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We demonstrate photon-mediated interactions between two individually trapped atoms coupled to
a nanophotonic cavity. Specifically, we observe collective enhancement when the atoms are resonant
with the cavity, and level repulsion when the cavity is coupled to the atoms in the dispersive regime.
Our approach makes use of individual control over the internal states of the atoms, their position with
respect to the cavity mode, as well as the light shifts to tune atomic transitions individually, allowing
us to directly observe the anti-crossing of the bright and dark two-atom states. These observations
open the door for realizing quantum networks and studying quantum many-body physics based on

atom arrays coupled to nanophotonic devices.

Controlled interactions between individual photons
and quantum emitters are an important ingredient for
the realization of scalable quantum information systems
[1, 2]. Nanophotonic devices in which the light is confined
to sub-wavelength dimensions constitute a promising ap-
proach for engineering strong light-matter coupling [3, 4].
The appeal of a nanophotonic platform is due to two key
features. On one hand, nanophotonic devices allow the
photonic dispersion to be tailored to achieve tunable-
range interactions between coupled emitters [5-10] and
engineer a range of interaction Hamiltonians [11, 12]. On
the other hand, the nanoscale mode volume enables an
efficient high cooperativity emitter-photon interface suit-
able for realizing potentially scalable systems [13-17]. In
particular, cold neutral atoms have recently emerged as
a promising approach for realizing large-scale quantum
systems due to the ability to generate large numbers of
identical, individually trapped atoms [18-23]. While sig-
nificant effort is currently being directed towards cou-
pling multiple isolated atoms to nanophotonic systems
[7, 24-26], achieving a strong coupling of a deterministic
number of atoms remains a challenge. The atoms must
be trapped closely enough to the device to maximize the
coupling within the evanescent field, while overcoming
attractive surface forces [27, 28], and preserving the ex-
cellent atomic coherence properties.

In this Letter, we report on the observation of strong
coupling of two individually controlled atoms via a
nanophotonic cavity. In particular, we spectroscopi-
cally demonstrate collective enhancement in the reso-
nant regime, and level repulsion in the dispersive regime.
These experiments utilize individual control of the posi-
tions of the atoms with respect to the cavity mode, their
internal states, and the frequencies of their transitions.
This allows us to observe the anti-crossing of the bright
and dark two-atom states, in analogy to prior observa-
tions involving superconducting qubits and color centers

in diamond [29, 30].

Our experiments utilize a cavity QED system consist-
ing of 8"Rb atoms coupled to the evanescent field of a
photonic crystal (PC) cavity (Fig. 1a, b) [7]. The SiN
nanophotonic device is suspended in a vacuum chamber
on a tapered optical fiber, which is also used for efficient
interrogation of the cavity by exciting and collecting pho-
tons through its fiber-optic interface [31]. This approach
minimizes the physical footprint of the system, thus al-
lowing for good optical access and unobstructed trapping
and cooling while retaining the flexibility to control the
atomic position and confinement. The atoms are trapped
using tightly focused optical tweezers that localize them
to within tens of nanometers and can be steered to de-
sired locations. The internal states of the atoms are in-
dividually manipulated with light fields co-propagating
with the optical tweezers. We interrogate the response
of the atom-cavity system by scanning the frequency of
the probe field to measure the reflection spectrum. The
frequency of the cavity is tuned thermally with a laser
beam pointed at the heater pad (Fig. 1lc).

We probe the atom-cavity spectrum by tuning the cav-
ity to the 55; /5 — 5P5/, transition at 780 nm. The spec-
trum is acquired by scanning the probe field from the
ground state manifold 55,5, F' = 2 across the excited
state manifolds 5P;/5, F' = 1,2,3 (Fig. 1d), while the
atom is positioned at the center of the cavity mode. We
note that for all the spectra presented in this Letter, the
probe detuning is relative to the bare F =2 — F' =3
transition, and the error bars are obtained from statis-
tical uncertainties acquired over multiple experimental
runs.

Fig. le shows the reflection spectrum of the cavity
with and without an atom present. For the case without
an atom, the reflection spectrum is a resonance dip of
the empty cavity. The presence of an atom drastically
changes the spectrum, and we observe three atomic
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FIG. 1. High cooperativity atom-photon coupling to
a nanophotonic cavity. a) Schematic of the experimental
setup, showing an atom trapped in the lattice of an optical
tweezer coupled to a nanophotonic cavity. The parameters are
defined in the main text. b) Moving the tweezer along the
cavity to map out the mode in terms of cooperativity (blue)
and simulated intensity profile of the cavity mode (gray). c)
SEM image of the nanophotonic cavity suspended on a ta-
pered fiber. d) Level diagram for the 5S;,5 — 5P5/5 tran-
sition. The F = {2,1} manifold is {coupled, uncoupled} to
the cavity. The probe detuning is defined relative to the bare
F =2 — F’' = 3 transition. e) Measured cavity reflection
spectrum with and without an atom coupled to the cavity.
The solid lines are from theoretical models. Inset: histogram
of counts collected at 0 MHz detuning, showing single-shot
atomic detection.

lines that are significantly broadened due to resonant
coupling between the atom and the cavity. This effect is
described by the Purcell enhancement. In the resonant
regime, the radiative decay rate into the cavity mode is
enhanced by the single-atom cooperativity C' = 4¢2 /7,
where ¢ is the single-photon Rabi frequency, ~ the
atomic spontaneous decay rate. The cavity decays at
the rate k.4 into the waveguide and k.. elsewhere,
yielding the total cavity decay rate K = Ky + Kse
(Fig. 1a). The observed lineshape is accurately de-
scribed using a model incorporating a distribution of
cooperativities, rather than a single-valued one. Taking
these considerations into account, we fit the spec-
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FIG. 2. Individual control and resonant coupling. a) Il-
lustration of the individual position and internal state control
with a repumping (blue) beam co-propagating with one of the
optical tweezers (orange). b) Average reflectivity jumps after
pumping each atom to the F' = 2 manifold, taken at the probe
detuning of 100 MHz. ¢) Broadening of the F =2 — F' =3
line. The labels {A, B} denote the atoms in the two tweezers.
The spectrum is taken when the tweezers are positioned 1 ym
away from the mode center to retain addressability. The solid
lines are from theoretical models.

trum in Fig. le and extract the average cooperativity
C = 71(4), corresponding to the cavity QED parameters
{29,7, Kwg, ksc} = 2m x {1.24(4),0.006,0.86,2.77} GHz.
We compare this to an independent theoretical estimate
of g based on the geometry of the trapping potential of
the tweezer and the evanescent field experienced by the
atom. The closest lattice site is at a distance of 260 nm
from the surface of the PC [7]. At this distance, an atom
at rest experiences a single-photon Rabi frequency of
2go = 27w x 1.7 GHz, which is somewhat larger than the
observed values.

We attribute this discrepancy to the fluctuations in
the atomic position across the spatially-varying cavity
field, which lead to cooperativity distributions. The dis-
tribution of cooperativities that produces the spectrum
in Fig. le corresponds to the atomic spatial widths of
190 nm along the PC and 33 nm along the direction of
propagation of the tweezer. An independent temperature
measurement yields an upper bound estimate of 120 pK
near the PC, accounting for 150 nm and 30 nm in the two
directions respectively [32]. Other contributions include
the pointing fluctuations of the tweezer. Both of these
fluctuations affect the lineshapes of the spectra shown
in this work and make the cavity standing wave profile
unresolvable (Fig. 1b). With these position fluctuations,
we estimate an average single-photon Rabi frequency of
2g = 2w x 1.26 GHz, which is consistent with the value



extracted from our experimental data.

The efficient atom-photon interface allows us to deter-
mine the presence of an atom in a single shot. We tune
the probe frequency to the FF = 2 — F’ = 3 line and
count reflected photons collected within 100 us (Fig. le
inset). When repeated multiple times, the photon num-
ber follows a bimodal normal distribution with 0.7% over-
lap, which is adequately separable to determine if the
atom is coupled to the cavity. The atom becomes un-
coupled from the cavity if it falls into the F' = 1 man-
ifold via off-resonant scattering. We deplete the pop-
ulation in the F' = 1 manifold by sending in an addi-
tional beam co-propagating with the optical tweezer on
the 55,3, F'=1— 5P, 5, F' = 2 transition, at 795 nm,
which is sufficiently detuned from the cavity and can be
filtered out from the collected photons. In addition to
the F' = 2 — F’ = 3 line, the spectrum in Fig. le also
shows the F' = 2 — F’/ =1, 2 transitions, which are not
cycling and would not be visible without applying the
repumping beam.

The reflection spectrum is used to study the cooper-
ativity dependence on experimental parameters such as
the position of the atom. Taking advantage of the in-
dividual position control, we scan the tweezer position
along the axis of the PC by steering the galvanome-
ter mirrors and acquire a spectrum associated with each
position [32]. We then determine the cooperativity at
each location from the Purcell-enhanced linewidth and
find that the resulting cooperativity dependence (Fig. 1b,
blue) traces out the envelope of the numerically simulated
field profile intensity (gray).

Having characterized the single-atom coupling, we now
turn to the case of two atoms to study their resonant
coupling via the cavity (Fig. 2a). The two tweezers must
be placed away from each other to avoid overlap and
cross-talk, hence inevitably lowering their individual co-
operativities. The experiments involving two atoms are
operated with the tweezers placed 1 pm away from the
mode center, corresponding to the average single-atom
cooperativity C' = 31(2) (Fig. 1b, blue), well within the
strong coupling regime.

In addition to the position control, the two-atom ex-
periments also make use of internal state manipulation
of individual atoms. This is achieved by having repump-
ing beams co-propagating with the tweezers, selectively
bringing the desired atom into the F' = 2 manifold. We
demonstrate this by applying 3 us long repumping pulses
at 300 us on one tweezer and 600 us on the other while
constantly probing the spectrum with the probe blue-
detuned to 100 MHz and monitoring the collected photon
counts in time (Fig. 2b). The average collected counts
step up following each pulse, indicating the influence of
repumping the atoms one at a time. The capability of
individual repumping is utilized for detection and post-
selection on having two atoms coupled to the cavity in
each trial of the experiment [32].

With these capabilities, we explore the collective be-
havior of two atoms simultaneously coupled to the cav-
ity by acquiring a reflection spectrum centered on the
F =2 — F' = 3 line (Fig. 2c, orange). We ob-
serve broadening of the spectrum in the two-atom case.
The spectrum is well described by our theoretical model
generated using the sum of individual cooperativities ex-
tracted from the single-atom spectra with no additional
parameters [32]. We extract the full width at half maxi-
mum of 27 x {170,300} MHz for the case of {one, two}
atom(s) coupled to the cavity. The effect of line broad-
ening can be interpreted as a result of collective enhance-
ment [24, 33].
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FIG. 3. Atom-photon interaction in the dispersive
regime. a) Atom-like spectrum of the F = 2 — F' = 3
line at cavity detuning A = 2k. Theoretical curves (dashed-
dotted) generated with single-valued cooperativities (vertical
lines, inset). Theoretical curve (solid) constructed using co-
operativity distribution (inset). This spectrum is acquired
without a light shift from the tweezer. b) Level diagram of
one atom in the singly-excited manifold. Bare states with
{atomic, photonic} excitation {|e,0), |g,1)} are dressed by
the atom-photon coupling J = g*/A into the {atom, cavity}-
like components. ¢) Single- and two-atom spectra when the
two atoms are resonant with each other. The vertical lines de-
lineate the frequency of an atom in a 50 MHz-deep tweezer not
coupled to the cavity (gray) and the expected cavity-induced
shifts of the {one, two} atom(s) coupled to the cavity {blue,
orange}. d) Level diagram of two atoms. The two atom-
like components hybridize into the {dark, bright} states {|D),
|B)} which experience frequency shifts of {0, 2J}. The solid
lines are theoretical models.

The phenomena described above, such as the Purcell
effect and collective enhancement, can also be demon-
strated spectroscopically in the dispersive regime. We
red-detune the cavity relative to the FF = 2 — F/ =3
line by A = 2k and acquire a single-atom spectrum
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FIG. 4. Level repulsion of the atomic lines induced by the cavity-mediated interaction. Experimental data of
reflectivity map over probe detuning and relative atom detuning dap for a) individual atoms coupled to the cavity, plotted
with their expected light shifted frequencies (dashed lines) and b) two atoms simultaneously coupled to the cavity, plotted
with frequencies of the bright and dark states (dashed lines), showing level repulsion. ¢) Theoretical calculation for two atoms
simultaneously coupled to the cavity. d) Cross-sections of the reflectivity map showing single-atom and two-atom spectra at
dap = 27 x {0,50,100} MHz indicated by the white arrows in c), plotted with theoretical models (solid lines).

(Fig. 3a). We observe that the atomic line becomes nar-
rower than the resonant case and experiences a frequency
shift [34]. The shift is a result of the atom-cavity inter-
action in the dispersive regime (Fig. 3b). In this regime,
the atom is dressed by the cavity coupling and expe-
riences a frequency shift of g?/A = Ckvy/4A while its
Purcell-enhanced linewidth is suppressed by a factor of
1+4A2 /K2,

In the same manner as the resonant case, the experi-
mental data cannot be adequately captured by theoreti-
cal curves (Fig. 3a, dashed-dotted lines) generated with
single-valued cooperativities (Fig. 3a inset, vertical lines)
but is rather well described using a model involving the
cooperativity distribution shown in the inset of Fig. 3a.
This distribution leads to varying frequency shifts, which
result in additional broadening and modified lineshape.

The collective coupling in the dispersive regime can
be characterized by probing spectra at a cavity detun-
ing with one and two atom(s) at the same resonance
frequency (Fig. 3c). The single-atom shift is consistent
with the expected value of J = 27 x 25(4) MHz based on
our average cooperativity estimate from the theoretical
model describing the spectrum in Fig. 2c. The two-atom
spectrum appears as a single line that experiences a shift
twice as large as the single-atom line [35].

The twofold enhancement of the frequency shift can
be understood as level repulsion between the two col-
lective atomic states (Fig. 3d). These states are the
symmetric and antisymmetric superpositions of the two-
atom states. The symmetric superposition interacts more

strongly with the cavity due to constructive interference
of coherent scattering into the cavity mode, thereby ex-
periencing the frequency shift of 292 /A, and forming the
bright state, |B) = (|eg,0) + |ge, 0))/v/2. The antisym-
metric superposition does not interact with the cavity
due to the destructive interference, acquires zero shift,
and forms the dark state |D) = (|eg,0) — |ge,0))/v/2.
The difference in their frequency shifts results in line-
splitting which can be equivalently viewed as an interac-
tion between two atoms with coupling rate 2J = 2¢g%/A
due to an off-resonant exchange of virtual cavity photons
[24].

We further illustrate the dynamics of level repulsion by
tuning the atoms in and out of resonance with each other.
The relative atom detuning d4p = d4 — 0, is tuned with
the light shifts induced by the individual tweezers, in our
case, within 27 x (£100 MHz) (Fig. 4a) [32]. As we tune
from large d 4 g towards zero with both atoms coupled to
the cavity (Fig. 4b, d), we observe avoided crossing in
the two atom spectrum. The relative intensities of the
lines are modified as the dark and bright components are
mixed. At d4,p = 0, the dark component disappears,
and the bright component experiences a twofold shift.
The frequencies of the lines follow +/(2J)? + 6% 5 with
the gap that signifies the coupling strength of 2J = 27 x
50(8) MHz, in agreement with the theoretical analysis
shown in Fig. 4c.

The observations demonstrate a controllable high-
cooperativity interface between atoms and photons, as
well as between two atoms mediated by virtual cav-



ity photons, namely collective enhancement and anti-
crossing. These results can be extended along several
directions.

First, the photon-mediated interactions can be com-
bined with coherent quantum control of the internal
states of the atoms to implement quantum gates for state
transfer and entanglement generation [36-39]. As the er-
rors of many of the protocols for these applications de-
crease with larger cooperativity, further improvement in
cooperativity is an essential prerequisite for scalability.
This may be achieved by positioning the atoms closer
to the surface to access a larger field strength [40], im-
proving the design and fabrication of the nanophotonic
devices [41], or cooling the atoms for tighter localization
with respect to the mode maxima [42-44]. Second, this
approach offers a complete toolbox for controlling quan-
tum many-body systems. The number of atoms can be
scaled up by generating tweezer arrays [18-23]. The es-
tablished techniques for assembling atom arrays can be
combined with our approach for the individual addressing
and light shift control and recently developed techniques
for imaging an array on a nanophotonic structure [25].
Combining these capabilities with the ability to engineer
band dispersion may allow for the exploration of novel
many-body systems with extensive tunability. Finally,
the efficient high-bandwidth atom-photon interface with
individual atomic control is naturally suitable for real-
izing quantum networks with multi-qubit nodes [45-47].
The nanoscale interface also holds prospects of integra-
tion with modular architecture such as on-chip photonic
circuits and fiber-optic networks for various applications
ranging from quantum repeaters to distributed quantum
computing [48, 49].
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