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Long-range cooperative resonances in rare-earth
ion arrays inside photonic resonators
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Engineering arrays of active optical centers to control the interaction Hamiltonian between
light and matter has been the subject of intense research recently. Collective interaction of
atomic arrays with optical photons can give rise to directionally enhanced absorption or
emission, which enables engineering of broadband and strong atom-photon interfaces. Here,
we report on the observation of long-range cooperative resonances in an array of rare-earth
ions controllably implanted into a solid-state lithium niobate micro-ring resonator. We show
that cooperative effects can be observed in an ordered ion array extended far beyond the
light's wavelength. We observe enhanced emission from both cavity-induced Purcell
enhancement and array-induced collective resonances at cryogenic temperatures. Engi-
neering collective resonances as a paradigm for enhanced light-matter interactions can
enable suppression of free-space spontaneous emission. The multi-functionality of lithium
niobate hosting rare-earth ions can open possibilities of quantum photonic device engineering
for scalable and multiplexed quantum networks.
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ensemble of atoms or defect centers in solid-state photonics

is of great interest from both fundamental and applied
aspects. Recent advances in ion implantation enable deterministic
engineering of multiple or arrays of ions in the crystalline
matrix!. In the case of long one-dimensional arrays, the ability to
control collective dynamics in such mesoscopic systems can lead
to suppression of spontaneous emission and losses in the
ensemble?3. The rich physics of many-body interactions in these
systems may lead to the discovery of different interaction regimes
in solids for nonlinear quantum photonic applications such as
on-chip photon-atom entanglement. The implementation of
collective interactions in solid-state photonics can also help to
overcome fundamental limitations of the current quantum
communication devices stemming from probabilistic and not-
scalable entangling interactions™.

It has been proposed that cooperative modes within emitter
arrays can be harnessed to mediate tunable, long-range interac-
tions between other impurities coupled to the chain®. In the
cooperative regime, the strength of absorption or emission can
scale quadratically with the atom number®. By tuning the inter-
atomic separation, the dispersion relation can be engineered to
observe localized photonic states. There has been limited research
investigating collective interactions of light with solid-state
emitters. The inhomogeneous broadening of optical transitions
in solids and the lack of ability to deterministically control
emitters’ locations and ensemble geometry had so far limited
realization of controllable collective interactions in solid-state
photonics. It has been shown that emission lifetime can change
depending on the local concentrations of quantum dots and
defects in diamond”:8.

Rare-earth ions (REIs) in crystalline solids exhibit inhomoge-
neous broadening as low as 10 MHz%~1! compared to 0.1-1 THz
for defects in diamonds and quantum dots. Unlike defect centers
and quantum dots, REIs are actual atoms with sub-nanometer
footprints, and thanks to their internal electronic structures, the
atomic excitations are relatively insensitive to the environment.
These unique properties together with the telecom-band optical
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transitions of some REIs are of important interest for quantum
applications, in particular, quantum light storage!?"!> and
microwave-to-optical transduction!®17, To date, world-record
coherence time has been observed in rare-earth crystals exceeding
6h!8. The weak optical transition strength in REIs, however,
prevents efficient optical pumping to a particular ground sub-
level as the ground-state population lifetime is comparable to the
excited state decay time. For this reason, nanophotonic cavities
integrated on bulk yttrium orthosilicate (YSO) crystals have been
considered to introduce Purcell enhancement of emission to
improve the preparation efficiency!31%20. This approach has
resulted in enhancement factors of 7001%, however, with the price
of reducing the bandwidth and number of atoms available for
interactions.

Integrated solid-state photonics based on silicon or lithium
niobate (LN) materials provide salable platforms as hosts for
REIs. Ion implantation in photonic materials has shown low
inhomogeneous and homogeneous broadenings?!-?3. We have
previously shown that it is possible to arrange REIs into an
ordered array inside silicon nitride photonic resonators. Inte-
grating REIs with nonlinear crystals such as LN has also been
demonstrated?#-26, The LN photonic devices integrated with
REIs can be promising candidates for multi-functional quantum
optical devices where quantum light generation?’, storage!”,
modulation?8, and wavelength conversion?® can all occur within
the same device.

When an ensemble of REIs inside micro-ring resonators forms
an ordered array, in certain parameter regimes, ions can coop-
eratively interact with light?®. In this regime, absorption and
directional emission can increase without increasing the ion
concentration. This is important because, in the case of REIs, high
concentration leads to undesirable strong ion-ion interactions.
This induces spin diffusion and dephasing3!, lowering the
coherence time of ions. In contrast, the cooperative interaction
enables strong and broadband light-atom interactions at not-high
atomic densities. Moreover, enhanced emission in this regime
leads to increased pumping efficiency that can enable efficient
quantum storage of light without affecting the memory
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Fig. 1 Lithium niobate (LN) ring resonator implanted with arrays of Tm3+ ion segments. a Schematics of an LN micro-ring resonator incorporated with
Tm3+ ion arrays engineered to have spacing close to AL/ 2neg. The top-right inset is an optical microscope image showing the fabricated LN micro-ring
resonator with Au alignment marks used for implantation on a lithium niobate on insulator (LNOI) platform. Here, d = def, 4, and nes represent the
separation between neighboring ion segments, the wavelength where the light is commensurate with the atomic lattice, and the effective refractive index of
the cavity mode, respectively; b Comsol simulation showing the fundamental TE mode confinement in the half-etched LN waveguide with the implanted
Tm3+ ions. The width of the waveguide is 600 nm; ¢ Stopping and Range of lons in Matter (SRIM) software simulation showing the distribution of the
implanted Tm ions in the LN layer. When implanted with 200 keV energy, the peak ion distribution lies around 51 nm below the top LN surface with a
Gaussian distribution width of around 16 nm. The peak of the ion distribution corresponds to 0.1% ion concentration; d Mean atom-atom coupling rate (C,)
of an ordered array normalized to that of a disordered array. A4;, represents the width of the inhomogenous broadening of ions.
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bandwidth. The cooperative effect can also reduce the loss and
increase the storage fidelity. For example, the emergence of dark
states due to the coherent spin-spin interaction can be a pro-
mising candidate for photonic quantum memories?2. When far
from saturation, the collective effects are expected to lead to a
memory unit with minimized transport and dephasing loss.

To deterministically create ion arrays, we use precision ion
implantation. We select isotopically pure 1°Tm?2* ions using a
velocity selector (Wien filter) and use a focused ion beam (FIB) to
implant ions with a beam spot size of 37 nm X 36 nm. Rare-earth
Tm2* change to Tm3* after annealing. As the result, ions are
localized in a segment of width and depth of about 36 nm across
the waveguide as shown in Fig. la. The spatial and frequency
spread of ions in each segment can be described by semi-
Gaussian distributions. By repeating the implantation in multiple
segments around the micro-ring, ordered arrays (with regular
segment spacing) and disordered arrays (with random segment
spacing) can be created. Although ions in each segment have
different frequencies due to the inhomogeneous broadening,
resonant excitation and resonant photoluminescence help to
study the interaction of a narrow frequency class of ions. More-
over, Tm3* are non-Kramers REIs in the crystalline matrix with
the ability to, in principle, reach long coherence times as shown
for other non-Kramers ions'8, Also, the presence of optical
transitions at both 0.8 ym and 1.6 ym enables applications in
quantum communication3334 for both free-space and fiber
channels. Here, lithium niobate-on-insulator (LNOI) materials
are chosen as the host materials for their multi-functional
properties3>3® and ease of nanofabrication3”-3® compared to
other crystalline hosts. The applications of Tm-incorporated
lithium niobate waveguides for integrated optical and quantum
photonics have been highlighted by recent experimental
studies?>3.

Results

LN Photonic micro-ring resonators integrated with Tm3+. The
micro-ring resonators were fabricated by partially etching the
LNOI wafer, and Tm ions were implanted into the ring resonator
(Methods). Figure 1a shows the schematic figure of the fabricated
micro-ring resonator with the Tm3™ arrays. Each ion segment is a
rectangular box within which about N, = 2.2 x 104 ions are ran-
domly implanted. A collection of M= 1750 segments create an
array with fixed segment spacing (ordered array) or random
spacing (disordered array). To couple light into the micro-ring

cavity via the bus waveguide, the LN layer was fully etched on the
edges of the wafer to allow fiber-to-chip coupling. An additional
input waveguide port (drop-port) designed on the other side of
the micro-ring enables coupling of light to the micro-ring from
the opposite side.

After the ions are excited using a pump injected from the drop-
port, the scattered light in the clockwise and counter-clockwise
directions inside the micro-ring can interfere to create a standing
wave#0, When the array is regularly spaced with spacing close to
Ap/2n5 where ngg (=2.159) is the effective refractive index of the
cavity mode (in this case TE mode) and A, is the wavelength
where the light is commensurate with the atomic lattice, ions can
experience the electric field from the other ions in the array with
the same phase. In the commensurate lattice condition, the peak
intensity of the standing wave perfectly coincides with the
location of the ions in the arrays. Ideally, in this case, all the ions
can coherently and cooperatively emit light even though the
extent of the array is much larger than the light’s wavelength
(~0.8 ym). Figure 1b shows the finite-element calculation of the
E-field in the cross-section of the micro-ring. The etched sidewall
angle of LN thin-film is 55° and the fundamental TE mode is well
confined inside the partially-etched waveguide. As it is confirmed
by the Stopping and Range of Ions in Matter (SRIM) simulation
(Fig. 1c), the peak of ion concentration is around 51 nm below the
top LN surface with a Gaussian distribution width of around
16 nm (Supplementary Note 4).

To see how the cooperative coupling changes with the lattice
spacing, we define a mean atom-atom coupling (Supplementary

Note 8) as
C, = \/ / / N?(8, w)sin®(kRO)dOdw

where N(0, w) describes the angular distribution of atoms and
inhomogeneous broadening of transition frequencies both
described by Gaussian distributions, and R is the ring radius.
Figure 1d shows the calculated value of C, normalized to that of a
disordered array. The enhanced atom-atom coupling is seen for
ordered arrays in both the commensurate (d =A./2n.4) and the
incommensurate (d # A;/2n.y) conditions. The effect of inhomo-
geneous broadening of width AA;, can be seen as broadening of
C, envelope. In our case, the periodic ion array is not exactly
commensurate with the optical wavelength.
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Fig. 2 Lithium niobate (LN) micro-ring resonator and its Purcell effect. a The transmission signal at 796.85 nm showing the micro-ring cavity resonance
and the corresponding Lorentzian fit (with asymmetry described by a linear parameter) with a loaded quality factor (Q) of 2.2 x104. b Two
photoluminescence (PL) decay curves of Tm3* ions measured at room temperature (red) and 4 K (blue) from the LN micro-ring resonator of the
disordered array, both pumped at 795 nm, are shown. The exponential time constant of the PL decay curves at room temperature (zz7) and 4 K (z4«) are
226.3 us and 177.7 us, respectively. The inset shows PL lifetime at both room temperature (RT, red) and 4K (blue) as a function of the resonant pump

wavelength. Error bars defined here represent 95% confidence interval.
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Fig. 3 Measured scattering signal from ion arrays. a Normalized scattering data for the ordered ion arrays (blue) and disordered (randomly distributed)
arrays (yellow) as a function of resonant pump wavelength. The scattering from the array near the atomic resonance (~795 nm) shows an enhancement of
about 60% for the ordered array compared to the disordered one. The gray curve shows the calculated Bragg resonance that results from the ion
implantation process (see text); b A zoomed-in scattering data near-atomic resonance shows modulation of the scattering signal with a period of 1/M;,
where My =1750 is the number of ion segments in the array. The periodic oscillation is in agreement with the model of sinusoidal oscillation (solid line)
with a double-peak Gaussian envelope of center and width corresponding to that of the disordered array (total width) data in a. The shaded regions
indicate the predicted cavity resonances based on measurement of the cavity spectrum obtained from a different experiment run while taking into the
account the uncertainty due to the drift in the cavity resonances. The dashed lines in both plots are guide to the eye.

Cavity-induced Purcell enhancement of Tm at cryogenic tem-
peratures. After the fabrication and implantation processes, we
characterize the optical properties of the micro-ring and ions. We
first measure the effect of micro-ring enhancing emission from
the ions. The quality factor (Q) of the micro-ring resonator was
measured to be about 2.2 x 10* at 796.85 nm, as shown in Fig. 2a.
To measure the photoluminescence (PL) lifetime of Tm3™ ions in
the micro-ring resonator, a pump light around 795nm was
pulsed (2 ms) and injected into the micro-ring from the drop-
port. Because of the geometry of the designed drop-port, most of
the pump light exiting the micro-ring is guided to one side of the
bus waveguide. By positioning a lensed fiber on the other side of
the waveguide, we can effectively screen the pump light while
measuring the PL signal from Tm3" ions. The emitted PL signal
is then detected using a single-photon detector.

To study the effect of the cavity on light emission, a micro-ring
with randomly spaced ion segments (with no periodic array
structure) is used for PL measurement at both room temperature
and 4 K. The temperature dependency of PL decay in presence of
multidimensional decay processes*!"*? provides means to mea-
sure the Purcell factor of ion emission by comparing decay rates
at cryogenic and room temperatures in the same device. For rare-
earth ions at room temperature, the ions’ homogeneous linewidth
is much greater than the cavity linewidth that suppresses the
Purcell effect*!43. At cryogenic temperatures, the homogeneous
linewidth or the dephasing rate is expected to significantly
decrease and be narrower than the cavity decay rate, where the
Purcell factor can be fully recovered. Figure 2b shows the
normalized PL intensity of Tm3*t ions pumped on the cavity
resonance near the atomic transition (A,,mp = 794.5 nm) for both
room temperature and 4 K. The lifetime of Tm3* ions at 4K is
reduced compared to the PL lifetime at the elevated temperatures.
The inset of Fig. 2b shows the PL lifetime as a function of the
pump wavelength for both room temperature and 4 K. The data
confirm the lifetime shortening at 4K compared to room
temperature emission. We attribute this lifetime shortening at
4K to the Purcell enhancement provided by the micro-ring. In
theory, taking into the account the Gaussian width of the ion
implantation, we estimate the maximum Purcell factor of
0.25+0.04 (Supplementary Note 6). Also, the experimental
Purcell factor is calculated by 7py/7T4x-1=027+0.1. The
theoretical maximum Purcell factor is very close to the measured
value. In the case of Tm ions in an LN crystal, the branching ratio

4

of Tm ions for 3H,—3H, transition is 0.73444> (Supplementary
Note 5). In our care, because we use isotopically pure Tm ions,
the transition probability for relaxation to 3H, in LiNbO; can be
even higher. For this reason, we use the maximum theoretical
Purcell factor (assuming a branching ratio of unity) for
comparison to the experimental results.

Based on our previous studies*®, we expect a negligible non-
radiative decay at room temperatures. In the case of REIs doped
in crystalline hosts such as LN, the nonradiative decay by the
phonon decay processes is the dominant nonradiatve decay
mechanism*748, Based on the recent study also performed in a
Tm:LNOI sample?’, the nonradiative decay of Tm ions in LNOI
waveguide is negligible compared to the bulk LN sample. Given
that the measured PL lifetime in our implanted sample (at both
room temperature and 4K) is longer than the Tm-doped
LNOI?>*, we conclude that nonradiative decay is negligible in
our system. Otherwise, the experimental Purcell enhancement
factor obtained above is an underestimation. The Purcell
enhancement is a single-body effect provided by the mode
confinement in the cavity. Below we discuss the results of
cooperative emission as a collective effect resulting in an
additional enhancement of light emission from an ordered
ion array.

Array-induced enhanced light scattering. To verify the effect of
the array on emission, we fabricated two identical micro-ring
resonators with an identical number of ion segments. In one case,
ion segments were randomly distributed along the micro-ring
(also used for data in Fig. 2), while the other micro-ring hosts an
ordered ion array (with loaded Q = 1.8 x 10%).

Figure 3a shows the resulting normalized scattering signals for
both the periodic array and the randomly distributed ensemble.
The scattered signal is collected from the one edge of the bus
waveguide while a CW pump is injected from the opposite end
through the drop-port (Methods). On the atomic resonance
condition, the periodic array shows about 60% more scattering
compared to the disordered array. The scattering spectrum from
the disordered array matches the absorption spectrum of Tm ions
in LN waveguides?>3? with splitting due to °Li and 7Li. The
ordered array, however, shows peculiar oscillations originating
from two distinct processes, as explained below.

Below 785 nm the signal and its oscillation are dominated by
the Bragg scattering induced by the implantation process.
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Fig. 4 Measurement of photoluminescence (PL) lifetime from ion arrays. a PL lifetimes of the Tm3* ions as a function of wavelength in the periodic array,
indicating the lifetime shortening near the atomic resonance as a result of cooperative resonances. The solid curve is a fit using a double-Lorentzian
function with center wavelengths and widths matching that of scattering profile from the disordered array (Fig. 3a). The inset shows two PL decay curves of
the Tm3™ ions: one away from the atomic resonance (red), the other close with the resonance (blue). 7 is the exponential time constant of the PL decay
curve; b PL lifetimes of the Tm3* ions as a function of wavelength in the sample with disordered ion array, showing the lifetime is mainly unchanged near
the atomic resonance; We note that the slight difference in quality factors of rings used in a and b causes small differences in Purcell-enhanced emission in
the two cases and therefore the off-resonant lifetimes are not exactly the same. The shaded regions indicate the predicted cavity resonances based on
measurement of the cavity spectrum obtained from a different experiment run while taking into the account the uncertainly due to the drift in the cavity
resonances; ¢ PL lifetimes of the Tm3+ ions as a function of input resonant pump power in the periodic array at a fixed wavelength of 794.4 nm. The
lifetime linearly changes with the pump power that is a proxy for ion numbers in the array. Above some critical power, the lifetime remains unchanged as
the pump saturates the ions. The y-intercept of the linear fit is ~224 us. The lifetime data in a and b are taken with the pump power in the saturation region

of €. Error bars defined here represent 95% confidence interval.

Regardless of the ion’s optical transition, the process of ion
implantation can damage the crystalline matrix inducing a slight
change in the refractive index. Some of these damages can be
recovered by the annealing process. But as high-temperature
annealing is not an option (due to different thermal expansion
coefficients of LNOI layers)*?, a non-negligible index change near
the implantation regions may remain. The modulation of the
refractive index caused by the periodic implantation of ions can
then manifest itself as Bragg-induced back-reflection of the pump
light. This is why the reflection signal (originated from the ring)
spans beyond the Tm emission band. We expect the signals from
both Bragg and superradiance to show the same periodicity. As
the result, the signals add up in the wavelength region of
785-790 nm while around 775nm and 795nm the Bragg and
superradiance effects can primarily be observed, respectively. We
note that in Fig. 3a, the fast oscillation with the periodicity of
AL/M; is not observed due to the low sampling of the pump
wavelength.

Between 790-797 nm, which is the absorption window of
Tm3* ions, the effect of Bragg back-scattering is negligible
compared to the collective scattering from the array. By fine
scanning the pump wavelength near-atomic resonance (Fig. 3b),
the scattered light intensity shows clear oscillations with a
periodicity of A;/M;, where M; is the number of ion segments.
The oscillation of the scattering signal is one signature of the
cooperative resonance3? from the ion array. The theory used to
model the oscillation in Fig. 3b is given by a modulated double-
Gaussian profile centered around Tm transitions (A, ,) described

by (Ae=O—0)/@AK) | Be=(—1)/ (ZM?W))sinz(i—’; MA + 6,), where
Ar/2 is the lattice spacing, AA;, is the width of the inhomogeneous
broadening of ions extracted from Fig. 3a and A, B, and 6, are
free parameters.

As the free-spectral range of the cavity is about 0.8nm, the
majority of points measured in Fig. 3 were obtained where the
pump was off the cavity resonances (shaded regions in Fig. 3b).
The drop-port coupling is only ~ 5% and the effect of the cavity
resonances is expected to be small compared to the size of the
oscillations observed in Fig. 3.

To verify that the near-resonance scattering signal is originated
from the cooperative effect of ions, we also measure the emission

lifetime of Tm ions for both ordered and disordered arrays at 4 K
(Fig. 4a, b). Compared with the disordered array that does not
exhibit a noticeable change in the lifetime near the Tm optical
transitions, the ordered array shows reduced lifetime at
3H, — 3H, transitions (with splitting from %7Li centered around
793.5nm and 794.5nm). The maximum lifetime change is
T,/ 2 1.25, which is expected to scale linearly with effective
number of excitations, contributing to the cooperative emission.
The data in Fig. 4b also show a minor trend as a function of
pump wavelength. Near the cavity resonances shown as shaded
regions, the enhanced Purcell factor is expected, which explains
the lifetime reduction near 793.5 nm and 795 nm. It can be seen
that near the atomic resonant frequencies, i.e., 794.5nm and
793.5 nm, the lifetime is slightly higher. This can be explained by
light re-absorption or radiation trapping® also observed in our
previous studies®#¢ (For descriptions of error bars in Fig. 4a, b
Supplementary Note 7).

Figure 4c shows the result of decay time measurement as a
function of pump power. As the pump power changes the fraction
of ions excited, the lifetime linearly changes with the pump power
below the saturation regime®!. We discuss these results in more
detail below.

Discussion
When emitters are confined to a region much smaller than the
wavelength, directional and enhanced emission is expected that is
accompanied by the lifetime modification®2. Apart from the high
atomic densities, low coherence time and small inhomogeneous
broadening are required to reach this superradiance regime. In
this regime, coherent emission can occur where atoms collectively
emit photons with the same phase. As the result, the spontaneous
emission rate is modified by the collective enhancement factor, 7,
which linearly scales with the number of collective excitations.
Moreover, the total photon number directionally emitted in the
detection mode is expected to scale quadratically with the number
of collective excitations. This is accompanied by reduction in the
free-space scattering.

In the case of rare-earth ions, high-density implantation gives
rise to increased decoherence due to the dipole-dipole dephasing
that suppresses the superradiant scattering from local ensembles.
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Instead, an array of local ensembles commensurate with the
oscillation of the intra-cavity E-field collectively behaves as a
high-density ensemble enabling observation of superradiance in
the extended ensemble, or long-range superradiance. Due to the
distribution of ion frequencies (i.e., inhomogeneous broadening),
more ions are at the center of the absorption/emission spectrum.
Therefore, at the center of the atomic resonance the highest
collective effect is expected.

The lifetime shortening can occur due to both the cavity con-
finement and the collective effect. When the pump is off-resonant
from the cavity resonance but still within the ions’ absorption
spectrum, the pump can still be coupled to the cavity, and the
lifetime shortening due to the collective effect can be observed.
When the pump is on both atomic and cavity resonances, both
cavity and collective effects contribute to the lifetime shortening.
In the absence of the cavity, the interaction drops as 1/d3, for d
being the atomic array spacing, while the micro-ring cavity leads
to a semi-infinite-range (all-to-all) interactions between the
emitters. This happens because all emitters efficiently couple to the
same mode in a specific direction rather than a coupling via a free-
space photon randomly emitted in all directions.

In the presence of the inhomogeneous broadening, mesoscopic
cooperative decay of the symmetric and time-Dicke states®?—>%
can be observed as a simultaneous presence of sub and super-
radiant modes when all atoms are excited®. In our experiment,
the signal-to-noise ratio is not high enough to confirm the slow
decay signature of subradiant states after the initial fast decay.
Also in arrays, excitation of subradiant states can be harder than
the superradiant ones**°%°7 due to the complicated long-range
interactions and many-body features of the atomic ensembles.
Both inversion and pump-induced correlations between the
atoms play a role in driving superradiant states®!. At low pump
powers, the interaction energy prevents efficient population of
subradiant states. Uniform directional pumping along the cavity
axis, gives rise to correlations that increase with duration or
power of the pump light. Below saturation, we therefore take the
pump power to be a proxy for #. In Fig. 4c we vary the pump
power and measure the decay time. The results show that below
saturation, the emission lifetime linearly decreases with the pump
power. The data provide early evidence of cooperative effects of
arrays in solids, and further investigation is needed to understand
the complicated decay dynamics and the transition from sub- to
super-radiance regime.

To theoretically describe the collective effects inside the cavity,
we use the effective spin model®® and write an effective Rabi fre-
quency for the n ion segment in the array as Q, = Qg")—i-
31T 02 en Gon (Ug’f)), where Qg‘) is the Rabi frequency of the pump
in the cavity at the ion segment n, oge”) is coherence between
ground and excited states of atomic segment m, G,,,,, is the Green’s
function of the m™ ion at n ion location, and I, is the ion natural
decay rate. The second term describes the scattering from all other
segments that modify the local field of the n" segment, leading to
an effective dipole-dipole interaction. The Ggeen’s function of the
ring can be determined as G,,, = i % Cg—go exp(ikR|6, — 0,,]),
where g is the single-atom vacuum Rabi freauency, ¢p is the mode
phase velocity, R is the ring radius, and 6; is the angular position of
ion segment i. This clearly shows the role of the ring in creating an
all-to-all infinite-range spin interactions (see Supplementary
Note 8 for a detailed discussion).

In the limit of the non-depleted ion, i.e., o, =0, we can deter-

mine the steady-state coherence of the order-array equations of
2
motion to arrive at <o,,> = —igyv/2nE,/(—i6 + T, /2 + @n).
Here, « is the cavity decay rate and the last term in the denomi-
nator is the effective coupling rate enhanced by #, the collective

enhancement factor. The ratio of the scattering rate into the cavity
mode compared to free space can then be calculated as

Y/ =1+ iﬂ—rgo‘z’ 7, having the signatures of both cavity-enhanced

emission via a Purcell effect and the cooperative array effect.
Comparing the lifetimes of the Purcell-enhanced disordered array
(Fig. 2b) and array-enhanced emission (Fig. 4a), we can estimate
an experimental value for the collective enhancement factor
n=~1.8. In absence of imperfections such as inhomogeneous
broadening, the enhancement factor is equal to the number of
collective excitations. In our case, the enhancement factor quan-
tifies the average effect of cooperative emission. The measured
value of # > 1 suggests that at least two ions cooperatively emit. To
identify the exact number of ions collectively emitting into the
detection mode, one needs to measure lifetime for varying
implantation density or segment number and perform numerical
calculation in a multi-dimensional space’. The result can be
improved by operating in the commensurate condition and
enhancing the atom number and coherence time by, for example,
multi-step implantation and annealing techniques®® and further
operating at lower temperatures and higher magnetic fields3°.
Considering an enhancement of the coherence time at lower
temperatures and higher magnetic fields by two orders of mag-
nitude as evidenced previously?® and increasing the cavity Q to
about one million (experimentally within reach?426:2937), 3 sub-
stantial increase in cooperative effects can be observed where
7 >100 can be realized.

To the best of our knowledge, this is the first time the long-
range cooperative resonance has been achieved in any solid-state
photonic platform. The enhanced directional emission can reduce
the noise (spontaneous free-space decay) when the system is used
for quantum light storage. Moreover, the collective optical-
density increase due to all-to-all infinite-range coupling leads to
enhanced absorption, albeit with low densities avoiding density-
associated dephasing. Despite the large inhomogeneous broad-
ening of ions in solids compared to the laser trapped atomic
arrays®%61, the deterministic ion localization, and significantly
larger ion numbers and array lengths make it easier to study
many-body and cooperative phenomena. Ideally, in the regime of
strong atom-atom interactions dark states3%0263 and blockade
effects®* may emerge leading to a peculiar regime of light-atom
interactions on-chip.

Methods

LN micro-ring resonator design and fabrication. The micro-ring resonators are
fabricated on a 600 nm thick z-cut LNOI wafer using the same recipe described in
our previous article?. The device pattern (bus waveguides, micro-ring resonators) is
defined on a hydrogen silsesquioxane (HSQ) e-beam resist film by an electron beam
lithography system with the dose of 2000 4C/cm?. Then, the 600 nm LN thin-film is
half-etched using an Ar/Cl,/BCl;-based recipe for waveguides and micro-ring
resonators. The width of the waveguide is 600 nm, and the waveguide dimension is
designed such that the fundamental TE mode is still dominant while minimizing
sidewall scattering loss, a significant loss channel of the LN waveguide®”. The ring
radius used is 50 #m, and the gap between the bus waveguide and the ring resonator
is 430 nm, resulting in around 65% bus-ring coupling efficiency. Also, the gap
between the ring and the drop-port waveguide is 535 nm, resulting in around 5%
waveguide-to-ring coupling. For precision ion implantation, the Ti/Au alignment
marks are deposited by the lift-off process. Five nanometer Ti layer is deposited
below the 100 nm Au alignment marks as an adhesive layer. At this step, the sample
is implanted with Tm2 ions from Sandia National Laboratories. Finally, for stable
light coupling to the waveguide, the remaining LN layer is fully etched with the
same LN etching recipe, and the bottom Si layer is deep-etched (~80 ym) by the
Bosch process for the fiber-to-chip coupling (U-grooves).

FIB implantation. To verify the collective effects, we use two micro-rings, one
hosting an ordered array and one a disordered array of ion segments. The total
number of ions and the total number of ion segments for both ordered and
disordered samples are the same. Each ion segment has the same number of ions
implanted with a fixed ion fluence. Also, both ordered and disordered samples have
the same number of ion segments (M, = 1750). The only difference between the
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two samples is the segment spacing and its regularity. In the ordered sample, the
spacing is fixed and close to A;/2n.s while in the disordered array the spacing
between ion segments varies randomly around the micro-ring resonator (Supple-
mentary Note 2).

When the spacing between each ion segment is 1;/2n1.5 (=184 nm), maximum
cooperative interaction is expected. Because of the mismatch between the theoretical
and experimental values of n.g the actual spacing between ion segments is
179.5 nm. Although this mismatch results in a lower cooperative effect, it allows us
to distinguish the cooperative scattering signal from the Bragg scattering signal
(Fig. 3a). As a reference, we also implant a ring resonator with a disordered array
(with the same number of segments) where the spacing between ion segments was
randomly varied for comparison. We use the focused-ion beam system in the Sandia
National Laboratories with a minimum spot size as small as 10 nm for implantation.
In our case of Tm?* implantation, the mass spectrometry was first carried out using
an AuSiTm source before the implantation to select a specific isotope and ion using
a combination of electric and magnetic fields (Supplementary Note 1). The Tm?*
ions were implanted into rectangular segments of width 37 nm using the energy and
fluence of 200 keV and 1 x 1014 ions/cm?, respectively. The obtained ion segments
are much smaller than the optical wavelength (~0.8 ym), enabling a point-like
approximation of each segment of ions. After the implantation process, post-
implantation annealing is performed at 500 °C for 8 h under a Nitrogen atmosphere
to repair crystal damage caused by the implantation. After the annealing procedure,
Tm ions bond with the crystalline matrix and they change such that only Tm3+ ions
with the optical transition of interest can create stable bonds.

Experimental setup for the scattering/reflection experiments. For the scat-
tering and reflection experiments, the light around 790 nm is continuously pumped
from a Ti:Sapphire laser (M Squared SolsTiS). The light is then split by a beam
sampler with a ratio of 90% and 10%. The strong pump light (90%) is then injected
to the drop-port of the micro-resonator using a lensed fiber. The scattering signal
from the ions is then collected from the bus-waveguide on the other side of the
micro-ring and measured using a Femto-watt detector or a single-photon detector
(for PL lifetime measurements). The output scattering signal from ion arrays is
normalized to the intensity of the other split-input light path (10%) (Supple-
mentary Note 3).

Data availability
The results presented in this paper are available from the corresponding author upon
reasonable request.
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