potential can be designed to represent different crystalline [62, 63] or quasicrystalline [64] lattices

or disordered potentials [65]3 . The degree of itinerance is tunable by varying the lattice depth

(Sec. 3.3.1) and the strength of short-range interactions can be tuned using Feshbach resonances

[50]. A minimal but extremely rich model capturing these elements is the Fermi-Hubbard model

[16]

HFermi−Hubbard = −t
∑
⟨ij⟩,σ

(
ĉ†iσ ĉjσ + ĉiσ ĉ

†
jσ

)
+ U

∑
i

n̂i↑n̂i↓ (1.1)

where σ ∈ {↑, ↓} indexes the spin states, i and j index lattice sites, with ⟨ij⟩ denoting neighboring

sites, ĉ† and ĉ represent creation and annihilation operators, and n̂ = ĉ†ĉ is the number operator.

In cuprate materials, U ≈ 10t [17] and temperatures T ⪅ 0.05t [14] are believed to be required to

reach superconducting phases.

When U ≫ t, double occupancy is energetically suppressed. In this regime, the combina-

tion of motion and onsite interactions results in superexchange, resonant spin-exchange between

neighboring sites with rate J = 4t2/U [22, 67], giving rise to the t-J model [17]

2 Depending on the particular model being studied, some of these requirements can be relaxed or a model dual to
the target Hamiltonian can be realized with different physical requirements.

3 One notable feature of materials that is challenging to realize in optical lattices is phonons, although recent
progress has been made in that direction [66].
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HtJ = P̂

−
∑
⟨ij⟩,σ

tij

(
ĉ†iσ ĉjσ + h.c.

)
+ J

∑
⟨ij⟩

(
ŝi · ŝj −

1

4
n̂in̂j

) P̂ (1.2)

where J is the strength of spin exchange, P̂ is a projection operator to the subspace of singly

occupied site and ŝ = {ŝx, ŝy, ŝz} is the spin operator on each site. At half filling, a Mott insulator

[68] is formed, with one atom occupying each lattice site. Because of superexchange, rich physics

emerges in the spin sector, described by the Heisenberg model [67]

HHeisenberg = J
∑
⟨ij⟩

(ŝi · ŝj) (1.3)

For J > 0, the ground state is an antiferromagnet, which has been realized using ultracold

atoms [69, 22]. If additional particles or holes are introduced, itinerance becomes relevant beyond

allowing superexchange, and pseudogap [70, 71] and stripe [72, 73] phases can emerge. In this

regime, the interplay between spin and motion makes the system challenging to study numerically

and is expected to lead to superconducting phases in the Hubbard model and its variants [17].

The long-range interactions of polar molecules (and magnetic atoms [74, 75]) enable ex-

tensions of Hubbard models [76] (described in Sec. 5.4.1) that may feature qualitatively different

physics or facilitate observation of superconducting physics. Tunneling beyond nearest neighbors,

which can be represented by long-range dipolar interactions, may be important for superconduct-

ing phases [72]. The dipolar interactions also enable tuning of J across a wide range, including

to J ⪆ t, in contrast to the J ≪ t accessible with superexchange, and can realize more general

Heisenberg XXZ and XYZ spin Hamiltonians (Ch. 4 and 5), which may lead to relaxed temperature

requirements for superfluid phases [76]. The anisotropy of dipolar interactions can be tuned with

applied fields, leading to new kinds of spatial order [75]. Because they combine the features of

ultracold atoms with richly tunable interactions, ultracold molecules will be an exciting platform

for the next generation of quantum simulators for many-body physics.
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1.3 Summary

In this thesis, I discuss work conducted with associated fermionic 40K87Rb molecules, primar-

ily focusing on the many-body physics direction. After introducing the experimental apparatus and

sequence (Ch. 2) and methods we use for controlling the molecules (Ch. 3), I discuss our realization

and study of tunable spin and spin-motion models in optical lattices (Ch. 4 and 5). I discuss recent

progress towards and methods for preparing low entropy states for quantum simulation (Ch. 6).

Finally (Ch. 7), I discuss prospects for applying the demonstrated methods for preparing entangled

states for precision metrology.



Chapter 2

The JILA KRb apparatus

”Welcome my son

Welcome to the machine

What did you dream?”

Welcome to the Machine – Pink Floyd

The production of ultracold KRb molecules on the first [77, 78, 79, 80, 81, 82] and second

generation [82, 83, 84] JILA KRb machines have been extensively discussed in previous theses.

In this chapter, I give a brief overview of the experimental sequence and discuss upgrades and

modifications to the apparatus made during my PhD.

2.1 Experimental sequence

Preparation of high phase space density samples of bialkali molecules relies on preparation

of large, ultracold atomic mixtures. With association of sufficiently degenerate atoms, degenerate

Fermi gases of polar molecules can be directly produced [85, 86, 87]. The majority of the exper-

imental complexity (seven out of the experiment’s nine laser systems) and runtime (often all but

a few milliseconds of the experiment’s 45-second cycle) are dedicated to preparing these atomic

mixtures, and improvements in the atom cooling typically translate to improvements in molecule

phase space density.

In brief, we laser cool 40K and 87Rb atoms and load them into a magnetic quadrupole trap.

Following transport, and evaporative cooling in the magnetic trap and an optical dipole trap, we
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obtain a Bose-Einstein condensate (BEC) of Rb and a degenerate Fermi gas (DFG) of K. We then

associate the atoms into KRb Feshbach molecules with a magnetic field ramp, and use stimulated

Raman adiabatic passage (STIRAP) to transfer the molecules into the rovibrational ground state

(shown schematically in Fig. 2.1). The sequence, along with improvements to the atom cooling, is

described in more detail in the following sections.

Figure 2.1: Molecule production, beginning with a Rb (red) BEC and a K (blue) DFG, consists of

association using a Feshbach resonance and STIRAP to the ground state, here producing a KRb

DFG. From [85].

2.1.1 Magneto-optical trapping and laser cooling

We first load overlapped MOTs of K and Rb in a glass vapor cell for approximately 10 s. The

cooling and repumping light for each species are generated from distributed Bragg reflector (DBR)

lasers from Photodigm, then combined and amplified by a Toptica Eagleyard tapered amplifier

(TA), yielding roughly 1 W of total power for each species. Both species are loaded into the MOTs

from dispensers, with the potassium dispenser enriched to 14% 40K 1 [88]. The loading of both

species is enhanced by light-induced atomic desorption (LIAD) [89] using UV LEDs illuminating

the MOT cell. LIAD increases the atom number of both species in the MOT by a factor of roughly

three, with the number increase saturating with 500 mW of 400 nm light.

K numbers are ultimately limited by light-assisted collisions with Rb, which make up a large

majority of the atoms in the MOT. We suppress the loss by overlapping light near the K D1

1 We have been unable to purchase more 40K at this level of enrichment in the last few years. It is a good idea
to occasionally check whether vendors like Trace Sciences International or the National Isotope Development Center
have any stock.
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transition with the D2 MOT beams2 . This light, added in 2024 and sourced from the existing

K D1 laser system, likely optically pumps the K to dark states, as demonstrated in [92]. When

optimized to a D1 detuning of ≈ −1Γ and a power of ≈ 3Isat, where Γ ≈ 2π × 5.96 MHz and

Isat = 1.75 mW/cm are the linewidth and saturation intensity of the K D1 transition respectively

[90], the number of K cotrapped with Rb increases by a factor of 2 to 3.

After about ten seconds of loading time, more than 109 Rb and around 3× 107 K atoms are

trapped in the MOT. The magnetic field is turned off and K and Rb are further cooled to around

10µK using gray molasses (described in detail in [83]).

2.1.2 Transport and evaporative cooling

After gray molasses cooling, the atoms are optically pumped into the low-field-seeking stretched

states |F = 2,mF = 2⟩ for Rb and |9/2, 9/2⟩ for K. The atoms are loaded into a magnetic quadrupole

trap generated by the same coils used for the MOT magnetic field. The typical temperature in the

quadrupole trap is around 40µK.

The coils, which are mounted to a Parker 406XR series motorized linear stage, are translated

40 cm in around 3 s, transporting the atoms through a differential pumping tube to an octagonal

glass cell where the rest of the experiment is conducted. After transport, which is roughly 30%

efficient, the atoms are heated to around 100µK. An optical plug beam3 to repel atoms from the

magnetic field zero and suppress loss via spin flips, is ramped on [93]. We use microwaves near the

Rb |2, 2⟩ ↔ |1, 1⟩ transition to remove Rb near the edges of the cloud, evaporatively cooling the

Rb and sympathetically cooling the K. After microwave evaporation, we typically have 3 to 4×106

K and 6 to 10×106 Rb at a temperature of 4µK in the magnetic trap4 .

The atoms are then loaded into a crossed optical dipole trap (xODT) made from two perpen-

dicular horizontal beams generated from a Nufern fiber amplifier at 1064 nm. The xODT beams

2 The level structure of K and Rb atoms are discussed in [90] and [91] respectively. See Fig. 3.2 in [84] for a
schematic of the transitions addressed by our laser systems.

3 Around 400 mW of 763 nm light focused to a 30µm waist, generated using a DBR seeding a TA
4 For improved efficiency and cycle time, it could be beneficial to replace magnetic evaporation with all-optical

cooling and compression. For instance, a version of the gray molasses cooling and box trap compression demonstrated
with CaF molecules in [94] may work well for atoms.



11

are elliptical with waists of approximately 180 and 40µm in the horizontal and vertical directions,

respectively. Nearly all the Rb and around 2/3 of the K are loaded into the xODT5 . The atoms

are further evaporatively cooled by reducing the power of the xODT beams6 , until a Rb BEC

and K DFG are created. Midway through evaporation, the K and Rb are transferred to the lowest

energy states |9/2,−9/2⟩ and |1, 1⟩ respectively using adiabatic rapid passage (ARP) at a magnetic

field of 30 G. The magnetic field is then ramped to 560 G, above the K-Rb Feshbach resonance7 .

After further evaporation and recompression to a trap frequency of ω = 2π × (30, 200, 30) Hz for

Rb8 , typically 7× 104 Rb, roughly 80% condensed, and 4× 105 K at T/TF ⪅ 0.2 are trapped at a

temperature of around 50 nK.

2.1.3 Molecule production

Molecules can be produced directly in the xODT, or the atoms can first be loaded into differ-

ent combinations of the optical lattices discussed below. In any trap geometry, Feshbach molecules

are produced by ramping the magnetic field down across an interspecies Feshbach resonance at

546.76(5) G [95]. The Feshbach molecules are coherently transferred to the rovibrational ground

state by STIRAP (Sec. 2.2.2). The remaining atoms are then removed, using resonant light for the

K and an ARP to |2, 2⟩ followed by a pulse of resonant light for Rb9 .

2.1.4 Molecule detection

Following experiments with the molecules, we transfer them back to the Feshbach state using

STIRAP. We typically photodissociate the Feshbach molecules and detect the potassium atoms10

5 The loading efficiency could likely be improved with larger beams or higher power, should more K be needed in
the future.

6 One of the biggest causes of atom and molecule number fluctuations in our experiment is drifts of the alignment
of the two xODT beams, which changes the trap depth, thus the number and temperature after evaporative cooling.
Either improved monitoring and feedback of the alignment, for instance with cameras in the vicinity of the cell, or
switching to a single beam light sheet trap could improve stability.

7 The magnetic field was previously ramped after evaporative cooling, but we found that the ramp caused less
heating if done before final evaporation.

8 In an optical trap made with 1064 nm light, ωK = 1.39ωRb = 1.27ωKRb [85]
9 The Rb ARP is currently only around 50% efficient, so we repeat the ARP and cleaning pulse 4-6 times.

Improving the speed or efficiency of the atom cleaning may lead to improved molecule conditions, since collisions
with Rb atoms lead to rapid loss of the Feshbach molecules [96] and collisions with K atoms rapidly deplete ground
state molecules [97]
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via absorption imaging with resonant light (discussed in detail in Sec. 7.1.3.2). We measured the

detection efficiency to be 87(4)% by comparing the number of detected atoms with photodissociation

against a sequence in which the Feshbach molecules are magnetodissociated before imaging. We

believe that the Feshbach molecules that are not detected are optically pumped into more deeply

bound molecular states by the imaging light. The apparatus supports absorption imaging from

three orthogonal directions, including vertically through an NA=0.53 objective with sub-micron

resolution.

The STIRAP is only resonant with the ground rovibrational state, so leaves the molecules

in the excited rotational states largely unaffected. At zero electric field, we measure that roughly

90% of the molecules in |N = 1,mN = 0⟩ survive STIRAP11 . We take advantage of this for state-

resolved imaging of the molecules by first detecting molecules in |0, 0⟩, then applying a microwave

π pulse to transfer the molecules in |N = 1⟩ to |0, 0⟩ before dissociating them and detecting them

on another frame.

2.1.5 Electric field control

We use six in-vacuum electrodes to generate stable d.c. electric fields up to roughly 15 kV/cm

with controllable angle, gradient, and curvature. Microwaves to drive rotational transitions of the

molecules are coupled to the electrodes using a bias tee. The construction of the electrodes [82]

and control and stabilization of the electric field [83, 84] are described in detail in previous theses.

In brief, six electrodes comprising four tungsten rods and two indium tin oxide (ITO)-coated glass

plates (Fig. 2.2a) are installed in our cell, surrounding the position of the atoms. A setpoint voltage

for each electrode is provided by a precision digital-to-analog converter (DAC), with endpoints set

by a stable voltage reference. Control of the DACs using a field-programmable gate array (FPGA)

allows ramps of the electrode voltage synchronized with the experimental sequence. Each electrode’s

voltage is divided by a factor of 2000, and subtracted from the reference voltage using a low-noise

10 It is also possible to detect the rubidium atoms after RF or magnetodissociation. This may be useful for
alternative state-resolved imaging schemes or quantum gas microscopy of the Rb atoms, as discussed in [98]

11 At 1 kV/cm, the STIRAP severely depletes molecules in |N = 1⟩. There, we perform state resolved imaging by
shelving |N = 1⟩ in |N = 2⟩ during the |0, 0⟩ STIRAP.
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op-amp. The resulting error signal is sent through a loop filter then a high-voltage amplifier which

drives the electrode through a low-pass filter. The control system is shown schematically in Fig.

2.2b. By picking appropriate voltages for each electrode, estimated from a COMSOL simulation of

the electrode fields and optimized by spectroscopy of the molecules, the target field and geometry

can be realized with high precision.

(a)

(b)

Loop filter HV amplifier

DAC +
-

To electrodeFPGA x1000

1M
PI

÷2000

15M

7.5k

Figure 2.2: (a) The configuration of the electrodes is shown schematically, in addition to the paths

of the xODT (orange), accordion lattice (red), and vertical lattice (green) beams. From [99]. (b)

A schematic of the electrode stabilization system. See [83] for more details.

We made minor modifications to the electric field control system after the work described in

previous theses [83, 84]. The negative voltage reference for the electrode DACs, generated using
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an inverting operational amplifier circuit, was unexpectedly around four times noisier than the

positive reference. Replacing the reference PCB with another of the same design removed the

excess noise. We also explored reducing high frequency noise by using larger resistors to reduce

the corner frequency of the RC low-pass filter following the electrode amplifier. We have typically

used 1 M resistors, which combined with the 130 pF capacitance of the electrode cables, allowed

the electric field to be changed in hundreds of microseconds [83] for the layer selection experiments

(Sec. 3.2.3). Much slower field ramps are acceptable for other projects, allowing the use of a more

aggressive filter. This would be important for future projects such as spin squeezing (Ch. 7), which

require minimal phase noise between the microwave oscillator and the molecular qubit.

The measured noise voltage spectral density on one of the electrodes is shown in Fig. 2.3,

along with estimated improvements if a larger filter resistor is used12 . Replacing the 1 MΩ filter

resistor with a 100 MΩ resistor would reduce the RMS noise voltage by a factor of 10 between 15

and 150 Hz, 16 between 150 Hz and 1.5 kHz, and 28 between 1.5 and 150 kHz.

12 Somewhat counterintuitively, the total voltage noise due to Johnson noise after an RC filter scales as 1/
√
C and

is independent of the resistor value. A larger resistor contributes more noise, which is compensated by the lower
corner frequency of the filter [83].
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Figure 2.3: The noise spectral density on the lower plate electrode, as measured with an SRS SR760

FFT spectrum analyzer, is shown (blue). The orange, green, and red curves show the estimated

PSDs if the 1 MΩ filter resistor was replaced with 5, 50, and 100 MΩ resistors respectively. The

schematic of the output filter is taken from [83].

Care is required for accurate measurement of the noise of a system with high output impedance,

such as the electrode output filter, as the input impedance of the measuring device can substan-

tially modify the system’s transfer function. To resolve this, we built a buffer amplifier circuit

using an AD620 instrumentation amplifier with a 10 GΩ input impedance that can be interposed

between the filter and test equipment for low-voltage noise measurements. This should ease future

characterization of new output filters.

2.2 Experimental upgrades

Several upgrades to the apparatus made during my Ph.D. are described in this section. In

addition, we built an accordion lattice for preparation of isolated 2D layers, which is described in

detail in Ch. 6.
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2.2.1 Optical lattices

In the first generation KRb machine, a three-dimensional optical lattice was used for a variety

of experiments, including suppression of collisional loss [100], study of the spin dynamics of pinned

molecules [101, 102], and creation of low-entropy samples of molecules [103, 104]. The first projects

on the second generation machine were conducted in a bulk gas or a stack of layers in a one-

dimensional vertical lattice. The vertical lattice is made from two beams launched through the

top of the cell, each focused to a waist of 240 µm at the position of the atoms. One beam, angled

approximately 11 degrees from vertical to avoid etalon effects from the glass electrodes, is directly

incident on the atoms. The other beam is reflected from a dichroic below the cell and hits the

atoms travelling upwards, making a lattice with 540 nm spacing. Above the cell, the beam is

combined with a reflection of the downward beam off the electrode on a beamsplitter cube. This

allows interferometric measurement of the lattice phase relative to the electrode [105]. Stabilizing

the phase through feedback to a piezoelectric actuator on a mirror was critical to layer-resolved

control of the molecules (Sec. 3.2.3).

The apparatus was designed to accommodate horizontal lattices through windows in the

octagonal cell. In 2022, we decided to build the horizontal lattices in order to revisit dipolar spin

and spin-motion physics, using electric fields for improved control over the molecular interactions.
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Figure 2.4: The optics for the horizontal lattices are shown schematically. The optical paths for

the two lattices use different elements due to space constraints, but both deliver similarly sized

beams to the atoms. The optics symbols are adapted from [106].

An overall layout of the lattice optics is shown in Fig. 2.4. Light from both lattices comes

from our 1064 nm Nufern laser system and is transmitted to the experiment using NKT aeroGUIDE

POWER photonic crystal fibers13 . The beams are shaped by a 4:1 telescope and focused with

waists of roughly 225µm in the horizontal direction and 56µm in the vertical direction at the

position of the atoms. A curved mirror retroreflects the light, focusing it to a similar size to the

forward beam at the position of the atoms. The polarizations of the lattices are controlled by half-

waveplates in Thorlabs DDR25 motorized rotation mounts, enabling precise tuning to the magic

angle [108] for state-independent trapping (Sec. 3.3.2.1) at different electric field settings.

Both the forward and retroreflected lattice beams must be well aligned to the atoms. To

13 [107] contains a nice discussion of the photonic crystal fibers.
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coarsely align the forward lattice beams, we coupled light from the Rb laser system through the

fiber and optimized the pointing to maximize the depletion of a BEC with resonant light. Once

this was optimized, we finely aligned the pointing by optimizing the position and depth of a crossed

dipole trap made with the lattice beam and one of the xODT beams. To align the retroreflected

beam, we optimized the back-coupling of light into the fiber using an optical isolator before the

fiber in the laser box. Fine alignment was completed by maximizing the lattice’s trap frequency.

The general physics of atoms or molecules in lattices and our procedure to calibrate the

lattice depth are discussed in Sec. 3.3.1.

2.2.2 STIRAP laser system

We use STIRAP to transfer population between the Feshbach state and molecular ground

state [53, 109, 110]. Previously, the up leg, at 968.3 nm, was generated using a TA seeded by an

external cavity diode laser (ECDL), with a power of around 160 mW at the cell. The down leg,

at 689.3 nm, generated using a diode injection locked to another ECDL, provided around 15 mW.

Both lasers are Pound-Drever-Hall (PDH) locked [111] with tunable offset frequencies [83] to an

ultra-low expansion cavity from Stable Laser Systems. The light enters the cell from the top and

is focused to a waist of around 140µm. With this system, the efficiency of a one-way transfer was

around 85% at zero electric field, and the lasers would typically stay locked for a couple of hours

before unlocking due to mode hops or drifts of the injection lock.

To improve the reliability of the system and efficiency of STIRAP, we replaced both lasers

with fiber amplifier systems from Precilasers specified to output 2 W each. The up leg is generated

from a doubled 1936 nm distributed feedback (DFB) seed, and the down leg uses sum-frequency

generation with 1064 nm ECDL and 1957 nm DFB seeds. We also switched the PDH lock electronics

from analog loop filters from the JILA electronics shop to an FPGA-based digital servo14 . While

the digital system has lower lock bandwidth than the analog loop filter, the lasers can be relocked

remotely, which eases hands-off operation of the experiment. The lasers often remain locked for

14 Liquid Instruments Moku:Lab
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days at a time.

We currently operate the lasers substantially below their maximum output powers (around

140 mW for the up leg and 70 mW for the down leg) to avoid damaging the ITO coating on the

glass electrodes. Nevertheless, we see improved efficiency of up to 92.0(9)% at 0 kV/cm due to the

increased power and reduced noise. At higher electric fields, we see reduced efficiency, due to some

combination of smaller transition dipole moments and additional electric field noise. The maximum

efficiency is achieved by picking a STIRAP pulse time, here a T = 10µs linear ramp, that balances

infidelity due to nonadiabaticity with infidelity from accumulated phase noise [112] (Fig. 2.5). Ref.

[113] gives

PSTIRAP(T ) = exp

(
−τadi
T

− T

τdeph

)
with τadi =

π2γ

Ω2
(2.1)

as an approximate model for STIRAP efficiency. Here, Ω is the Rabi frequency of the STIRAP

lasers (assuming equal Rabi frequency) and γ (2π × 6.7 MHz for KRb [78]) is the decay rate of

the excited state. The value of τadi, 0.35(5)µs, extracted from a fit to the data, suggests that

Ω = 2π × 5.33(14) MHz. This agrees well with the root-mean-square value of the Rabi frequencies

estimated from the transition dipole moments [78], power, and beam size of each laser, 2π×3.5(14)

MHz for the up leg and 2π × 6.7(1.1) MHz for the down leg.
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Figure 2.5: (a) The relevant levels and Rabi frequencies for STIRAP (b) The one-way STIRAP

efficiency is plotted as a function of the duration of linear ramps. The black line is a fit to Eq. 2.1,

from which the timescales for adiabaticity and dephasing are extracted. The red and blue lines

show the expected efficiency in the absence of dephasing or in the limit of infinite Rabi frequency,

respectively.

Should it be desirable to further improve the STIRAP efficiency, in order to avoid introducing

additional entropy into quantum gases of polar molecules [86] or improve detection fidelity, it should

be possible to both reduce τadi and increase τdeph. By shining the STIRAP lasers on the molecules

from the side, avoiding the ITO electrodes, it should be possible for each to deliver roughly 1 W

of power with a waist wz,y = 250 × 50 µm. This would increase Ω by a factor of roughly 5. The

coherence time τdeph is likely limited by high frequency noise on the lasers. By suppressing this

noise using feedforward, as discussed in [114, 115, 116], increasing τdeph to a few milliseconds should

be possible [113]. Eq. 2.1 suggests that these changes may allow a STIRAP efficiency greater than

99%.

2.2.3 Microwave synthesizer

We use microwaves coupled to the electrodes through a bias tee [82] to drive rotational

transitions of the molecules. Prior to 2023, we generated microwaves by mixing the RF output
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of an AD9910 direct digital synthesizer (DDS) with a microwave local oscillator15 , and bandpass

filtering and amplifying the upconverted output. The frequency, phase, and amplitude of the

AD9910 output was selected from up to 7 preprogrammed profiles using the control system’s TTL

outputs, and the microwaves were enabled and disabled using a TTL-controlled RF switch.

While this system successfully provided microwaves for layer-resolved spectroscopy [105] and

Ramsey spectroscopy with simple dynamical decoupling pulse sequences [117], its limitations be-

came apparent as we began to use more complex microwave pulse sequences. The memory capacity

of the FPGAs controlling the TTL outputs limited the length of the sequences to several tens of

pulses, their timing resolution limited pulse fidelity, and the graphical programming of the sequence

made writing new pulse sequences labor intensive and error prone. The limited number of profiles

also restricted the range of pulse sequences that could be programmed and prevented the use of

amplitude or phase-shaped pulses without additional hardware [84].

To resolve these issues, we worked with the JILA electronics shop to develop a programmable

FPGA-based RF synthesizer based on the “Subharmonicon” system used for controlling AOMs in

the Kaufman group [118]. The new synthesizer, which replaces the AD9910, has 4 RF channels gen-

erated using a Texas Instruments DAC38J84EVM high-speed digital-to-analog converter controlled

by DDS cores running a Zynq UltraScale+ ZCU106 FPGA. Each channel can be programmed with

up to 16384 samples updating the channel’s phase, frequency (up to 307.2 MHz), and amplitude

at specified times, at a rate up to 153.6 MHz. The synthesizer also has 7 digital outputs, enabling

control of other devices such as switches or shutters synchronized with the microwaves.

The synthesizer is programmed over Ethernet using a Python library16 developed for effi-

cient, high-level representation of pulse sequences. Sequences are described using lists of pulses or

toggling frame matrix representations [119], and automatically compiled to synthesizer timestamps

using specified pulse shapes and calibrations of transition frequency and Rabi frequency. To ease

development and debugging of sequences, the compiled pulse sequences can be plotted or used to

15 Agilent E8257D or Valon 5009
16 https://github.com/krbjila/labrad_tools/tree/master/synthesizer

https://github.com/krbjila/labrad_tools/tree/master/synthesizer
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drive a simulated spin system.

The new synthesizer has been used for Ramsey spectroscopy experiments with Knill dynami-

cal decoupling (KDD) [120] sequences ([121] discussed in Ch. 5), and for randomized benchmarking

[122] (discussed in Sec. 3.2.2) and Floquet pulse sequences [123] (discussed in Ch. 4 and 5). Its

flexibility should allow for future explorations of higher spin systems [124] or synthetic dimensions

encoded in molecular rotational states [125].

2.2.4 Robustness and automation

We made a variety of improvements to the experiment software, hardware, and procedures

to simplify operation of the experiment and prevent common failures that required operator inter-

vention. Some of the most helpful changes are listed:

• We developed updated software for controlling our Andor iXon 888 cameras. The most

important change was fixing an issue where the camera would miss a trigger pulse and

require a manual reset, which would happen every few hours. In the new control program,

the camera is automatically reset if it does not receive the expected triggers within a shot.

In addition, the camera is configured in the experiment sequence, rather than manually

through a GUI, eliminating potential for operator error and simplifying storage of sequence

metadata with each image.

• We set up a MongoDB database for recording images and experimental parameters, allowing

automated data analysis using Python scripts and closed-loop operation of experiment.

We tried using this for automatic optimization of experimental parameters using M-LOOP

[126]. Unfortunately, this didn’t improve the molecule conditions, possibly due to the

complexity of the sequence and our long cycle time. However, we were able to implement

automatic acquisition and fitting of microwave spectra to track changes in the RF frequency

due to electric field drifts during long Ramsey spectroscopy datasets.

• We added an InfluxDB database for logging experimental conditions, such as temperature



23

and pressure of the ambient air and cooling water, frequencies of our lasers, and molecule

number over time. We set up a Grafana dashboard for visualizing the data, as well as

software to alert the team and automatically stop the experiment if parameters went outside

normal ranges.

• We installed motorized mirror mounts with Newport Picomotors on all optical dipole trap

and lattice paths, enabling precise alignment of beams without risk of disturbing the tem-

perature of the experiment or bumping optics. This could allow automated alignment of

the beams, particularly the xODT, in the future.

• We upgraded the DAC boards that control magnetic fields, laser intensities, and laser

detunings. The new system still uses 48x Analog Devices AD669 DACs controlled by

Opal Kelly XEM6001 FPGA development boards17 We were able to reduce noise voltage

spectral density by a factor of roughly 10 by adding 3 kHz bandwidth output filters and

improving isolation between analog and digital signals. We also improved timing accuracy

and synchronization between DAC boards by adding support for external clocking.

• We replaced an overly-sensitive flow rate switch used to interlock our bias coil power supply,

which would sometimes trip multiple times per day. The replacement switch18 also enables

logging the flow rate. Regular replacement of the filters for the chilled water manifold is

important to ensure sufficient water pressure.

Collectively, these changes enabled the experiment to operate hands-off for days at a time,

rather than requiring manual intervention every couple hours. This improved the efficiency of

studies requiring large volumes of data, such as [121, 123], and will benefit future projects.

17 The XEM6001, which is also used for controlling our digital channels and electrodes, and by the Sr experiments,
is no longer available for purchase. If more outputs are needed or the boards need to be replaced, the PCB and
FPGA designs will need to be adapted to a newer FPGA or switched to a different solution.

18 Proteus Industries 8000 series liquid flow meter



Chapter 3

Controlling polar molecules with electromagnetic fields

”You can’t always get what you want

But if you try sometime you’ll find

You get what you need”

You Can’t Always Get What You Want – The Rolling Stones

In this chapter, we discuss how we use electromagnetic fields to control polar molecules. We

first introduce the rotational structure of diatomic molecules, and show how d.c. electric fields

can be used to tune their dipole moments (Sec. 3.1). We then discuss how microwave-frequency

a.c. electric fields can coherently drive transitions between rotational states (Sec. 3.2), and present

applications including preservation of coherence (Sec. 3.2.1) and layer-resolved control (Sec. 3.2.3).

Finally, we discuss optical traps made using far-detuned light (Sec. 3.3), focusing on the behavior of

atoms and molecules in optical lattices (Sec. 3.3.1) and magic traps which match the polarizabilities

for different molecular states (Sec. 3.3.2).

3.1 Molecules in electric fields

Diatomic molecules possess a rich internal level structure, including electronic (100s of THz-

scale), vibrational (THz-scale), rotational (GHz-scale), and hyperfine (100 kHz-scale) structure.

For the work discussed in this thesis, the molecules are prepared in the ground electronic and

vibrational level and in a single hyperfine state. The rotational levels, which can be described by a

rigid rotor Hamiltonian, are of primary importance for our work, as they determine the nature of
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dipolar interactions between molecules and their response to d.c. and microwave electric fields. In

Sec. 3.3, we also discuss how the molecules’ electronic states couple to off-resonant light, allowing

optical trapping of the molecules.

In bialkali molecules (Fig. 3.12a), the electronic ground state is of X1Σ+ character. The

superscript denotes the multiplicity, with 1 indicating that the two valence electron spins are in a

singlet state. The X denotes that the molecule is in the electronic ground states1 and Σ indicates

that the projection of electron orbital angular momentum onto the internuclear axis Λ2 is 0.

The rotational and hyperfine Hamiltonian of a diatomic molecule in an X1Σ ground state in

the presence of electric and magnetic fields is

HKRb = Hr +Hd +HZeeman +Hhyperfine (3.1)

Hr = BνN
2 (3.2)

Hd = −d ·E (3.3)

where the rotational constant Bν = 1.1139 GHz for KRb [78] and the electric dipole moment along

the internuclear axis is d = 0.574 D [108]. The Zeeman and hyperfine structure is discussed in detail

in previous theses, particularly [84], and a Julia package [127] has been developed for calculating the

full Hamiltonian’s spectrum. In our experiments, the molecules remain in a single hyperfine state

and, for electric fields greater than a few hundred V/cm, the nuclear spins are largely decoupled

from the rotational state. At zero electric field, coupling between the nuclear spins and molecular

rotation allows the magnetic field to define a quantization axis for the molecular rotation and splits

the nominally degenerate mN rotational levels by approximately 100 kHz. We therefore focus our

discussion on the rotational Hamiltonian.

At |E| = 0, the eigenstates |N,mN ⟩ of the rotational Hamiltonian are the spherical harmonics

Y mN
N with energies EN = BνN(N + 1). Assuming the electric field provides the quantization axis,

1 Excited states with the same multiplicity as the ground state are labeled A, B, . . . and excited states with
different multiplicity are labeled a, b, c, . . . .

2 Π,∆, . . . correspond to 1, 2, . . . quanta
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the matrix elements of the rotational and dipolar Hamiltonians are

〈
N,mN

∣∣Hr

∣∣N ′,m′
N

〉
= BνN(N + 1)δN,N ′δmN ,m′

N
(3.4)

〈
N,mN

∣∣Hd

∣∣N ′,m′
N

〉
= −d|E|

√
(2N + 1)(2N ′ + 1)

 N 1 N ′

mn 0 −m′
n


N 1 N ′

0 0 0

 (3.5)

where the matrices are Wigner 3-j symbols [128]. Angular momentum selection rules mean that

3-j symbols are zero unless their second row sums to zero and that the elements of their first row

satisfy the triangle inequality, here |N − 1| ≤ N ′ ≤ N + 1. This means that, for 1Σ molecules, the

electric field only mixes states with the same mN and adjacent values of N . Diagonalizing the total

Hamiltonian H = Hr +Hd gives the field-dressed eigenstates
∣∣∣Ñ , m̃N

〉
, whose energies EN,mN

as

a function of electric field are shown in Fig. 3.1. In the figure and the remainder of the thesis, we

use |N,mN ⟩ to denote the field-dressed state
∣∣∣Ñ , m̃N

〉
that adiabatically connects to the zero-field

|N,mN ⟩.

Figure 3.1: The energies of KRb’s several lowest rotational levels are shown as a function of electric

field, not including hyperfine structure. The states are labeled according to their undressed |N,mN ⟩

quantum numbers. Calculated using [127].

The derivative of EN,mN
with respect to electric field is the state’s induced dipole moment in

the lab frame, dN,mN
= ⟨N,mN |d|N,mN ⟩ = −∂EN,mN

∂|E| Ê. The induced dipole moment, plotted as
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a function of electric field in Fig. 3.2a, determines the force that a molecule feels in an electric field

gradient generated either from an applied field or another molecule. At zero field, the rotational

eigenstates are symmetric, so the lab frame dipole moment is zero. As the field is increased,

the ground state |0, 0⟩’s dipole moment increases, while the other |N, 0⟩ states initially pick up a

negative dipole moment that eventually becomes positive. The induced dipole moment of |1, 0⟩ is

therefore maximized around 7 kV/cm, while the difference in induced dipole moments between |0, 0⟩

and |1, 0⟩ is maximized around 12 kV/cm. The induced dipole moments lead to Ising interactions

in spin models (Ch. 4 and 5) and, at lower temperatures, spatially ordered phases [75].

The off-diagonal matrix elements dN,mN ,N ′,m′
N

= ⟨N,mN |dp|N ′,m′
N ⟩, shown in Fig. 3.2b,

determine how strongly the different rotational states are coupled by electric fields carrying an-

gular momentum p = 0,±1. Since only adjacent N levels are coupled by Hd, transition dipole

moments between N and N + 1 are maximized at zero electric field, then gradually decrease as

more rotational levels are mixed into the eigenstate. The transition dipole moments between non-

adjacent Ñ levels increase with electric field because of the increasing admixture of adjacent N

levels in the dressed states, but remain small over the range of electric fields considered. The tran-

sition dipole moments are relevant for driving rotational transitions using microwaves (Sec. 3.2)

and spin-exchange interactions between molecules (Ch. 4 and 5).



28
a b

Figure 3.2: The induced (a) and transition (b) dipole moments for the lowest few rotational states

of KRb are shown as a function of electric field. Calculated using [127], not including hyperfine

structure.

3.2 Control with microwaves

An electromagnetic field can be used to drive transitions between rotational levels3 . We

consider microwaves with electric field E(t) = E exp{−iωt} with detuning ∆ from a transition of

energy ℏω0 between two molecular states |↓⟩ and |↑⟩ with transition dipole moment d↑↓. Elements of

E can be complex, encoding the phase of the electric field – the physical field is Re(E(t)). Assuming

ω is far-detuned (Ω ≪ ∆) from other transitions, we can neglect the effect of other energy levels.

Under the rotating wave approximation4 [129] and in a frame rotating at frequency ω0, a state

with Bloch vector s =
∑

i∈{X,Y,Z} ⟨si⟩ î5 evolves as

ṡ = s× (Re(Ω)X̂ + Im(Ω)Ŷ +∆Ẑ) (3.6)

where the Rabi frequency Ω = ⟨↓|dp|↑⟩Ep/ℏ, in which Ep is the component of the electric field in

the spherical basis6 with the correct polarization to connect the two states. When the microwaves

are resonant with the transition (∆ = 0), the Bloch vector rotates about an axis in the X−Y plane,

3 or hyperfine levels, due to coupling between the nuclear spin and molecular rotation [97]
4 neglecting terms oscillating at high frequency ω0 + ω, which rapidly average to zero
5 Here and elsewhere in the thesis, we use capital letters to denote Bloch sphere directions and lowercase letters

to denote real space directions.
6 In the spherical basis, E0 = Ez and E±1 = ∓(Ex ± iEy)/

√
2.
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with the axis determined by the phase of the microwaves arg(Ω). If the microwaves are applied for

tπ = π/ω, the Bloch vector is rotated by an angle π, switching the population in |↑⟩ and |↓⟩. This

is known as a π pulse. Similarly, π/2 pulses are often used to prepare an equal superposition from

an initial state polarized along Ẑ.

Below, we discuss three applications of microwave control in our experiment. By driving

appropriate dynamical decoupling pulse sequences, we can dramatically extend the coherence time

of a superposition of rotational states (Sec. 3.2.1). We can characterize the fidelity of our microwave

pulses by randomized benchmarking (Sec. 3.2.2). Combining static and microwave fields, we can

control molecules in individual layers in our optical lattice (Sec. 3.2.3). Later, in Sec. 4.3, we discuss

how microwave pulse sequences can tune interactions between molecules, allowing realization of

highly tunable spin models.

3.2.1 Dynamical decoupling

One example of microwave control essential to our spectroscopic study of interactions between

molecules is dynamical decoupling [130], which consists of microwave pulse sequences designed to

cancel decoherence from technical noise. Due to fluctuations in electric field or molecular motion

within optical or electric field gradients, the transition frequency ω0(t) varies with time, both within

single shots and between runs of the experiment. Therefore, |↑⟩ accumulates a phase Φ(t1, t2) =∫ t2
t1
(ω0(t) − ω(t)) dt relative to |↓⟩ over an evolution time T in a frame rotating at the microwave

frequency ω. Additionally, because different molecules experience different local fields, ω0 will vary

molecule-to-molecule. This results in both dephasing between the molecules and the microwave

field, with coherence time T ∗
2 , and dephasing between the different molecules, with coherence time

T2 > T ∗
2 . In our experiment, T ∗

2 is typically a few hundred microseconds, although an increase

to several milliseconds has been observed using magic-angle optical traps (Sec. 3.3.2). However,

for our typical interaction strengths, observation of coherent dynamics requires time evolution for

milliseconds to hundreds of milliseconds, dramatically exceeding the system’s technical noise limited

coherence.
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To understand how a microwave pulse sequence can extend the coherence, we consider the

simplest dynamical decoupling sequence, known as a spin echo [131]. In spin echo, the system is

allowed to evolve for time T/2, then a rapid π pulse is applied, swapping the states |↑⟩ and |↓⟩,

before evolution for a further T/2. For initial state c↓ |↓⟩+ c↑ |↑⟩, the state immediately before the

π pulse is c↓ |↓⟩+ c↑e
iΦ(0,T/2) |↑⟩, immediately after the pi pulse c↑e

iΦ(0,T/2) |↓⟩+ c↓ |↑⟩, and at time

T , c↑e
iΦ(0,T/2) |↓⟩+c↓eiΦ(T/2,T ) |↑⟩. Because of the π pulse, |↑⟩ and |↓⟩ have been switched, and have

accumulated a relative phase of ΦSE = Φ(0, T/2)−Φ(T/2, T ). If ω0(t) is constant over the interval

(0, T ), as in the case of ω0 only varying shot-to-shot, ΦSE = 0, so dephasing is fully cancelled for

low frequency noise, whereas a phase of Φ(0, T ) = (ω0 − ω)T would be accumulated without the

spin-echo.

However, higher frequency components of ω0(t) still induce a response. Formally, assuming

ω0(t) has a single-sided power spectral density G∆(f), the variance of Φ is

⟨Φ2⟩ = (2π)2
∫ ∞

0
G∆(f)|R(f)|2 df (3.7)

in which R(f) is the filter function generated by the decoupling pulse sequence [132, 133]. Based on

the noise spectrum present in the experiment, we can design a pulse sequence to reduce the phase

variance by minimizing the sensitivity at relevant frequencies. The filter function is the Fourier

transform of the time-domain sensitivity r(t) of the pulse sequence. For instance, for spin echo

with instantaneous pulses, r(t) =



1 0 < t < T/2

−1 T/2 < t < T

0 otherwise

such that |R(f)|2 = 2
π2f2 sin

4
(
πfT
2

)
. More

generally, assuming n equally spaced π pulses repeated at an interval τ = T/(n + 1) with Rabi

frequency Ω, the sensitivity is given in [133] as

|R(f)|2 = Ω2

(πfΩ2 − 4(πf)3)2
(2πf cos(πfτ) + Ω sin(πf(τ − π/Ω)))2

sin2(π2 (1 + n)(1 + 2fτ))

cos2(πfτ)

(3.8)
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The sensitivity is plotted for different values of n for realistic experimental parameters Ω =

2π × 100 kHz, T = 1 ms in Fig 3.3. The sensitivity is strongly peaked around f = 1/(2τ) and

suppressed at other frequencies, with the width of the peak decreasing with increasing T . The power

spectral density of technical noise typically decreases with f , sometimes with peaks at particular

frequencies. Therefore, by picking a sufficiently small τ that the passband of the sensitivity function

is above the noisy portion of the spectrum and avoids prominent peaks, the effects of the noise on

the state’s phase can be largely cancelled. In practice, we found that τ between approximately 50

and 100 µs was effective at suppressing noise in our system (as discussed in Sec. 5.5.1 and below).

We also, following the example of the lab’s strontium clock experiments [132], were able to use

pulse sequences with varying τ to characterize the spectrum of our electric field noise [83].

n
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Figure 3.3: The filter function |R(f)|2 for a dynamical decoupling sequence consisting of n π pulses

with Rabi frequency Ω = 100 kHz over a total time T = 1 ms is plotted as a function of frequency

for different values of n. The pulse sequence, with spacing between pulses τ is T/(n+ 1), is shown

as an inset.

Unfortunately, driving larger numbers of decoupling pulses, as is required for τ ≪ T , has

drawbacks. Typically, it is desirable to observe the dynamics of the system “in the dark”, so the

fraction of time during which Rabi oscillations are driven should be minimized. In addition, pulses
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can off-resonantly drive molecules into other hyperfine or rotational states, leading to loss (see Sec.

5.5.1). If there is a systematic error in the rotation axis or angle of each pulse, the errors can

accumulate over long pulse sequences, resulting in deviations from the desired final state. This

can be partially mitigated through designing pulse sequences in which the errors cancel instead of

adding up. In the case of dynamical decoupling sequences, this is typically done by varying the

axis about which the pulses are applied. For instance, if a pulse of nominal area π rotates by an

angle π + ϵ about an axis ϕ̂, a second pulse with the same area about −ϕ̂ will restore the initial

state. Rules for designing robust decoupling pulse sequences are discussed in [119]. We used two

dynamical decoupling pulse sequences robust to pulse errors, XY8 [134] in [117, 123] and KDD

[120] in [121]. While more complex than XY8, KDD is less sensitive to pulse errors.

3.2.2 Pulse fidelity

In [123], we characterized the fidelity of our microwave pulses driving the |0, 0⟩ ↔ |1, 0⟩

transition using the one-qubit randomized benchmarking sequence described in [122]. In brief,

we applied a series of alternating π/2 and π pulses, where the axis of π/2 pulse was selected

at random from {+X,−X,+Y,−Y } and the axis of each π pulse was selected at random from

{+X,−X,+Y,−Y,+Z,−Z, ∅} (rotations about the ±Z axis are implemented by incrementing the

RF synthesizer phase, swapping the orientation of the axes about which future pulses are performed,

and no pulse is performed for ∅). The pulses were spaced by 1µs. Sequences with a variable number

N of π/2 pulses were applied, after which a final π/2 pulse was applied, if necessary, to rotate the

expected Bloch vector direction to the ±Z axis. ⟨S⟩z over the ensemble was measured with state-

resolved imaging and the experiment was repeated for different N and different random pulse

sequences. The fidelity per π/2 pulse was determined by fitting the alignment of the spins with

the expected state to exponential decay with time constant τ , reporting F = 1 − 1/(2τ). At 1

kV/cm, we measured fidelities of 0.99941(9) per π/2 pulse with itinerant molecules confined by a

65 Er vertical lattice and 0.99915(14) with molecules pinned in a 65 Er 3D lattice (shown in Fig.

3.4a). At 0 kV/cm, we measured a lower fidelity of 0.9941(9) with itinerant molecules, which we
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attribute to off-resonant driving of other nearby hyperfine states. These fidelities are not limited

by any fundamental effects and, in the future, could be improved through some combination of

reducing electric field noise, using magic optical traps, and characterizing and improving phase and

amplitude noise of the microwave synthesizer7 .

It is worth noting that these fidelities are conditional on the molecules being detected. We

saw a reduction in the molecule number as longer pulse sequences were applied, shown for the 1

kV/cm, 65 Er 3D lattice data in Fig. 3.4b. The number loss, with a time constant of 4203(365) π/2

pulses (corresponding to 35.7(31) ms), is much faster than the expected lifetime of approximately

20 s in the deep 3D lattice [100]. We believe that the loss is due to off-resonant driving into other

hyperfine states, and would be improved with lower Rabi frequency. This sort of loss, roughly

analogous to erasure errors in quantum computing [135, 47], is less impactful for metrology or some

many-body physics applications than errors in which the spins stay within the qubit manifold.

(a) (b)

Figure 3.4: Randomized benchmarking of microwave rotations (a) The measured fidelities

of random pulse sequences of varying length N π/2 pulses are plotted as a function of N and fit

to an exponential decay model. The data shown here are taken at |E| = 1 kV/cm in a 65 Er 3D

optical lattice. (b) The total molecule number during the measurement, fit with an exponential

decay model.

7 Technical details of the microwave system are discussed in Sec. 2.2.3
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3.2.3 Layer-resolved control

Manipulation of the molecules using microwaves and static electric fields can be combined,

enabling new scientific applications. For instance, we demonstrated the ability to perform layer-

resolved state preparation and measurement in an optical lattice [83]. To do so, we applied an

electric field gradient along the wavevector of our vertical optical lattice (Fig. 3.5a). Because the

frequency of the |0, 0⟩ ↔ |1, 0⟩ transition increases with electric field (Fig. 3.5b), it varies as a

function of position along the gradient. For the parameters used in the experiment, |E| = 1 kV/cm

and ∂y|E| = 6.4(2) kV/cm2, adjacent layers 540 nm apart had transition frequencies differing by

14 kHz.
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Figure 3.5: Layer-resolved control (a) Molecules occupied 2D layers in the x−z plane, separated

by layer spacing a. The bias electric field E was oriented at an angle θ in the x− y plane, with an

electric field gradient parallel to y. The lattice layers were displaced relative to the reference frame

of electrodes generating E by a distance δy. (b) The KRb rotational structure is shown as a function

of |E|. The arrow indicates the layer selection transition. (c) |0, 0⟩ ↔ |1, 0⟩ frequency spectrum of

a trilayer at ∂y|E| = 6.4(2) kV/cm2. Only three adjacent lattice layers were populated. (d) Center

frequency shift of layer selection versus δy. Displacements smaller than 20 nm were measured.

Error bars are 1 standard error from fits to the rotational transition line shape. An absorption

image of a single layer is shown in the inset. From [105].

By driving appropriate sequences of narrow microwave pulses resonant with a single layer,

broad microwave pulses resonant with the entire ensemble, and pulses from the STIRAP down leg,

which depleted molecules in |0, 0⟩ and |1, 0⟩, we were able to prepare arbitrary combinations of



36

occupied layers in different internal states. An example sequence for preparing an isolated trilayer

with a central layer in |0, 0⟩ and the outer layers in |1, 0⟩ is shown in Fig. 3.6. Fig. 3.5c shows

an example of preparation and layer-resolved detection of an isolated trilayer. After preparing a

trilayer in |1, 0⟩, a final narrow pulse with variable detuning is applied to transfer the molecules at

some position to |0, 0⟩ before imaging.

Figure 3.6: A sequence for preparing an isolated trilayer, with the inner layer in state |0, 0⟩ and

the outer layers in |1, 0⟩. From [105].

The layer-resolved control places fairly stringent requirements on stabilization of the lattice

and electric field and homogeneity of transition frequency within a layer. The electric field at the

position of a layer molecules must be repeatable to within tens of mV/cm to ensure that its transi-

tion frequency does not change by more than a few kHz shot-to-shot. This is achieved by stabilizing

the electrode voltages to a precision voltage reference (Sec. 2.1.5 and [83]) and interferometrically

stabilizing the optical lattice to the electrodes to prevent motion of the layers along the electric

field gradient. Fig. 3.5d shows the RF frequency of a layer changing as a function of lattice phase,

indicating that changes of position of below 20 nm could be controlled and resolved. Electric field

gradients in the horizontal direction would inhomogeneously broaden each layer’s spectrum. The

projection of the gradient along the z direction is minimized by optimizing the lattice’s tilt relative

to the electrodes and gradients in the x direction are minimized by adjusting the voltages applied

to the electrodes. To minimize broadening from a.c. Stark shifts, the electric field is rotated to

approximately 36◦ from the y axis, such that the lattice polarization is magic (Sec. 3.3.2).

We used the layer-resolved control and detection to probe spin-exchange interactions between

layers that lead to molecule loss [105]. The same capability will be for future studies of superfluidity
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in bilayers [136] or pair creation [137] or transport [138] across stacks of layers.

3.3 Optical trapping

We use optical dipole traps, formed from laser beams red-detuned from electronic transitions,

to confine atoms and molecules in our experiment. In the presence of light with intensity I(r), a

particle experiences an AC Stark shift U = −αI(r), where α is the particle’s polarizability8 . Optical

trapping is a standard technique in the ultracold community [139], so we focus our discussion on

two topics important to our experiment. First, we discuss optical lattices, used to confine our atoms

and molecules to lower dimensions and to regulate their motion. We present a brief introduction

to the physics of particles in lattices and discuss techniques for calibrating the depth of an optical

lattice (Sec. 3.3.1). Second, diatomic molecules like KRb exhibit different polarizabilities along and

perpendicular to the internuclear axis, so their polarizability in general depends on their rotational

state, the polarization of the trapping light, and applied electric or magnetic fields which can orient

the molecule. We discuss how magic traps, where the polarizabilities of different rotational states

are equal, can be created by tuning the polarization or wavelength of the trapping light (Sec. 3.3.2).

3.3.1 Optical lattices

Interference of laser beams generates wavelength-scale interference patterns, creating a highly

regular potential landscape for atoms or molecules analogous to the crystal lattices of materials.

For two plane waves, each with wavelength λ and intensity I, interfering at a half-angle θ from the

x axis in the x− y plane, the electric field is the sum of their individual electric fields,

E(r, t) = Ê

√
2I

ϵ0c
e−iωt

(
eik1·r + eik2·r

)
(3.9)

where k1 =
2π
λ (cos(θ)x̂+ sin(θ)ŷ), k2 =

2π
λ (cos(θ)x̂− sin(θ)ŷ), c is the speed of light, and ϵ0 is the

permittivity of free space. The potential in the resulting lattice is

8 The polarizabilities of K, Rb, and KRb at 1064 nm are 28, 32, and 55 h Hz/(W/cm2) respectively [84].
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Vlatt(r) = −αϵ0c
2
|E(r, t)|2 = −4αI cos2

(
2π sin(θ)

λ
r

)
= −V0 cos2

(π
a
r
)

(3.10)

The maximum depth V0 of the lattice potential is enhanced by a factor of two compared to

non-interfering plane waves and the spacing a, corresponding to a lattice wavevector k = 2π/a, of

intensity maxima can be varied between λ/2 at θ = π/2 (counterpropagating beams) and ∞ at

θ = 0 (copropagating beams). The recoil energy Er = π2ℏ2
2ma2

is the characteristic energy scale for

lattice physics. For K, Rb, and KRb in a lattice with a = 532 nm, Er/kB = 211, 97, and 67 nK

respectively.

Within the lattice, atoms or molecules behave qualitatively differently from free space, oc-

cupying distinct energy bands and allowing description with discrete second-quantized real-space

Hamiltonians. We give an intuitive description and present key results based on the tight binding

model, but refer the reader to [140, 16] for detailed derivations. We also only discuss one-dimensional

lattices, since in our experiment, the lattice is separable such that the eigenstates can be factored

into ψ(r) = ψx(x)ψy(y)ψz(z). According to Bloch’s theorem, eigenstates of a 1D lattice are func-

tions of the form ψq(r) = eiqruq(r) where uq(r) = uq(r + a) is a periodic function. A convenient

basis is localized states |j⟩ with wavefunctions given by the Wannier functions φn(r − Rj) cen-

tered around site j at position Rj [141]. The eigenstates can then be written as the superposition

ψn
q (r) ∝

∑
j e

iqRjφn(r−Rj) where q ∈ (−ℏk, ℏk) is the crystal momentum and n is the band index.

To find the approximate form of the Wannier functions in a deep lattice (V0 of at least

several Er), we can expand the lattice potential in a Taylor series about a potential minimum,

finding Vlatt(r) = −V0 + 1
2mω

2r2 +O(r4) where m is the mass of the particle and ω =
√

2π2V0
ma2

=

2Er
ℏ

√
V0
Er

is the trap frequency. Then φn(r) can be approximated as the nth harmonic oscillator

wavefunction with energy En = ⟨j|Ĥ|j⟩ ≈ ℏω(n+ 1/2). We are typically interested in the regime

where kBT ≪ ℏω, such that only the n = 0 states are occupied; therefore, we drop the n index.

The ground band Wannier functions (solid blue line) and the approximating harmonic oscillator

wavefunction (dashed black line) are shown in Fig. 3.7 for different lattice depths, showing more
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favorable agreement for deeper lattices.

Figure 3.7: The ground band Wannier functions (solid blue line) and harmonic oscillator approxi-

mations (dashed black line) are plotted for lattices of depth 1, 5, and 15 Er.

The dominant perturbation from isolated sites is coupling between neighboring sites aris-

ing from overlap of the tails of their wavefunctions. The matrix element t = ⟨j|Ĥ|j + 1⟩ /h =

1
h

∫
φ0(r)

∗
(
− ℏ2

2m
∂2

∂r2
+ Vlatt(r)

)
φ0(r+ a) dr, here given in frequency units, is known as the tunnel-

ing rate. For accurate calculation of t, it is necessary to use the Wannier functions instead of their

harmonic oscillator approximations due to their heavier tails [52]. [142] gives the tunneling rate in

a deep lattice as

t ≈ 4Er√
πh

(
V0
Er

)3/4

exp

(
−2

√
V0
Er

)
(3.11)

Numerically calculated and approximate values of t are plotted as a function of V0 in Fig. 3.8.
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Figure 3.8: The tunneling rate t is plotted as a function of the depth V0 of a sinusoidal lattice (solid

blue line). The approximate form Eq. 3.11 is also shown (dashed black line).

The tight-binding Hamiltonian for a single particle is −ht
∑

j(|j⟩ ⟨j + 1| + |j + 1⟩ ⟨j|). Di-

agonalizing it results in eigenstates with energies forming bands around the original levels En,

with the ground band having width ∆E0 = 4ht [52] (Fig. 3.9). To describe multiple particles, the

Hamiltonian can be written in second-quantized form Ht = −ht
∑

⟨ij⟩(ĉ
†
i ĉj + ĉiĉ

†
j), where the sum

is taken over nearest neighbors and ĉ†i (ĉi) are creation (annihilation) operators for particles with

the appropriate statistics at site i. As discussed in Sec. 5.4.1, additional terms can be added to

describe interactions between particles.

Figure 3.9: The dispersion is plotted for the lowest three bands of lattices of depth 1, 5, and 15 Er.
The corresponding harmonic oscillator energy levels are shown as dashed horizontal lines, which
the lower eigenvalues approximate for deeper lattices.
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Experimentally, we calibrate the lattice depths using parametric heating [80, 81], modulating

the lattice depth by approximately 10% at a variable frequency ωp. When ωp is resonant with the

gap between the n = 0 and n = 2 bands, particles are excited to the higher band9 . We typically

use a rubidium BEC for parametric heating, since the atoms are concentrated at q = 0, rather than

spread throughout the band in a thermal or Fermi gas. This leads to a narrower resonance and

easier interpretation of the data. For deep lattices, the spacing between the n = 0 and n = 2 bands

scales like 2ℏω, although a substantial deviation persists up to tens of recoils. The numerically

calculated (solid blue line) and approximate (dashed black line) splittings are plotted as a function

of lattice depth in Fig. 3.10.

Figure 3.10: The q = 0 splitting between the n = 0 and n = 2 bands, corresponding to the energy

for resonant parametric heating of a BEC, is plotted as a function of lattice depth (solid blue line).

An approximation of 2ℏω is plotted as a dashed black line.

3.3.2 Controlling a.c. Stark shifts

For high-fidelity control and realization of spin models without strong local disorder, it is

desirable that each molecule has the same splitting ω0 between |↑⟩ and |↓⟩. The splitting is sensitive

to d.c. electric field, but because the electrodes are large and far from the molecules, the field is

smooth over the sample, and can be homogenized by controlling the electric field gradient and

9 Due to the anharmonicity of the lattice, the n = 0 to n = 1 transition can also be driven, although more weakly
[143]
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curvature (Sec. 2.1.5). However, the optical field from the dipole traps and lattices varies over a

much smaller scale, due to the both the Gaussian shape of the beams, which is needed to confine

the atoms and molecules, and various imperfections in their wavefronts.

If the states |↑⟩ and |↓⟩ have polarizabilities α↑ and α↓ respectively, the splitting changes by

∆ω0 = (α↑ − α↓)I/ℏ when the molecule is exposed to light of intensity I. For KRb at 1064 nm,

α↑ and α↓ can be different by as much as 30% [108], leading to decoherence within a few hundred

microseconds for typical trap geometries. To achieve long coherence times, it is therefore important

to engineer trapping light in which α↑ = α↓.

Diatomic molecules generically have different polarizabilities for light with electric field along

and perpendicular to the internuclear axis, α∥ and α⊥ respectively. Because the wavefunctions of

different rotational states have different distributions of orientations of the molecule, the orientation-

averaged polarizability can depend on the state. Several methods have been developed for making

“magic” traps, which equalize the polarizabilities for two or more states of interest. In the following

sections, we discuss two such methods, a magic angle, which we frequently use, and a magic

wavelength, which we investigated spectroscopically. Other methods in use within the ultracold

molecule community include magic ellipticity [144, 145], intensity [146], and magnetic field [146, 147]

traps.

3.3.2.1 Magic angle

We consider the case where the molecule is exposed to light with linear polarization at angle

θ to the rotational states’ quantization axis, defined by the direction of an applied d.c. magnetic or

electric field. Due to the spherical symmetry of its wavefunction, |0, 0⟩’s polarizability α|0,0⟩ = (α∥+

2α⊥)/3 is isotropic. In addition to scalar polarizability, excited rotational states have an additional

tensor polarizability α(2) ∝ α∥ − α⊥, such that α|N,mN ⟩ = α
(0)
|N,mN ⟩ + α

(2)
|N,mN ⟩⟨P2(cos(θ))⟩|N,mN ⟩,

where the Legendre polynomial P2(cos(θ)) = (3 cos2(θ) − 1)/2 and the average is taken over the

state’s angular wavefunction [148]. The anisotropic component therefore vanishes at the magic

angle θ0 = arccos
(
1/
√
3
)
≈ 54.7◦.
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Experimentally, we are often concerned with a spin encoded in the |0, 0⟩ and |1, 0⟩ or |1,±1⟩

rotational states. This case is complicated by the light coupling different rotational states, with off-

diagonal matrix elements comparable to the 100 kHz-scale nuclear quadrupole splittings between

the N = 0,±1 states at realistic light intensities. This coupling necessitates diagonalizing the full

Hamiltonian of the N = 1 states, shifting the magic angles for each pair up to several degrees

from each other and θ0 [108] (Fig. 3.11a). In addition, the mixing of rotational states from an

applied d.c. electric field will also change α(2) and the magic angle. We therefore optimized the

angle of our optical traps for each electric field, using an adjustable waveplate to find the angle that

minimizes the shift in transition frequency for different light intensities. Even so, it is not possible

to realize a perfectly magic trap, as the magic angle depends on light intensity, leading to higher

order polarizabilities.

Magic angle traps for polar molecules were first demonstrated using KRb in [108], facilitating

study of spin models in [101], and subsequently used for NaK [149] and CaF [150]. In our apparatus,

it is possible to simultaneously reach the magic angle with the optical dipole traps and horizontal

lattices for a vertical electric field10 . This condition was used in [121] to allow the lattice depths

to be changed without having to rescan RF parameters. By tilting the electric field approximately

36◦ from vertical, the vertical lattice can also be made magic. We used this in [105] to demon-

strate rotational coherence times up to several milliseconds (Fig. 3.11b) and reduce inhomogeneous

broadening for layer-resolved spectroscopy (Sec. 3.2.3).

10 The accordion lattice does not currently have a waveplate for polarization control, but could also reach the magic
angle if such a waveplate was added.
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Figure 3.11: (a) The calculated polarizabilities of the N = 0 and 1 states at zero electric field

and 2.3 kW/cm2, following [108] The x-coordinate of the intersections between curves denote the

magic angle for the corresponding transition. (b) The Ramsey contrast decay of KRb in a 1D

lattice tuned to the magic angle by rotating the electric field to approximately 36◦ from vertical is

plotted, fit with Gaussian (black) and exponential (red) contrast decay curves. The contrast decay

time of approximately 5 ms is much greater than the few hundred microsecond time observed in a

non-magic trap.

3.3.2.2 Magic wavelength

An alternative approach to generating state-independent traps is picking a trap wavelength

where α∥ = α⊥, so the polarizability is independent of orientation. This approach would allow

simultaneous creation of magic or near-magic traps for multiple rotational levels [151] and allow

more flexible trap geometries with less sensitivity to errors in polarization. In bialkali molecules

(Fig. 3.12a), the electronic ground state is of X1Σ+ character (Sec. 3.1). Light with polarization

parallel (perpendicular) to the internuclear axis couples to transitions where ∆Λ = 0 (∆Λ = ±1).

The transition to the excited triplet b3Π state is electric dipole forbidden since it requires flipping

an electron spin, but can be weakly driven because of mixing with the nearby A1Σ+ state [151].

This admixture means that the X1Σ+ ↔ b3Π (X-b) transition can be driven by light with parallel

polarization. As a result, α∥ varies strongly with detuning ∆ from the transition, but α⊥ is nearly

constant, since the nearest state coupled by perpendicularly polarized light, B1Π, is detuned by
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hundreds of terahertz (Fig. 3.12b). By picking an appropriate ∆, the two polarizabilities can be

matched, allowing for magic wavelength trapping.
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Figure 3.12: (a) The potential energy curves of the lowest several electronic states of KRb. From

[152]. (b) Theoretical estimates of α∥, α⊥ and their weighted average αiso for KRb in the vicinity

of the X-b transition. They were predicted to intersect at a magic detuning of approximately 60

GHz. From a private communication with Olivier Dulieu and Romain Vexiau.

This approach was first demonstrated in [153], where a laser near the X-b transition of NaK

was tuned to engineer a magic wavelength between the N = 0 and N = 1 rotational states, as

well as tuneout wavelengths at which α = 0 for both levels. Although only approximately 10

GHz detuned from the X-b transition, the narrow 13.0(5) kHz linewidth was predicted to enable

lifetimes of approximately one second in a magic trap. The magic wavelength for RbCs has also

been extensively used, allowing second-scale rotational coherence times in an optical dipole trap

[154], record entangling gate fidelities and Bell state coherence times in optical tweezers [155], and

simultaneous magic trapping of three rotational states [156]. Given its enabling potential for highly

coherent spin physics, we decided to explore whether these methods could be applied to KRb. In

this section, I present preliminary measurements of the X-b transition in 40K87Rb and discuss
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prospects for a magic-wavelength trap.

The X-b transition in 41K87Rb was previously observed [157] with the intent of directly laser

cooling the molecules. Since we expect isotope shifts to be small, we used their measured frequency

of 291.4172(2) THz as the starting point for our search. To generate light around 1028.7 nm to drive

the transition, we built an external cavity diode laser, which we locked to a wavemeter. After an

optical isolator and fiber, the laser delivered around 2 mW to the molecules. The beam was focused

to a waist of 135 by 150µm, giving a peak intensity of approximately 6 W cm−2. This intensity is

substantially lower than that required to make an optical dipole trap (only corresponding to a trap

depth of 9 nK at the theoretically estimated real polarizability of 645 a.u. = 30h Hz/(W/cm2)),

so sensitive spectroscopy and careful elimination of systematic shifts was required to measure the

polarizability of the molecules.

To characterize the polarizability of the molecules, we used double resonance spectroscopy

(Fig. 3.13a), where we measured the frequency of the |0, 0⟩ (|0⟩) to |1, 0⟩ (|1⟩) rotational transition

while the molecules are exposed to light near the X-b transition. Ramsey interferometry with a

spin echo pulse sequence, with the laser applied before the echo pulse, enables this measurement

(Fig. 3.13b). Phase shifts due to static disorder are canceled by the echo pulse, but the frequency

shift from the different energy shifts of |0⟩ and |1⟩ due to the laser shifts the phase of the Ramsey

fringe. The phase of the Ramsey fringe was measured to approximately 5◦ precision and Ramsey

interrogation times of up to 20 ms are used, giving sensitivity to frequency shifts of 0.7 Hz. Because

the Ramsey phase can wrap to values beyond 2π when the frequency shift is large, measurements

were also taken at shorter Ramsey times to disambiguate the frequency shift.



47

N=0
N=1

N'=0
N'=1

N'=2

X1Σ

b3Π

ωL

ωMW

a b

Figure 3.13: (a) The double resonance spectroscopy scheme is shown schematically. A laser at

frequency ωL connects levels in the ground and excited state manifolds, inducing an a.c. Stark

shift in the |0⟩ ↔ |1⟩ transition. The Stark shift is measured using microwaves at frequency ωMW.

Here, the laser is shown as blue detuned from the |N = 0⟩ ↔ |N ′ = 1⟩ transition; the other allowed

rotational transitions from |0⟩ and |1⟩ are shown as dashed arrows. (b) The spin-echo pulse sequence

for measuring the a.c. Stark shift while rejecting other frequency shifts is shown. The sequence

consists of an initial π/2 pulse, after which the laser is turned on for time T , after which a π pulse

flips the state about the X̂ axis. The spins evolve for another T in the dark, and a final π/2 pulse

with variable phase ϕ maps the accumulated phase onto ⟨Sz⟩.

For these measurements, we produced approximately 104 KRb molecules at an average fill-

ing fraction of approximately 10% in a 3D optical lattice to suppress motion and collisional loss.

Time-dependent disorder and dipolar interactions can lead to contrast decay, which reduces the

measurement sensitivity. Because the molecules are pinned by a 3D lattice, the dominant remaining

source of disorder is time-varying a.c. Stark shifts from intensity noise of the optical lattice (hence

the need for a magic wavelength trap). To minimize this effect, the two horizontal lattices were set

to the magic angle while the polarization of the vertical lattice was fixed at 90◦ from the quantiza-

tion axis, which is defined by a 545.9 G magnetic field. In this configuration, the Ramsey coherence

time was 9 ms with a spin echo pulse. The coherence time was still limited by dipolar interactions

between the molecules [101, 121]. Therefore, for the double resonance spectroscopy measurements,

the density of the molecules was uniformly reduced by shelving 30% of the molecules in |1⟩ while
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removing molecules in |0⟩ through application of resonant light from the STIRAP down leg [117].

This increased the spin echo coherence time to approximately 25 ms, which is sufficient for the

polarizability measurement.

We found three dispersive features in the RF spectrum, corresponding to light resonant with

the |X, 0⟩ ↔ |b, 1⟩, |X, 1⟩ ↔ |b, 0⟩, and |X, 1⟩ ↔ |b, 1⟩ transitions (Fig. 3.14a). Fitting this spectrum

to the model from [153], we extract a transition frequency of 291.41725(5) THz and an excited state

rotational constant of 1.1387(5) GHz. The transition frequency is identical to the measurement

in 41K87Rb within the 50 MHz uncertainty we assign to our wavemeter. We also measured the

difference in polarizability at larger detunings (Fig. 3.14b), finding that the magic wavelength is

roughly 32 GHz detuned from the N = 0 ↔ N ′ = 1 transition. To check that the magic wavelength

does not strongly depend on polarization, we repeated the measurement with the electric field of

the spectroscopy light aligned (orange) and perpendicular (blue) to the magnetic field defining the

quantization axis, finding a zero crossing at the same position. The differential polarizability is

calculated based on the beam size as measured on a profile camera and the power measured before

the cell, but may be subject to systematic errors if the beam at the position of the molecules is

distorted from a Gaussian distribution of the measured size.
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Figure 3.14: (a) The difference in polarizability between |1⟩ and |0⟩ is plotted as a function of

detuning from the X-b transitions for small detunings. Three features are present, corresponding

to the N = 1 ↔ N ′ = 0, N = 0 ↔ N ′ = 1, and N = 1 ↔ N ′ = 2 transitions from left to

right. The line is a fit to a model of the polarizability, Eq. 1-2 in [153]. (b) The difference in

polarizability between |1⟩ and |0⟩ is plotted as a function of detuning from the X-b transitions

for two polarizations, θ = 0 (orange) and θ = π/2 (blue) between the light’s electric field and

the quantization axis provided by the magnetic field. Measurements both with (hollow points)

and without (filled points) the filter cavity are shown, indicating similar zero crossings in both

conditions. Both polarizations cross zero at a detuning of around 32 GHz, indicating the magic

wavelength. The y-axis is calibrated based on the measured beam size and power.

Scattering of the trap light can cause heating and loss of the molecules. Because the magic

wavelength is near the band of X-b transitions, we would expect the imaginary polarizability to be

higher than the farther-detuned 1064 nm used for our other optical traps. In particular, we expect

both scattering from the v = 0 X-b transition, which we can model as a two-level system, and

from other states, which we assume to contribute a constant imaginary polarizability Imαbg in the

vicinity of the magic wavelength.

We measure the imaginary polarizability by measuring the molecule lifetime as a function of

laser detuning and intensity. Because the scattering rate scales as ∆−2, even a small amount of

light near resonance will cause rapid loss, which we saw during initial measurements. To suppress
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spontaneous emission from the laser which was causing the loss, we added a Fabry-Perot filter cavity

with finesse of approximately 1000 and free spectral range 72 GHz11 . The cavity is locked to the

laser with dither locking and with optimized cavity coupling, we were still able to deliver around

2 mW to the molecules. At the magic detuning of 32 GHz, the intensity of light on resonance is

suppressed by a factor of 2.5×10−6 by the cavity, which was sufficient for our lifetime measurements.

During the measurement, a deeper 3D lattice suppresses tunneling and collisional loss, but

off-resonant scattering of the 1064 nm lattice light can limit molecule lifetime [100]. To balance

the two loss processes and provide the longest overall lifetime, the lattice depth was set to 25 Er,

giving a lifetime of 24(2) s, determined by fit to a one-body loss model. We subtract the loss rate

due to the lattice from the measured loss rates with the X-b laser applied.

Assuming small ∆ such that scattering from the X-b transition is the dominant loss process,

the scattering rate is given in [153] as

γsc =
3πc2

2ℏω3
0

ΓΓe

∆2
I (3.12)

where Γe is the decay rate from the excited state and Γ = ΓeF where F is the Franck-Condon factor

between the ground and excited states. The measured loss rates are shown in Fig. 3.15, along with

a fit to Eq. 3.12 (black). From the fit, taking F = 0.9474 [157], we extract Γe = 2.77(4) kHz. This

is narrower than the 4.9 kHz linewidth measured for 41K87Rb [157]. Although it is possible that

this is a real difference, it is more likely due to imperfect calibration of the intensity.

11 The cavity was adapted from a Thorlabs SA210-8B Fabry-Perot interferometer by shortening the cavity spacer
to increase the FSR. We used a Liquid Instruments Moku:Go for the dither lock.
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Figure 3.15: The intensity-normalized scattering rate is plotted as a function of detuning from the

X-b transition. A fit to Eq. 3.12 (black), along with the expected loss rate if the linewidth matched

41K87Rb [157] (pink) are plotted. The points shown in red, which possibly come from leakage

through another cavity mode or coupling to another molecular state, are excluded from the fit.

Based on these measurements, we can analyze prospects for optical trapping at the magic

wavelength. For a 40 Er 3D lattice, in which tunneling would be strongly suppressed, the one-body

lifetime at the magic wavelength of +32 GHz would be 1.2 s, assuming the scattering from the X-b

transition dominates over background imaginary polarizability and taking the 4.9 kHz linewidth

from [157]. While sufficient for the timescales of spin physics that we have so far explored, the

lifetimes may be too short for efficient evaporative cooling of the molecules ([99] and Sec. 6.2.3)

in the magic wavelength trap, so both 1064 and 1028 nm lasers systems might be required. In

addition, either a high-finesse, high-power filter cavity or a laser source with intrinsically low

amplified spontaneous emission12 would be required to suppress near-resonant light which could

otherwise cause much faster loss. In light of the lifetime limitations, the success of dynamical

decoupling (Sec. 3.2.1) at extending coherence, and the technical complexity of adding a new high-

power laser system, we decided not to immediately implement a magic wavelength trap on the KRb

experiment. With an appropriate design, it may be an interesting future direction.

12 Vertical-external-cavity surface-emitting-lasers (VECSEL) from Vexlum, as used by the Cornish group’s RbCs
experiment, may be promising for this approach.



Chapter 4

Mean-field spin dynamics with itinerant molecules

”Well, shake it up, baby, now

Twist and shout (Twist and shout)”

Twist and Shout – The Beatles

Generalizations of the Heisenberg model (Eq. 1.3) include XYZ spin models of the form

HXY Z =
∑
i<j

Jij
(
gxs

X
i s

X
j + gys

Y
i s

Y
j + gzs

Z
i s

Z
j

)
(4.1)

describe fundamental phenomena in magnetism. In particular, the XXZ model with gx = gy = g⊥,

HXXZ =
∑
i<j

Jij
(
g⊥
(
sXi s

X
j + sYi s

Y
j

)
+ gzs

Z
i s

Z
j

)
(4.2)

generalizes the XY (gz = 0), XXX (gz = g⊥), and Ising (g⊥ = 0) Hamiltonians. Here, the

coefficients Jij encode the coupling between different particles indexed by i and j. These models

can be simulated with superexchange of atoms in an optical lattice with contact interactions ([158]

and Sec. 1.2). Optical cavities can mediate all-to-all interactions between atoms, allowing study of

highly collective dynamics [159]. Disordered couplings can lead to spin glass phases [160], which

have recently been realized in multimode cavity QED systems [161]. Polar molecules and other

dipolar systems such as magnetic atoms [162] and nitrogen-vacancy (NV) centers in diamond [163],

most naturally realize anisotropic, long-range interactions

Jij ∝
1− 3 cos2(θij)

|rij |3
. (4.3)
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For these systems, the effective range of the interaction can be reduced by Floquet engineering

[164] or allowing superexchange to dominate over dipolar interactions, or, in the case of molecules

or magnetic atoms, extended by allowing itinerance. This chapter focuses on the XYZ model’s

dynamics in the latter case.

For deeply degenerate itinerant molecules confined in a 2D plane, Jij can be approximated

as a constant J . This can be derived by considering molecules occupying different eigenstates i and

j of a 2D harmonic potential in which molecules can move and computing the matrix elements of

the dipolar interactions Jij =
∫∫

|ψi(r1)|2Vdd(r1, r2)|ψj(r2)|2 dr1 dr2. Because of the delocalization

of the wavefunctions, the matrix element depends only weakly on the values of i and j, justifying

approximation with an average value J [165]. A classical intuition for the system can be gained by

noting that the motion, assumed to be fast relative to the dynamics generated by HXXZ , averages

the interactions over different configurations of the molecules, as in motional narrowing [166]. In

this limit, the Hamiltonian can be approximated as a collective spin model

Hc
XXZ = J

(
g⊥
(
S2
X + S2

Y

)
+ gzS

2
Z

)
+ hZSZ (4.4)

where S =
∑

i Si and J is an average ⟨Jij⟩i̸=j over the occupied motional modes.

For an isotropic three-dimensional system, J averages to zero, as the head-to-tail and side-to-

side interactions have opposite signs and cancel each other. This can be seen by integrating Eq. 4.3

over a sphere. Therefore, a lower dimensional system is needed to see collective dynamics arising

from the spin model. Experimentally, we generated 2D systems by confining molecules in one or

more layers of a 1D optical lattice. In this geometry, molecules in the same layer all interact side-to-

side with the same sign of interactions, since θ = π/2 in Eq. 4.3 if the quantization axis is oriented

along the lattice wave-vector (effects of changing the quantization axis direction are discussed in

Sec. 4.2.1.1). Because of the large spatial extent of the other layers, collective interactions between

layers are largely averaged out and only slightly affect the dynamics on the millisecond timescales

considered in this chapter [105]. We can therefore approximate the system as a stack of isolated
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layers, and consider the dynamics within a single layer.

In this chapter, we discuss experimental realization and characterization of collective spin

models with itinerant molecules, using electric fields (Sec. 4.2 based on [117]) to realize tunable

XXZ Hamiltonians and show that the interactions can be dynamically reversed by selecting different

qubit states (Sec. 4.2.2). We further apply Floquet engineering (Sec. 4.3 based on [123]) to generate

an XYZ Hamiltonian. In Ch. 5, we explore spin dynamics in regimes in which the collective

description breaks down.

4.1 Measuring mean-field dynamics

Per the Ehrenfest theorem, the expectation values of the collective Bloch vector S under the

all-to-all Hamiltonian Eq. 4.4 evolve as

d ⟨Si⟩
dt

= 2J
∑
j,k

ϵijkgj ⟨Sj⟩ ⟨Sj⟩ (4.5)

where ϵijk is the Levi-Civita symbol.

Experimentally, we can measure these dynamics using state-resolved imaging combined with

global rotations of the spins on the Bloch sphere. We produce molecules in |0⟩, corresponding to

⟨s⟩ = Ẑ/2. By applying a microwave pulse on the |0⟩ ↔ |1⟩ transition with phase ϕ and area θ, we

rotate the Bloch vector by θ about an axis − sin(ϕ)X̂ + cos(ϕ)Ŷ , preparing a state with average

Bloch vector ⟨s0⟩ = 1
2(cos(ϕ) sin(θ), sin(ϕ) sin(θ), cos(θ)) (Fig. 4.1a). Time evolution transforms the

Bloch vector into ⟨S⟩. We can measure ⟨SZ⟩ by imaging the molecules in |0⟩ and |1⟩ ([105] and

Sec. 2.1.4). To measure the other components of ⟨S⟩, we can apply an additional π/2 pulse to map

SX or SY onto SZ before imaging (Fig. 4.1b). Thus, over three shots with different readout pulses,

we can measure ⟨S⟩1 . We used this method in [123]. For the dynamics in [117], the Bloch vector

remained at the same ⟨SZ⟩, so we measured only SX and SY by applying a readout pulse with area

π − θ and variable phase (Fig. 4.5a and c).

1 It should be possible to read out ⟨S⟩ in a single shot by mapping the projection of S onto different Bloch sphere
axes to the population in multiple internal states, then imaging each state. This has been demonstrated using trapped
ions in [167].
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Figure 4.1: (a) An initial state S at polar angle θ from Ẑ and azimuthal angle ϕ from X̂ is prepared

by a rotation of area θ about the axis − sin(ϕ)X̂+cos(ϕ)Ŷ . (b) To read out the X̂ or Ŷ component

of S, a π/2 rotation about the Ŷ or X̂ axis is applied to map the respective component onto the Ẑ

direction.

To understand systematic errors in the imaging process, in [123] we prepared a superposition

cos(θ) |0⟩+ sin(θ) |1⟩ for different angles θ with a microwave pulse immediately before our imaging

sequence. For itinerant molecules, we find that for θ close to 0 or π, fewer molecules are in the

minority state than would be expected from the state preparation. We attribute this to loss

from inelastic collisions during the imaging sequence. As these collisions occur nearly 100 times

more rapidly for distinguishable molecules [105], their effect on the density can be modelled as

dNi
dt = −βpNiNj for i ̸= j in which the indices are over the states |0⟩ and |1⟩ and βp is the p-wave

loss rate. By fitting the solution to this system of differential equations to the measured molecule

numbers, we are able to correct measured N and ⟨S⟩ for this loss (Fig. 4.2).



56

Figure 4.2: Correcting imaging for loss. The measured value of
〈
S0
Z

〉
is plotted (blue circles)

as a function of the value prepared by a microwave pulse. The dashed curve is a fit to the loss

model. By inverting the model, the data can be corrected for loss during imaging (orange crosses).

4.2 XXZ dynamics: one-axis twisting

Noting that S ·S = S2
X +S2

Y +S2
Z , the all-to-all XXZ Hamiltonian (Eq. 4.4) can be rewritten

Hc
XXZ = J⊥S · S+ χS2

Z + hZSZ (4.6)

. where J⊥ = Jg⊥ and χ = J(gz − g⊥). Under the S · S term, any state with the same Bloch

vector length has the same energy, independent of its orientation. As such, the term does not cause

rotation of the Bloch vector, but protects the spins against dephasing by opening an energy gap

between states where N and N − 1 spins are aligned [168]. The hZ term, which can come from

both detunings between the probe field and transition frequency due to technical noise, as well

as an effective magnetic field generated by the spins, causes a global rotation about the Z axis

of the Bloch sphere. Its effect can be cancelled by a spin-echo pulse sequence [130]. We focus on

measuring the effect of the χ term, which, under the mean-field approximation, is χ ⟨Sz⟩Sz. This
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causes S to rotate about the Z axis at a rate proportional to ⟨Sz⟩. Beyond mean-field effects, this

term should also generate entanglement between the spins, allowing preparation of metrologically

useful spin-squeezed states by one-axis twisting (OAT) [169]. This is discussed in detail in Ch. 7.

In [117], upon which this section is largely based, we measured χ using Ramsey spectroscopy

[170] . To do so (Fig. 4.5a), we initialized the spins in the state cos(θ/2) |↓⟩ + sin(θ/2) |↑⟩ with a

pulse of area θ. We then allowed the system to evolve for T = 1.2 ms while applying dynamical

decoupling, consisting of an XY8 pulse sequence [134] repeated three times. Finally, we applied

another pulse of area π− θ with variable phase ϕ before measuring Sz with state-resolved imaging.

The Ramsey fringes (Fig. 4.5c) exhibit phase shifts proportional to ⟨Sz⟩ (Fig. 4.5d), with constant

of proportionality Uχ. To confirm that the phase shifts arise from interactions, we measured Uχ as

a function of molecular density, finding a linear relationship (Fig. 4.5e), extracting χ as Uχ/n.

We have experimental access to several parameters to control the interaction strength χ0.

By changing the strength of an applied electric field, the values of gz and g⊥ can be varied and

by controlling its orientation, the orientation-averaged value of J can be tuned (Sec. 4.2.1). By

selecting different internal states as the spin-1/2 system, the sign of the interaction can be reversed

(Sec. 4.2.2).

4.2.1 Electric field tuning

At zero electric field, the molecules have negligible lab-frame dipole moment, so interact

through spin-exchange with rate d↓↑d↑↓. A d.c. electric field mixes the eigenstates of the bare

molecular Hamiltonian (Sec. 3.1). This has two relevant effects: a dipole moment d↑ or d↓ in the

lab frame is induced, and the spin-exchange interaction d↑↓ is suppressed. A theoretical calculation,

neglecting hyperfine structure, of interaction strengths of the states |↓⟩ = |0, 0⟩ and |↑⟩ = |1, 0⟩ is

plotted as a function of electric field in Fig. 4.3c. The coefficients in the XXZ Hamiltonian (Eq.

4.2) can be written in terms of the dipole moments as g⊥ = 2d↓↑d↑↓ and gZ = (d↓ − d↑)
2. Their

difference, χ0 = gZ − g⊥, which is proportional to the expected rate of OAT, is plotted as a black

line in Fig. 4.3c.
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Figure 4.3: A 2D itinerant spin system with polar molecules. a, Molecular spins are free

to move within a 2D layer. Their dipolar interactions are tuned by a bias electric field E with

configurable magnitude and orientation in the x − y plane. Yellow, blue, green and gray curves

illustrate interaction processes detailed in c. Red arrows represent dipolar elastic collisions. b,

Energy diagram for the ground and first excited rotational states in which we encode the spin-1/2

degree of freedom. The transitions are driven by microwaves. c, Calculated dipolar interaction

strength as a function of |E| for the spin manifold {|↓⟩ , |↑1⟩}. The dipolar coupling strength is

given in units of the permanent dipole moment of KRb dp = 0.574 Debye. The molecules interact

through their induced dipole moments d↓ and d↑, as well as the transition dipole moment d↓↑. The

black line shows the field dependence of χ0.

We measured χ, as described in Sec. 4.2, for several electric fields between 0 and 8.96 kV/cm

(Fig. 4.5f). The data followed the calculated scaling of χ with electric field, starting large and

negative with the zero field spin-exchange interactions, then crossing zero as the field was increased

beyond 6.5 kV/cm. At 6.5 kV/cm, the so-called Heisenberg point, gz and g⊥ are of equal magnitude,

realizing a Heisenberg XXX Hamiltonian. The calculated values of χ0, where the overall scale is fit
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to the data to account for the geometric component of the interactions, are plotted as a black line.

For fields below 500 V/cm (gray shaded region), couplings between the nuclear spins and rotation

can substantially modify the transition dipole moment, thus χ from the values shown in Fig. 4.3c.

4.2.1.1 Tuning with electric field direction

The orientation of the electric field can also be varied. If E is tilted at angle α with respect

to the lattice wavevector in the x− y plane (inset in Fig. 4.5g), the average geometric factor of the

dipolar interaction for a 2D system can be tuned. We can estimate this factor for molecules confined

to an isotropic 2D geometry, taking molecule i fixed at the origin and molecule j at azimuthal angle

β from the x̂ axis (Fig. 4.4). The angle between rij and E satisfies cos2(Θij) = sin2(α) cos2(β).

Averaging over β gives
〈
cos2(β)

〉
= 1/2, such that the average geometric factor in the collective

XXZ Hamiltonian (Eq. 4.6) becomes

J(α) =
〈
1− 3 cos2(θij)

〉
= (3 cos2(α)− 1)/2 (4.7)

z
x

y

𝛽

𝛼

r

Figure 4.4: The coordinate system for interactions between molecules in a tilted electric field.

In Fig. 4.5g, the measured value of χ is plotted as a function of α for |E| = 1 kV/cm, showing

that the magnitude and sign of χ can be varied. The data are fit with a scaled version of Eq. 4.7,

showing excellent agreement. The ability to tune the electric field angle for 2D or layered dipolar

systems is relevant to realizing magic-angle optical traps for reducing single-particle decoherence

(Sec. 3.3.2) or observing pairing and superfluidity [171, 172, 173] or Fermi surface deformation [174]

in a spin-polarized gas.
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Figure 4.5: Dynamical decoupling and tunable dipolar interactions between molecules.

a, The standard Ramsey sequence consists of an initial pulse of area θ, followed by an evolution

time T , and finally a pulse of area π − θ about an axis n̂ = X̂ cos(ϕ) + Ŷ sin(ϕ). We insert one or

more XY8 sequences during T, denoted as XY8 XY8 ×M . One XY8 sequence (zoomed region)

consists of eight Rabi-π pulses spaced by time τ , for a total free precession time of 8τ . b, Decay

of Ramsey fringe contrast between |↓⟩ and |↑1⟩ without dynamical decoupling (gray circles) and

with XY8 × 3 at a density of n = 0.14(2) × 107cm−2 (orange squares). We use a low density to

reduce interaction effects. Error bars are 1 s.d. from bootstrapping. c, Measured Ramsey fringes

with dynamical decoupling for an average 2D density n = 1.4(1) × 107cm−2 for initial population

imbalance θ = π/4 (blue diamonds), π/2 (black circles) and 3π/4 (red squares) for T = 1.2 ms

at |E| = 0. Solid lines are fits to A cos ((π/180)ϕ−∆ϕ) plus an offset, from which we extract

the measured shift ∆ϕ. d, Measured ∆ϕ versus cos(θ) for n = 1.4(1) × 107cm−2 (black circles)

and 0.65(7) × 107cm−2 (gray squares). The strength of the mean-field interaction Uχ is extracted

from the slope of the linear fit (solid lines). Error bars are 1 s.e. from fits. e, Density dependence

of Uχ for the {|↓⟩ , |↑1⟩} manifold (gray) and the {|↓⟩ , |↑2⟩} manifold (green). Black and green

solid lines are linear fits to the data. The slopes of the fits are direct measurements of χ1 and χ2,

respectively. Error bars are 1 s.e. from linear fits. f, Dependence of χ for the {|↓⟩ , |↑1⟩} manifold

on |E| at α = 0◦. The solid line is a one parameter fit to A
(
(d↓ − d↑)

2 − 2d↓↑d↑↓
)
calculated for

KRb at the experimental magnetic field and trapping conditions, which includes modifications to

the dipole moments from the mixing of hyperfine and rotational states at |E| below roughly 500

V cm−1 (shaded area). Gray line indicates zero. Error bars are 1 s.e. from linear fits. g, Angular

dependence of χ for the {|↓⟩ , |↑1⟩} manifold at |E| = 1.02 kV cm−1. Solid line is a one parameter

fit to −A(3 cos2(α)− 1). Gray line indicates zero. Error bars are 1 s.e. from linear fits.

4.2.2 Tuning with internal state

Different sets of states have different dipole moments, thus different values of J⊥ and JZ .

Microwaves can rapidly and coherently transfer the population between different levels [97], enabling
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dynamic control. For instance, the transition dipole moment between |0, 0⟩ and |2, 0⟩ is zero for

|E| = 0. This pair of states was used by our group in [105] to switch off spin-exchange between

lattice layers and in RbCs in [154] to eliminate interaction-induced dephasing, allowing observation

of second-scale rotational coherence times. Rapidly turning interactions on and off can also be used

to implement quantum gates [144] or study quench dynamics [175]. By picking a pair of states with

the opposite sign of J⊥, the interactions to be reversed. At |E| = 0, the interactions in the |0, 0⟩

and |1,±1⟩ manifold are spin-exchange, but with opposite sign as between |0, 0⟩ and |1, 0⟩, namely

J
|0,0⟩↔|1,±1⟩
⊥ = −1/2J

|0,0⟩↔|1,0⟩
⊥ (4.8)

The ability to evolve the system under a forward, then reversed, Hamiltonian, known as

a Loschmidt echo [176], is valuable for both many-body physics and metrology. In many-body

physics, it enables the study of out-of-time-ordered correlators [177], measuring the scrambling of

quantum information. For metrology, reversal of interactions can enable amplification of a signal of

interest, leading to entanglement-enhanced metrology with relaxed detection requirements relative

to spin squeezing [165, 178, 179, 180].

We can address both |1, 0⟩ and |1,−1⟩, which are split by around 400 kHz by coupling

between the nuclear spins and molecular rotations [84], by changing the microwave frequency. In

Ref. [117], using the Ramsey spectroscopy procedure described in Sec. 4.2, we measured χ in both

the |0, 0⟩ ↔ |1, 0⟩ and |0, 0⟩ ↔ |1,−1⟩ manifolds (black circles and green squares in Fig. 4.5e,

respectively), finding χ|0,0⟩↔|1,0⟩ = −4.9(3)×10−6 Hz cm2 and χ|0,0⟩↔|1,±1⟩ = 2.3(8)×10−6 Hz cm2.

These interactions differ by a factor of roughly minus two, as expected (Eq. 4.8).

Building upon this control, we also demonstrated coherent reversal of the spin Hamiltonian

by switching the population in |1, 0⟩ to |0, 0⟩ in the middle of a Ramsey sequence (Fig. 4.6a). After

preparing molecules in a superposition of |0, 0⟩ and |1,−1⟩ with a pulse of area θ = π/4 or 3π/4, we

allowed the system to evolve for a variable time Ts of up to 1.2 ms while suppressing dephasing with

XY8 dynamical decoupling. After Ts, we applied a composite pulse of duration 70µs consisting of
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three π pulses to transfer the population in |1,−1⟩ to |1, 0⟩. We then allowed the system to evolve

for an additional time T − Ts before applying a readout pulse of area π − θ and variable phase ϕ

and imaging the molecules in |0, 0⟩ and |1, 0⟩. By repeating the measurement for different angles ϕ,

we can fit the phase of the resulting Ramsey fringes, ∆ϕ(θ = π/4) and ∆ϕ(θ = 3π/4). To make the

measurement sensitive to interactions while cancelling common phase shifts originating when the

state is switched, we extract the phase difference ∆ϕ = ∆ϕ(θ = π/4)−∆ϕ(3θ = π/4). In Fig. 4.6b,

we plot ∆ϕ as a function of T = T1+T2. For T less than 1.2 ms, we fix a short T −Ts = 80µs and

scan Ts (green squares). For longer T , we fix Ts = 1.2 ms. There, the phase accumulation in the

second phase is reversed, with slope approximately twice the slope in the first phase (gray circles).

At T = 1.6 ms, ∆ϕ returns to the original value.
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Figure 4.6: Reversal of the spin dynamics. a, Measurement sequence. Molecules are initially

prepared and allowed to evolve in a superposition of |↓⟩ and |↑2⟩. A composite pulse R coherently

transfers the population in |↑2⟩ to |↑1⟩ while preserving its relative phase to |↓⟩. Molecules then

evolve in {|↓⟩ , |↑1⟩}. Inset shows the composition of R. b, Measured time evolution of ∆Φ =

∆ϕ(θ = π/4)−∆ϕ(θ = 3π/4) at n = 1.1(1)× 107cm−2. The phase accumulation in stage I (green

squares) and stage II (black circles) are plotted over time. For T < 1.2 ms, we fix the duration

of stage II to be 80µs and scan the time of stage I. For T > 1.2 ms, we fix the duration of stage

I to be 1.2 ms and scan the time of stage II. The total time plotted excludes the widths of the

microwave pulses. A piecewise linear fit to the time evolution of ∆Φ is shown as a solid line. The

ratio between the two slopes is constrained to -2. Error bars are 1 s.e. from fits.

Interesting near-term experiments with the KRb apparatus are enabled by the demonstrated

Hamiltonian reversal. The degree of coupling between the interacting spins and molecular motion
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can be characterized using Loschmidt echos, which reverse the spin Hamiltonian but leave the

motion unaffected. This was explored using freely moving Rydberg atoms in Ref. [181], which also

demonstrated time reversal of Floquet-engineered XXZ models. Our additional control over motion

with optical lattices (see Ch. 5) should allow study of different regimes. In addition, it would be

interesting to explore amplification of phase accumulated in a Ramsey spectroscopy experiment, as

demonstrated in a cavity QED system in [179] and with an ensemble of NV centers in [180].

4.3 XYZ dynamics: two-axis twisting

In addition to d.c. fields, the interactions between molecules can be tuned by sequences of

microwave pulses. This process is an example of Floquet engineering, in which periodic driving of

a quantum system can be used to modify its dynamics. With an appropriate pulse sequence, the

native low-field XY interactions can be transformed into a range of XXZ or XYZ Hamiltonians.

Although this method had already been demonstrated in dipolar spin systems, including Rydberg

atoms [182], NV centers [183], and polar molecules [147], we applied it in two novel directions.

First, we designed, implemented, and characterized a Floquet pulse sequence for generating two-

axis twisting using an XYZ Hamiltonian using itinerant molecules, building off our previous work

characterizing XXZ Hamiltonians. This project is discussed in the following sections. In addition, as

described in Sec. 5.5, we systematically compared the long-time dynamics of Floquet-engineered and

d.c. field-tuned XXZ Hamiltonians in order to explore Floquet engineering’s efficacy and limitations.

Our results on Floquet-engineered spin dynamics with polar molecules are published in [123],

upon which this section is based.

4.3.1 Floquet engineered spin models

The dynamics of a quantum system under periodic driving can be described with a Magnus

expansion [130]. Its leading order for small tc/T , in which tc is the period of the cycle and T is the

characteristic timescale of interactions, is average Hamiltonian theory [184]. Under average Hamil-

tonian theory, the system evolves under the interaction picture Hamiltonian Havg = 1
tc

∫ tc
0 H(t) dt,
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in which H(t) = H(t − tc) is the periodic Hamiltonian. If H consists of periods of free evolution

separated by rapid changes of the Hamiltonian, Havg = 1
tc

∑
i τiHi, in which τi is the free evolution

time under Hamiltonian Hi in each cycle. In our experiment, this can be realized by applying rapid

microwave pulses that rotate each spin by an angle θ about an axis n̂ on the Bloch sphere (Sec.

3.2).

At low electric field, the molecules interact with an XY Hamiltonian, gX = gY = g⊥ and

gZ = 0. If the state on the Bloch sphere is rotated by a −π/2 pulse about the Ŷ axis, the

original X̂ axis now points along the Ẑ direction (Fig. 4.7b). In the reference frame that rotates

with the original Ẑ axis, known as the toggling frame, the interactions have been transformed to

gY = gZ = g⊥ and gX = 0. If another −π/2 pulse is applied about the X̂ axis, the toggling frame

Ŷ axis points along the Ẑ direction, leading to interactions gX = gZ = g⊥ and gY = 0. By varying

the ratio of times spent in each orientation, the average Hamiltonian can be tuned over the range

of XY Z Hamiltonians with constant trace gX + gY + gZ = 2g⊥ and with gX,Y,Z > 0 (Fig. 4.7c).

With an appropriate pulse sequence, the tuning of interactions can be combined with cancel-

lation of disorder. If each toggling frame axis spends equal time pointing along the ±Ẑ directions,

precession from detuning is cancelled, as in a spin-echo pulse sequence. Additionally, if spins are

rotated clockwise and counterclockwise an equal amount about each axis, the pulse sequence is

robust to lowest order to errors in pulse area. A convenient algebraic formalism for evaluating and

designing pulse sequence is presented in [119]. Methods also exist for designing pulse sequences

robust to errors, finite repetition frequency, and finite pulse time at higher order [185].
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Figure 4.7: XXZ and XYZ Hamiltonian engineering. A, At low electric fields, molecules

interact through spin exchange. XXZ and XYZ models can be realized with d.c. electric fields

(green) and microwave pulse sequences (purple), respectively. B, Microwave π/2 pulses rotate the

spins on the interaction picture Bloch sphere, transforming the spin-exchange XX + YY interactions

into XX + ZZ or YY + ZZ interactions. C, A range of XXZ (blue line) and XYZ (shaded triangle)

interaction Hamiltonians can be realized by controlling the amount of time the spins spend in each

frame, starting with the low-electric-field spin-exchange Hamiltonian between the |0⟩ and |1⟩ states.

The orange star indicates the Hamiltonian used to study TAT dynamics. The axes represent the

strength of the couplings in the XYZ Hamiltonian.

This method presents an alternative to d.c. electric fields for realizing XXZ Hamiltonians

with coefficients between (gX,Y , gZ) = (g⊥, 0) and (g⊥/2, g⊥). In Sec. 5.5, I discuss a comparison of

the Ramsey contrast decay dynamics of Floquet engineered and electric field-tuned Hamiltonians.

In addition, less symmetric XYZ models can be engineered. In the next section, I discuss one such

model that generates two-axis twisting dynamics, which can be applied to efficient spin squeezing.
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4.3.2 Two-axis twisting

Time evolution under the all-to-all XYZ Hamiltonian gX = −gZ and gY = 0 generates two-

axis (counter)twisting (TAT) [169]. TAT can prepare spin-squeezed states from initial coherent

states at the ±Ŷ poles of the Bloch sphere by compressing and extending the quasiprobability

distribution in orthogonal directions rotated by π/4 radians relative to the twisting axes (Fig.

4.10a). For the optimal evolution time, the standard deviation of the projection of the spin in

the squeezed direction scales as 1/N , where N is the number of spins. This scaling saturates the

Heisenberg limit for the minimum noise that can be achieved for sensing with N spins [186]. As

such, TAT is an appealing process to generate entangled states for sensing or precision measurement

on a variety of platforms, including polar molecules [29, 33].

XYZ Hamiltonians that generate TAT are not native to common platforms and can be chal-

lenging to realize. Mean-field TAT dynamics were only recently observed in a cavity QED system

[187] using four-photon couplings between atoms. Following [188], we demonstrated an alternative

approach to generating TAT via Floquet engineering. Subsequently, Floquet engineering has also

been used to generate TAT in a two-dimensional ensemble of NV centers [180].

Because Floquet engineering preserves the trace gx + gy + gz, it is impossible to tune the

coefficients to gX = −gZ and gY = 0. However, it is possible to create the Hamiltonian HTAT with

g = (g⊥, 2g⊥/3, g⊥/3), which is the two-axis twisting Hamiltonian plus 2g⊥/3S · S. Because any

point on the surface of the Bloch sphere is an eigenstate of S · S, this term does not affect the

dynamics at short time. To do so, we used a modified XY8 pulse sequence [134], which we called

XY8-TAT, in which each π pulse about the Ŷ axis is split into a pair of π/2 pulses (Fig. 4.8). For

pulse spacing τ , this results in 4τ being spent with XX + ZZ interactions and 8τ with XX + YY

interactions, realizing HTAT on average. Because each axis of the toggling frame spends equal time

oriented in the ±Ẑ directions, XY8-TAT contains a series of spin-echos, thus is insensitive to static

disorder. Because the pulses are about the same axes as XY8, it shares XY8’s robustness to errors

in pulse area or detuning [134, 119].
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Figure 4.8: XY8 and XY8-TAT pulse sequences. Pulse sequences for generating OAT (XY8;

A) and TAT (XY8-TAT; B) dynamics are shown using the notation of ref. [119]. Narrow (wide)

rectangles represent π/2 (π) pulses, red (blue) rectangles pulses about the ±X (±Y ) axes, and

pulses above (below) the line about the + (-) axes. The frame matrix representation shows which

axis points along the +Z direction as a function of time, with yellow (green) blocks representing

axes originally along the + (-) directions.

To characterize the dynamics under HTAT, we first prepared the spins with an initial Bloch

vector ⟨S0⟩ with a microwave pulse. We then repeated XY8-TAT for 2.4 ms before measuring

the collective Bloch vector in the X, Y or Z bases (Sec. 4.1). To validate our procedure, we also

repeated the same sequence but with a standard XY8 pulse sequence instead of XY8-TAT, which

we previously measured (Sec. 4.2) to generate OAT.

Data from repeating this measurement for a range of ⟨S0⟩ spanning the surface of the Bloch

sphere is presented in Fig. 4.9. OAT has two stable fixed points at the ±Z poles of the Bloch

sphere. Between the poles, interactions rotate the Bloch vector about the Ẑ axis (Fig. 4.9a). As

discussed in Sec. 4.2 and [117], the phase shift ∆ϕ = arctan
(

⟨SY ⟩
⟨SX⟩

)
− arctan

(
⟨S0

Y ⟩
⟨S0

X⟩

)
under OAT

is proportional to
〈
S0
Z

〉
(Fig. 4.9c). We also see that ⟨SZ⟩ does not depend on ϕ (Fig. 4.9e).

By contrast, TAT has two unstable fixed points at the ±Ŷ poles of the Bloch sphere and four

stable fixed points at the ±X̂ and ±Ẑ poles[189, 190]. Between the fixed points, the Bloch vector
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moves alternately upwards and downwards as a function of angle in the X–Z plane, completing two

oscillations around the circumference of the sphere (Fig. 4.9b). This behavior is apparent in our

data (Fig. 4.9f).

Figure 4.9: Engineering OAT and TAT. A, B, The Bloch vector phase portraits for OAT

(a) and TAT (B) on the Bloch sphere. The blue, dark gray and red latitudinal lines mark θ =

π/4, π/2, 3π/4 respectively. C-F, The projection of the average Bloch vector in the Y (C, D) and

Z (E, F) directions for OAT (C, E) and TAT (D, F) as a function of the phase (x-axis) and tipping

angle (color) of the initial state after 2.4 ms evolution. The points are experimental data, and the

solid lines are results from a mean-field simulation.

We compare our measurements to predictions from the collective mean-field model Eq. 4.5,

shown as lines in (Fig. 4.9). To account for collisional dephasing (Sec. 5.3) with rate γ⊥ we

add a term −γ⊥ ⟨Si⟩ to the equations for d⟨Sx⟩
dt and

d⟨Sy⟩
dt . We numerically solve the equations

of motion to obtain final values for ⟨S⟩. For OAT, g = (g, g, 0)and for TAT, g = (3g, 2g, g)/3

under average Hamiltonian theory. When γ⊥ is set to zero, we observe excellent agreement between

simulations using the average Hamiltonian theory interaction strengths and simulations of applying
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the XY8-TAT pulse sequence with XY interactions. To properly simulate the dephasing, which is

partially transformed into depolarization by the Floquet pulse sequence, we chose to model the

TAT dynamics by modelling the application of the XY8-TAT pulse sequence with instantaneous

pulses and XY interactions between pulses. We fitted the output of our simulations to the OAT

and TAT data to find the values of g and γ⊥. To ensure that the fit is not dominated by points with

abnormal molecule number, we included only measurements for which the number is within two

standard deviations of the average number for the TAT data. We found that the sum of squares of

the errors was minimized when g = 360 s−1 and γ⊥ = 130 s−1 for our typical molecule density of

1.08(9)× 107 cm−2.
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Figure 4.10: TAT mean-field dynamics. A, TAT mean-field dynamics plotted around the +Y

pole of the Bloch sphere, where spin squeezing would be generated. In a mean-field analog to

squeezing, points along the blue circle evolve to points along the orange ellipse. Similar dynamics

mirrored about the Y–Z plane would be observed near the -Y pole. B, An ellipse is fitted to data

(orange points in insets) prepared at different phases ϕ in the X–Z plane and angles θ0Y from the

+Y axis (blue points in insets) after 2.4 ms evolution time. The aspect ratio of the ellipse, as

measured along axes with angle π/4 and −π/4 from the +Z axis, is plotted as a function of the

initial spin ⟨S0
Y ⟩ = cos

(
θ0Y
)
/2 (black points). The same fit to the mean-field simulations is plotted

as the black line. The insets show the X and Z components of the initial and final Bloch vectors for

θ0Y = π/4 and 3π/4. The axis range is -0.5 to 0.5. C, TAT mean-field dynamics plotted around the

+Y pole of the Bloch sphere. The contours at ϕ = −π/4, 0 and π/4 are plotted in green, dark gray

and purple, respectively. D, Measured values of ⟨θY ⟩ after 2.4 ms evolution under TAT dynamics

are plotted as a function of θ0Y for ϕ = π/4 (green circles), 0 (gray diamonds) and −π/4 (purple

squares). The lines are mean-field simulation results under the same conditions.
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We observed the mean-field version of the squeezing generated by TAT by preparing a ring

of initial states in an X −Z plane of the Bloch sphere for different values of
〈
S0
Y

〉
and fitting their

positions after evolution under TAT for 2.4 ms to an ellipse (positions before (after) evolution in

blue (orange) are shown in insets in Fig. 4.10b). We plot the ratio of the sizes of the fitted ellipses

along the X = ±Z directions as a function of
〈
S0
Y

〉
(Fig. 4.10b). Near

〈
S0
Y

〉
= ±1/2,the ellipses are

more stretched, with the major axis in opposite directions. The measured shapes agree well with

a mean-field simulation of the experiment (solid line in Fig. 4.10d). The reduced size of the ellipse

after time evolution relative to the initial circle is probably a result of dephasing from collisions and

inhomogeneous dynamics between the layers. Near the ±Y poles, the rate of rotation of the Bloch

vector is proportional to the Bloch vector’s angle from the pole, resulting in exponential growth of

the displacement with time. We measured the change in the angle θY between ⟨S⟩ and the Ŷ axis

for an evolution time of 2.4 ms after preparing states at a range of
〈
S0
Y

〉
values for

〈
S0
X

〉
= ±

〈
S0
Z

〉
,

for which dθY
dt should be extremized, and

〈
S0
X

〉
= 0, for which it should be zero (green, purple and

gray lines in Fig. 4.10c, respectively). We observe good agreement with the mean-field model at

2.4 ms evolution time (green (
〈
S0
X

〉
=
〈
S0
Z

〉
), purple (

〈
S0
X

〉
= −

〈
S0
Z

〉
) and gray (

〈
S0
X

〉
= 0) points

and solid lines in Fig. 4.10d). As a result of the finite time, ∆θY (gray points in Fig. 4.10d) is

non-zero for
〈
S0
X

〉
= 0, although dθY

dt = 0 at t = 0.
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Figure 4.11: Number loss during TAT Floquet engineering. The average molecule density

is plotted as a function of time as the XY8-TAT pulse sequence is repeatedly applied. The solid

curve shows an exponential fit to the data, with time constant 11.2(6) ms.

4.4 Outlook

This chapter describes our work demonstrating multiple methods for tuning interactions

between itinerant molecules and characterizing their short-time dynamics at the mean-field level.

In Ch. 5, I discuss our exploration of the limits of the all-to-all spin model that effectively

describes the measurements in this chapter, as well as our study of the effect of motion on the

spin dynamics. Focusing on short-time dynamics, some interesting directions for future work could

include:

• Both OAT and TAT are expected to generate spin-squeezed states, with TAT approach-

ing the Heisenberg limit [169, 191]. This could be verified by measuring the spin noise in

addition to ⟨S⟩, likely in a single-layer system. If a squeezed state is successfully created,

it could be used in a proof-of-principle experiment on quantum-enhanced metrology, for
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instance measuring electric fields or gradients. Demonstration of spin squeezing with po-

lar molecules would be valuable for future precision measurement experiments, for which

molecules offer enhanced sensitivity to new physics [33]. Some preliminary efforts in that

direction are discussed in Ch. 7.

• Exploring the short-time spin dynamics of molecules that are pinned in a deep lattice, or

allowed limited itinerance through tunneling may show qualitatively different or interesting

trends. A complementary direction could be using local readout to measure correlations,

as in [147, 192].

• Modeling interactions as all-to-all should be a better approximation for deeply degener-

ate gases. It could be interesting to explore how the dynamics change as a function of

temperature or phase space density.

• The Floquet engineering methods can be generalized to systems with more than two levels

[124], allowing exploration of the physics of higher spins or synthetic dimensions encoded

in rotational states [125].



Chapter 5

Probing spin-motion models with Ramsey spectroscopy

”Time, time, time, see what’s become of me”

A Hazy Shade of Winter – Simon & Garfunkel

In Ch. 4, I showed that short-time spin dynamics of itinerant molecules can be described by

mean-field models. However, at longer times, the simple model breaks down, with the length of the

spin vector decaying as motion and spin are coupled by dipolar collisions between the molecules.

In this chapter, I discuss our efforts to explore the many-body physics of the system through

Ramsey spectroscopy, measuring the decay of magnetization after preparing a fully magnetized

initial spin state. By tuning dipolar interactions with electric field strength or Floquet engineering

and motion through confinement in optical lattices, we develop a quantitative understanding of

the spin dynamics in different regimes. This chapter is largely based on Ref. [121], with sections

describing components of [117, 123].

In Sec. 5.2, I discuss the simplest regime, in which molecules are pinned to sites of a deep

3D optical lattice. Here, a spin model parameterized by J⊥ and Jz fully describes the observed

dynamics. The low and stochastic lattice filling accessible in current experiments means that the

dynamics are dominated by strongly-interacting clusters.

If the molecules are allowed to freely move within layers of a 1D optical lattice, as described in

Ch. 4, we observe qualitatively different Ramsey contrast decay rates than with pinned molecules.

In Sec. 5.3, I present our measurements in this regime, which agree with a model based on two-body

collisions.
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By allowing some motion with optical lattices of intermediate depth, we can interpolate

between pinned and fully itinerant molecules. Taking advantage of the polar molecule platform, we

were able to tune the system parameters so either motion or dipolar interactions is the dominant

energy scale. In Sec. 5.4, I discuss how in this regime the molecules realize a generalized t −

J Hamiltonian relevant to quantum simulation of condensed matter systems, and our efforts to

understand its rich out-of-equilibrium dynamics.

Finally, in Sec. 5.5, I show that XXZ Hamiltonians can also be generated by Floquet en-

gineering, and compare their dynamics to their electric-field tuned counterparts for both pinned

and itinerant molecules. This sort of verification between different experimental implementations

is valuable for quantum simulation in general [20], since it is important to ensure that the target

Hamiltonian is being faithfully realized. To my knowledge, our comparison, which shows regimes in

which Floquet engineering is effective and others in which its performance can be improved, repre-

sents the first direct comparison between static and Floquet Hamiltonians on the same experimental

platform.

5.1 Measuring Ramsey contrast decay

The measurements discussed in this chapter were all taken with similar experimental proce-

dures. We prepared a degenerate K-Rb mixture in the xODT, then loaded the atoms into either

a deep 1D vertical lattice in [117] or a deep 3D lattice in [121, 123]. After Feshbach association

and STIRAP to the rovibrational ground state, we were able to produce around 15000 molecules

occupying 19(1) layers of the vertical lattice at a typical temperature of 300 nK at the electric field

E used for the experiment. For itinerant measurements in [121, 123], the horizontal lattice was

then ramped to the desired depth in 5 ms.

A π/2 pulse prepares an equal superposition of |0⟩ = |↓⟩ and |1⟩ = |↑⟩. After evolution for

a time T , during which a dynamical decoupling or Floquet engineering pulse sequence is applied,

a final π/2 pulse with variable phase ϕ is used to map the spins from the X − Y plane to the Z

axis of the Bloch sphere. The number of molecules in |0⟩ and |1⟩ is detected using state-resolved
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dissociation and imaging (Sec. 2.1.4). This process, here including a Knill dynamical decoupling

(KDD) sequence [120], is shown in Fig. 5.1a.

In principle, Sz as a function of ϕ could be fit to a sinusoid, with amplitude indicating the

length of the Bloch vector and the phase indicating its angle in the X − Y plane. In Ch. 4, we

used this procedure to measure rotations of the Bloch vector due to interactions between molecules

for T up to 2.4 ms. For longer T , phase coherence between the molecules and microwaves decays,

predominantly due to variations in the transition frequency |↓⟩ ↔ |↑⟩ due to electric field noise. This

results in a shot-to-shot fluctuation of the phase of the Bloch vector, which reduces the amplitude

of a fit sinusoid, even if the length of the Bloch vector remains constant. We therefore extracted

the Ramsey contrast as C = 2
√
2
√
σ2f − σ20 where σf is the standard deviation of the fraction

of molecules f measured in |↑⟩ and σ0 is the measured fluctuations in f with a fully decohered

sample at long times [105]. We estimated the uncertainty in the contrast by bootstrapping. By

repeating the measurements for different times T , we could measure how the contrast decayed over

time (Fig. 5.1b). We found that the contrast decay was well described by a stretched exponential,

C(T ) = e−(ΓT )ν with dephasing rate Γ and stretching parameter ν. In all of our measurements,

ν was greater than 1 – the subexponential decay may be due to number loss, spatial disorder or

other effects [121, 183, 193].

To ensure that the observed dynamics were due to interactions and not one-body physics,

we repeated the measurement for several initial densities. In this process, it is important to vary

the density without changing other parameters of the system, like its temperature. To do so, prior

to the Ramsey spectroscopy pulse sequence, we applied a microwave pulse of area θ to create a

superposition cos(θ) |↓⟩+sin(θ) |↑⟩ before removing the population in |↓⟩ using resonant light from

the STIRAP down leg[105]. This reduced the density by a factor of sin2(θ)/2 uniformly across the

sample, since the microwave Rabi frequency is uniform to within roughly 2% [84] and efficiency

of molecule removal by STIRAP is close to unity. At |E| = 1 kV/cm, the STIRAP also depletes

molecules in |↑⟩, so we shelved the molecules in |2⟩ before the down leg pulse [105]. For all scenarios

we studied, we found that the contrast decay rate Γ increased linearly with average density n (Fig.
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5.1c). We therefore fit a linear function Γ(n) = Γ0 + κn in which Γ0 represents the one-body

contrast decay rate and κ the density-normalized contrast decay rate.
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Figure 5.1: Dynamical magnetization of interacting pinned molecules. (a) Ramsey spec-

troscopy is used to measure the dynamical magnetization of the molecules. The top and middle

rows show the pulse sequence, and the bottom row shows the orientation of the collective spin in

the Bloch sphere representation. A π/2 pulse about the Ŷ axis prepares the molecules in a coherent

superposition of 1/
√
2(|↑⟩ + |↓⟩). A KDD pulse sequence (shown as the top row) removes single-

particle dephasing and is repeated a variable number of times Nrep to extend the total interrogation

time to T . A final π/2 pulse about variable axis R̂ reads out the projection of the Bloch vector

orthogonal to R̂. By repeating the measurements varying R̂, the equatorial length of the Bloch

vector, which is the Ramsey contrast (dynamical magnetization) C, at time T is extracted. (b)

Measured contrast decay C(T ) for χ = 0 (blue circles) and χ = 102Hz (orange squares) for initial

2D average densities of roughly 1.5× 107 cm−2 of molecules confined in a deep 3D optical lattice.

Solid lines are stretched exponential fits to the experimental data. Error bars are 1 s.d. from boot-

strapping. (c) Extracted Ramsey contrast decay rates versus initial density for χ = 0 (blue circles)

and χ = 102 Hz (orange squares). Solid lines are linear fits to the data whose slopes measure

density-dependent decoherence rate κ. Error bars are 1 s.e. from fits (stretched exponential fit for

contrast decay rates, one-body loss for densities). From [121].
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5.2 Pinned molecules: XXZ spin models

If the atoms are loaded into a deep 3D optical lattice prior to association, molecules are

produced with high probability on lattice sites containing exactly one K and Rb atom in the

ground band. With the conditions that can be straightforwardly achieved in the KRb apparatus,

an average filling of up to 13% is possible1 [121].

In the low filling regime, the spin dynamics of XY Hamiltonians have previously been studied

with polar molecules. In Refs. [101, 102], the Ramsey contrast decay was measured using KRb

molecules in a bulk 3D system. In Ref. [147], the correlations during time evolution were measured

using quantum gas microscopy of a 2D system. The dynamics of higher filled systems have been

studied using magnetic [194] or Rydberg [195] atoms.

Taking advantage of our ability to control interactions with electric fields and advanced

microwave pulse sequences, we revisited the spin dynamics of pinned molecules under more general

XXZ Hamiltonians. Besides elucidating the effect of varying the anisotropy of the interaction,

this relatively simple regime allowed us to test our experimental procedures and modeling before

studying more complex itinerant systems. We repeated the measurement at several electric fields

between 1 and 12.7 kV/cm, finding κ is roughly proportional to |χ| (Fig. 5.2a), with slightly faster

decay for predominantly Ising interactions (χ > 0) than spin exchange interactions (χ < 0).

At 6.5 kV/cm, corresponding to χ = 0, we measured κ = 0.07(7) × 10−6cm2s−1, consistent

with no density-dependence of the contrast decay. For χ = 0, the XXZ Hamiltonian reduces to the

XXX Hamiltonian HXXX =
∑

i<j Jijsj · sk. Any initial state on the surface of the Bloch sphere is

an eigenstate of this Hamiltonian, so no interaction-induced dephasing is expected.

An understanding of the experimental results can be developed by analyzing the spin model

that we realized. In the low filling regime, decay of Ramsey contrast is dominated by strong

interactions within local neighborhoods. To develop an intuition for the dynamics in the simplest

case, we can consider two molecules initialized in the state |−Y ⟩ ⊗ |−Y ⟩. After evolution for time

1 Prospects for increasing the filling are discussed in Ch. 6.
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T under an XXZ Hamiltonian H = J⊥(s
X
1 s

X
2 + sY1 s

Y
2 ) + Jzs

Z
1 s

Z
2 (where here we absorb the spatial

component of the interaction Jij in Eq. 4.2 into the definitions of J⊥ and JZ), the state is

ψ(T ) =
1

2
e−iJzT/4

(
|↓, ↓⟩ − |↑, ↑⟩ − ie−i(J⊥−Jz)T/2(|↓, ↑⟩+ |↑, ↓⟩)

)
(5.1)

Neglecting a global phase, the state oscillates between the initial product state with ⟨Sy⟩ =

−1, thus C = 1, and the state (|↓, ↓⟩−|↓, ↑⟩−|↑, ↓⟩−|↑, ↑⟩)/2 with ⟨Sy⟩ = 0 and C = 0 with frequency

(J⊥ − Jz)/2 = χ/2. This behavior was apparent in [101, 102], in which oscillations in the contrast

were observed at the frequency corresponding to the interaction strength between neighboring

lattice sites and in [147], in which the oscillating correlations between neighboring molecules were

directly observed. Because molecules at different distances and orientations interact, oscillations at

different frequencies will add up, leading to an overall decay of the contrast, even considering only

two-particle subsystems.

Clusters containing more than two particles are needed to quantitatively describe the observed

dynamics, particularly for χ < 0. In order to explain observations in [101], Ana Maria Rey’s group

developed a numerical method known as moving-average cluster expansion (MACE) [102]. In

MACE, a system of spins representative of the experimental geometry and disorder is initialized.

Then, each spin’s dynamics are simulated by solving the Schrödinger equation for the cluster

containing the spin and its M most strongly coupled neighbor. Observables, such as the contrast,

are estimated by averaging over the central spins of each cluster. ForM ≥ 6, the simulated contrast

decay rates agree well with experimental observations. MACE results for M = 8 are shown as a

gray line in Fig. 5.2a and agree with data with no free parameters. A slight difference is observed

in both the experimental data and the MACE simulations for Ising (χ > 0) and spin-exchange

(χ < 0) dominated dynamics. This is due to more collective behavior in the spin-exchange regime

[196, 197], which can lead to oscillations in the Ramsey contrast within clusters [101, 102, 121].

Because our times are too coarsely sampled, we do not directly observe the oscillations seen in

[101, 147] in [121].
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The ability of MACE with small M to explain the data indicates that the dynamics in our

three-dimensional system are essentially local due to the anisotropy of the dipolar interactions.

For isotropic interactions or lower-dimensional systems, XXZ models can generate highly collective

dynamics. In a 2D system with slightly higher filling, it should be possible to observe a dynamical

phase transition [198, 199], in which, above a certain filling, the dipolar interactions keep the spins

aligned, preserving Ramsey contrast at long evolution times. This regime is also expected to gen-

erate scalable spin squeezing [196, 197]. In a complementary direction, spin-exchange interactions

between pinned molecules can be used to realize two-qubit gates for quantum computing. These

have been demonstrated in several experiments using optical tweezer arrays [200, 201, 202, 155].



84
(a) (b)

δ

Figure 5.2: Field-tunable density-dependent decoherence rates. (a) Density-normalized

contrast decay rates for pinned molecules tuned with interaction anisotropy χ. Blue circles are

experimental data extracted from slopes illustrated in Fig. 5.1c. Error bars are 1 s.e. from linear

fits. Gray line is a MACE simulation with the same density-normalization procedure as experi-

mental data with no scaling. Inset shows the 3D lattice with fully pinned molecules, with white

circles representing unoccupied sites and red circles denoting sites occupied by a molecule initially

in 1/
√
2(|↑⟩ + |↓⟩). (b) Same as (a) but for molecules confined to 2D layers without horizontal

corrugation. Green squares are experimental data. Error bars are 1 s.e. from linear fits. Gray

shaded band is from Monte Carlo coherent collision simulations with no scaling, with the band

halfwidth representing 1 s.e. of linear fit. Inset shows 2D geometry of the system, with molecules

(red circles) free to move within 2D layers. Collisional dephasing is shown schematically in the

bottom 2D layer of the inset, with a collision leading to a relative phase shift δ = δ↔ − δ↕, making

the molecules no longer identical after the collision, illustrated as one molecule becoming pink and

the other turning orange. From [121].
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5.3 Itinerant molecules: collisions

The short-time spin dynamics of itinerant molecules were discussed in detail in Ch. 4. In [117],

we also measured the decay of the Ramsey contrast, finding faster decay than would be expected

from the all-to-all spin model thought to describe the short-time dynamics. There, we found

that the contrast decay rate increased with increasing density and χ, but did not have a detailed

explanation for the contrast decay mechanism. Other groups have also observed interaction-driven

decay of Ramsey contrast in 3D gases of polar molecules [149, 154], but had treated the molecules

as pinned in their modeling (using MACE, as described in the previous Sec. 5.2).

The results from Ref. [117] are shown in Fig. 5.3. At 0 kV/cm, with the quantization axis

defined by a magnetic field along the lattice wavevector, the Ramsey contrast over time was found

to be consistent with exponential decay (Fig. 5.3a) with rate Γ increasing with density. We also

measured contrast decay at 1 kV/cm with the electric field oriented 36◦ from the lattice k vector

(at the magic angle, as discussed in Sec. 3.3.2.1). There, we found Γ also increased with density,

but with proportionality κ 3.1(4) times lower (Fig. 5.3b). We posited that collisions between

pairs of molecules randomized their phase relative to the rest of the ensemble, and attributed the

difference to a reduced collisional cross-section σ ∝ χ2, with χ at 36◦ being lower because of the

averaged angle-dependence of dipolar interactions (Eq. 4.7). This is analogous to the relationship

in atomic systems between the mean-field shift and elastic cross-section [50]. However, we did not

yet have a detailed microscopic model of the contrast decay mechanism, and were not sure how our

understanding would generalize to other interaction regimes.
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Figure 5.3: Dipolar collisional decoherence. (a) Decay of Ramsey contrast between |0, 0⟩

and |1, 0⟩ for density n = 1.1(1) × 107cm−2 (gray circles), 0.57(4) × 107cm−2 (blue diamonds),

0.28(3) × 107cm−2 (orange squares) at |E| = 0. Decoupling sequences used are XY8 × 3 for the

gray and blue traces and XY8 × 7 for the orange trace. Error bars are 1 s.d. from bootstrapping.

(b) Contrast decay rate Γ as a function of n for |E| = 0, α = 0◦ (gray circles) and |E| = 1.02

kV cm−1, α = 36◦ (purple squares). Error bars are 1 s.e. from exponential fits. From [117].

This gap in our understanding motivated us to make systematic measurements of the contrast

decay of itinerant molecules at several electric fields in [121]. We followed the measurement proce-

dure described in Sec. 5.1, ramping off the horizontal optical lattices after molecule production to

produce an itinerant sample. As in the pinned case, we measured the density-normalized contrast
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decay rate κ as a function of χ, as shown in Fig. 5.1b. Unlike in the short-time dynamics described

in Ch. 4, where the spins can be treated as pinned in a harmonic oscillator mode space lattice [165],

mode-changing collisions cause coupling between the spin and motional degrees of freedom, leading

to dephasing in the spin sector. We measured that, like for pinned molecules, κ increases with |χ|,

but with a stronger scaling of roughly |χ|3.

Our collaborators in John Bohn’s group developed two methods for understanding our ob-

servations, collisional Monte Carlo simulations and a simplified analytic model, presented in [121]

and refined in [203], whose notation we largely follow. Both are based on collisions between pairs

of molecules, which are assumed to be discrete events despite the long-range nature of dipolar in-

teractions due to the nondegenerate gas’s large kinetic energy. Because the molecules are spin-1/2,

we can write their joint state prior to scattering in the basis of triplet and singlet states:

triplet :



|⇓⟩ = |↓, ↓⟩

|Ψ+⟩ = |↓,↑⟩+|↓,↑⟩√
2

|⇑⟩ = |↑, ↑⟩

(5.2)

singlet :

{
|Ψ−⟩ = |↓,↑⟩−|↓,↑⟩√

2
(5.3)

We take the molecules as initially prepared in the state |X⟩ (varying by a global phase from

the initial state in Sec. 5.2 for notational simplicity) such that

ψ(0) =
1

2
(|↓, ↓⟩+ |↑, ↑⟩+ |↓, ↑⟩+ |↑, ↓⟩) = 1

2
(|⇓⟩+ |⇑⟩+

√
2
∣∣Ψ+

〉
) (5.4)

The first collision therefore occurs entirely in the triplet sector. Because Fermi statistics suppress

close approaches between identical molecules, collisions in this sector are primarily elastic, leading

to scattering off the dipolar potentials at long range. This means that the primary effect of the

collisions on the spin sector is that the involved molecules pick up a phase relative to the other

molecules. The phase shift is proportional to dipole length aD = m
2ℏ2d

24πϵ0, with d being the dipole
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moment [204]. We make the further simplifying assumption that the dynamical decoupling sequence

is fast compared to the collisions, so that |⇓⟩ and |⇑⟩ states are constantly switched, thus take on the

same scattering phase shift δ↕ ∝ d2↓+d
2
↑ ∝ V + J⊥

4 + χ
4 (where the dipole moments are found as in Sec.

3.1). The anti-aligned triplet states |Ψ+⟩ take on a different phase shift δ↔ ∝ d2↓↑+d↓d↑ ∝ V+J⊥
4 −χ

4 .

The collision results in a change in contrast ∆C = 2 sin2(δ↔ − δ↕) ∝ χ2 for small δ↔ − δ↕ ∝ χ

(shown schematically in inset of Fig. 5.2b). The overall contrast decay rate is κ ∝ ∆Cβel, where

βel = nσ ⟨v⟩. For low-energy dipolar identical fermions in 2D, σ ≈ 8πkad, where k is the colliding

pair’s relative momentum [99, 205, 204]. Both the aligned and anti-aligned channels contribute to

the elastic scattering, such that βel = (β↕ + β↔)/2 = 8πℏk2((a↕d)
2 + (a↔d )2)/m, where the dipole

moments for a
↕
d and a↔d are d2↓ + d2↑ and d↓d↑ + d↓↑ respectively. In general, since J⊥ (Jz) decreases

(increases) with increasing |E|, β↔ (β↕) follow the same trend. Computation of the product for κ

gives super-linear scaling with χ, as observed in the data.

For a more quantitative model [121, 203], we describe the effects of a collision through scat-

tering matrix S, which transforms the pre-collision two-molecule density matrix ρ into the post-

collision state ρ′ = SρS†. In the selected basis, S is taken as diagonal but not unitary - the large

energy scale for inelastic collisions should lead to loss of the involved molecules through chemical

reaction or expulsion from the trap. The collision cross-sections and matrix elements of ρ are

computed by solving the quantum scattering problem and used as inputs to a Monte Carlo sim-

ulation of the dynamics. In the simulation, the molecules move along classical trajectories under

influence of external potential. Following the direct simulation Monte Carlo method [206], nearby

pairs of molecules are sampled to undergo collision, picking up the appropriate phase shifts and

momentum change, or possibly undergoing inelastic loss. Assuming Markovian dynamics, entan-

glement between pairs of molecules is ignored, with the single-particle reduced density matrix of

each molecule used as the initial state for the next collision. The contrast as a function of time is

computed as the expectation value of Sx, averaged over all the remaining molecules. The results of

the Monte Carlo simulation is plotted along with experimental data as the gray band in Fig. 5.2b,

showing excellent agreement.
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One interesting effect observed in both the data and the simulation is a decrease in the

contrast decay rate due to collisional loss. The kinetic energy of the molecules is insufficient for

inelastic collision at long range. At short range however, chemical reactions can occur, leading to

loss of molecules. Scattering of identical fermions cannot occur in the singlet channel, but at low

energies predominantly takes place in the triplet channel, which has a µK-scale p-wave barrier [207].

Once a molecule has undergone a collision, it picks up a phase shift, and is no longer identical to the

remaining molecules in the gas. Further collisions can therefore occur in the singlet channel, which

lacks the barrier and can have attractive interactions. As a result, molecules colliding in singlet

channel (which will have already undergone dephasing collision), are lost much faster than molecules

colliding in triplet channel [83]. This process, dubbed “loss-induced autoselection”, extends contrast

of the remaining molecules beyond what would be expected without loss. This mechanism, however,

is not sufficient to explain the negative values of κ observed around χ = 0 in Fig. 5.2b [203].

Given the excellent agreement between the simulation and the data, we have an improved

understanding of the itinerant contrast decay dynamics in the non-degenerate regime. In the future

will be interesting to explore the effect of Fermi degeneracy where Pauli blocking [208] would be

expected to play a role. For a deeply degenerate single-layer gas, the dipolar interactions are ex-

pected to be approximately all-to-all [165]. Recent theory [209] and measurements with magnetic

atoms [194] suggest slower contrast decay and enhanced coherent dynamics with degenerate, itin-

erant systems. This regime will be exciting to explore with the highly tunable interactions between

polar molecules.

5.4 Generalized t-J models

When horizontal optical lattices of intermediate depth are applied, the molecules’ motion is

strongly modified. Rather than freely moving within a harmonic oscillator potential, the molecules

instead coherently tunnel between neighboring lattice sites with rate t (Sec. 3.3.1). In this regime,

the molecules realize a version of the t-J Hamiltonian (Eq. 1.2), which has been widely studied in

the condensed matter community. The t-J model, and variations thereof, are known to possess a
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rich phase diagram and believed to describe the essential features of high-temperature supercon-

ductivity (Sec. 1.2) [17]. Ultracold atoms in optical lattices have emerged as a leading platform for

quantum simulation of Fermi-Hubbard and t-J Hamiltonians [210], but the J = 4t2/U scaling of

superexchange interactions restrict the portion of the phase diagram that can be explored to J ≪ t

and require extremely low temperatures to reach interesting portions of the phase diagram [14].

Polar molecules in optical lattices provide an alternative platform for realizing a highly tun-

able generalization of the t-J Hamiltonian, the t-J-V-W model [76, 211]

ĤtJV W =− h
∑
⟨i,j⟩,σ

tij

(
ĉ†iσ ĉjσ + h.c.

)
+ h

∑
i̸=j

Vij
2

(
J⊥ŝi · ŝj + χŝZi ŝ

Z
j + V n̂in̂j +W

(
n̂iŝ

Z
j + n̂j ŝ

Z
i

))
+ hU

∑
i

n̂i↓n̂i↑ (5.5)

which includes tunneling t, dipolar XXZ interactions J , density-density interactions V , and density-

spin interactions W .

Theoretical work suggests that the additional terms in the t-J-V-W model may lead to qual-

itatively different physics than the basic t-J or Fermi-Hubbard models. Recent computational

studies [72] suggest that beyond-nearest-neighbor interactions are needed to realize superconduct-

ing phases in Hubbard models. Other modifications to the phase diagrams may emerge, such as

superconducting phases at half filling [212]. Anisotropy of dipolar interactions, encoded in the

coefficient Vij , is another rich tuning knob [75, 173] that may enable rich new phases or dynam-

ics. Thus, the realization of t-J-V-W models is well-motivated from the perspective of quantum

simulation and many-body physics.

While the initial temperatures we can currently achieve are far above those at which or-

dered phases are expected to occur, we can still apply Ramsey spectroscopy to study the system’s

dynamics. This probe allows us to demonstrate experimental tuning of the Hamiltonian terms,

benchmark state-of-the-art theoretical tools for modeling quantum dynamics, and establish a base-

line for behavior against which future work with ordered phases can be compared. We discuss

our measurements and analysis in Sec. 5.4.2, after summarizing how the terms in the Hamiltonian
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emerge from dipolar interactions between molecules.

5.4.1 The dipolar t-J-V-W Hamiltonian

In this section, I briefly discuss the origin of the terms in the t-J-V-W Hamiltonian for polar

molecules in an optical lattice, building on the discussion of t-J and Hubbard models in Sec. 1.2.

For more detail, refer to [211]. The t term in the t-J-V-W Hamiltonian (Fig. 5.4b) comes from

tunneling of molecules between lattice sites and can be tuned by varying the depth of the optical

lattices (Sec. 3.3.1). By using horizontal lattices at the magic angle (Sec. 3.3.2), we keep t equal

for both rotational states, but, in principle, each state’s t could be independently tuned using a

state-dependent lattice. t can be independently tuned for the different lattice directions – in the

current experiments, the vertical tunneling ty ≈ 0. For lattices deeper than approximately 10 Er,

tunneling of ground band molecules between neighboring sites is a good description of the motion.

For shallower lattices, next-nearest neighbor tunneling and, for depths below approximately 5 Er

at our current temperatures, thermal occupation of higher bands become relevant (see SI of [121]).

The remaining terms are due to the electric dipole interactions between molecules, as summa-

rized in Fig. 5.4c. The molecules possess induced dipole moments d↑ and d↓ and transition dipole

moment d↑↓ (Sec. 3.1). All the dipolar interaction terms follow the same spatial dependence (Eq.

4.3), whose coefficient is found by integration of Vdd(R) = 1
4πϵ0(Rax)3

(1− 3(R̂ · Ê)2) over each pair

of site’s ground state Wannier orbitals wi(r):

Vij =

∫
dr

∫
dr′wi(r)w

†
i (r)Vdd(r− r′)wj(r

′)w†
j(r

′) (5.6)

where r is taken in units of the horizontal lattice spacing. While Jij is approximately proportional

to 1/r3ij , the finite extent of the wavefunction increases Jij at short range relative to molecules

located exactly at the center of their lattice sites [213]. In the full Hamiltonian, there are also

terms in which the molecules hop to different sites due to the dipolar interactions, but these are

strongly suppressed by the small overlap of Wannier functions in deep lattices [213].

The J⊥ and χ terms are the same as those discussed in the pinned and fully itinerant XXZ
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Hamiltonians in Secs. 5.2 and 5.3. The spin-exchange interaction hJ⊥ = 2d2↑↓ describes hopping

of an excitation from one molecule to another. The Ising interaction hJz = (d↓ − d↑)
2 originates

from the difference between the two states’ induced dipole moments. We choose to parameterize

the Hamiltonian in terms of χ = Jz − J⊥, such that χ describes the deviation of the Hamiltonian

from the isotropic XXX Hamiltonian. J⊥, Jz, and χ are shown as a function of electric field in

Fig. 5.4d. The density-density interaction hV = (d↓ + d↑)
2/4 is due to the average induced dipole

moment and the density-spin term hW = (d2↑ − d2↓) arises from the cross-term of differential and

average dipole moments.

There are several Hamiltonian terms of varying levels of importance that are not explicitly

included in the t-J-V-W model. The most important is an external confining potential
∑

i Vext(i)n̂i,

which is approximately harmonic and state-independent in the current experiment. In addition,

the t-J-V-W model approximates a generalized Fermi-Hubbard Hamiltonian, in which multiple

molecules can occupy the same lattice site. Doublon population is suppressed by kHz-scale on-site

dipolar and contact interactions and doublons also undergo rapid s-wave loss. Finally, the molecules

also undergo one-body loss and heating from light scattering [100] and intensity and phase noise of

the optical traps [62]. These occur over timescales of tens of seconds, which are much longer than

the duration of present experiments.
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Figure 5.4: Field-tunable dipolar interactions between lattice-confined molecules. (a)

Molecules sparsely occupy a deep 3D optical lattice. Sites are shaded white if unoccupied, pink

patterned if in the |↑⟩ state, and solid orange if in the |↓⟩ state. Molecules interact with induced

dipole moments and transition dipole moments represented by squiggly lines between lattice sites.

(b) Lowering the lattice depth in the horizontal directions allows tunneling between sites within

layers, represented by the black arrows tx, tz. For most of our experiments tx = tz. (c) Molecular

interactions arising from dipole moments can be rewritten in terms of J⊥, JZ , V , and W , the

spin-exchange, Ising, density-density, and spin-density interactions, respectively, which are used

in a spin-basis Hamiltonian. The interactions set by d2↓, d
2
↑, d↑d↓, and d2↓↑, and their associated

Hamiltonian terms, are drawn schematically from top to bottom. The two lowest rotational states

of the molecules, |↓⟩ and |↑⟩, are split by microwave-frequencies ω (red arrow between the spin levels

in top row). (d) Calculated dipolar interaction strengths for KRb molecules separated by 532 nm

perpendicular to the dipole orientations as a function of |E|. Purple represents the spin-exchange

interaction J⊥ arising from the transition dipole moment between a |↓⟩ molecule and a |↑⟩ molecule

which decreases with increasing electric field magnitude, gold represents the Ising interaction JZ

from induced dipole moments which increases with increasing field strength, and green represents

the interaction-type anisotropy χ = JZ − J⊥ which crosses zero around 6.5 kV/cm. Hyperfine

structure of the molecules produces interaction strengths that change dramatically with small

changes in |E| for small electric fields less than 1 kV/cm. From [121].

5.4.2 Tunable t-J-V-W spin dynamics

In Ref. [121], we measured the density-normalized Ramsey contrast decay rate κ, following

the procedure in Sec. 5.1 for a range of t-J-V-W Hamiltonians. Following molecule production in a

deep 3D optical lattice at |E| between 1 kV/cm and 12.72 kV/cm, and removal of some fraction of

the molecules to realize a target filling up to 13%, we ramp one or both of the horizontal lattices

to depths calibrated to provide tunneling rates tx,y between 0 and roughly 250 Hz (Sec. 3.3.1).

Because we apply a KDD [120] pulse sequence, the spins are rapidly flipped between the |↓⟩ and
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|↑⟩, averaging the W term to zero. We also do not expect the V term to play a major role in the

dynamics at low filling [121], so we describe our measurement parameters in terms of χ and t. The

resulting measurements of κ for |E| = 1 kV/cm (χ = −205 Hz; black circles), 6.5 kV/cm (χ = 0

Hz; blue squares), and 12.72 kV/cm (χ = 102 Hz; orange triangles) are shown as a function of

lattice depth for molecules allowed to tunnel with rate t (horizontal axis) in one (Fig. 5.5c) or two

(Fig. 5.5a) directions. The pinned and fully itinerant data discussed in Sec. 5.2 and Sec. 5.3 are

shown as the leftmost and rightmost points, respectively. As in the fully pinned and fully itinerant

cases, κ is close to zero at χ = 0 for all tunneling rates, as the isotropic XXX interactions do not

lead to dephasing. We discuss the other data in more detail.
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Figure 5.5: Tuning coherent t-J dynamics. (a) Density-dependent contrast decay versus

tunneling rate t in two directions. Black circles, blue squares, and orange triangles represent ex-

perimental data for χ = −205, 0, 102 Hz respectively. Horizontal axis break occurs when transverse

lattices are turned off (case of Fig. 5.2b). Error bars are 1 s.e. from linear fits. Light gray (or-

ange) bands are EMACE simulations for χ = −205 Hz (χ = 102 Hz) with no scaling, with the

band halfwidth representing 1 s.e. of linear fit. Black (orange) solid lines shown for t > 50 Hz are

two-body simulations with a scaling by 0.75 for χ = −205 Hz (χ = 102 Hz). (b) Top row shows

kinetic energy of two particles in a 3 Er lattice as a function of relative quasimomentum q, and the

bottom shows the kinetic energy in the absence of a lattice where q = k. Shaded orange regions

show the range of momentum states within a given energy interval, showing the increased density

of states in a shallow lattice compared to the no lattice case. (c) Same as (a) but for tunneling

only in one direction. (d) 3D rendering of the single-molecule potential energy Upot in the x̂ and

ẑdirections arising from a weak 2D optical lattice and a crossed optical dipole trap. Colors indicate

equipotential surfaces. Due to the site-to-site energy shift, molecular tunneling along the radial

directions is suppressed, and instead tunneling occurs along azimuthal rings. (e) Schematic of the

localization of molecules within a potential landscape Upot produced by a weak 1D optical lattice

in the x̂ direction and a crossed optical dipole trap (equivalently, by taking a 1D slice of the 2D

lattice potential shown in (d)) due to site-to-site energy shifts, when the motion is also frozen in

the other two directions by deep optical lattices. From [121].

We first consider the scenario where tunneling is allowed in two directions. For χ = 102

Hz, κ interpolates smoothly between its pinned and fully itinerant values. More unexpectedly, for

χ = −205 Hz, κ peaks for t ≈ 70 Hz, decreasing for both weaker and stronger tunneling. Our

theory collaborators were able to extend their understanding of pinned and fully itinerant systems

to the t-J regime, developing models of the system that, while not showing perfect quantitative

agreement, provided some intuition for the observed dynamics. When the molecules are nearly

pinned, we would expect faster dephasing as some itinerance is allowed because the tunneling
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couples the spin and motional degrees of freedom. In this regime, Ana Maria Rey’s group was

able to develop an extended version of their MACE simulation (Sec. 5.2), incorporating molecular

motion. In their method, dubbed EMACE, the central molecule of each cluster was allowed to

tunnel over several nearby lattice sites, and the cluster was expanded to include molecules that

interact strongly with a molecule on any of the sites to which tunneling is allowed. The results of

the simulation are shown as shaded bands in Fig. 5.5a and c, where the width of the band denotes 1

s.e. of a linear fit in which the EMACE results are analyzed in the same way as experimental data.

The EMACE simulations, which qualitatively reproduce the peak, are computationally expensive

due to their large Hilbert space, thus are unable to include other effects that may be relevant to

the experimental observations, like occupation of higher bands at low lattice depth or molecular

loss due to collisions.

Beginning from the itinerant side, increasing lattice depth narrows the bands that the molecules

occupy (Fig. 5.5b). This increases the density of states, increasing the rate of mode-changing col-

lisions, thus increasing the rate of decoherence in the spin sector. Additional effects that may

contribute to increased contrast decay with lattice depth are an increased effective mass, which re-

duces velocity and increases phase shift per collision, and a suppression of loss, which preferentially

removes decohered molecules. This regime was simulated using a two-body model, in which time

evolution of pairs of molecules initially occupying motional eigenstates was numerically simulated.

The results of the simulation, discussed in detail in the Supplementary Materials of [121], are shown

as solid lines in Fig. 5.5a, with an empirically determined overall scale factor to fit the data.

We also compared the dynamics in the scenario where one horizontal lattice was kept at

a sufficient depth to forbid tunneling, and the depth of the other was varied (Fig. 5.5c). There,

the peak observed at χ = −205 Hz with two-dimensional tunneling is absent, and κ only strongly

deviates from its pinned value for lattices below approximately 1 Er deep. We believe that this

large difference is due to the harmonic potential which confines the molecules, in addition to the

lattices. When the molecules are allowed to move in two dimensions, they can tunnel along a

ring of sites at approximately the same potential (Fig. 5.5d), but with one-dimensional tunneling,
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are mostly localized in all three dimensions (Fig. 5.5e). The observed behavior is consistent with

EMACE simulations which take the confining potential into account, shown as shaded bands in

Fig. 5.5c.

5.5 Validating Floquet XXZ models

In Ch. 4.3, I discussed how Floquet engineering could be used to realize a broad class of XYZ

Hamiltonians and presented measurements of their mean-field dynamics. One notable subspace of

these XYZ Hamiltonians is the same XXZ Hamiltonians that we generated using electric fields.

This provided an exciting opportunity to compare the dynamics under electric field tuning and

Floquet engineering, revealing generally similar dynamics, with differences in behavior in certain

regimes.

To realize tunable Floquet XXZ Hamiltonians, we applied a DROID-R2D2 pulse sequence

[185, 214], originally developed in Mikhail Lukin’s group for experiments with NV centers. In

addition to cancelling single-particle noise and maintaining robustness to pulse errors like the XY8

[134] and KDD [120] sequences used in our previous work [117, 121], the DROID-R2D2 sequence

includes π/2 pulses, which change the orientation of the toggling frame, thus the nature of the

spin model (see Sec. 4.3). In the standard DROID-R2D2 sequence, the spins spend equal time in

each toggling frame orientation, thus averaging to an isotropic XXX Hamiltonian. The Ramsey

coherence time of interacting NV centers was maximized under this pulse sequence [214], similar to

our observations with polar molecules under an XXX Hamiltonian (Sec. 5.2). By varying the pulse

spacing, a range of XXZ (or XYZ, as discussed in Sec. 4.3) Hamiltonians can be generated (blue

dashed line in Fig. 5.6a), as previously demonstrated using NV centers [183]. Beginning with spin

exchange interactions g0⊥ of KRb at 1 kV/cm, the coefficients of the XXZ Hamiltonian (Eq. 4.2)

can be tuned between approximately g⊥,Z =
(
g0⊥, 0

)
and g⊥,Z =

(
g0⊥/2, g

0
⊥
)
, which corresponds to

|E| = 10.5 kV/cm. For comparison, by varying |E| between 1 and 12.7 kV/cm, the coefficients g⊥,Z

were tuned between 2π × (210, 6) Hz and 2π × (75, 177) Hz for molecules on adjacent lattice sites

in the plane perpendicular to |E| (solid red trace in Fig. 5.6a).



99

For a range of Floquet-engineered XXZ Hamiltonians implemented with pinned molecules,

we measured the Ramsey contrast decay and analyzed the data as discussed in Sec. 5.1. Raw

contrast decay curves for the XY Hamiltonian, the electric-field-tuned XXX Hamiltonian, and a

Floquet-engineered XXX Hamiltonian with initial densities of about 1.6 × 107 cm−2 are shown in

Fig. 5.6b and the contrast decay rate Γ is plotted as a function of density for each condition in

Fig. 5.6c. Following optimization of the Floquet pulse sequence (Sec. 5.5.1), the Floquet XXX

Hamiltonian shows slightly shorter coherence time and slightly higher density-dependent contrast

decay than the electric-field tuned Hamiltonian, possibly because of a slower rate of dynamical

decoupling pulses or higher-order terms not fully symmetrized by the Floquet engineering. We

equate the XXZ Hamiltonians realized by electric fields and Floquet engineering by determining

the value of |E| that yields the same ratio of to as a set of Floquet timings (Fig. 5.6a). As the

overall strength of the interaction decreases for higher electric fields but remains constant for the

Floquet sequences, we rescale the Floquet data’s κ by the ratio of under |E| to its value under the

Floquet Hamiltonians. We plot κ as a function of χ for both datasets (Fig. 5.6d), as well as the

MACE simulation (Sec. 5.2). There is good agreement between their dynamics, suggesting that

Floquet engineering is realizing the desired spin models.

To investigate the limitations of Floquet engineering, we applied the same pulse sequence

to itinerant molecules confined in a 1D optical lattice (Fig. 5.6e), for which motion and collisions

complicate the Hamiltonian (Sec. 5.3). In the spin-exchange regime in which the Floquet engineer-

ing only slightly modifies the Hamiltonian, we observe excellent agreement between the electric

field-tuned and Floquet-engineered dynamics. However, in the Heisenberg and Ising regimes, the

Floquet-engineered model shows a higher rate of density-dependent contrast decay than the electric

field-controlled version. We expect this to occur as the contrast decay in an itinerant system is

dominated by short-range collisions between molecules. The collisions take place over durations

comparable to the Floquet pulse spacing and have scattering properties set by the electric field.

Nevertheless, reasonable agreement is observed between the Floquet and electric-field tuned models,

indicating that control is possible over itinerant systems.
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Figure 5.6: Benchmarking XXZ spin dynamics. a, XXZ Hamiltonians can be prepared with

electric fields (red solid line) and Floquet engineering (blue dashed line). The dashed diagonal

lines show the subspaces of coefficients with equal ratio g⊥/gZ corresponding to the most Ising

Hamiltonian that can be prepared with Floquet engineering (left) and the Heisenberg XXX model

(right). b, Ramsey contrast as a function of time for a spin-exchange model (blue circles), a

Floquet-engineered XXX model (orange squares) and an XXX model realized with electric fields

(green triangles) with initial densities of about 1.6 × 107 cm−2. The lines are fits to a stretched

exponential. The error bars on the data are 1 s.d. from bootstrapping. c, The fitted contrast

decay rate plotted as a function of 2D density for a spin-exchange model (blue circles), a Floquet-

engineered XXX model (orange squares) and an XXX model realized with electric fields (green

triangles). The Γ error bars are 1 s.e. from stretched exponential fits and the n error bars are 1

s.e. from the initial density of an exponential fit. d, The density-normalized contrast decay rate

κ plotted as a function of χ = gZ − g⊥ and (effective, in the case of the Floquet data) electric

field for simulations (black line), electric field data (red circles) and Floquet data (blue squares)

for molecules pinned in a deep 3D lattice (schematic in inset). The error bars are 1 s.e. from a

linear fit. e, Same as D, but for itinerant molecules in a 1D vertical lattice. From [123]; the electric

field-tuned data and simulations in this figure are from [121].
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5.5.1 Optimizing Floquet pulse sequences

To optimize the pulse spacing for the Floquet XXZ experiments, we measured the contrast

decay rate for an XXX Hamiltonian (selected to eliminate interaction-driven contrast decay) with

pinned molecules, realized with a variety of pulse spacings between 25 and 400µs (Fig. 5.7). If

the pulse spacing is too long, interactions between the molecules will not be well symmetrized and

dephasing from inhomogeneous single-particle noise will not be effectively cancelled. If the pulse

spacing is too short, pulse errors can accumulate more quickly and more molecules will be driven

into other hyperfine states, causing increased loss. We therefore used a pulse spacing of 100µs for

the Floquet XXZ and XYZ Hamiltonians, which was the longest spacing that shows near-optimal

contrast decay rates. For the KDD pulse sequence for the d.c. electric field experiments, we used

50µs pulse spacing, as the molecules are more sensitive to fluctuating electric fields as the dipole

moment increases at larger fields, so faster dynamical decoupling than used at zero field improves

contrast.
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Figure 5.7: Optimizing Floquet pulse timing. The fitted contrast decay rate Γ is plotted

as a function of pulse spacing t for molecules with initial densities around 1.8(5) × 107 cm−2 in

a 3D lattice with parameters set to produce the XXX model. The green triangle is the electric

field-tuned data with a KDD pulse sequence and the orange squares are the Floquet data with a

DROID-R2D2 pulse sequence. The error bars on the plot are 1 s.e. from stretched exponential fits.

From [123].

Fig. 5.8 shows the single-particle contrast decay rate Γ0 (extracted from the intercept of the

fit function Γ(n) = Γ0 + κn) as a function of χ controlled by electric field (red circles) or Floquet

timing (blue squares). For pinned molecules (Fig. 5.8a), Γ0 depends weakly on χ for both Floquet

and electric field data. However, for itinerant molecules (Fig. 5.8b), Γ0 shows opposite trends for the

two datasets. As the electric field is increased, Γ0 increases, possibly because molecules with larger

induced dipole moments at larger electric fields experience larger phase shifts as they move through

residual electric field gradients. For the Floquet data, Γ0 increases as the Hamiltonian is tuned

farther from the Heisenberg point tx = ty = tz. This occurs because some of the spin-echo pulses

in the DROID-R2D2 sequence occur at longer intervals (up to 298µs in the most spin-exchange-

dominated case) such that noise from motion in electric field or optical potential gradients is less
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effectively cancelled. The coherence time could be improved with a different pulse sequence with

shorter maximum intervals between spin-echo pulses.

Figure 5.8: Single-particle contrast decay rates. The single-particle contrast decay rate Γ0

is plotted as a function of χ and electric field for electric field data (red circles and top axis) and

Floquet data (blue squares) for A molecules pinned in a deep 3D lattice and B itinerant molecules

in a 1D lattice. The error bars are 1 s.e. from a linear fit. From [123].

5.6 Outlook

Although we have systematically characterized the relaxation dynamics of the t-J-V-W’s

model, including the fully itinerant and pinned extremes, in the low filling regime, many directions

remain for future work. In roughly increasing order of difficulty, some future experiments could

include:

• Studying the dynamics in an isolated two-dimensional layer may yield qualitatively dif-

ferent results, since the anisotropy of the dipolar interactions allows tuning between all

interactions taking on the same sign, and attractive and repulsive interactions in orthog-

onal directions. In this geometry, long-lived synchronization of the spins [198, 199] or

spin squeezing enhanced by motion [209, 194] may be observed in Ramsey spectroscopy
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experiments.

• Exploring the relaxation dynamics of Floquet-engineered XYZ Hamiltonians [123]. In this

case, the length of the Bloch vector would need to be measured along all three directions,

as the Bloch vector’s dynamics are no longer constrained to its initial X − Y plane.

• Preparation of homogeneous systems through box traps [215, 216] or compensation of the

external potential [22] would allow full one or two-dimensional tunneling, and support

more precise measurements without the averaging over different chemical potentials in a

harmonic trap.

• With local (although not necessarily site-resolved) state preparation and measurement,

transport properties of the system could be explored. The relaxation of the system could

be measured after preparing a localized excitation [217, 192] or modulation in density [218]

or spin texture [219]. Additionally, measuring correlations with quantum gas microscopy

may give insight into the local behavior of the system [147, 192, 194].

• Preparing systems at lower temperatures and higher fillings should allow exploration of

ordered phases, including enhanced superfluid phases [211], and quantum simulation of

cuprate superconductors [210]. Some methods for reaching lower temperatures are discussed

in Ch. 6.



Chapter 6

Towards a deeply degenerate 2D Fermi gas

”I’m too hot (hot damn)

Call the police and the fireman”

Uptown Funk – Bruno Mars

6.1 Introduction

Often, the primary challenge in studying new many-body phenomena with ultracold atoms

is preparing sufficiently low-entropy states to observe the phenomenon of interest. With fermionic

atoms, evaporative cooling to degeneracy [8] enabled observations of the BCS-BEC crossover [52]

and, later, enhanced cooling relying on redistribution of entropy between the system and a reservoir

[220] enabled observation of antiferromagnetic [22] and pseudogap [70] phases of the Fermi-Hubbard

model. Current efforts on improving cooling [14] are pushing experiments into theoretically in-

tractable regimes, and may shed light on the origins of high-temperature superconductivity in

cuprates [17].

Both fermionic [85, 99, 87] and bosonic [221, 222] polar molecules have been cooled to de-

generacy, but the community has just begun to explore the rich physics of quantum gases of polar

molecules. For instance, pairing and unconventional superfluid phases are expected to emerge in

bulk monolayer [223, 224], bilayer [136, 225], and optical lattice [76] systems. Low temperatures,

however, are required – p wave superfluidity in microwave-shielded NaK molecules is predicted

to require T/TF ⪅ 0.14 in [226], where TF is the Fermi temperature. Fermi surface deformation
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[227] and emergence of dipolar solids [75] have been observed with magnetic atoms, but the strong,

tunable interactions between polar molecules promise benefits for their study.

Besides enabling observation of new phases, degenerate molecules exhibit rich dynamics.

Dipolar interactions modify the motional modes of a quasi-2D Fermi gas [228]. Above a critical

filling fraction in an optical lattice, pseudospins encoded in rotational levels exhibit a synchroniza-

tion phase transition [198, 199] and can scalably generate squeezed states [197, 196] for application

to precision metrology and fundamental physics [33, 29]. Degenerate polar molecules in a bulk

gas [165] or in a lattice with tunneling [209] should lead to enhanced squeezing, as was recently

observed in magnetic atoms [194].

In order to explore some of these phenomena, we decided to build on our earlier work pro-

ducing [85, 86] and cooling [99, 229] molecular quantum gases to prepare a single-layer 2D gas at

even lower entropy. Because of the anisotropic nature of dipolar interactions, which average to zero

in a bulk 3D system, observation of many of these collective behaviors requires a 2D system. While

we had previously demonstrated selection of isolated 2D layers using microwave spectroscopy [105],

we now aim to compress atoms into a single layer, enabling higher numbers and lower T/TF after

evaporative cooling. Although this effort in still ongoing, in this chapter, I discuss strategies for

preparing a low-entropy molecular gas (Sec. 6.2), a new accordion lattice we implemented for com-

pressing atoms into quasi-2D (Sec. 6.3), and preliminary work on preparing large, cold molecular

gases using the new lattice (Sec. 6.4). As potential future directions to improve production and

evaporation, I conclude with discussion of evaporative cooling in the accordion lattice (Sec. 6.5.1)

and production of molecules in a box trap (Sec. 6.5.2).

6.2 Designing a production sequence

We consider two approaches to creating low-entropy gases, association from overlapped insu-

lators in a 3D optical lattice (Sec. 6.2.1), and production from a bulk 2D mixture (Sec. 6.2.2). The

3D lattice can be adiabatically loaded or unloaded [230], allowing conversion between itinerant and

lattice systems. After the molecules are produced, they can be further cooled by evaporation (Sec.
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6.2.3).

6.2.1 Production from overlapped insulators

One possible procedure for producing a low-entropy sample of molecules is creating a Rb N =

1 Mott insulator (MI) overlapped with a K band insulator in a 3D optical lattice, then associating

the doublons on each site into molecules. In principle, the association of Feshbach molecules [104]

and transfer to the molecular ground state [113] can be very efficient, so the primary limit on

molecular entropy is defects in the atomic insulators. This method was explored experimentally

in [103, 104], yielding a peak filling of 25% ground state KRb molecules, and with overlapped Rb

and Cs MIs in [231], yielding a peak filling of 30% bosonic Feshbach molecules, and theoretically

in [232, 233]. Although we chose not to pursue this approach on the second generation KRb

experiment, in this section, I discuss the thermodynamics of preparing atomic insulators in an

optical lattice, and why we ultimately decided to make molecules from overlapped bulk gases.

6.2.1.1 Fermionic band insulator

Band insulators of fermionic spin mixtures [68, 234, 235] and spin-polarized fermions [103, 236,

237] have been generated in multiple experiments. Here, we estimate the experimental parameters

with which we can produce a highly filled, spin-polarized band insulator of K, enabling production

of low-entropy molecules in a 3D optical lattice.

We model a deep optical lattice as a set of independent harmonic oscillators with identical

trap frequencies ωx,y,z and site-dependent potentials Vi. Ignoring the zero-point energy common

to all sites, a particle in the eigenstate (nx, ny, nz) of a harmonic oscillator has energy En =

ℏ
∑

j∈{x,y,z} ωjnj . Because spin-polarized fermions interact weakly, the single particle eigenstates

and energies are a good approximation. The grand potential for each level is

Ωi,n = −kBT ln

(
1 + exp

(
µ− Vi − En

kBT

))
(6.1)
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For global chemical potential µ, the level will therefore be occupied with one particle with

probability

Pi,n = −∂Ω
∂µ

=
exp
(
µ−Vi−En

kBT

)
1 + exp

(
µ−Vi−En

kBT

) (6.2)

To form a molecule on a lattice site with high probability, it is desirable to have Pi,0 ≈ 1 and

Pi,|n>0| ≈ 0. Pi,0 approaches one for µ − Vi ≫ kBT , reaching 90% at µ − Vi ≈ 2.2kBT . Assuming

ωx = ωy = ωz = ω, the lowest energy excited state is threefold degenerate with one motional

excitation in any direction (occupation of higher states will be exponentially suppressed). The

probability that all three of these levels are unoccupied is

(1− Pi,1)
3 =

(
1 + exp

(
µ− Vi − ℏω

kBT

))−3

(6.3)

This approaches one for µ − Vi ≪ kBT + ℏω. The probability that both conditions are

satisfied is plotted as a function of µ−Vi and T for a lattice with ω = 2π× 15 kHz in Fig. 6.1. For

sufficiently low temperatures, here below roughly 100 nK, the probability is greater than 90% for

a wide range of µ− Vi.
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Figure 6.1: The probability of a lattice site containing one K atom in the ground state and no

atoms in the first excited motional state is plotted as a function of µ − V and T for ω = 2π × 15

kHz.

6.2.1.2 Bosonic N = 1 Mott insulator

As the depth of an optical lattice is increased, bosons undergo a phase transition from a

superfluid with Poissonian number fluctuations on a site to a MI phase with suppressed fluctuations

[238]1 . If molecules are to be produced in a lattice, this insulating phase is desirable, since only

sites containing a single atom of each species are efficiently converted into molecules. Here, I discuss

the requirements for realizing the N = 1 MI phase for 87Rb.

The interaction energy for bosons in the ground state of a lattice site is [239]

U =
4πℏ2as
m

∫
|ψ(r)|4 dr = 4πℏ2as

2m

(mω̄
2πℏ

)3/2
(6.4)

For 87Rb (as ≈ 100a0) in an isotropic lattice with ω̄ = 2π × 15 kHz (23 Er), U/kB ≈ 17

nK. We assume effects of tunneling are negligible, which is a reasonable approximation for a deep

1 The first experiment we tried after installing our 3D lattice (Ch. 2) was replicating the superfluid-MI phase
transition discussed in this paper.
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lattice, and incorporate the harmonic oscillator zero-point energy into the chemical potential µ.

For the ground state of a single lattice site, the grand potential is

Ω = −kBT ln

(∑
N

exp

(
µN − E

kBT

))
= −kBT ln

(∑
N

exp

(
N(µ− U(N − 1)/2)

kBT

))
(6.5)

since each atom can interact with the other N − 1 atoms on the site. From the grand potential,

the mean atom number can be derived as

⟨N⟩ = −∂Ω
∂µ

=
∑
N

NP (N) where P (N) = exp

(
Ω+ µN − E

kBT

)
= exp

(
Ω+ µN − UN(N − 1)/2

kBT

)
(6.6)

where P (N) is the probability of finding N atoms on the site. In the limit where UN2 is small

compared to µ and kBT , P (N) approaches a geometric distribution [240] (1 − p)Np with p = 1 −

exp
(

µ
kBT

)
. The geometric distribution has mean (1−p)/p and mode 0. Thus, without interactions,

the probability of finding exactly one boson on the site is maximized to 1/4 for µ = − ln(2)kBT .

As U is increased, the fluctuations are suppressed because the energy becomes nonlinear

in the particle number. The mode of the distribution is the value of N for which the argument

of the exponent is maximized or N = 1
2 + µ

U . Matching the P (N) to a normal distribution and

equating the quadratic terms in the exponent gives a standard deviation of
√

kBT
U . Therefore, kBT

substantially less than U (Fig. 6.2) and a particular value of µ (Fig. 6.3) are required to obtain,

with high probability, a single boson per lattice site.
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Figure 6.2: The probability of a lattice site containing exactly one Rb atom is plotted as a function

of temperature for an ω = 2π × 15 kHz optical lattice, assuming optimized chemical potential µ.

These conditions have been achieved in a Rb atomic gas [241], but require temperatures of a

few nanokelvins, which is substantially colder than we have reached in our K-Rb mixture (approx-

imately 40 nK in our crossed dipole trap or 120 nK in our accordion lattice). Even if a sufficiently

low temperature were achieved via improved evaporative cooling or adiabatic decompression, to

produce a large N = 1 region, the chemical potential must be flat across a large area, which is not

possible in our current Gaussian beam optical traps for more than a few thousand lattice sites2 .

To avoid these issues, we decided to produce molecules from bulk 2D Bose and Fermi gases instead.

2 If too much Rb is present, an N > 1 region forms at the center of the trap, yielding donut-shaped molecule
distributions, which we have observed experimentally.
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Figure 6.3: The probability of a lattice site containing exactly one Rb atom is plotted as a function

of chemical potential for an ω = 2π × 15 kHz optical lattice for three different temperatures.

6.2.2 Production from bulk 2D gases

To produce molecules at high phase space density in a bulk gas, it seems reasonable that both

atomic precursors should be cold, dense, and well-overlapped. This intuition is formalized in the

stochastic phase space sampling (SPSS) model [242], which states that a molecule forms if atoms

are sufficiently close in phase space3 . Experimentally, this model seemed to describe observations

in [95], in which KRb molecules were made from a majority-Rb mixture. The association efficiency

was observed to decrease when Rb condensed, reducing the overlap between the mixtures. The

model also provided a reasonable description for molecule formation in a majority K mixture

[245], although the association efficiency was lower than predicted, although maximized, for deeply

degenerate K. In that work, the Rb was thermal, but in [85], a BEC of Rb immersed in a larger K

Fermi gas, allowed production of a 3D molecular gas with T/TF of 0.3. A similar approach allowed

production of a 2D Fermi gas with T/TF as low as 1.5 in [99], which was the highest initial phase

space density achieved in 2D until the work discussed in this chapter.

In this section, I discuss considerations for efficient molecule production in quasi-2D (the

vertical trap frequency ωy ≫ kBT/ℏ), including the density profiles and thermodynamics of Bose

3 More detailed models have also been proposed for association of homonuclear [243] and heteronuclear gases [244].
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and Fermi gases. Although I do not discuss it extensively, another viable approach to producing 2D

molecular gases may be producing the molecules in 3D, then compressing them and loading them

into a 2D layer, using d.c. electric fields [246, 229] or microwaves [247] to shield inelastic collisions.

6.2.2.1 Quasi-2D Bose and Fermi gases at zero temperature

While in the experiment, the finite temperature of the atomic gases affects the association

efficiency and temperature of the resulting molecules, understanding their zero-temperature behav-

ior can already elucidate considerations for molecule production. Because the atoms are typically

deeply degenerate in our production sequence, their spatial distribution is well-approximated by

the zero-temperature distribution, allowing the effect of trap geometry to be studied. We first con-

sider atoms confined by a harmonic potential V (r) = m
2 (ω

2
xx

2+ω2
yy

2+ω2
zz

2) with trap frequencies

ωK,Rb
x,y,z , with ωy ≫ ωx,z. We use ωr =

√
ωxωz to denote the average radial trap frequency.

The spin-polarized potassium atoms interact weakly, since s-wave collisions are forbidden

by fermionic statistics [248]. Ignoring K-Rb interactions, we therefore can consider K as a non-

interacting Fermi gas, in which the NK atoms fill the lowest NK single-particle states. The energy

levels are E(nx, ny, nz) = ℏ(nxωx +nyωy +nzωz). As particles are added to the trap, they initially

populate only the ny = 0 states, but when EF = ℏωr

√
2NK = ℏωy, the higher ny states begin to

be populated [84] as well (Fig. 6.4). Because it is desirable to form molecules in the ground band,

the higher band atoms are not directly useful for molecule formation. Loading more atoms is still

beneficial, as the ground band population continues to increase. Assuming a harmonic trap, we

therefore want as high a ratio ωy/ωr as possible to maximize the number of K atoms that can be

efficiently loaded into the ground band ny = 0.
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Figure 6.4: As a function of total K population, the number of atoms in each ny level at T = 0 is

plotted for typical accordion lattice trap frequencies of ωK
x,y,z = 2π × (21, 4239, 15) Hz.

We can compute the spatial distribution of the atoms in the ground band under the Thomas-

Fermi approximation. Repeating the calculation in [249] in 2D, we find that, for local Fermi

wavenumber satisfying EF = ℏ2kF (r)2

2mK
+ V (r) and 2D density n(r) = 1

(2π)2

∫
|k|<kF (r) d

2k = kF (r)2

4π ,

the density in a harmonic trap is

nK(r) =
mK

2πℏ2
max

(
0, ℏωK

r

√
2N0

K − 1

2
mK(rω

K
r )2

)
(6.7)

where N0
K is the number of potassium atoms in the ny = 0 state and, for simplicity, we consider

a trap isotropic in the x-z plane. Solving for the value of r at which n = 0 gives Thomas-Fermi

radius

rKT−F =

√√
8NKℏ
mωK

r

(6.8)

Treating the bosonic atoms as non-interacting is a poor approximation, as their repulsive

interactions make the condensate much larger than the single-particle ground state of the trap.

Under the Thomas-Fermi approximation, which is valid for large particle numbers, the density

of a BEC is n(r) = µ−V (r)
g where, in 3D, the coupling constant g = 4πℏ2a

mRb
. In quasi-2D, when

the harmonic oscillator length l ≫ scattering length a, the condensate can be treated as a 3D
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condensate, with the ground state harmonic oscillator wavefunction in the tightly confined direction

[250]. For Rb, with a ≈ 100a0, this is easily satisfied for our kHz-scale lattice trap frequencies,

yielding a coupling constant g = 2
√
2πℏ2

mRb

a
l . By integrating the density up to the Thomas-Fermi

radius rRb
TF =

√
2µ

mRb(ωRb
r )2

= 8

√
128
π

√
ℏ

mRbωRb
r

√
NRba

l , a relationship between the total number and

chemical potential can be found. In terms of the number, the 2D BEC density is

nRb(r) =
mRbω

Rb
r

ℏ

√
l

2πa
max

(
0,

√
NRb√
2π

− mRbω
Rb
r r2

4ℏ

√
l

a

)
(6.9)

To understand the gases’ overlap in the mixture, we can compare these distributions. For

simplicity, we neglect interactions between K and Rb, which can be tuned between attractive

and repulsive using a Feshbach resonance[251]. An example of typical conditions in the accordion

lattice is shown in Fig. 6.5 — the peak Rb density is several times higher than the peak K density,

and its Thomas-Fermi radius is several times smaller. Both Thomas-Fermi radii have the same

scaling r ∝ 1/
√
ωr, such that changing the horizontal harmonic confinement trap frequency does

not improve overlap.

50 100 150
r (μm)

1×109

2×109

3×109

4×109

n (cm-2)

Figure 6.5: The Rb BEC (red) and ny = 0 K (blue) T = 0 density distribution plotted for typical

accordion lattice trap frequencies of ωK
x,y,z = 2π× (21, 4239, 15) Hz for 3× 105 ground band K and

6 × 104 condensed Rb atoms. The figure assumes an isotropic trap in the x − z plane with the

geometric mean horizontal trap frequency.

A simple estimate of the maximum number of molecules that can be produced, assuming
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perfect association between overlapping atoms, can be found by integrating min(nK, nRb) ≈ nK from

r = 0 to r = rRb
TF. For the conditions in Fig. 6.5, this estimate suggests that around 2.5×104 ground

band molecules can be produced. The observed molecule production (Sec. 6.4.2) is reasonably well

described by the simple model.

6.2.2.2 Effect of trap potential

If the shape of the trap potential is changed, such as in a 3D trap where the different mass-

to-polarizability ratios causes K and Rb to sit at different heights, the degree of overlap is modified.

In [82], light between 780 and 810 nm (in the vicinity of the D1 and D2 transitions for K and Rb)

was used to create species-selective traps in an effort to improve the overlap. Unfortunately, the

relatively near-detuned light led to increased heating of the atoms and rapid loss of the Feshbach

and ground-state molecules. On the KRb apparatus, there is a residual horizontal magnetic field

gradient of approximately 0.85 G/cm from imperfections in the coil geometry that causes a relative

displacement of the potentials for the different species. This also reduces the association efficiency,

since the Rb BEC is displaced from the area with peak K density. By compensating for the magnetic

field gradient with either additional coils [252] or an optical potential, the degree of overlap can be

improved. In addition, switching from a harmonic to a box potential will significantly improve the

overlap (Sec. 6.5.2).

6.2.3 Evaporative cooling

Molecules are produced at a higher entropy per particle than the precursor gases, both

because of inefficiencies during association and because the molecules may not immediately occupy

a thermal distribution [86]. Even assuming that the molecular gas is at the same temperature

as the precursor, 2D T/TF is increased by a factor of
√
NK/NKRb ≈ 2.5, for typical numbers of

5 × 104 KRb and 3 × 105 K. In order to reach deep degeneracy, evaporative cooling [5], in which

the molecules are allowed to thermalize while the hottest are removed, is likely necessary.

Any method of evaporation can be described by its efficiency, Sevap = ∂ log(N)
∂ log(T ) . Assuming
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constant Sevap
4 and initial number N0 and temperature T0, the temperature evolves as

T (N) =

(
N

N0

) 1
Sevap

T0 (6.10)

For a two-dimensional Fermi gas in a harmonic trap, T/TF = kBT

ℏωr

√
2N

, such that under

evaporation, T/TF becomes

T

TF
=

√
1

2N

kBT0
ℏωr

(
N

N0

) 1
Sevap

=

(
N

N0

) 1
Sevap

− 1
2 T0
TF 0

(6.11)

Here, we can see that T/TF decreases if Sevap < 2 in 2D (Sevap < 3 would yield efficient

evaporation in 3D). Efficient evaporative cooling relies on a high ratio of elastic collisions, which

redistribute energy between molecules in the sample, to losses due to inelastic collisions or other

processes.

6.2.3.1 Collisional shielding and evaporation

The KRb + KRb → K2 + Rb2 reaction is exothermic [254], and pairs of molecules are

rapidly lost when they approach to short range5 . The loss, which follows the differential equation

∂n
∂t = −βn2, is characterized by the coefficient β. To extend the lifetime of the gas enough to

perform efficient evaporative cooling, it is therefore necessary to prevent the molecules from closely

approaching each other while maintaining a high rate of elastic collisions. This can be accomplished

by engineering long-range dipolar interactions to create a repulsive interaction potential. If the

barrier is high compared to the typical collision energies of the gas, tunneling through the potential,

thus reactive loss, will be greatly suppressed.

Identical fermions, such as KRb molecules in the same internal state, can only collide with

odd relative angular momentum L = 1, 3, . . . . In ultracold systems, collisions predominantly occur

4 This is a reasonable approximation outside deep degeneracy, but eventually breaks down due to Pauli blocking
[253] or technical heating.

5 Even molecules for which reactions are endothermic, like NaK, undergo relatively fast two-body loss. The
mechanism is not fully understood, and may vary molecule-to-molecule, but photoexcitation of long-lived reaction
complexes is known to contribute [255].
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in the lowest available channel, L = 16 . This contributes a centrifugal repulsion to the interaction

potential [256] (Fig. 6.6), which also includes dipolar and van der Waals interactions

V (r) =
ℏ2L(L+ 1)

2µr2
− C6

r6
+ Vdd(r) (6.12)

where µ = m/2 is the reduced mass. In the absence of dipolar interactions (for instance at zero

electric field), KRb molecules with C6 = 112kB K nm6, have a potential barrier of height Vb = 24µK.

The probability of tunneling through the barrier given collision energy Ec scales as (Ec/Vb)
L+1/2

[256], such that inelastic collisions are significantly suppressed for kBT ≪ Vb.
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Figure 6.6: The centrifugal, van der Waals, and total potentials are plotted as a function of

separation for KRb molecules colliding in the L = 1 channel, showing a 24µK centrifugal barrier.

However, for head-to-tail collisions between polarized molecules, the dipolar attraction lowers

the centrifugal barrier, leading to rapid loss. A variety of methods have been applied to suppress-

ing inelastic collisions while enabling elastic dipolar collisions, as needed for efficient evaporative

cooling. Microwave shielding [247], in which a microwave drive induces oscillating dipole moments

which, on average, lead to repulsion, was first demonstrated using CaF molecules in optical tweezers

[257]. It has since been applied in a multiple experiments [258, 259], enabling evaporative cool-

ing of both Fermi [260] and Bose [221, 222] gases to degeneracy. A related method using optical

6 This barrier is absent for bosons, which can collide in the L = 0 channel. Hence, preparing collisionally stable
gases of bosonic molecules is more challenging.



119

frequencies to connect rotational levels has been proposed but not yet demonstrated [261, 262].

Our group has demonstrated two methods for shielding using d.c. electric fields, discussed in the

following paragraphs.

In [246, 229], we demonstrated shielding using an electric field-tuned Förster resonance at

which the energy of |1⟩ can be made equal to the average energy of |0⟩ and |2⟩ (Fig. 6.7a). Around

the resonance, the dipolar interactions couple a pair of molecules in |1⟩ (with the properly anti-

symmetrized state denoted |11⟩) to a state where one molecule is in |0⟩ and the other is in |2⟩

(denoted |20⟩) with matrix element ⟨11|Vdd(r)|02⟩ ∝ 1/r3, leading to an avoided crossing (Fig.

6.7b). In second order perturbation theory, valid away from the resonance, the energy shift due to

the interaction is V (r) ≈ |⟨11|Vdd(r)|20⟩|2
E11−E20

∝ r−6

E11−E20
. If the molecules are initially prepared in |1⟩ and

the electric field is set above (below) the resonance, the p-wave barrier is enhanced (suppressed)

by the dipolar interactions (Fig. 6.7c)7 .

Figure 6.7: (a) The energy of pairs of molecules in |0, 0⟩ |2, 0⟩, |0, 0⟩ |2,±1⟩, and |1, 0⟩ |1, 0⟩ are

plotted as a function of electric field. (b) In the vicinity of the Förster resonance, dipolar interactions

lead to an avoided crossing. (c) The adiabatic energy of pairs of molecules in |1, 0⟩ |1, 0⟩ colliding in

mL = ±1 are plotted as a function of distance are plotted at electric fields below (12.504 kV/cm;

green) and above (12.67 kV/cm; orange) the resonance. The energy without resonant interactions

is plotted in black. From [246].

7 This is a fairly minimal and schematic description of the physics - refer to [246, 229, 84, 83] for more details
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Because the energy shift is independent of the sign of the dipolar interactions, the potential

barrier is enhanced for both attractive head-to-tail (mL = 0) and repulsive side-to-side (mL = ±1)

interactions. The shielding is therefore effective even in three dimensions, where β is reduced

by an order of magnitude at the optimal field of 12.72 kV/cm [229]. There, |1⟩ has a relatively

small induced dipole moment of -0.08 D. Through cross-dimensional thermalization measurements,

we were able to characterize elastic dipolar collisions, allowing us to assign an elastic to inelastic

collision ratio of γ = 12(1) [229]. By reducing the depth of the optical dipole trap containing

the molecules, we were able to evaporatively cool the molecules with Sevap = 1.84(9). For other

molecules with larger dipole moments, a much larger γ and lower Sevap should be possible.

The other method, discussed theoretically in [205, 263, 264], first demonstrated in [265] and

improved on in [99], relies on tightly confining the molecules in a layer of an optical lattice in

addition to polarizing the molecules using an electric field. This leads to two distinct mechanisms

which suppress collisions. For high lattice trap frequencies ωy, the harmonic oscillator length

aho =
√

2ℏ/(mω) can be made much smaller than the dipole length aD = m
2ℏ2

d2

4πϵ0
. As a result,

in the 2D regime, the molecules are only allowed to collide side-to-side, leading to a barrier that

monotonically increases with dipole moment [205]. For experimentally accessible trap frequencies of

up to 2π× 20 kHz, the molecules are in the quasi-2D regime, meaning that the harmonic oscillator

length aho ⪆ 90 nm is comparable to the dipolar length aD < 116 nm (where we take d ≈ 0.35 D

at 15 kV/cm). In quasi-2D, the collisions are effectively in 3D, but, for identical fermions in the

ny = 0 harmonic oscillator level, must occur in the mL = ±1 (side-to-side) channel. As d increased

to 0.15 D, the height of the barrier increases due to repulsive dipolar interactions, but, for higher

d is reduced due to mixing of higher L channels.

When the lattice is deep enough (ℏωy > kBT ) that the ground band is predominantly popu-

lated and a dipole moment of d ≈ 0.2 D is induced by an electric field of 5 kV/cm, β is suppressed

by a factor of 5 relative to the zero-field value [99]. The elastic collision rate, which scales as d4

[205], was measured by cross-dimensional thermalization. The elastic-to-inelastic collision ratio was

estimated as γ = Γel/Γin = 200(60), where the elastic collision rate is Γel = αΓth, where α = 8 [264]
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is the number of collisions needed to thermalize, and Γth and Γin = n0β are the measured thermal-

ization and inelastic collision rates. By introducing electric field curvature to spill molecules out

of the trap, evaporative cooling with a much higher efficiency Sevap = 1.06(15) was demonstrated

[99].

Given its high efficiency and compatibility with our desired initial condition of ground-band

2D molecules, the confined evaporation approach seems promising for achieving deep degeneracy.

Estimates of final T/TF , calculated using Eq. 6.11, are plotted as a function of initial N0 and T

for N = 1000 (for which the molecule distribution and dynamics should be easily resolvable using

our absorption imaging) and Sevap = 1.09 [99] in Fig. 6.8, assuming a horizontal trap frequency of

2π × 30 Hz.

Figure 6.8: The 2D T/TF in a harmonic trap with ω = 2π × 30 Hz after evaporative cooling to

N = 1000 with an efficiency of Sevap = 1.09 is plotted as a function of initial number N0 and

temperature T0.

6.2.3.2 Limits on evaporative cooling

A variety of phenomena complicate efficient evaporative cooling to deep degeneracy. For

sufficiently high densities and elastic cross-sections, the gas enters the hydrodynamic regime, in
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which the mean free path of the molecules is shorter than the dimension of the sample. This

reduces the efficiency of evaporative cooling, as only molecules excited to high energies near the

edge of the trap will be able to escape without further collisions. As a result, the thermalization

rate will be limited to roughly the trap frequency, while inelastic loss rates continue to scale with

increasing density [266]. The mean free path is ℓ = 1/(
√
2nσel)

8 , where the elastic cross-section

is σel = (32π/15)a2D at low collision energies [268, 269]. The characteristic size of a harmonically-

trapped gas is given by
√
⟨r2⟩ =

√
kBT
mω2

r
for a classical gas or the Thomas-Fermi radius (Eq. 6.8)

for a deeply degenerate Fermi gas. When the ratio
√
⟨r2⟩/ℓ ⪊ 1, the gas is in the hydrodynamic

regime. For efficient evaporation, the trap frequency ωr can be reduced. The temperature T scales

linearly with ωr, assuming adiabatic decompression, so
√

⟨r2⟩/ℓ ∝ √
ωr, allowing the molecules to

be brought out of the hydrodynamic regime.

Another effect that limits evaporation efficiency in a degenerate is Pauli blocking. Because

collisions can only scatter fermions into unoccupied states, the rate of elastic collisions tends to zero

as T/TF is decreased, and fewer holes are present in the Fermi sea. However, inelastic collisions

can proceed unimpeded, as the reaction products are scattered into free space. As a result, as the

gas is cooled below the Fermi temperature, the evaporative cooling efficiency is decreased [253].

Technical heating, such as loss from light scattering or collisions with background gas atoms, will

also knock holes in the Fermi sea, eventually limiting the coldest achievable temperatures [270].

6.3 Accordion lattice design and construction

To prepare a 2D gas, we need to compress the atoms from the crossed optical dipole trap to

a geometry where ℏωy ≫ kBT . Our vertical lattice easily meets that requirement, but the cloud

subdivided into roughly 19 layers [117] if the lattice is directly loaded from the xODT. This limits

the number of atoms, thus molecules, prepared in any single layer, and requires layer selection [105]

to prepare an isolated layer. In 2020, the group built a large spacing lattice (LSL) [99, 84], to

8 The factor of
√
2 occurs because both particles involved in a collision are moving with uncorrelated velocity,

increasing the rate of collisions relative to stationary particles [267].
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provide an intermediate trap allowing compression from the xODT to fewer vertical lattice layers.

The LSL, with 8µm spacing, was able to load all the Rb and about half the K to a single layer,

and compress the atoms such that the Rb was loaded into around 5 vertical lattice layers. Loading

atoms into the vertical lattice from the LSL before producing and evaporatively cooling molecules

yielded a 2D degenerate Fermi gas of molecules at T ≈ 0.6 TF [99].

In order to reach higher phase space densities and produce isolated 2D systems, we wanted to

load all the atoms into a single vertical lattice layer. To do so, we developed a replacement for the

LSL, the accordion lattice. In this section, I discuss the optical design and characterization of the

accordion lattice. In Sec. 6.4, I discuss its performance in compressing atoms toward a quasi-2D

geometry, and the subsequent production of molecules.

We consider the interference of two Gaussian beams, each with power P and waist wx,y,

with wavelength λ at half-angle θ from the +z axis in the y − z plane. As discussed in Sec.

3.3.1, the interference fringes are spaced in the y direction by a = λ
2 sin(θ) . Assuming the region of

intersection between the beams is short compared to their Rayleigh range, a particle of mass m

and polarizability α at the center of the beams experiences trap frequencies

ωx,y,z = 4

√
−αP

πmwxwy

{
1

wx
,

√
1

w2
y

− λ2

4a2w2
y

+
π2

2a2
,

λ

2awy

}
. (6.13)

Several desiderata let us determine optimal parameters for the accordion lattice design. Be-

cause we already had an operational laser system with sufficient spare power at 1064 nm, and know

that both atoms and molecules have low scattering rates [100] and sufficient polarizability [84] at

that wavelength, we set λ = 1064 nm. To load all the atoms into a single layer, we need a to be

larger than the size of the atom distribution in the xODT. The characteristic vertical size of the K

Fermi gas, which is larger than the Rb BEC, is the Thomas-Fermi radius [271] Ry = aho(48N)1/6 ωho
ωy

where the harmonic oscillator length is aho =
√

ℏ
mωho

and ωho = 3
√
ωxωyωz. For N = 4 × 105 K

in the xODT with ωxODT = 2π × (40, 270, 40) Hz, Ry = 8.4µm. This means that amax must be

at least 2Ry = 8.4µm, so θmin must be at most 1.8◦. Because Rb has a higher mass and lower
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polarizability than K, gravity makes the equilibrium position of the Rb atoms a few microns lower

than that of the K atoms in the xODT. This means a slightly larger amax is needed to load both

species in the same layer. In practice, we find that both species are reliably loaded into the same

layer at a = 14µm.

Other factors make a smaller a desirable. A high vertical trap frequency is required to

compress the atomic gas enough that only a single vertical lattice layer is loaded (or to generate a

quasi-2D molecular gas directly in the accordion lattice). Assuming that the lattice is able to reach

the quasi-2D regime ℏωy > kBT , the distribution of the ground state in the vertical direction is

Gaussian with σy =
√

ℏ
2mωy

. To load a large fraction of the atoms into a single layer of the aVLatt =

540 nm vertical lattice, 4σy ⪅ aVLatt. For a given P and wx,y, ωy scales as 1/a and σy as
√

1/a in

the realistic limit that wy ≫ a, λ. Therefore, for a given beam waist, a smaller amin results in less

power being needed to load a single vertical lattice layer.

In our apparatus, θ is limited to roughly 16◦ by the windows on the cell, corresponding to

amin = 1.9µm. A further constraint comes from the numerical aperture of the final focusing lens.

We selected a 75 mm diameter, f = 150 mm asphere to replace a 50 mm diameter, f = 150

mm achromat used for the previous LSL. This lens’s clear radius of 34.5 mm allows for amin up

to 2.4µm. In practice, the size of the beams reduces their maximum spacing on the lens, giving

amin ≈ 2.8µm.

The size of the beams wx,y should be as large as possible, subject to power limitations. This

maximizes the capacity of fermions in the ground band (Sec. 6.2.2.1) and suppresses three-body

loss by reducing density. Perhaps more importantly, larger beams reduce adiabatic heating as the

atoms are compressed. The molecules generally inherit their temperature from the atoms [86], and

lower temperatures enhance the efficiency of evaporative cooling (Sec. 6.2.3). We picked wx ≈ 250

µm, which allows several kilohertz trap frequencies with hundreds of milliwatts of power. A larger

size would improve performance and would be a worthwhile upgrade in the future (Sec. 6.5.1).

Finally, we would like roughly equal confinement along the x and z directions at the minimum

lattice spacing to enable efficient loading into the round vertical lattice. This is achieved for
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wy

wx
= 2amin

λ = 5.26. We use a 4:1 telescope constructed from f = −25 mm and f = 100 mm

cylindrical lenses to increase the vertical size of the lattice beams, so they focus to a smaller waist

at the position of the atoms. We measure waists wx,y = 253 and 68µm, respectively, resulting in a

ratio ωx
ωz

= 1.4 at a = amin. As a is increased, ωx remains constant while ωz increases. If necessary,

the roundness of the trap can be maintained by using one of the xODT beams to provide extra

confinement in the z direction.

Figure 6.9: The key elements of our accordion lattice, including a mirror mounted to a galvanome-

ter, a beamsplitter made from a pair of dove prisms, and a focusing lens are shown schematically.

Beam paths and resulting lattices are drawn for large and small spacing configurations.

With the geometry of the beams established, we can consider the design of a system that

enables the lattice spacing to be tuned between amin and amax. It is important that the phase of

the lattice is stable, both shot-to-shot and as a is varied, and well-controlled to provide repeat-

able positioning of the lattice layers and avoid heating from shaking the atoms during loading and

compression. To maximize robustness to temperature changes, drifts of alignment, and mechanical

vibration, we wished to use common optics for both beams and, further, match their optical path

lengths such that the relative phase is insensitive to common-mode drifts [272, 118]. This require-

ment was not met by the beamsplitter used for the previous LSL, which consisted of two stacked

polarizing beamsplitter cubes (similar to the system described in [273]). Instead, we opted to use

a beamsplitter constructed from a pair of dove prisms glued together with a beamsplitter coating

at the interface (Fig. 6.9). This approach, based on designs from the erbium experiment in Markus
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Greiner’s group, matches the optical path lengths and, being a monolithic assembly, provides ex-

cellent long-term stability. We followed their procedures described in [272] to interferometrically

align and glue the prisms9 . After gluing, we found that r = 62% of the light was reflected at the

interface, such that the contrast of the fringes is 2
√
r(1− r) = 0.97 [272].

To control a, we need to vary the separation of the beams after the beamsplitter by adjusting

the height of the incoming beam. The angle of the beam must be kept constant to prevent changes in

the pointing of the lattice. In the Greiner group, this was accomplished by rotating a large periscope

with a galvanometer. With this approach, the angle can be well-controlled if the periscope mirrors

are parallel, which they achieved with interferometric alignment. Because we were unable to source

a galvanometer with sufficient torque to quickly rotate a periscope of the required size, we instead

opted to translate the beam using a mirror rotated by a smaller galvanometer10 at the focus of a

lens. To avoid shifts in the angle of the beam as it is translated, it is important to use a diffraction-

limited aspheric lens. As the galvo was scanned over its range, the beam angle varied by 0.004◦

when the diffraction-limited Thorlabs AL50100H lens was used, but 0.02◦ with a CNC-polished

Thorlabs AL50100 lens. For the same reason, we needed to use diffraction-limited aspheres for the

telescope after the beamsplitter and the final focusing lens and carefully optimize their position

and angle.

Errors in alignment of the galvanometer mirror can also shift the position of the beam away

from the focal plane of the lens, changing the angle of the output beam as the mirror is rotated.

We included an adjustable mirror before the galvanometer mirror so that the incoming beam can

be aligned to the galvanometer’s axis of rotation. However, we found that the axial position of

the intersection of the lattice beams varied by roughly 20µm as the angle of the galvanometer was

tuned, even when the pointing was optimized. We realized that the mirror’s surface was offset by

0.475mm from the galvanometer’s axis of rotation, which we confirmed could cause the observed

shift using a ray-tracing model implemented with [274] (Fig. 6.10a). To fix this, we designed a new

9 Thorlabs PS993 with custom anti-reflective coatings on the end faces and beamsplitter coatings at the interface
from Optical Filter Source glued with Norland NOA61 optical adhesive

10 Thorlabs GVS001
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mirror mount for the galvanometer that held the mirror surface coplanar with the axis of rotation

(Fig. 6.10b).

(a) (b)

Figure 6.10: (a) A ray-tracing simulation shows the axial shift of the accordion lattice focus as the

spacing galvanometer is tuned due to a 0.475mm offset between the galvanometer mirror surface

and axis of rotation. (b) A custom mount for attaching an Edmund Optics #37-558 5 mm square

mirror to a Thorlabs GVS001 galvanometer, with the mirror surface coplanar with the axis of

rotation.

To characterize the performance of the lattice, we installed a camera and lens to image the

plane where the atoms would be. By fitting images of the lattice (Fig. 6.11), we could measure

its spacing and phase as the spacing galvanometer is scanned. Over the full range of a needed for

the experiment, the phase of the center fringe is stable within π radians, with a highly repeatable

profile scan-to-scan. We are therefore able to use feedforward to further improve the phase stability.

To enable adjustment of the relative phase of the beams, we insert a galvanometer-mounted glass

plate with an anti-reflective coating in the upper beam (and an identical fixed plate in the lower

beam). As the galvanometer rotates the plate11 , which is angled around 10◦, the phase of the

fringes changes by 10.65 rad/◦. By setting the phase galvanometer appropriately for each spacing,

11 a narrow strip cut from Thorlabs WG41010R-C on a GVS001 galvo
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we are able to cancel the phase shifts, keeping the lattice’s phase steady within 0.2 radians (Fig.

6.12). We also measured the long-term stability of the lattice phase, finding drifts of less than 0.2

radians over a day, outside the temperature controlled optics table.

Figure 6.11: The fringes of the accordion lattice, here at a relatively large spacing, are imaged

onto a camera.

Figure 6.12: The phase and spacing of the accordion lattice, measured using a camera, are plotted

versus the angle of the spacing adjustment galvanometer, without (left) and with (right) phase

feedforward.

The accordion lattice beams are combined with the plug light, one of the xODT beams, and

the axial imaging path using a D-shaped mirror before being focused onto the atoms. To avoid

horizontal fringes on the accordion lattice, it was critical to ensure that multiple reflections from



129

the various optics were blocked. The layout of the accordion lattice optics is shown in Fig. 6.13.

Figure 6.13: The layout of the accordion lattice optics on optical table is shown schematically. A

side view, showing the operation of the spacing adjustment galvo and the beamsplitter, is shown

in Fig. 6.9. The optics symbols are adapted from [106].

6.4 Accordion lattice experiments

In this section, I discuss preliminary experiments in the accordion lattice. In Sec. 6.4.1, I

demonstrate that we can effectively load and compress atoms. In Sec. 6.4.2, I discuss producing

molecules directly in the accordion lattice, where we were able to create degenerate Fermi gases

approaching the quasi-2D regime. Finally, in Sec. 6.4.3, I discuss loading the atoms from the

accordion lattice to the vertical lattice and producing molecules there.
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6.4.1 Loading and compressing atoms

We load atoms into the accordion lattice after evaporation in the optical dipole trap by

ramping the accordion lattice power to 400 mW, corresponding to ωy = 2π×870 Hz for Rb. With a

14µm spacing, we are able to load all the atoms into a single layer. We then compress the accordion

lattice in stages to 2.8µm spacing while ramping off the xODT. We optimized the duration of each

stage to minimize heating and number loss, finding a total duration of approximately 6 seconds

works well. After compression, ωx,y,z ≈ 2π × (22, 4300, 15) Hz for Rb.

During initial testing, we found that the horizontal magnetic field gradient (Sec. 6.2.2.2) was

strong enough to pull K atoms out of the trap, causing significant loss during compression. We

added a 1064 nm beam offset from the center of the accordion lattice to cancel the force with an

optical potential gradient, keeping the atoms centered in the lattice. This compensating potential

will be described in more detail in Annie Carroll’s forthcoming thesis. After the beam was added,

the optimized compression sequence caused little loss of atoms, yielding approximately 5 × 105 K

and 5 × 104 Rb at 200 nK (Fig. 6.14), slightly hotter than what would be expected from purely

adiabatic compression.
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Figure 6.14: The temperature of the K-Rb mixture, as measured by a Gaussian fit to the non-

condensed component of the Rb after time-of-flight expansion [48], is plotted as a function of the

vertical trap frequency as the accordion lattice is compressed. The blue line indicates the expected

minimum temperature given adiabatic compression, calculated for a noninteracting Bose-Fermi

mixture.

We also tried evaporatively cooling the atoms in the accordion lattice in order to counteract

the temperature increase during compression. Colder atoms would allow production of initially

colder molecules with more favorable inelastic collision rates (Sec. 6.2.3.1) and higher ground band

population. Unfortunately, evaporation by reducing the accordion lattice power after compression

was not particularly efficient, with Sevap ≈ 2 for K. Alternative evaporation protocols, such as

shaping the trap potential to improve thermalization rates or applying a vertical magnetic field

gradient to spill hotter atoms [275] may yield more favorable results.

6.4.2 Molecules in the accordion lattice

After preparing the atomic mixture in the accordion lattice, we ramp the magnetic field

across the Feshbach resonance to produce KRb∗ Feshbach molecules. We found that the resulting

molecule number depends sensitively on the ramp rate, with up to 5.3 × 104 produced at a ramp
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rate of 5 G/ms. This is faster than the optimal rate in the xODT in [86], likely because the higher

density in the accordion lattice reduces the Feshbach molecule lifetime. Almost all the Rb was

associated, with only a few thousand thermal atoms remaining. Based on time-of-flight expansion

of the Feshbach molecules, with the wings of the cloud fit to a Gaussian profile [49], we estimated

a temperature of approximately 310 nK.

The trap frequencies for KRb∗ are ωx,y,z = 2π× (27.6, 5200, 26) Hz, such that ℏωy/kB = 250

nK. Since T exceeds the level spacing, the molecules are not quasi-2D – assuming a Boltzmann

distribution predicts that around 55% are in the ny = 0 level. For 5.3 × 104 molecules, the 3D

Fermi temperature is 508 nK, so the Feshbach molecules are at T/T 3D
F ≈ 0.7. A Gaussian fit to the

wings of the gas (Fig. 6.15) after release from the lattice overestimates the central density [85, 49],

further suggesting that the gas is Fermi degenerate.

Figure 6.15: An absorption image of the Feshbach molecules after time-of-flight expansion is

shown, along with the profiles of the gas along the horizontal (red; above) and vertical (green;

below) axes. A Gaussian fit (solid lines) excluding a 1.5 σ central region overestimates the central

density, suggesting the gas is degenerate.

If the KRb∗ in this condition are transferred to the ground state, evaporation using resonant
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shielding (Sec. 6.2.3.1) may be a viable path to producing a degenerate quasi-2D gas, as a quasi-2D

initial condition is not required. Per Eq. 6.11, a 2D T/TF of 0.68(23) could be achieved for 1000

remaining molecules, assuming 90% STIRAP efficiency and Sevap = 1.84(9) [229]. If the elastic-to-

inelastic collision ratio improves as the gas is cooled, or the evaporation is switched to the more

efficient confined-geometry approach once a quasi-2D condition is attained, deeper degeneracy could

be reached.

6.4.3 Molecules in the vertical lattice

We have also explored loading atoms into the vertical lattice from the compressed accordion

lattice. After ramping the accordion lattice power to 1200 mW, reaching a vertical trap frequency

of 7.5 kHz for Rb, we loaded the atoms into a 60 Er vertical lattice and produced approximately

4000 ground state molecules in the combined trap. Using gradient spectroscopy12 (Sec. 3.2.3),

we found that the molecules primarily occupied one layer, with some population in a second (Fig.

6.16). Using Kapitza-Dirac diffraction of a BEC [277], we measured a 0.32(12) degree tilt between

the k-vectors of the lattices. This tilt, combined with the spatial extent of the Rb BEC, leads to

atoms in the second layer. By compressing the atoms using the xODT, we were able to load a

single layer at the cost of increased temperature.

We observed that the phase of the accordion lattice drifts relative to the phase of the vertical

lattice on a timescale of roughly an hour, leading to changes in which vertical lattice layer was

loaded. As a result of this drift, which likely originates from thermal expansion changing the

accordion lattice pointing or the vertical lattice position, the accordion lattice phase will need to

be stabilized. Given the slow rate of drift, low-bandwidth feedback control based on periodically

imaging the atoms’ layer distribution should be sufficient.

Work on optimizing loading and evaporative cooling in a single vertical lattice layer is ongoing

and will be described in Annie Carroll’s thesis.

12 We subsequently set up a simpler sequence for layer-resolved imaging, allowing measurement of the layer distri-
bution with a single experimental shot. There, we magnify the layers by evolving for a quarter period in the accordion
lattice potential and imaging after time-of-flight, as in [99, 276].
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Figure 6.16: The population distribution of molecules in the vertical lattice following loading
from the compressed accordion lattice is measured using layer-resolved gradient spectroscopy (Sec.
3.2.3).

6.5 Outlook

Combining the best molecule number and phase space density we have produced in the accor-

dion lattice with evaporative cooling at the efficiency demonstrated in [99] would allow production

of deeply degenerate quasi-2D Fermi gases. Currently, these conditions are difficult to simultane-

ously achieve. This section presents some possible modifications to the apparatus and experimental

sequence that could improve molecule production and cooling, helping realize a long-standing goal

of the ultracold molecule community.

6.5.1 Evaporating molecules in the accordion lattice

It would be appealing to directly evaporate the molecules in the accordion lattice rather

than loading the atoms and producing molecules in the vertical lattice. Controlling the relative

phase of the lattices sufficiently well to load a single layer every shot is challenging, transferring

between traps causes heating, and distortion from the ITO-coated electrodes causes defects in the

vertical lattice potential. In addition, the accordion lattice polarization could be tuned to the magic

angle (Sec. 3.3.2.1) for arbitrary electric field directions, facilitating spin physics experiments. It is
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difficult to attain sufficiently low initial temperatures and high vertical trap frequencies to produce

quasi-2D molecules in the current accordion lattice geometry. However, increasing the beam sizes

or adding a compensating potential to reduce the horizontal trap frequencies (Sec. 6.5.2) could

allow for efficient evaporation directly in the accordion lattice.

Currently, the ratio of horizontal ωr to vertical trap frequency ωy in the compressed accordion

lattice is approximately 240:1. If the same ωy is maintained but beams comprising the lattice are

scaled by a factor s, ωr scales by 1/s and the required optical power scales as s2. Now, around 5

W of power are required to match the ωy = 2π × 17 kHz trap frequency used for evaporation in

[99]. The photonic crystal fibers we use to deliver light to the accordion lattice can handle roughly

20 W of optical power [278], so the beams could be scaled up by a factor of 2 (although other

components along the optical path may need to be upgraded to handle the increased power). The

resulting ratio ωy/ωr ≈ 120 is similar to that of the combined vertical lattice and xODT potential

in [99].

One potential concern for evaporative cooling in the accordion lattice is a reduction in

molecule lifetime due to an increased light intensity I. KRb has a one-body lifetime τ = 1/(αimI)

where αim = 2π × 2.052(9) × 10−12 MHz
W/cm2 for KRb at 1064 nm [100] and I is the intensity of the

light. For a trap frequency ω, the peak intensity of an optical lattice is I = mω2a2

2π2α
, so the lifetime

scales as 1/a2. As a result, scattering rates in the compressed 2.8 µm LSL are 27 times higher than

in the vertical lattice at the same vertical trap frequency. While this scattering is unimportant for

some experimental sequences, for instance if the atoms are to be loaded into another lattice before

molecule production, it can limit others, such as evaporative cooling of molecules directly in the

accordion lattice. For ωy = 2π × 17 kHz, the molecule lifetime would be 3 s in the a = 2.8µm

accordion lattice versus 80 s in the a = 540 nm vertical lattice.

Fortunately, it may not be necessary to use such a high trap frequency for efficient evapo-

rative cooling, such that a longer lifetime is possible – the lattice need only be deep enough that

almost all the molecules occupy the ground band (Sec. 6.2.3.1). However, this is a somewhat chal-

lenging condition to satisfy. The initial temperature, which scales as T ∝ (ωyω
2
r )

1/3 for adiabatic
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compression, could be reduced from 310 nK (Sec. 6.4.2) to 195 nK by increasing the size of the

accordion lattice beams by a factor of 2 at ωy = 2π × 5200 kHz. This would give a ground band

fraction of 72 %, assuming a Boltzmann distribution, which is likely insufficient for efficient cooling.

As such, producing molecules at lower temperature, through improved evaporative cooling of the

atomic precursors (Sec. 6.4.1), pre-cooling of the molecules using resonant shielding (Sec. 6.2.3.1)

or further adiabatic decompression in an appropriately shaped trap potential (Sec. 6.5.2) is likely

required to produce a ground-band sample in the accordion lattice. Ongoing efforts in the lab are

exploring these directions.

6.5.2 Molecule production in a box trap

One promising direction for improving molecule production and evaporation is improving

control of the optical potentials. In particular, confining the atomic and molecular gases in a

region of uniform potential with sharp walls, known as a box trap [279], offers multiple advantages.

Unlike in a harmonic potential (Sec. 6.2.2.1), bosons and fermions both take on uniform density

distributions in a uniform potential. The improved overlap will increase the rate of thermalization

between the Bose and Fermi gases, enhance association efficiency13 and result in Feshbach molecules

already occupying an equilibrium spatial distribution after association. The molecule production

process can be further optimized by varying the size of the box trap to tune the density and

temperature of the atomic precursors to maximize association efficiency and minimize three-body

loss.

A box potential can also improve evaporative cooling, as it allows the density of the gas to be

tuned independently of the depth of the trap, which has been shown to enhance cooling efficiency

with atoms [281]. By expanding the box, the temperature of the gas can be reduced, which enhances

the elastic to inelastic collision ratio (Sec. 6.2.3), and the density reduced, preventing the onset of

hydrodynamics which limit cooling efficiency (Sec. 6.2.3.2). Further, inelastic collisions in a uniform

13 In preliminary work [280], the MPQ group was able to increase NaK∗ number by 80% by producing molecules
in a 3D box potential.
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potential reduce the average energy of the remaining gas, as opposed to 2D (3D) harmonic traps

where the average energy is constant (increased) [264]. Finally, a uniform molecule distribution is

advantageous for future many-body physics experiments, as dynamics or phases can be explored in

a homogenous system, rather than averaged over regions of different density in a harmonic trap.

The different mass-to-polarizability ratios of K and Rb at 1064 nm complicates construction

of a three-dimensional box trap, as both species must be simultaneously levitated. This can be

accomplished using a magnetic field gradient or a near-detuned trapping wavelength such that

the ratios match. Both approaches complicate molecule production, since KRb has negligible

magnetic dipole moment, and large imaginary polarizability near the K and Rb D lines [152]. A

two-dimensional box, however, can use a one-dimensional lattice to tightly confine both species in

the vertical direction [215]. In this case, only the horizontal potential needs to be homogenized.

One option for producing a 2D box is to compensate the lattice’s harmonic potential with

a shaped beam from the vertical direction [282, 22], as discussed in [82] for the KRb experiment.

Given the large feature size, a digital micromirror device (DMD) in an image plane would allow

projection of a tunable potential with sufficient resolution and intensity granularity [283]. If light

around 1064 nm14 was used with the DMD, the lattice potential could be simultaneously com-

pensated for all species and low imaginary polarizability would support long molecule lifetimes. In

addition to providing uniform trap potentials, a DMD would allow local initialization of rotational

states, as recently demonstrated with RbCs molecules in [192]. However, aspects of the design of

the KRb apparatus make vertical projection of high-quality potentials challenging. The light would

have to pass through the ITO coating on the electrodes, which would lead to distortion and limit

the possible intensity. More critically, a dichroic mounted between the objective and cell, used to

create the vertical lattice (Sec. 2.2.1), would block light projected through the objective or reflect

light incident from the top. If the accordion lattice was used as the primary vertical confining

14 Spectrally-broad light generated with a superluminescent diode (SLD) [284, 22] would be beneficial for this
application, as the short coherence length suppresses interference fringes. We tested seeding a Nufern fiber amplifier
with an Innolume SLD1064020PM300MFLXX SLD, and found that the amplifier did not distort the SLD’s spectrum
and showed similar intensity noise to our standard Mephisto seed.
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potential (Sec. 6.5.1), the dichroic could be removed.

An alternative would be to compensate the lattice potential using shaped beams from the

side and axial directions. The beams could be used to create a flat region with tunable size (Fig.

6.17). This approach would further allow making adjustable optical traps which could improve the

efficiency of loading and evaporative cooling atoms [281, 285, 286]. The beams could be shaped

using either acousto-optical deflectors (AODs) [287] or DMDs. As compared to DMDs, AODs

would offer improved power efficiency and support operation at higher power, which would be

important if the shaped beam replaced the current optical dipole traps, but have the potential

to cause extra heating due to beating between different parallel tones or the scanning of a beam

used to create a painted potential. The painting approach is more common in the quantum gas

literature [281, 285, 286] and could be controlled with the same AWG system used for RF synthesis

(Sec. 2.2.3). However, modulation of the trap at kilohertz or tens of kilohertz frequencies would

cause heating in optical lattices. Frequency domain multiplexing causes megahertz-scale beating

between adjacent beams [287], which is much higher than lattice trap frequencies, so should cause

less heating. The waveform for driving the AODs can be generated with the same DDS electronics

used by optical tweezer experiments, such as the “Gigamoog” synthesizer from the Kaufman group

[118].
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Figure 6.17: A scheme for compensating for the lattice potential to create a flat region. Here, the

simulated potentials are shown for the accordion lattice and 20µm-waist beams spaced every 10µm

with powers optimized to create a homogenous 50µm square region in the center of the accordion

lattice potential. The beams are shaped by applying multiple tones to an AOD, resulting in light

diffracted at different angles (bottom right). By optimizing the power in each tone, the potential

can be flattened to a high degree of homogeneity (top right).



Chapter 7

Towards spin-squeezing for enhanced quantum sensing

”Things are going to slide, slide in all directions

Won’t be nothing

Nothing you can measure anymore”

The Future – Leonard Cohen

This thesis describes development and application of methods for controlling interactions and

motion of polar molecules, spectroscopic exploration of the dynamics of interacting molecules, and

progress towards producing low-entropy systems which would enable observation of even richer

physics. Although potential future directions are discussed throughout, I conclude by presenting

prospects and preliminary work for generating spin-squeezed states. Observation of squeezing relies

on many of the tools developed in this thesis and is broadly relevant for both many-body physics

and precision measurements applications.

A system of spins satisfies the uncertainty relation Var(Si)Var(Sj) ≥ |⟨SK⟩|2/4 for any or-

thogonal directions i, j, k on the Bloch sphere [288]. For unentangled spins (Fig. 7.1a), the variance

is distributed equally between the two directions such that Var(Si) = Var(Sj). Evolution under

many nonlinear Hamiltonians, including OAT (Fig. 7.1b) and TAT (Fig. 7.1) can generate spin-

squeezing, in which an entangled state is created where the variance in one quadrature is reduced

at the expense of increased variance in the orthogonal direction. Given that we have observed both

OAT and TAT at the mean-field level (Ch. 4), observing squeezing directly would be an exciting

next step.
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Figure 7.1: Cartoons of the quasiprobability distributions for a coherent spin state (a) and squeezed

states generated by OAT (b) and TAT (c) are shown on the Bloch sphere. For the squeezed states,

the blue (green) lines show the squeezed (antisqueezed) quadratures and the arrows indicate the

direction the coherent state is deformed under the squeezing dynamics.

7.1 Generating a spin-squeezed state

In a quantum sensor, a signal is mapped onto the quantum state of a system consisting of

spins. The spins are then read out by a projective measurement. Due to the probabilistic nature

of the measurement, the variance of a sensor comprising N unentangled spins scales as 1/N . These

fluctuations are known as quantum projection noise (QPN; Sec. 7.1.1) and can limit the performance

of the sensor. Appropriately selected entangled states can overcome this limit and reach variance

scaling as efficiently as 1/N2, which is known as the Heisenberg limit.

One such class of entangled states which are relatively robust and can be prepared with ex-

perimentally accessible Hamiltonians are spin-squeezed states, first proposed in [169]. The original

proposal discusses all-to-all Hamiltonians, but further theoretical work suggests that finite-range in-

teractions [196, 197, 191] can also scalably generate squeezing. Itinerance, accessible with molecules,

enhances the effective range of interactions, and is predicted [165, 209] to improve squeezing. Both

the OAT and TAT Hamiltonians explored in Ch. 4 generate spin-squeezed states from initial prod-

uct states.

Spin squeezing was first demonstrated in systems with all-to-all interactions [288], including

optical cavities [289] and spinor BECs [290]. More recently, squeezing has been observed with a va-
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riety of platforms with finite-range interactions, such as Rydberg atoms [195, 291, 292], NV centers

[293], magnetic atoms [194], atoms in optical lattices [294], and trapped ions [295]. [194], which

presents squeezing of spins comprising hyperfine levels of magnetic erbium atoms, is particularly

interesting, as it experimentally demonstrates enhanced squeezing with itinerant atoms.

Producing spin-squeezed states with polar molecules could enhance the sensitivity of precision

measurement experiments, such as measurement of the eEDM, for which molecules are the leading

platform [33]. While KRb is not particularly sensitive to these fundamental physics effects, a

demonstration of squeezing using KRb could inform future experiments with other species, for

which the many-body physics should be essentially the same. In addition, squeezing serves as

a probe for many-body physics – scalable squeezing is intimately connected with magnetic order

[197].

7.1.1 Quantum projection noise

Before we discuss squeezing, we consider the noise in measurements of unentangled particles.

Probability concepts referenced here are discussed in [240]. We consider the scenario where N

spin-1/2 particles are prepared in the initial state where each is independently measured as spin-up

with probability p and spin-down with probability q = 1−p. We define the asymmetry A =
N↓−N↑
N↑+N↓

[35].

By linearity of expectation, ⟨A⟩ =
⟨N↓⟩−⟨N↑⟩

N = Np−Nq
N = 2p − 1. The expectation value〈

A2
〉
is, by law of the unconscious statistician (LOTUS),

⟨A2⟩ =
N∑
k=0

(
k − (N − k)

N

)2((N
k

)
pkqN−k

)
= ⟨A⟩2 + 4pq

N
(7.1)

The variance of A is therefore Var(A) = ⟨A2⟩ − ⟨A⟩2 = 4pq
N . For p = q = 1/2, Var(A) = 1/N .

This noise limits the phase sensitivity of a Ramsey interferometer – the standard deviation

of a phase measurement with N unentangled spins is σ(ϕ) = σ(A) ∂ϕ∂A = 1/
√
N . This is known as

the standard quantum limit.
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7.1.2 Squeezing by one-axis twisting

A spin-squeezed state can be generated if the particles initially prepared in |X⟩⊗Nare allowed

to evolve for time t under the all-to-all Hamiltonian H = χS2
z . After evolution, the state is rotated

about X̂ by an angle θ in order to analyze its noise in different quadratures. The orientation of the

spins can be then measured in the Z basis. As calculated analytically [169], the measurement has

expected value ⟨Sz⟩ = 0 and variance

ξ2 = 1 +
N − 1

4

(
A−

√
A2 +B2 cos(2(θ + δ))

)
with

A = 1− cosN−2(2χt)

B = 4 cosN−2(χt) sin(χt)

δ =
1

2
arctan

(
B

A

)
times the initial value,

〈
S2
z

〉
= N

4 . For θ = −δ, the normalized variance Var(A) is reduced by

a factor of ξ2 = 1 + N−1
4

(
A−

√
A2 +B2

)
. At the optimal time, the minimum variance scales

as N1/3, indicating the scalability of the squeezing process [169]. The minimum and maximum

variances are plotted as a function of time for N = 1000 in Fig. 7.2.
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Figure 7.2: The relative variance of Var(A) in the maximally squeezed (blue) and antisqueezed

(orange) quadratures is plotted as a function of time for all-to-all OAT with rate χ and N = 1000.
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All-to-all interactions represent an idealized model for OAT – in physical realizations, finite-

range interactions [196, 197] and decoherence [296, 297] reduce the amount of squeezing that can be

generated. For sufficient interaction range (including 1/r3 in 2D for spin-exchange Hamiltonians)

and low enough noise, the squeezing is scalable with system size.

7.1.3 Measuring spin squeezing

In principle, generating a spin-squeezed state is straightforward, since the native dipolar in-

teractions between itinerant molecules result in one-axis twisting (Sec. 4.2). However, quantifying

the amount of squeezing generated requires an accurate measurement of Sz and a good under-

standing of the noise on the measurement. On the KRb experiment, we detect the molecules by

state-resolved STIRAP dissociation followed by absorption imaging of the Feshbach molecules (see

Sec. 2.1.4). We analyze the noise generated by this process in Sec. 7.1.3.1 and 7.1.3.2. Further,

imperfections during the generation of squeezing, both due to technical noise and molecular colli-

sions, can reduce squeezing and increase noise. We discuss these and methods for overcoming them

in Sec. 7.1.4

7.1.3.1 STIRAP and dissociation

The STIRAP and dissociation of the molecules introduces two noise processes: loss due to

finite efficiency and depletion of molecules shelved in |1⟩. Each of the N0 molecules in |0⟩ is inde-

pendently transferred with probability PSTIRAP and photodissociated with probability Pdissociation.

Similarly, each of the N1 molecules in |1⟩ undergoes the same process, with an additional proba-

bility Pshelving denoting the probability of surviving the |0⟩ STIRAP and imaging. The numbers of

molecules imaged are therefore given by independent binomial distributions

Ñ0 ∼ B(N0, P0)

Ñ1 ∼ B(N1, P1)
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where P0 = PSTIRAPPdissociation, P1 = PshelvingPSTIRAPPdissociation, and the tildes denote measured

values. Under linear propagation of uncertainty,

Var(Ã) ≈

(
∂Ã
∂Ñ1

)2

Var(Ñ1) +

(
∂Ã
∂Ñ0

)2

Var(Ñ0) (7.2)

=
4
〈
Ñ0

〉2
〈
Ñ
〉4 (〈

Ñ1

〉
(1− P1)

)
+

4
〈
Ñ1

〉2
〈
Ñ
〉4 (〈

Ñ0

〉
(1− P0)

)

This variance follows the same 1/N scaling as QPN. Taking realistic probabilities PSTIRAP =

0.92 (Sec. 2.2.2), Pdissociation = 0.87 (Sec. 2.1.4), Pshelving = 0.9 (Sec. 2.1.4), and N0 = N1 = N/2,

Var(Ã) = 0.32/N , or roughly 1/3 of QPN. As such, our current STIRAP and dissociation efficiency

will not prevent the initial observation of squeezed states, but may limit the sensitivity of future

measurements if highly squeezed states can be generated.

7.1.3.2 Absorption imaging

Absorption imaging and its noise has been discussed in detail in prior works such as [298, 299,

300, 83]. In this section, I give an overview of how atom number can be measured using absorption

imaging and describe the noise that absorption imaging introduces, largely following [298].

In absorption imaging, resonant probe light with initial intensity I0 is shined onto the atoms

in the x̂ direction. An atom at position x scatters the probe light with cross-section σ(x) =

σ0/(1 + I(x)/Isat) where I(x) is the light’s intensity at position x. For the D2-line of 40K driven

with circularly polarized light, the low-intensity cross-section Isat = ℏω3Γ
12πc2

= 1.75 mW/cm2 and

σ0 =
3λ2

2π = 0.29 µm2 [91, 90]. The change in intensity as a result of scattering from the atoms is

dI

dx
= −(1− Ω)n(x)σ(x)I (7.3)

where Ω is the fraction of the fluorescence imaged onto the camera. For our side imaging path,

Ω ≈ 0.05. Integrating over x and solving for the column density n in terms of T = I(∞)/I(0) gives
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n =
1

σ0(1− Ω)
(− ln(T ) + s0(1− T )) (7.4)

The total number of atoms Nimg imaged is simply the sum of na over all pixels in a region

of interest, where a =Mapx is the area of the image plane mapped onto each pixel, with M being

the imaging system’s magnification. For our side imaging system, a = (1.718µm)2.

To measure T , we take three images, one with the atoms (“shadow”), one with only the

probe light (“light”), and one with no light incident on the camera (“dark”), where the dark

frame captures counts due to background light or dark currents. The transmission is calculated as

T = Cshadow−Cdark
Clight−Cdark

.

A variety of sources can contribute to errors in estimating T and thus Nimg. Although other

random processes, like readout noise of the camera, can contribute [83], the dominant statistical

error is photon shot noise on the light and shadow frames. Photons hit a pixel with rate Γν for a time

texp. Each photon is converted to a photoelectron with probability set by the camera’s quantum

efficiency η. When the pixel is read out, each photoelectron is deterministically converted into g

counts. For our Andor iXon 888 camera with standard operating settings, g = 0.29 and η = 0.85.

The resulting number of counts recorded is distributed as c = gNν where the photoelectron number

follows a Poisson distribution Nν ∼ Pois(ηΓνtexp). The mean and variance of C are ⟨C⟩ = gηΓνtexp

and ⟨C2⟩2−⟨C⟩2 = g⟨C⟩ respectively. Plugging this into Eq. 7.4 gives the variance of the measured

column density as

〈
n2
〉
− ⟨n⟩2 = g

C2
satσ

2
0(1− Ω)2

(
Cshadow + Clight + 4Csat +

C2
sat

Clight
+

C2
sat

Cshadow

)
(7.5)

where Csat is the number of counts corresponding to I = αIsat, where the empirically calibrated

parameter α > 1 captures a reduction in the absorption cross-section due to imperfect polarization

[301]. For our experimental parameters, with Csat = 2955, the standard deviation of N is plotted

as a function of light intensity in Fig. 7.3. We can see that the noise is minimized for I ≈ Isat and

that the noise increases gradually with column density, such that the signal-to-noise is maximized
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at high density.

Figure 7.3: The standard deviation of atom number per pixel due to photon shot noise is plotted

as a function of number per pixel and light intensity, with parameters for imaging K on the KRb

apparatus’ side imaging system.

The shot noise on each pixel is independent, so the variances in N add. Taking a typical

number variance per pixel of (0.63 atoms)2 and a typical extent of the atomic cloud over 3000 pixels,

the standard deviation of the total number of atoms in each image is roughly 35. For N ⪅ 2450,

the resulting variance exceeds that of QPN, but for larger numbers or smaller image regions, QPN

dominates over noise from absorption imaging. The shot noise per pixel can also be reduced by a

factor of up to
√
2 if the light frame is taken at higher photon number or synthesized based on the

shadow frame [302, 303], eliminating its contribution to the shot noise.

In addition to the statistical errors, a variety of systematic errors can lead to inaccurate atom

counting, including differences in light distribution between the shadow and light frames, imperfect

calibration of experimental parameters such as Isat [301] and laser polarization, atomic motion and

Doppler shifts during the images, finite laser linewidth, multiple scattering, and imaging thin clouds

with sizes comparable to the imaging system’s resolution. The latter two effects can be reduced by
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turning off the trap and allowing the gas to expand before imaging, although at the cost of increasing

the number of pixels to which shot noise contributes. In future experiments, single particle-resolved

fluorescence imaging [147, 192, 47] will reduce statistical and eliminate most systematic errors.

Fortunately, for squeezing, the systematic errors can be largely compensated using differential

measurements – the variance of a squeezed state will vary as a function of rotation angle θ, while

an unentangled state will have constant variance.

7.1.3.3 Measuring quantum projection noise

To validate the performance of our imaging system, we attempt measurement of QPN with

molecules. We first produced approximately 12000 molecules in a single layer of the accordion

lattice (Sec. 6.4.2) at |E| = 0. We then reduced the molecule number by shelving some fraction f

in |1⟩ and removing the molecules in |0⟩ using the STIRAP down leg (Sec. 5.1). By applying a π/2

pulse, we prepared each molecule in an equal superposition of |0⟩ and |1⟩. To image the molecules,

we ramped off the accordion lattice in 500µs before dissociating and imaging the molecules in |0⟩1 .

After a further 2 ms of expansion, a π pulse transfers the molecules in |1⟩ to |0⟩ before dissociation

and imaging. A sample image of the molecules in each frame is shown in Fig. 7.4.

We recorded 50 images each for 7 values of f between 0.1 and 1 and computed the variance of

A for each f , corresponding to different average molecule numbers. We found that Var(A) saturates

at around 10−3 for large f , much larger than the expected value of 1/N ⪆ 10−4 (Fig. 7.5a).

To understand the origin of the excess noise, we analyzed the data dividing the cloud into

two sub-ensembles of approximately equal size (Fig. 7.4), inspired by [294, 304]. Each ensemble

is taken as half of the cloud, with the center and 3σ extent determined by a Gaussian fit. A six-

pixel region is excluded in the center to ensure that the finite imaging resolution does not lead to

correlations between the regions. We find that A is strongly correlated between the two ensembles,

with correlation coefficient as high as 0.93 for f = 1. This suggests that technical noise, originating

1 A longer time-of-flight is likely optimal for avoiding resolution and high optical density effects in future mea-
surements.
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N=0

N=1

Figure 7.4: A sample image of molecules in |0⟩ and |1⟩ is shown, along with the two regions selected
for analysis in a differential measurement.

from either shot-to-shot variation in the pulse area or the probability of dissociating and detecting

molecules, is responsible for the excessive variance. We measured similar variances for pulse areas

of π/2, 3π/2, . . . , suggesting that variation of the Rabi frequency is not the dominant issue.

To reject the correlated noise, we can compute Var(A1−A2) instead of Var(A). To understand

why this works, we consider the scenario where, instead of each molecule being in state |1⟩ with

constant probability p = 1/2, p for each shot is drawn from a probability distribution P (x). For

the whole ensemble, by the law of total variance [240],

Var(A) = ⟨Var(A|P )⟩+Var(⟨A|P ⟩) = 4 ⟨pq⟩
N

+ 4Var(p) (7.6)

where the last term is evaluated by LOTUS,

Var(⟨A|P ⟩) =
∫ 1

0
(2p− 1)2P (p) dp− ⟨A|P ⟩2 = 1− 4 ⟨p⟩+ 4

〈
p2
〉
− (2 ⟨p⟩ − 1)2 = 4Var(p) (7.7)

noting that ⟨pq⟩ = ⟨p⟩ − ⟨p⟩2 +Var(p). The variance for the differential measurement is Var(A1 −

A2) = ⟨Var((A1 −A2)|P )⟩+Var(⟨(A1 −A2)|P ⟩). By symmetry between the ensembles, the second

term is zero, so this equals 16⟨pq⟩
N . Because it lacks the additive Var(p) term, Var(A1−A2) is much
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less sensitive to fluctuations in p than Var(A). If quantum projection noise is the dominant source

of variance, then Var(A1−A2) equals 4/N for θ = π/2, since the variances of the two uncorrelated

sub-ensembles add and the variance of each is 2/N .

Var(A1 − A2) is plotted as a function of N in Fig. 7.5a. We see a clear increase with N ,

suggesting that we are indeed sensitive to QPN. However, the variance is lower than the expected

value of 4/N (dashed black line) – the data is better fit with the curve Var(A1 −A2) = 2.5(33)/N

(solid red line). This suggests that the number is underestimated by a factor of 1.6(2), allowing

calibration of the imaging system using QPN. As a check on the calibration, we measure Var(A1−

A2) for f = 1 for different p, implemented by varying the area of the initial pulse. Once again, the

result (Fig. 7.5b) is below the expected 16⟨pq⟩
N , suggesting the number is underestimated.

(a) (b)

Figure 7.5: (a) Var(A1−A2) is plotted as a function of molecule number after a θ = π/2 pulse. The

uncertainty in variance is from bootstrapping and the uncertainty in N is the standard deviation

of the number in each dataset. The dashed black line is the expected variance of 4/N and the solid

red line is a fit to the form c/N . (b) Var(A1−A2) is plotted as a function of p for N = 16(2)× 103

molecules. The orange line is the expected variance of 16pq/N .
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7.1.4 Towards squeezing with molecules

Given that we could observe quantum projection noise, we attempted to generate and detect

spin-squeezed states, following the proposal [165]. After producing approximately 15000 molecules

at |E| = 0 and applying a π/2 pulse about the X̂ axis to prepare a superposition, we allowed

the molecules to evolve for 1 ms while applying an XY8 dynamical decoupling sequence. We then

applied an analysis pulse with variable area θ about the Ŷ axis before imaging the molecules. For

each θ, we estimated the variance Var(A1 −A2) as above.
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Figure 7.6: Var(A1 − A2) for N ≈ 15000 is plotted as a function of analysis pulse angle θ after

evolution for 1 ms under an XY Hamiltonian with XY8 dynamical decoupling. The uncertainties

are 1 s.e. derived from bootstrapping. The expected variances for squeezed states generated under

all-to-all interactions with χ0 = 2π × −0.02 Hz, as measured in [117], are plotted as colored lines

for different evolution times. In the absence of squeezing, Var(A1 − A2) ≈ 2.7 × 10−4, consistent

with the measured data.

Unfortunately, we saw no strong dependence on θ (points in Fig. 7.6), as opposed to what

would be expected with a squeezed state generated by all-to-all interactions with the measured χ
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(Sec. 4.2), shown as solid lines for different times in the figure. This apparent lack of squeezing

suggests that all-to-all OAT is not a good model for the system at the experimental condition of

T/TF ≈ 1, because of a shorter effective interaction range or collisional dephasing (Sec. 5.3), which

limits the Ramsey coherence time to ≈ 7 ms. Although it is possible that technical noise could

mask squeezing by adding to the variance, the additional noise in antisqueezed quadratures should

still be visible, suggesting that technical noise is not the dominant limitation.

Multiple directions exist for improving the setup such that squeezing might be visible. A

deeply degenerate gas (Ch. 6) is predicted to better approximate all-to-all interactions and gen-

erate squeezing more efficiently [165]. In addition, changing the interaction Hamiltonian from an

XY model at |E| = 0 to an XXZ model at |E| ≈ 4.6 kV/cm reduces χ by a factor of approxi-

mately 2 (Sec. 4.2.1) but suppresses the interaction-induced dephasing rate κ to nearly zero (Fig.

5.2). The improved ratio of coherent dynamics to dephasing should allow for much more efficient

generation of squeezing [165, 297]. Squeezing at nonzero electric fields is complicated by dephasing

between the spins and the microwave oscillator due to electric field noise [105], so improvements in

the electric field filters, as discussed in Sec. 2.1.5, would likely be necessary. Another approach to

entanglement-enhanced sensing with relaxed detection requirements is amplification of a perturba-

tion to a squeezed state by reversing the squeezing Hamiltonian [178]. This approach, which has

been demonstrated in cavity QED systems [179] and NV centers [180], could be implemented by

switching the rotational states comprising the spin (Sec. 4.2.2).



Chapter 8

Conclusion

”I just wanted you to know

That this is me trying”

This Is Me Trying – Taylor Swift

A quantum simulator based on ultracold polar molecules offers great opportunities for explor-

ing the many-body physics of systems combining itinerance with strong or long-range interactions

[31, 173]. Inspired by ultracold atom experiments [210, 21], key technical requirements for such a

simulator are

(1) Initialization of molecules in a desired internal state

(2) High-fidelity, state-resolved detection

(3) Control of intermolecular interactions

(4) Control of molecular motion

(5) Preparation of low-entropy ensembles

Requirements (1) and (2) have largely been fulfilled. Because of the coherent nature of pro-

duction from ultracold atoms, associated molecules such as KRb are prepared in a single hyperfine

state [53] and can be coherently transferred to other internal states using microwaves [97]. Through

optical pumping and feedback [47], laser-cooled molecules can also be initialized in a desired state.

Associated molecules have been detected with high fidelity through efficient STIRAP dissociation
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[113] and quantum gas microscopy [147, 192] of their constituent atoms and laser-cooled molecules

through direct fluorescence imaging [45, 47].

The work described in this thesis represents significant progress towards requirements (3)

and (4). Through application of d.c. electric fields (Sec. 2.1.5), we induced large lab-frame dipole

moments, realizing continuously tunable XXZ spin models (Sec. 4.2) and controlling collisions

between molecules (Sec. 6.2.3.1). By driving rotational transitions with microwave pulse sequences,

we engineered less symmetric XYZ models (Sec. 4.3) inaccessible with d.c. electric fields. Using

Ramsey spectroscopy, we were able to measure the spin dynamics of a quasi-2D ensemble of itinerant

molecules at the mean-field level (Ch. 4), confirming the efficacy of our control and demonstrating

for the first time, along with [187], two-axis twisting dynamics [169]. Complementary efforts by

the MPQ [305, 306, 307], Columbia [308, 309], CUHK [222], and Princeton [147, 310] groups

demonstrate tuning of interactions through microwave dressing or Floquet engineering. By adding

additional optical lattices to regulate in-plane motion (Sec. 2.2.1), we realized t-J-V-W Hamiltonians

(Sec. 5.4.1), highly tunable generalizations of Fermi-Hubbard models expected to exhibit interesting

phases [76].

Even with non-degenerate gases and global measurements, these models exhibit rich many-

body physics. We used Ramsey spectroscopy to explore the dephasing of an initially polarized

superposition state resulting from the interplay between motion and dipolar interactions (Ch. 5).

Building on our group’s previous work [101, 102] studying molecules with spin-exchange interac-

tions pinned in a deep optical lattice, we demonstrated that interaction-driven dephasing could be

modified or even halted by tuning the parameters of XXZ spin models (Sec. 5.2). By studying the

same process with itinerant quasi-2D systems (Sec. 5.3), we developed a microscopic understanding

of how collisions between molecules in superposition states can lead to dephasing. In both pinned

and itinerant systems, we were able to compare the dynamics realized by electric-field tuned and

Floquet-engineered Hamiltonians (Sec. 5.5). Interpolating by the pinned and itinerant regimes by

allowing limited motion with intermediate depth transverse optical lattices, we explored the spin

dynamics of t-J-V-W Hamiltonians, supporting the development of new theoretical methods to
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explain unexpected trends (Sec. 5.4.2).

Requirement (5) remains an outstanding challenge for polar molecules, particularly in optical

lattices. Significant progress has been made in directly producing or evaporatively cooling molecules

into degenerate Fermi [85, 99, 87, 260] and Bose [259, 222] gases, and preparing small ordered arrays

of molecules in optical tweezers [311, 312, 47]. However, the highest reported filling in a 3D optical

lattice remains approximately 30% [103, 104, 231]. Building on previous work from our group

[99, 83] and the atomic quantum gas community [272], we built an accordion lattice (Sec. 6.3) for

compressing atoms into two-dimensional layers, enabling production of large numbers of molecules

in a geometry compatible with efficient evaporative cooling. In Ch. 6, I present initial experimental

results and discuss possible next steps that should enable production of deeply degenerate 2D

bulk and lattice gases of fermionic molecules. Advances in microwave shielding [313] and toward

production of new, highly-dipolar molecular species [314] offer promising alternative approaches

towards producing colder systems.

The next few years will be an exciting time for ultracold molecule experiments. As lower-

entropy ensembles are produced and combined with existing methods for control and detection,

long-awaited experiments on preparing ordered phases [173, 172, 31] or controlled collective dy-

namics [228, 198, 199, 165] should become possible. Observation of droplets in an interacting

BEC is one recent development in that direction [309]. Another application, the generation of

spin-squeezed states for precision measurement [33], is discussed in Ch. 7.
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