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Atomic physics on a 50-nm scale: Realization of a
bilayer system of dipolar atoms

Li Du*t, Pierre Barralt$, Michael Cantarat§, Julius de Hond9, Yu-Kun Lu, Wolfgang Ketterle

Controlling ultracold atoms with laser light has greatly advanced quantum science. The wavelength

of light sets a typical length scale for most experiments to the order of 500 nanometers (nm) or greater.
In this work, we implemented a super-resolution technique that localizes and arranges atoms on a sub-
50-nm scale, without any fundamental limit in resolution. We demonstrate this technique by creating
a bilayer of dysprosium atoms and observing dipolar interactions between two physically separated
layers through interlayer sympathetic cooling and coupled collective excitations. At 50-nm distance,
dipolar interactions are 1000 times stronger than at 500 nm. For two atoms in optical tweezers, this
should enable purely magnetic dipolar gates with kilohertz speed.

major frontier in many-body physics is

the realization and study of strongly cor-

related quantum phases (7-3). In ultracold

atomic systems, the typical short-range

contact interaction has led to the creation
of a variety of exotic quantum phases (3, 4).
However, a wide range of quantum pheno-
mena require long-range dipolar interactions
(5-7). But even for the most magnetic atoms
such as chromium, erbium, and dysprosium
(Dy), the magnetic dipole-dipole interaction is
rather weak. For Dy, with a magnetic dipole
moment of 10 Bohr magneton (up), the dipo-
lar interaction at 500-nm distance is only & x
20 Hz, where A is Planck’s constant. Although
such weak interactions could be observed
(8, 9), and supersolidity and other forms of
matter could be realized with magnetic atoms
(5), there are major efforts to harness the much
stronger interactions of polar molecules (0, 11)
and Rydberg atoms (72). The electric dipolar
interaction of molecules (at 3 D) can be 1000
times stronger than the magnetic dipolar in-
teraction (at 10 ). In this work, we show how
this factor of 1000 can be compensated for by
decreasing the distance between two magnetic
atoms to 50 nm. Studying dipolar physics with
neutral atoms has major advantages: It is
simpler to cool atoms to quantum degeneracy,
and atoms have more favorable collisional
properties.

It has been a long-standing goal to create
optical potentials with subwavelength com-
ponents to enhance tunneling and interaction
strengths. Early works on atom lithography
achieved deposition of metal structures with
spatial periods one-eighth the size of optical
wavelengths (13, 14) and feature sizes of tens
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of nanometers (75) using state-dependent po-
tentials. With ultracold atoms, many schemes
have been suggested (16-20), and methods
such as dark states (21, 22), radio frequency-
photon dressing (23), stroboscopic techniques
(24), and multiphoton processes through Raman
transitions between hyperfine states (13, 25, 26)
have been demonstrated. Challenges, such as
additional heating, limited coherence time,
and limited reduction of atomic spacing, have
hindered a wide adoption of these methods.
In this work, we introduce a method that has
no fundamental limit. It is based on the key
concept of optical super-resolution microscopy:
One can determine the center of a diffraction-
limited Airy disk with a precision that exceeds
the diffraction limit. Similarly, a deep optical
lattice or a strong tweezer beam can localize
an atom to 10 nm (75, 27, 28), limited only by
available power and heating from spontaneous
light scattering. In a typical super-resolution
microscopy experiment, molecules are imaged
sequentially, whereas for trapping atoms, sim-
ultaneous confinement on a subwavelength
scale is required. One possible solution is to
trap two different kinds of atoms with two
different colors of light. But, usually, for quan-
tum science, one needs identical atoms. The
strategy we implemented was to use two oppo-
site spin states of Dy and two different polar-
izations of light at different frequencies—a
dual-polarization and dual-frequency super-
resolution scheme. Unlike spin-1/2 and alkali
atoms, ground-state Dy has a strong tensor
polarizability (29). It can cause detrimental
two-photon Raman couplings between spin
states with different m; quantum numbers,
which are suppressed by the frequency offset
between the two optical potentials. The remain-
ing diagonal part of the tensor couplings makes
our scheme much more robust because it
creates, for %Dy, an isolated two-state Hilbert
space for m; = +8 spin states with a big energy
gap to all the other 15 spin states.
Spin-dependent potentials have been realized
with rubidium (30-34) and cesium (27, 35). In

L)

contrast to alkali atoms (36), very deep s Checkfor |

dependent potentials can be realized witl. _
with negligible spontaneous emission as a re-
sult of Dy’s electronic orbital angular momen-
tum in the ground state. Furthermore, with a
magnetic dipole moment of only 1 pp, the di-
polar interaction for alkali atoms is 100 times
weaker than for Dy. Therefore, previous work
on alkalis has used spin-dependent forces to
control the overlap between sites with spin up
and down (27, 33) but not to study interactions
between nonoverlapping sites.

The subwavelength scheme

An illustration of the experimental scheme is
shown in Fig. 1B, which demonstrates a bi-
layer potential created by two optical standing
waves of ¢, and o_ polarizations with a small
spatial displacement s. This illustration also
applies to the case of spin-dependent optical
tweezers. The figure shows the adiabatic po-
tentials of all 17 spin states (quantized along
the z direction in the lab frame), with differ-
ent polarizability components taken into ac-
count. With only a scalar polarizability o,
the ac Stark shifts are the same for all 17 m;
states, so there is only one potential minimum.
The vector polarizability o,, leads to ac Stark
shifts that are linear in 7; and therefore can
be regarded as a Zeeman shift caused by a fic-
titious sinusoidal magnetic field—it lifts the
degeneracy except for points where the ficti-
tious magnetic fields from the o, and the o_
standing waves cancel. This creates a double-
well potential even for an arbitrarily small dis-
placement of the standing waves. However,
small transverse magnetic fields would couple
the degenerate states, leading to mixing among
different m; states. This is where the tensor
polarizability o, makes a qualitative difference.
The diagonal part of the tensor light-atom in-
teraction (which has an m,> dependence) par-
tially lifts the degeneracy. The m; = +8 ground
states are separated from all other states by a
large gap and are coupled by transverse fields
only in 16th order. Note that the m; = +8 states
are the local ground states of the ¢. potential
minima, and therefore inelastic two-body losses
are prevented in each of the layers.

Although the tensor polarizability o, pro-
vides robustness against transverse magnetic
fields, it allows for two-photon Raman pro-
cesses with Am; = +2 using one ¢, and one ¢_
photon. Figure 1C shows the effect of the reso-
nant Raman process caused by off-diagonal
tensor couplings when both polarization com-
ponents have the same frequency. This is the
situation when the o, and the o_ standing
waves are created by retroreflecting a single
beam with rotated linear polarization, as often
used for alkalis [e.g., see (30, 31, 33)]. For Dy,
the Raman couplings weaken the potential
minima for separations smaller than /10,
where )\ is the wavelength of the light. For
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Fig. 1. Creation of the subwavelength bilayer array. (A) Experimental setup.
Two overlapping laser beams with opposite circular polarizations o and o are
retroreflected by a mirror (I) to form two optical standing waves. The two
standing waves are displaced at the position of the atoms (II), which is controlled
by the frequency offset A between the two laser beams. Dy atoms in this
configuration form an array of pancake-shaped bilayers of head-to-head dipoles
with adjustable interlayer distance s. (B) Contributions of different polarizability
components. Solid lines denote adiabatic potential curves for different m,
states (-8 < m, < 8, represented by dark blue to dark red, assuming red
detuning), and the shaded regions refer to the intensities of the o. light for a
particular interlayer separation. (C) If the two laser beams have the same
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frequency A = 0O, the off-diagonal part of the tensor polarizability mixes spin
states. As a result, the two minima merge into a single minimum for a small
separation s. This is avoided in our experiment by using two different frequencies
for the o, light. The color of the curves indicate the m; character of the adiabatic
eigenstates. (D) Adiabatic loading of the bilayer array. (i) Starting with the
optical potential in the interlaced configuration in the presence of a dominating
transverse magnetic field B, = 200 mG, the atoms are initialized in the m, =
-8 spin state along the x direction. (ii) As By is ramped down in 15 ms, the light
shift dominates over the Zeeman shift, thereby adiabatically loading the bilayer
array. (iii) The power of the o, and o_ potentials is adjusted for identical trap
frequencies. (iv) The interlayer distance is adjusted to designated values in 0.5 ms.

displacements of the standing waves of less
than A/30, the double minima have merged. We
eliminated the Raman coupling by offsetting the
frequencies for the ¢, and o_ optical standing
waves by more than 300 MHz, much larger
than the ac Stark shifts, which makes the
two-photon Raman process off-resonant (37).
The conclusion is that the dual-polarization
and dual-frequency scheme isolates the
Hilbert space for the m; = +8 spin states
and creates a double-minimum potential that
is not flattened out even for very small separa-
tions of the two minima.

Dy, with its high angular momentum of J =
8 in the ground state, is the ideal atom for this
scheme. For aJ = 8 —J = 9 transition, the m; = 8
state has a transition strength ratio of 153
between the ¢, and o_ transitions (38). For
atoms with J = 1 (2), the ratio is only 6 (15).
Therefore, this stretched transition in Dy is
very similar to a hypothetically isolated J =
1/2 — J' = 1/2 transition, where the spin-up
state sees only o_ light and vice versa. Dy is
even more ideal than the J = 1/2 case in which
spin-up and down states are directly connected
by possible one- or two-body couplings (e.g.,
transverse magnetic fields, dipolar relaxa-

tion), whereas those couplings act only in 16th
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or 8th order in our Dy scheme. The robustness
of the scheme comes from the ac Stark shifts
that stem from the tensor polarizability.

Experimental protocol

Experimentally, we created a stack of bilayers
by superimposing red-detuned optical stand-
ing waves with ¢, and o_ polarizations ope-
rating near the Dy narrowline transition at
741 nm (linewidth I'/2r = 1.78 kHz) (39). The
two optical beams were delivered through the
same polarization-maintaining fiber, such that
they shared the same transverse Gaussian
mode. The frequency of the _ standing wave
can be dynamically tuned using a double-passed
phased-array acousto-optic deflector, leading
to a precise control of the interlayer distance
s with a sensitivity of 4.7 nm MHz ™ (40).
The ground state of the bilayer was loaded
using an adiabatic transfer method, as de-
picted in Fig. 1D. First, m; = —8 atoms were
prepared in a magnetic field with a trans-
verse component B, = 200 mG and an axial
component B, around 10 mG. We then ramped
up the o, and o_ standing waves in the in-
terlaced configuration with s = /4 in 100 ms,
loading all layers with atoms aligned with
the x axis (Fig. 1D, i). By ramping down B, in

15 ms, the potential depth increased while
a bilayer array was formed with dipoles
aligned head to head (Fig. 1D, ii and iii). We
ensured balanced loading by making sure
that the energy offset (including Zeeman en-
ergies) between the minima of the ¢, and o_
potentials was zero. It was crucial that the atoms
stayed in their local ground state throughout
the experiment to prevent losses and heating
caused by dipolar relaxation. Therefore, the
Zeeman shifts caused by the external mag-
netic field B, had to be smaller than the dif-
ferential ac Stark shift between the m; = -8
and m; = -7 states.

After loading a balanced bilayer array, the
powers of the two optical standing waves were
ramped up, ensuring that the two layers had the
same trap frequencies of typically (®,, ®,, ®.) =
21 x (0.5, 0.5, 140) kHz. The strong axial
confinement resulted in a harmonic oscilla-
tor length ayo = \/h/mw, of 21.1 nm, where
h = h/2n and m is the atomic mass. We loaded
4.2 x 10* ultracold **Dy atoms into an array of
42 bilayers, with a temperature of 1.7 uK de-
termined from the cloud size after ballistic
expansion (40, 4I). Subsequently, the inter-
layer distance s was ramped from A/4 to dif-
ferent designated values in 0.5 ms by changing
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Fig. 2. Subwavelength control of

the interlayer distance, as demon-
strated by recording atom loss

as a function of layer separation.
(A) Evolution of the population in o,
layers at two different interlayer
distances s of 185 and O nm. The
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loss is much faster when the layers 0
are overlapped. Initial loss rates TI's,
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decay curves. (B) Gaussian fits of

6

Interlayer Distance  ®185 nm
44 ©o0nm

M N
2 -%hb%g
Coo0-8-Bepy-B o ]
0 I I I
10 20 30 40
Time (ms)
s/ay,
-8 -4 0 4 8

-8 -4 0 4 8

the initial loss rates T'3y to the
interlayer distances s according
to Eq. 1 (solid lines) provide a
value of 6, =19 £ 1 nm for the
layer thickness.

-
N
L

o o
~

Loss Rate ', (ms™) o

o
=}
:

Fig. 3. Observation of interlayer

T T
o, layer |

R o
(@'@)) (fiiaaated

75 150

150 -150-75 0
Interlayer Distance s (nm)

thermalization. (A) Interlayer elas- 100
tic scattering cross sections as
functions of separation s calculated
using the Born approximation.

The gray curves correspond to
dipolar cross sections for infinitely
thin 6, = O layers (thin gray) along
with its large interlayer distance limit

-
o
sl

RN
|

= 0, (quasi 2D)
—— 0, (pure 2D)

= 0, (large s limit)
o, (contact)

ks»1 (dashed gray, following Eq. 2)
and for layers with finite thickness

@  Cross Section o (nm) >

6, = 14.9 nm (quasi-2D, solid
gray). The red curve is for simple
contact interactions at the
background scattering length (red,
quasi 2D), and the shaded area
corresponds to a 10-times-enhanced
cross section. (B) Observed ther-
malization rates T'y obtained from
the pseudo-exponential fits. The
black and red solid lines show the
expected thermalization rate from
dipolar and contact interactions

10 4

N
il

=== Dipolar
— Contact
--- 1/
¢ Data

Thermalization Rate I, (s™")

o

(40). The dashed line is for reference
and is proportional to 1/s°. Error
bars represent the standard errors
of the rates obtained from the
pseudo-exponential fits.

o

the frequency of the ¢_ standing wave. The in-
terlayer distance s was calibrated with Kapitza-
Dirac diffraction measurements (40). At the
end of each experimental sequence, the atoms
were released from the bilayer array within
1 us and were imaged after ballistic expansion.
With the small axial magnetic field B, serving
as a guiding field, atoms remained in the m; =
+8 states and were imaged by a spin-resolved
absorption imaging technique (40). This meth-
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150

od allowed us to measure the population in
each of the two layers simultaneously.

Demonstration of spatial control

We demonstrated the subwavelength spatial
control over the bilayer geometry by measur-
ing the lifetime of atomic samples at different
layer separations. The sharp peak in the loss
rate as a function of interlayer distance s in
Fig. 2 is essentially the convolution between

the density profiles of the two layers. Assum-
ing that loss processes occur at short range, we
derived a rate equation for the total loss rate
I3, of each layer

)2 :Ntot

_1(s
I'sb = Dintra + Tintere 3("2
NtOt

1)

where Ny, is the total number of atoms in a
layer and o, is the root-mean-square thickness
of each layer. The loss rate contains both an
intra- and interlayer contribution characterized
by [inera and Tiper- The factor of one-third in
the exponent of the interlayer term reflects
that the loss is caused by three-body recombi-
nation (40). For spin-independent three-body
collisions and thermal clouds, we expect that
Tintra = Dinter- Unexpectedly, we observed about
a 50-fold increase in the loss rate when the
two layers were overlapped, which implies
that three-body recombination involving mixed
spin states is much faster than recombination
of three atoms that are all in the same spin
state. This strongly enhanced loss feature serves
as a highly sensitive monitor for the density
overlap between the two layers; fitting the loss
curve determines the thickness of each layer
o, = 19 + 1 nm, consistent with the calculated
value of 1.3lapo/v/2~18.8+0.1nm that we
obtained from trap frequency and tempera-
ture measurements (41). The observed losses
in the two layers are almost equal, which im-
plies equal loss rates for three-body collisions
involving one spin-up and two spin-down atoms,
or vice versa. This measurement of the atomic
density distribution has no discernible broad-
ening: The measured and calculated widths
agreed to within 1 nm. Expressing this as an
instrumental point spread function gives an
upper limit to the Gaussian width of the point-
spread function of 6 nm. This result can be
compared with what was achieved in dark-state
super-resolution microscopy. McDonald et al.
(22) measured an atom cloud size of 55 nm
with a broadening of 32 nm due to the width of the
dark-state probe. A similar experiment reported
by Subhankar et al. (42) measured a size of 26
nm with a broadening of 11 nm from the probe.

We conclude from the loss measurement
that the two layers can be regarded as coupled
predominantly by long-range dipolar forces
for s >50 nm. The dipolar energy Ugaq/h be-
tween two Dy atoms with opposite spins at
this separation is 20 kHz. This geometry now
allows us to study physics with strong inter-
layer dipole-dipole interactions.

Interlayer thermalization

We applied our technique to study energy
transfer through interlayer dipolar interactions,
or sympathetic cooling between two atomic
systems separated by vacuum (43, 44). Each
layer receives heat through the fluctuating
magnetic field created by the dipoles in the
other layer. For equal temperatures, in detailed
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Fig. 4. Observation of coupled oscillations of the two layers at a 62-nm interlayer distance. The
center-of-mass oscillation of the o, layer is excited by suddenly switching off a displacement force. The o-
layer oscillates because of dipolar coupling. Error bars represent the standard errors of the means of

independent measurements.

balance, the heat flows cancel. For unequal
temperatures, the dipolar fluctuations cause
thermalization. Figure 3B shows the exper-
imental results.

‘We experimentally created a controlled tem-
perature difference between the two layers by
heating up the o, layer using a parametric drive
by modulating the o, light intensity at twice
the transverse trap frequency for 30 ms, fol-
lowed by a 5-ms hold to ensure any residual
breathing motion is damped out. This proce-
dure prepares the o, layer at 3.9 uK and leaves
the o_ layer at 1.7 uK. We then adjusted the
interlayer distance over 0.5 ms and monitored
the temperature evolution. We fit the temper-
ature difference between two layers to a pseudo-
exponential decay 47 = —T' 1% AT to obtain
the interlayer thermalization rate I'y, where
N(¢) accounts for the measured particle num-
ber decay caused by inelastic collisions (£0).
Figure 3B shows that the thermalization rate
strongly drops with interlayer distance.

We could estimate the interlayer collision
rate as nopoaqlrel, Where 7n,p is the 2D den-
sity distribution and c44 is the cross section
for two dipolar atoms passing each other at a
separation s. Using the Born approximation
(45-48), we calculated the elastic cross sec-
tion between two atoms in thin layers sepa-
rated by a distance s (40), and the analytic
large-s limit is

T

Oaa = @3a 25 (2)
Here, agq = 10.2 nm is the dipolar length and &
is the relative momentum between the collid-
ing particles. For s = 75 nm, the quasi-2D cross
section o644 is 0.38 nm (see Fig. 3A). With a
typical 2D peak density of nop = 1.3 x 10° cm™
and a thermal velocity of 2.1 cm s* one obtains

Du et al., Science 000, 546-550 (2024) 3 May 2024

an interlayer collision rate of 100 s™*. The ob-
served thermalization times are much slower,
around 160 ms (rate of 6 s ™). This can be fully
accounted for by the anisotropy of dipolar scat-
tering peaked in the forward direction, which
reduces the effective cross section by a factor
of six, and by multiple averaging arising from
the inhomogeneity of our sample (40). In Fig.
3B, we compare the observed thermalization
rates to calculations (40). They do not have
any adjustable parameters and fully take into
account the momentum and angular depen-
dence of dipolar scattering and the finite
thickness of the layer. The calculations are in
semiquantitative agreement with the observa-
tions. The drop-off of the thermalization rate
is much weaker than the steep exponential
decrease in density overlap and, therefore, in
the contact interactions between the two layers.
This is clear evidence for purely dipolar cou-
plings in the range of 50- to 100-nm interlayer
distances.

The observed dependence on s roughly fol-
lows a 1/s®> dependence, which is less steep
than predicted. This is possibly a consequence
of the assumption of purely dipolar binary
collisions. For small s, there can be an inter-
ference term with s-wave contact interactions
and a contribution from nonuniversal short-
range dipolar s-wave scattering (49), which is
not included in the Born approximation. The
largest separations s studied are comparable
to the interparticle separation, and the binary
collision approximation may no longer be ac-
curate; that is, there are now more than two
particles interacting with each other.

Coupled collective oscillations

In the second experiment, we looked for cou-
pled collective oscillations of the bilayer system.

Several theoretical papers (50, 51) predicted
the coupling of transverse oscillations by the
mean dipolar field between the layers. Indeed,
when we excited transverse oscillations in one
layer, we found that they caused oscillations in
the other layer (Fig. 4). Experimentally, after
loading a balanced bilayer array and adjusting
the interlayer distance to a designated value in
0.5 ms, we adiabatically displaced the o, layer
along the transverse direction ¥ in 10 ms using
an extra laser beam with o, polarization. This
beam, blue-detuned from the 626-nm transition
by 458 MHz, is misaligned from the atoms by
about one beam waist and displaces the atoms
only in the o, layer (40). A sudden switch-off of
this beam hence creates a center-of-mass oscil-
lation of the o, layer at the transverse trap fre-
quency with an adjustable amplitude ranging
from O to 8 um, depending on the final power
of the beam. As a function of hold time, we
obtained the in-trap velocity of each layer from
time-of-flight images to reveal how momentum
is transferred between layers.

Figure 4 shows the time evolution of the
velocity of each layer at s = 62 nm, as obtained
from ballistic expansion images. The harmonic
oscillation of the o, layer shows damping,
whereas the ¢_ layer starts at rest and shows
a growing in-phase oscillation. Our observa-
tion contrasts with the theoretical treatments
(50, 51), where the mean-field coupling po-
tential would cause a beat note, which is initial-
ly an oscillation 90° out of phase. Furthermore,
the predicted mean-field coupling (50, 51) re-
sulted in a normal-mode splitting of less than
1 Hz, which is too slow to be observed on the
experimental timescale. Our observation is fully
consistent with a friction force caused by di-
polar collisions: The time constant for the
damping of the relative motion between the
two layers of 25 ms is similar to the observed
interlayer thermalization times. These obser-
vations establish dipolar drag between two
physically separated layers, which have fea-
tures in common with Coulomb drag studied
in bilayer semiconductors (52).

Discussion and outlook

We expect that the technique we developed
here should work for all atoms that have elec-
tronic orbital angular momentum in the ground
state and allow strong vector and tensor ac
Stark shifts at sufficiently far detuning. Al-
though it requires the two layers to be in dif-
ferent spin states, those states can be tilted by
a transverse magnetic field to angles within
20° A modified scheme with an in-plane quan-
tization axis could realize attractive interac-
tions and interlayer pairing (47, 53).

Looking ahead, lower temperatures should
lead to strong correlations between the layers
beyond a mean-field description. Adding trans-
verse optical lattices to the layers will create
large repulsive interaction energies between
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pairs on the same lattice site (7) but can also
realize a system described by attractive inter-
actions between particles and holes analogous
to electron-hole pairs in bilayer excitons (54).
It is possible to project separate arbitrary po-
tentials into the o, and o_ layers, which could
realize twisted bilayer potentials (55) and more
general geometries, including quasi-crystals.
These geometries should allow the study of
many phenomena that have been predicted
for interacting bilayers (7, 50, 51, 56-62). Ap-
plying the super-resolution technique to optical
tweezers will allow the study of super-radiance
and radiative shifts at separations much
smaller than the optical wavelength as well as
the study of magnetic interactions and spin
exchange between two isolated atoms, which
was done recently with polar molecules (63-66).
The tweezer setup can be generalized to a linear
array of atoms alternating in spin-up and spin-

d

own states. Moving the spin-up atoms back

and forth would provide full connectivity along
the chain and realize a spin chain with strong
magnetic coupling between nearest neighbors.
These ideas can be generalized to higher

d

imensions.
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