L T

/

1\

=y

e 131160

, 2023 from | P addr

Downloaded from https://www.pnas.org by 131.169.4.99 on December 28

CrossMark
& click for updates

Atom-atom interactions around the band edge of a

photonic crystal wavequide

Jonathan D. Hood®®, Akihisa Goban®"", Ana Asenjo-Garcia®®, Mingwu Lu®®, Su-Peng Yu®®, Darrick E. Chang®,

and H. J. Kimble®?-?

2Norman Bridge Laboratory of Physics MC12-33, California Institute of Technology, Pasadena, CA 91125; PInstitute for Quantum Information and Matter,
California Institute of Technology, Pasadena, CA 91125; and “Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology, 08860

Barcelona, Spain

Contributed by H. Jeffrey Kimble, June 17, 2016 (sent for review March 7, 2016; reviewed by Eugene Polzik and Dan Stamper-Kurn)

Tailoring the interactions between quantum emitters and single
photons constitutes one of the cornerstones of quantum optics.
Coupling a quantum emitter to the band edge of a photonic crystal
waveguide (PCW) provides a unique platform for tuning these
interactions. In particular, the cross-over from propagating fields
E(x) x et outside the bandgap to localized fields E(x) o e/l
within the bandgap should be accompanied by a transition from
largely dissipative atom-atom interactions to a regime where dis-
persive atom-atom interactions are dominant. Here, we experi-
mentally observe this transition by shifting the band edge
frequency of the PCW relative to the Dq line of atomic cesium
for N=3.0+0.5 atoms trapped along the PCW. Our results are
the initial demonstration of this paradigm for coherent atom-
atom interactions with low dissipation into the guided mode.

quantum optics | nanophotonics | atomic physics

Recent years have witnessed a spark of interest in combining
atoms and other quantum emitters with photonic nano-
structures (1). Many efforts have focused on enhancing emission
into preferred electromagnetic modes relative to vacuum emis-
sion, thereby establishing efficient quantum matter-light inter-
faces and enabling diverse protocols in quantum information
processing (2). Photonic structures developed for this purpose
include high-quality cavities (3-7), dielectric fibers (8-13), me-
tallic waveguides (14-16), and superconducting circuits (17-19).
Photonic crystal waveguides (PCWs) are of particular interest,
because the periodicity of the dielectric structure drastically modifies
the field propagation, yielding a set of Bloch bands for the guided
modes (GMs) (20). For example, recent experiments have shown
superradiant atomic emission because of a reduction in group ve-
locity for an atomic frequency near a band edge of a PCW (21).

A quite different paradigm for atom-light interactions in pho-
tonic crystals was proposed in the works in refs. 22-25 but has yet
to be experimentally explored. In particular, when an atomic
transition frequency is situated within a bandgap of a PCW, an
atom can no longer emit propagating waves into GMs of the
structure. However, an evanescent wave surrounding the atoms
can still form, resulting in the formation of atom—photon-bound
states (26, 27). This phenomenon has attracted new interest re-
cently as a means to realize dispersive interactions between atoms
without dissipative decay into GMs. The spatial range of atom-—
atom interactions is tunable for 1D and 2D PCWs and set by the
size of the photonic component of the bound state (28, 29). Many-
body physics with large spin exchange energies and low dissipation
can thereby be realized in a generalization of cavity quantum
electrodynamics (CQED) arrays (30, 31). Fueled by such perspec-
tives, there have been recent experimental observations with atoms
(21, 32, 33) and quantum dots (34, 35) interacting through the GMs
of PCWs, albeit in frequency regions outside the bandgap, where
GMs are propagating fields.

In this manuscript, we report the observation of collective dis-
persive shifts of the atomic resonance around the band edge of a
photonic crystal. Thermal tuning allows us to control the offset of
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the band edge frequency (vgg) of the PCW relative to the frequency
vpy of the Dy line of cesium (Cs). In both the dispersive do-
main [i.e., up; outside the bandgap with electric field E(x) o e+
and reactive regime [i.e., vp, inside the bandgap with E (x) e ™H],
we record transmission spectra for atoms trapped along the PCW,
as illustrated in Fig. 14.

To connect the features of the measured transmission spectra
to underlying atom—atom radiative interactions, we have developed
a formalism based on the electromagnetic Green’s function. The
model allows us to infer the peak single-atom frequency shift of
the atomic resonance Jip(Apg) and GM decay rate I'ip(Apg) as
functions of detuning Agg =vp; — vgg between the atomic vp; and
band edge vpg frequencies. From the observation of superradiant
emission outside the bandgap, we infer the average number of
trapped atoms to be N =3.0+0.5, as described in ref. 21 and SI
Text. (SI Text has thorough descriptions of the design and charac-
terization of the PCW, how to obtain the attenuation coefficient
and the band edge position of the PCW, how to generate the
atomic spectra fits, and the measurements of atomic decay.) For
frequencies inside the bandgap (Agg =50 GHz), the ratio of dis-
sipative to coherent rates is R =I'jp/Jip =0.05 +0.17 because of
the exponential localization of the atomic radiation in the bandgap.
For comparison, the prediction for our system from CQED models
alone is Rcoep = 0.30 +0.04. Other than yielding a more favorable
ratio between coherent and dissipative GM rates, PCWs offer
significant advantages compared with conventional cavities as

Significance

In recent years, there has been considerable effort to bring
ultracold atoms into the realm of nanophotonics. Nanoscopic
dielectric devices offer unprecedented opportunities to engi-
neer novel capabilities for the control of atom—photon inter-
actions. In particular, photonic crystals are periodic dielectric
structures that display a photonic bandgap where light cannot
propagate and provide a new setting for coherent photon-
mediated interactions between atoms with tunable range. Here,
we report the initial observation of cooperative atom-atom in-
teractions around the band edge of a photonic crystal wave-
guide. Our experiment opens the door to fascinating scenarios,
such as exploring many-body physics with large spin exchange
energies and low dissipation.
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platforms for atom-light interfaces. First, the range of interaction
in a PCW is tunable, ranging from effectively infinite to nearest
neighbor (28, 29, 36), in contrast to the fixed infinite range of a
cavity. Second, because of the multimode nature of PCWs, one
can use different GMs as different interaction channels to
which the atoms simultaneously couple.

Alligator PCW

Fig. 14 provides an overview of our experiment with atoms
trapped near and strongly interacting with the transverse-
electric (TE) mode of an alligator PCW. The suspended silicon
nitride (SiN) structure consists of Ncejis = 150 nominally identical
unit cells of lattice constant ¢ =370 nm and is terminated by 30
tapering cells on each side, as shown in the SEM images in Fig. 1B.
The tapers mode-match the fields of the PCW to the fields of
uncorrugated nanobeams for efficient input and output coupling.
Design, fabrication, and characterization details are described in
refs. 21, 32, and 33. Fig. 1C shows the nominal cell dispersion
relations for the TE (polarized mainly along y) and transverse-
magnetic (TM) modes (polarized mainly along z). After release of the
SiN structure from the silicon (Si) substrate, a low-power CF, etch is
used to align the lower/“dielectric” TE band edge (vgg) to the Cs D,
transition (vp1). The TM mode has band edges far detuned from the
both the Cs Dy and D;, lines. In our experiment, the TE mode is used
to probe the atoms, whereas the TM mode with approximately
linear dispersion serves to calibrate the density and trap properties.

To better understand atomic interactions with the PCW, it is
helpful to visualize the spatial profile of the fields generated absent
atoms, when light is input from one end. Fig. 24 shows the mea-
sured intensity along the length of the PCW as a function of probe
detuning Spg =v, —vpg around the band edge, where v, is the

A

probe frequency. The intensity was measured by imaging weak
scatterers along the length of the alligator PCW that, after cali-
bration, serve as local probes of the intensity (SI 7ext). Fig. 2B
shows the corresponding finite difference time domain (FDTD)
simulated intensity (37). In both images, resonances appear at
v, =Vi13 because of the weak cavity formed by the reflections of
the tapers. The spatial modulation of the intensity at the resonances
caused by the cavity effect is approximated by |E (x)|* = cos?(8k; x),
where 8k, =n/a — k, is the effective wavevector near the band edge.
The nth resonance at frequency v, is such that 8k, =nn/L, where
L is the effective length of the PCW (includinég field penetration
into the tapers). Fig. 2C shows a plot of |E(x)|” for a probe input
at frequency v, =v; at the first resonance. Inside the bandga
(Agg > 0), the field is evanescent, and &k, = ix,. Fig. 2D plots |E(x)|
for probe frequency v, =vpg inside the bandgap and shows the
exponential decay of the intensity. Using a model for the field in a
finite photonic crystal (SI Text), we fit the measured intensity for each
frequency in Fig. 2 A and B and extract &k, and ;, thereby obtaining
the dispersion relations shown in Fig. 2F. Importantly, we determine
the band edge frequency for the actual device to be vgg —v1 =133 +9
GHz relative to the readily measured first resonance at vy, which is in
good agreement with the FDTD-simulated result of 135 GHz.

Both v; and vgg are relevant to our measurements of trans-
mission spectra with trapped atoms. The presence of a “cavity”
mode at v; implies that the emission of an atom with transition
frequency vp; =v; will generate a field inside the PCW with an
analogous spatial profile to that of the cavity mode, as shown in
Fig. 2C. By contrast, atomic emission in the regime with
vp1 =vpg Within the bandgap will excite an exponentially local-
ized mode centered around the atomic position xa, as illustrated
in Fig. 2F.
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Fig. 1. Description of the alligator PCW. (A) Atoms are trapped above the PCW in an optical dipole trap formed by the reflection of a near-normal

incidence external beam (21). The orange cylinder represents the confinement of the atoms, which is Axa ~ +6 pm along the axis of the device and
Aya ~ Azp ~ 430 nm in the transverse directions (S/ Text). The three green spheres represent trapped atoms that interact radiatively through the fun-
damental TE GM, polarized mainly along y. The decay rate for a single atom into the PCW is I'1p (red arrows), and the decay rate into all other modes is I’
(wavy red arrow). (B) SEM images of portions of the tapering and PCW sections. The suspended SiN device (gray) consists of 150 cells and 30 tapering cells
on each side. The lattice constant is a=370 nm, and thickness is 185 nm. (C) Calculated band structure of the fundamental TE (solid) and TM (translucent)
modes using an eigenmode solver (38) and the measured SEM dimensions, which are modified within their uncertainty to match the measured bands. The
black curves represent the Bloch wavevector k (lower axis). The red curves show the attenuation coefficient k, of the field for frequencies in the bandgap
(upper axis) and are calculated by means of an analytical model (S/ Text). The dotted lines mark the frequencies of the Cs Dy (vp1 =335.1 THz) and D,
(vp2 =351.7 THz) transitions. The dielectric band edge is indicated as vge. The pink shaded area represents the TE bandgap. The gray shaded area rep-
resents the light cone.
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Fig. 2. Characterization of the alligator PCW. (A) Measured and (B) calculated electric field magnitudes along the PCW as functions of position x along
the PCW and probe detuning 8ge =1, — vge relative to vge for the dielectric band edge. (C and D) GM intensity \E(x)\2 along PCW at two different fre-
quencies: (C) vy for the first cavity resonance showing a resonant “supermode” and (D) vgg inside the bandgap displaying exponential decay (Nceskxa = 2.0
at vgg). For clarity, the number of cells of the nominal and tapering sections is decreased by a factor of five, and the Bloch periodicity (a=370 nm), al-
though present, is not shown in the intensity. The orange ovals represent the confinement of the atoms in the optical trap above the PCW, which is
Axa ~ +6 pm along the x axis of the device and Ay, ~ +30 nm, with a PCW gap width of 220 nm. (E) Dispersion relation for the projected wavevector ky
and attenuation constant k, vs. probe detuning 8z deduced for the PCW obtained by fitting the data in A to a model of the device (S/ Text). The shaded
pink area represents frequencies inside the bandgap. (F) Plot of the exponentially localized emission e=2%*~*l from an atom (green sphere) at position x4

with transition frequency vp1 =vgg inside the bandgap.

Experiment

Cs atoms are trapped above the surface of the alligator PCW, as
shown in Fig. 14, using a similar experimental setup to that
reported in ref. 21. As described in more detail in ref. 21, the decay
rate I'1p into the GM is exponentially sensitive to the trap position
above the surface of the alligator PCW. Our calculations and
measurements of I';p agree with COMSOL simulations (38) of the
trap position, and thus, we are able to determine that the Cs atoms
are trapped 145+ 15 nm above the surface of the alligator PCW.
Atoms are cooled and trapped in a magneto-optical trap (MOT)
around the PCW and then loaded into a dipole trap formed by the
reflection from the device of a frequency red-detuned side illumi-
nation (SI) beam. The SI beam has a waist of 50 pm, and the po-
larization is aligned along the x axis for maximum reflection from
the PCW. We measure a 1/e trap lifetime of ~30 ms, and we es-
timate an atom temperature of ~30 pK from time of flight mea-
surements. From the trap simulations (details are in SI Text), we
infer that the atoms are confined to a region 145 nm above the
surface with dimensions Axs ~ +6 pm and Ays ~ Aza ~ +30 nm.
The simulations predict that more energetic atoms escape the trap
and collide into the structure, because the weakest direction of the
trap is along the diagonals of the y—= plane due to Casimir—
Polder forces.

To estimate the average number of trapped atoms, we measure
the superradiant atomic decay rate when the atom frequency vp; is
tuned to the first resonance v; of the PCW (Fig. 2C) (21). Because
of the strong dissipative interactions between the atoms and with
Jip ~ 0, the collective decay rate is enhanced compared with the
single-atom decay rate, and we infer an average atom number of
N=3.0+0.5 (SI Text). In the low-density limit N < 1, the mea-
sured decay rate corresponds to that of a single atom. We then
measure a GM decay rate I'jp = (1.5+0.2) Iy, which is in good
agreement with the FDTD simulations at the calculated trap lo-
cation (SI Text).

After the atoms are loaded into the trap, we send a weak 5-ms probe
beam E|, with frequency v, in either the TE or TM GM through the
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PCW and record the transmitted intensity |¢(v,) Ep (1) |2. The probe
beam scans near the Cs 65y, F=3— 6P, F' =4 transition.
Each experimental cycle runs at a fixed detuning A4 =v, —vp;

VvV, Ve B| 0

Bajnd-gap

-20 0 40 20 0 40

20 20
A, (MHz) A, (MHz)

Fig. 3. Transmission spectra of the PCW (A) without and (B-D) with
trapped atoms. (A) Measured (black) and FDTD-simulated (blue) trans-
mission spectra of the PCW without atoms as a function of the probe
detuning from the band edge frequency, 8ge =vp — vge. There is a minimum
extinction of 25 dB for the transmitted signal because of fabrication im-
perfections. (B-D) Transmission spectrum for N=3.0+0.5 trapped atoms
vs. probe detuning Aa=vp —up1 at several frequencies around the band
edge. The solid lines are fits using the transmission model in Eq. 4 aver-
aged over atom positions and different atom numbers. In B, the Cs D¢ line
is aligned to the first cavity resonance vy, resulting in symmetric spectra for
both the TE (black; @) and TM (gray; A) modes. The TE spectra in C are for
frequencies on the negative side (v_; @) and positive side (v,; A) of the v;
resonance. The TE spectra in D are taken at the band edge (vge; ®) and 60
GHz (1gg; A) into the bandgap. The asymmetry of the line shapes in C and
D implies a large ratio of coherent to dissipative interactions.
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relative to the free space atomic transition frequency vp;. We
observe little change of signal during the 5-ms probing time, sug-
gesting that the atom number is approximately constant over this
interval. The band edge of the PCW is tuned thermally by shining
an external laser onto a corner of the chip, where its light is
absorbed by the Si substrate. Hence, the Cs Dy line can be aligned
to be either outside or inside the bandgap with an uncertainty
Sv ~ 5 GHz. The transmission for each data point is normalized by
the transmission with no atoms (|toEp]2), resulting in a measure-
ment of T /Ty = |t/t. The logarithm of the measured and simu-
lated transmission spectra with no atoms T = |t0(up)|2 is shown
in Fig. 34.

Examples of transmission spectra with atoms are shown in Fig.
3 B-D. Note that the spectra are shifted 12.5 MHz because of
both the alternating current (AC) Stark shift of the dipole trap
and the modified Lamb shift induced by the non-GMs of the
PCW. Notably, the transmission spectra at the first cavity reso-
nance v; exhibit a characteristic Lorentzian “dip,” and they be-
come more asymmetric as the frequency moves into the bandgap.

Transmission Model

We have developed a model to extract quantitative values for
collective decay rates and frequency shifts from these atomic
transmission spectra (39). Although the formalism of waveguide
(40) and CQED (41) is well-suited for describing atoms coupled
to uniform waveguides and cavities, it is not general enough to
capture the rich physics of atomic interactions in the vicinity of a
PCW. Instead, we describe our system by using a spin model in
terms of the classical electromagnetic Green’s function, in which
the atoms (or “pseudospins” for ground and excited states) in-
teract through the emission and reabsorption of guided photons
(42-44).

The electromagnetic Green’s tensor G(r, r;, ®) is related to the
electric field E(r, ») emitted by a dipole p; oscillating at frequency ®
at position r; by E(r, ®) = pgo’G(r, r;,®) - p; (43, 45). The dipole
moment operator for atom i is decomposed into p; = d;6,, + d;'6,,,
where d; is the dipole matrix element and 6, =|g)(e| is the atomic
coherence operator between the ground and excited states. The
spin model describes a system of N atoms coupled to and driven by
a GM of the PCW. In the low-saturation and steady-state regime,
expectation values for the atomic coherences (c!, = (6.,)) are de-
scribed by a linear system of equations (39) (S Text):

S KA N )
<AA +1§) O + Z 8ij Ohe=—%;, [1]
=1

where A4 =2nA4=2n(y,—vp) is the detuning between the
probe and the atomic angular frequencies, €; is the classical drive
(Rabi frequency) for the ith atom due to the GM input field, and
g;=Jip +ilp /2, where Jip, = w3 /% d; - Re G(r;, 1j, @) - d; and
I =2py o2 /h d - Im G(r;, 1j,w,) - d;. Each atom can also decay
into non-Gﬁ/Is, including free space, with a decay rate I"". The
appearance of the real and imaginary parts of the Green’s function
in the coherent and dissipative terms has the classical analog that
the in-phase and out of phase components of a field with re-
spect to an oscillating dipole store time-averaged energy and
perform time-averaged work, respectively. Because the first
term in Eq. 1 is diagonal, the atomic coherences can be un-
derstood in terms of the eigenvalues {A;} for £={1,-:,N} and
the eigenfunctions of the matrix g, which has elements that are
gyj; the real and imaginary parts of {A:} correspond to frequency
shifts and GM decay rates, respectively, of the collective
atomic mode &.

The transmission spectrum can be expressed in terms of the
eigenvalues of g as (39) (SI Text)
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where 9(A4) is the transmission without atoms. In the case of a
single atom i, the only eigenvalue is proportional to the self-
Green’s function, A: =g;;, which implies that the transmission spec-
trum is a direct measurement of the self-Green’s function at the
atom’s position. For noninteracting atoms, the off-diagonal ele-
ments of g are zero, and thus, the eigenvalues are single-atom
quantities, A: =gj, because there is no cooperative response.

In contrast, for interacting atoms, the off-diagonal elements
are nonnegligible, and there is a cooperative response. In par-
ticular, for the atomic frequency inside the bandgap of a pho-
tonic crystal, the elements g; are well-approximated by (28)

_ iCip o nx/)
g,,—(J1D+ 2 )cos<a>cos(a e

where the cosine factors arise from the Bloch mode, and the
decay length 1/x, is caused by the exponential decay of the field
and results in a finite range of interaction. For an infinite pho-
tonic crystal, I'jp =0, because the light is localized, and there is
no dissipation through the GM. However, for a finite PCW of
length L, the GM dissipation I'jp ~e™% is finite because of
leakage of the mode out of the edges of the structure.

In the limit where the interaction range 1/, is much larger than
the separation &x; = ]xi —xj| of the atoms, w, dx; <Kk Axy < 1,
the GM input field couples predominantly to a single collec-
tive “bright” mode of the system with eigenvalue Ap = Zfi 18ii =
SV (i +i T, /2). Formally, when x, =0, the matrix g is sepa-
rable [g; =u;u; with u; xcos(nx; /a)] and therefore, only has one
nonzero eigenvalue. In this single bright mode approximation, the
transmission spectrum is given by

sl

t(As,N) Aq+il" /2 )

fo(A4) (&A + é:lJiiD) +i(F’+ %F{D>/Z

i=1

We have confirmed numerically that this single bright mode
picture is valid within the limits of our uncertainties for the range
of frequencies of the measured spectra in Fig. 3. In particular, at
the largest detuning into the bandgap Apg =60 GHz, we have
Ky Axy ~ 0.2. However, for atomic frequencies farther away from
the band edge, this approximation eventually breaks down (e.g.,
at the bandgap center, k, Axy ~ 1.5).

The single bright mode approximation is also valid in conven-
tional CQED. The Green’s function matrix is then given by
8j = (Jip +il1p/2) cos(kcx;)cos(k.x;), where k. is the wavevector of
the standing wave cavity. In this case, Jip x A./(1+ A%/y?) and
[ip v, /(1+A%/y?), where A, is the detuning from the cavity
resonance and v, is the cavity linewidth. Importantly, the ratio of the
imaginary dissipative coupling rate to the real coherent coupling
rate falls off with inverse detuning, Rcoep =I'ip/Jip =7, /A, for
large A., whereas in a PCW bandgap, the fall off is exponential with
detuning from the band edge.

Analysis of Measured Spectra

Eq. 4 provides a direct mapping between the observed trans-
mission spectra in Fig. 3 B-D and the electromagnetic Green’s
function of the PCW. In particular, the line shape is Lorentzian for
purely dissipative dynamics (Ji, =0). This line shape is precisely
what occurs at the frequency of the first cavity mode v, as shown
in Fig. 3B. When the GM band edge frequency is moved toward
the atomic resonance vpi, the dispersive interactions are switched
on, and the transmission line shape becomes asymmetric, displaying

Hood et al.
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Fig. 4. (A) Peak dissipative interaction rate NT'jp (green) and coherent rate
NJip (blue) around the band edge. With N determined from independent
decay rate measurements, the values for I'ip, J1p are found from fits of the
transmission model in Eq. 4 to the measured atomic spectra and normalized
by the free space decay rate I'p = 2xx 4.56 MHz for the Cs D¢ line. The lines
are the predictions from a numerical model based on 1D transfer matrices.
(B) The measured and calculated ratios R =T'1p/J1p. The average of the two
points in the bandgap gives a ratio of the dissipative to coherent coupling
rate R=0.05+0.17. B, Inset is a comparison of R for the PCW calculation
(solid line) and CQED model (dashed line). From the measured linewidth of
the first cavity resonance, y. =60+ 8 GHz, CQED predicts that Rcqep =7./Ac
where A= (v, —v1). Note that —Jp is plotted to more readily compare I'p
and Jip as the band edge is approached.

a Fano-like resonance (46), which can be observed in Fig. 3 C and
D. The appearance of an asymmetry in the atomic spectra directly
reveals a significant coherent coupling rate Jip, which is evident for
frequencies that are in the bandgap region.

For all relevant frequencies, the spectra for the TM GM are
approximately symmetric, since JI}' < I'TS < I for this GM
polarization. An example of a TM spectrum is shown as the gray
curve in Fig. 3B. Because the TM bandgap is so far detuned, the
TM spectra are insensitive to Agg and serve as a calibration signal.
Using a waveguide transmission model, we fit the TM transmission
spectra and extract a TM GM decay rate of ['TH = (0.045 +.01) T.
This rate is ~ 30 times smaller than the TE GM decay rate I'ip at
the first resonance vy. The ratio I'T5 /T'TM ~ 30 is explained well by
the expected slow-light and cavity enhancement of the PCW de-
scribed in ref. 21 and SI Text. From the TM fits, we also measure
I'"=2nx9.1 MHz, which because of inhomogeneous broadening,
is larger than the value I =2xx 5.0 MHz predicted from FDTD
numerical calculations (SI Text). While tuning the band edge to
move the atomic frequency vp; into the bandgap, TM spectra are
measured to confirm in situ that the average atom number is ap-
proximately constant over the course of the measurements of
TE spectra.
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To obtain quantitative values for the collective frequency shifts
and decay rates by fitting the TE atomic spectra to the spin
model, we must account for the fluctuations in atom number and
position along the x axis. As depicted in Figs. 14 and 2C, trapped
atoms are approximately free to move along the axis of the de-
vice (SI Text). Their coupling rates are thus modulated by the fast
oscillation of the Bloch function, which near the band edge, is
approximately §1ven by Eq. 3, I (x;)=Tp cos’(x;x/a), and
J;’D(x, =Jip cos”(x;n/a). Here, I'ip and Jip are the peak values.
Furthermore, although we know the average atom number
N =3.0+0.5 atoms from independent decay rate measurements (S/
Text), the atom number for each experiment follows an unknown
distribution. To model the experimental transmission spectra, such
as in Fig. 3, we average the expression in Eq. 4 over the atom
positions {x;} along the Bloch function and assume a Poisson
distribution Py () for the atom number N. We extract peak values
I'i)p and Jip and plot the resulting cooperative rates NT'jp and
NJip in Fig. 44. In particular, at the first resonance vy, the fitted
single-atom GM decay rate is I'jp = (1.4 £0.2) Ty, which is in good
agreement with the decay time measurements I'ip = (1.5 +0.2) T['y.
More generally, we find good agreement between our measure-
ments and our model for the transmission, as shown in Fig. 3.

The ratio R =T'1p/Jip is shown in Fig. 4B. Because of the ev-
anescent nature of the field in the bandgap, R decays exponen-
tially with increasing detuning into the bandgap, R ~e ™, where
Ky x /Apg (28). As displayed in Fig. 4B, Inset, the ratio between
the GM decay rate I'p to the GM frequency shift J, diminishes
much faster than would be the case in traditional settings, such as
CQED, for which Rcoep =7v,./Ac, Where vy, is the cavity linewidth
and A. is the detuning from the cavity resonance. Indeed, by
performing an average of the last two measured frequencies in the
bandgap, we obtain R =0.05 +0.17, whereas Rcqep = 0.30 + 0.04,
where we have taken the cavity linewidth to be a value consis-
tent with the linewidth of the first cavity mode of the PCW
(v, =60+ 8 GHz). We can then infer that the ratio of dispersive
to dissipative rates for GM atom-atom interactions (i.e., 1/R)
is significantly larger than is the case in conventional optical
physics (e.g., CQED).

Beyond the detailed modeling involving Eq. 4 averaged over
fluctuations in atom number and position, we also fit the spectra with
a generic transmission model with no averaging, as shown in S7 Text.
We find that the effective values for the GM decay rate and fre-
quency shift are related to NI';p and NJip in Fig. 44 by a simple
scale factor related to the averaging of the Bloch function cos?(mx/a).

Despite favorable scaling between the collective frequency shifts
and the GM decay rates, there is still one obstacle to overcome
toward purely dispersive atomic interactions, namely atomic emis-
sion into non-GMs (characterized by I'"). For this PCW structure,
the FDTD-simulated value of this decay rate is I" ~ 1.1 Iy (21) for
the relevant frequencies of our experiment. Fortunately, it has been
shown that suitable engineering of a wide variety of nanophotonic
structures can lead to significant reductions in I'"/T"y (47). For ex-
ample, ref. 1 reviews possibilities to achieve I'" =~ 0.1T.

Concluding Remarks and Outlook

In conclusion, we report the initial observation of cooperative atom
interactions in the bandgap of a PCW. By tuning the band edge
frequency of the PCW, we are able to modify the interactions be-
tween the atoms that are trapped close to the device, reducing the
dissipative relative to coherent coupling for frequencies inside the
bandgap of the PCW. Equipped with a theoretical model based on
the electromagnetic Green’s function of the alligator PCW, we infer
quantitative values for the collective frequency shifts and decay rates
experienced by the atoms. Moreover, we infer a suppression of the
dissipative interactions with respect to the coherent ones several
times larger than is customarily obtained in atomic physics. This
measurement provides the first stepping stone toward the realization
of quantum many-body physics in bandgap systems.
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Moreover, near-term extensions of our experiment open the door
to exploring new physical scenarios by using atoms coupled to PCWs.
By trapping the atoms at the center of the device with GMs (47), we
expect a sixfold increase to both coupling strengths Jip and I'jp rel-
ative to I'". Moreover, by probing the atoms with the Cs D, line tuned
to the upper band edge, where the intensity at the position of the
atoms is larger, we expect a further improvement by a factor of two.
Combining these two effects, we expect a significant enhancement of
interactions through GMs compared with conventional free space
interactions, namely Jip, I'ip > 10 X I"". This improvement could enable
investigations of new paradigms for atom—photon interactions (28, 29,
36), including the recently proposed multiphoton dressed states (26, 27).

Note. After the submission of this manuscript, ref. 48 reported
measurements of transmission spectra for a superconducting qubit
placed within the bandgap of a microwave photonic crystal.
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