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Atom-photon bound states arise from the coupling of quantum emitters to the band edge of dispersion-
engineered waveguides. Thanks to their tunable-range interactions, they are promising building blocks for
quantum simulators. Here, we study the dynamics of an atom-photon bound state emerging from coupling a
frequency-tunable quantum emitter—a transmon-type superconducting circuit—to the band edge of a
microwave metamaterial. Employing precise temporal control over the frequency detuning of the emitter
from the band edge, we examine the transition from adiabatic to nonadiabatic behavior in the formation of
the bound state and its melting into the propagating modes of the metamaterial. Moreover, we
experimentally observe multimode emission from the bound state, triggered by a fast change of the
emitter’s frequency. Our Letter offers insight into the dynamic preparation of APBS and provides a method
to characterize their photonic content, with implications in quantum optics and quantum simulation.

DOI: 10.1103/PhysRevLett.134.133601

Coupling quantum emitters to photonic lattices or
metamaterials strongly modifies their spontaneous emis-
sion. When the emitter’s frequency is close to a band edge
and within a band gap of the lattice, an atom-photon bound
state (APBS) is formed—a stationary excitation whose
photonic component is exponentially localized around the
physical location of the emitter. Because the localization
length is controlled by the frequency detuning from the
band edge, APBS can mediate long-distance interactions
with tunable range [1]. Following theoretical studies
[1-13], APBS have been observed in ultracold atoms
coupled to photonic waveguides, optical lattices, and
superconducting circuits [14-23], and their properties have
been leveraged to simulate spin models, prepare many-
body correlated states, and explore many-body quantum
phase transitions [19,24-29].

Despite these advances, a dynamical characterization
of individual atom-photon-bound states is still lacking. The
(static) exponential localization of the photonic compo-
nent has been characterized through their interaction with
the metamaterial edges or among APBS clouds [30-32],
or by coupling emitters to each resonator site [26,33].
Additionally, time-dependent studies have observed non-
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Markovian dynamics [34], population exchanges [35], and
photonic hoppings through the metamaterial [26]. These
measurements involve fast “quenches” in which the pho-
tonic fraction of the APBS, as well as its localization length,
are rapidly changed by varying the frequency of the emitter.
Yet, the detailed dynamics, characteristic timing, and mode
decomposition of these states remain unexamined.

In this Letter, we study the time-dependent formation
and melting of an APBS in a superconducting circuit. We
combine dispersive measurements of the atomic population
with frequency-resolved measurements of the radiation
emitted by the APBS as the emitter is quenched. After
the quench, the photonic part of the APBS, which was
localized when the APBS was formed, turns into delocal-
ized states in the metamaterial which then propagate and
are measured at the output of our metamaterial. We refer to
this process as “melting.” We observe a crossover from
adiabatic to nonadiabatic dynamics due to multistate
Landau-Zener tunneling to the frequency modes at the
band edge of the photonic band. Moreover, we characterize
the emitted radiation when quenching the APBS and detect
multimode emission from up to nine modes of the
metamaterial. We find that an effective model captures
overall trends, but precise dynamics and emission’s spectral
content are very sensitive to disorder in the metamaterial.
Our methodology is generally applicable to localized
excitations of emitters coupled to photonic lattices and
can facilitate the design of quantum simulators [1,26,27]
and topological interconnects [36].

Our superconducting quantum circuit includes a meta-
material consisting of an array of 21 nearest-neighbor-
coupled, lumped-element resonators [Fig. 1(a)]. Each
resonator features an array of ten Josephson junctions as

Published by the American Physical Society
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FIG. 1. Quantum emitter coupled to a metamaterial. (a) False-

color micrograph of the device. Salmon: lumped-element reso-
nator array forming the metamaterial. Blue: transmon. Green:
readout resonator. Insets, in white, show (top) two resonators
including the Josephson junction arrays, and (bottom) transmon’s
SQUID. (b) |S,;] vs frequency. Transmission band in salmon.
(c) Emitter frequency vs magnetic flux. Light blue: APBS
frequency. Dark blue: bare emitter frequency. Gray, dashed:
APBS frequency from the effective model. Vertical gridlines
illustrative working points. (d) |S,;| vs flux and frequency, with
the response of the nine first metamaterial modes to a change in
the bare emitter frequency (dark blue). Dashed lines: model.

the inductor, shunted by a capacitive element, resulting in a
characteristic impedance Z, = 390€2 [35]. Input and output
ports are capacitively coupled to the metamaterial’s first
and last sites to directly measure its transmission band and
collect emitted radiation from the system. Two frequency-
tunable, transmon-type artificial atoms [37,38] are capac-
itively coupled to the metamaterial resonators at sites 10
and 13. The two transmons are nominally identical and use
asymmetric superconducting quantum interference devices
(SQUIDs) as nonlinear inductors, resulting in two first-
order flux insensitive points (sweet spots). The lower one
resides well below the metamaterial’s photonic band and
the upper one inside it. Dedicated lines allow precise

control of the transmon’s frequency, via the flux (Z control),
and population excitation, through the charge (XY control),
while dispersively coupled, frequency-multiplexed readout
resonators allow measurement of the transmon populations
[39]. In the following, we use the transmon coupled to site 13
[false-colored in blue in Fig. 1(a)] as a quantum emitter,
while the other is kept at its lower sweet spot and does not
participate in the presented experiments (see Supplemental
Material [48]).

We characterize the metamaterial by measuring the
transmission coefficient, |S,;|, while keeping the emitter
far detuned from the transmission band, ®/®, = 0.5. This
measurement reveals a transmission band between 5.088
and 5.93 GHz composed of 21 modes (detected as peaks),
corresponding to the (hybridized) 21 resonators [Fig. 1(b)].
A tight-binding description of the system, assuming iden-
tical resonators of frequency w, and nearest-neighbor
coupling J, predicts a transmission band in the frequency
range [w, —2J,w, + 2J]. Fitting this expression to the
data, we extract w,/2x ~ 5.5 GHz and J/27z ~ 211 MHz.
However, mode spacing and linewidths significantly devi-
ate from the tight-binding prediction, a previously reported
effect [35] that we ascribe to disorder in the resonators.

To characterize the interaction of the emitter with the
metamaterial, we sweep its bare frequency via the flux
applied through the SQUID, ®, and measure its dressed
frequency with two-tone spectroscopy [Fig. 1(c)]. Far from
the photonic band, the data points follow the usual flux
dependence of asymmetric transmons [40]. Near the band
edge, interactions with metamaterial modes cause devia-
tions: the emitter frequency is prevented from entering the
transmission band, signaling the formation of an APBS at
the lower band edge [5] [Fig. 1(c)], and, the frequency of
several modes in the band gets shifted, interpreted as due to
multimode strong coupling in a finite-bandwidth wave-
guide [31] [Fig. 1(d)].

Metamaterial frequencies and their interaction with the
emitter are sensitive to circuit disorder; therefore, an
identical-resonators model cannot quantitatively reproduce
them. To make contact with the spectroscopy data and
model subsequent experiments, we use a model with the
band’s mode frequencies and their individual couplings to
the emitter as free parameters.

This effective model is described by the Hamiltonian

N N
. o
H= § a)najlan+wq(d>)§+ Elgn(ana++af,a_), (1)
prn

n=1

in which @, are the dressed frequencies of the photonic
modes, a, (a}) are their corresponding photon annihilation
(creation) operators, ,(®) is the flux-dependent emitter
frequency, and g, the static couplings between the emitter
and each photonic mode. We truncate the Hamiltonian to
the single-excitation subspace (Supplemental Material
[48]). Additionally, we focus on the first N =9 modes
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from the lower band edge, as the remaining ones do not
show appreciable frequency shift when the emitter fre-
quency is changed [Fig. 1(d)]. Our model reproduces the
spectroscopy data when using mode frequencies extracted
from measurements with the emitter far detuned and best-
fitted coupling strengths g, /27 = 3-25 MHz.

The emitter and the metamaterial interaction gives rise to
an APBS, which consists of a superposition of an emitter-
like and a photonlike excitation, mathematically defined as

N

g,O)—i—Zc,

i=1

a;lg. 0), (2)

|\PAPBS> = Cp04

in which c¢g (c;) is the amplitude coefficient of the
emitterlike (ith photonlike) state, |g, 0) is the ground state
of the composite system, ¢, the ladder operator, and aj the
creation operator [5]. The probability coefficients depend
on the detuning between the emitter and the band.
Therefore, by manipulating w, through ®, we can study
the formation and melting of the APBS between two points,
an emitterlike point, ®;, at which the emitter is away from
the band-edge and the APBS responds as a two-level
system, and a photonlike point, ®;, at which the emitter
is highly hybridized with the photonic band [41] [Fig. 1(c)].

APBS dynamics are explored by transitioning between
these points at different speeds [Fig. 2(a)]. Starting at ®;, we
excite the emitter with a z pulse. Then, we apply a trapezoid-
shaped flux pulse between ®; and ®;,characterized by a rise
time 7,_;0_000 NS, @ hold time 7}y = 0-400 ns, and a fall
time 7¢_1900 Ns. After returning to ®;, we measure the
remaining population in the emitter, P);), as a function of the
time spent in @y for varying 7z, and z; [Fig. 2(b)]. To remove
the effect of decoherence, we interleave each measurement
with a reference taken without the flux pulse, keeping the
time delay constant.

As 7, and 7; decrease, P|;y decreases on average and
oscillates with an increasing number of frequency compo-
nents, as confirmed by a fast-Fourier transform (FFT) of
Py [Fig. 2(c)]. For 7, =7; =200 ns, Py is largely
restored without oscillation. For 7, = 7; = 50 ns, average
Py;y decreases, and reproducible oscillations appear, as
evident from FFT. For even shorter 7, = 7; = 10 ns, P}
decreases further, and more frequency components appear
in the oscillations.

To understand these trends, we solve the time-dependent
Schrodinger equation of the Hamiltonian in Eq. (1), incor-
porating the time-dependent w, from the applied flux pulse
and flux-to-frequency transfer function. Our model quali-
tatively reproduces the observed behavior, with decreasing
population and increasing oscillations as the formation and
melting speeds increase [Figs. 2(d) and 2(e)].

In both the measurement and the simulation, oscillation
frequencies align with differences between the system’s
dressed modes [Figs. 2(c) and 2(e)]. This correspondence
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FIG. 2. APBS formation and melting at different speeds at
w, (®@r) ~ 5.2 GHz. (a) Pulse sequence. (b) Transmon population
vs hold time for 7, = 7y = 10, 50, 200 ns. (c) FFT of (b). Data
shifted vertically for clarity. Dashed lines correspond to the
frequency differences between the modes at ®;. (d),(e) Simu-
lation results for (b),(c).

suggests that the coupling between the APBS and the
metamaterial modes enables a non-zero probability of
population transitions from one mode to the other, by
Landau-Zenner tunneling [42—45]. Therefore, for short
7, /7, the emitter’s excitation gets distributed over several
modes, with beatings in the emitter population due to
quantum interference.

In contrast, for long 7, /7¢, the large Py;y and the lack of
oscillations indicate the population is adiabatically trans-
ferred to the APBS. The threshold for adiabatic transfer
depends on the mode frequencies and their coupling
strength, and it is coarsely estimated from the single-
mode Landau-Zener formula, P, = exp(—2zI'), with
I' = ¢?At/AE, in which AE is the difference between
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the emitter’s initial and final energies, Az the 7., and ¢
coupling between the emitter and each metamaterial mode.
Our estimates show the adiabatic limit is reached for
At = 200-300 ns, matching observations.

However, the model and data show two quantitative
differences. While the model predicts Py =1 for
7, = 7y = 200 ns, the data shows P;y = 0.9. We attribute
this difference to population transfer to a coherent two-level
system with a resonant frequency between w,(®;) and
@,(®¢) (Supplemental Material [48]). Additionally, FFT
peak frequencies and intensities do not exactly match
[Figs. 2(d) and 2(e)], possibly from an incorrect model-
parameter estimate from the spectroscopy data or the
uncorrected flux-line transfer function [46].

The demonstrated dynamic control enables direct access
to the APBS’s photonic component by melting the APBS
following a quench. To do so, we adiabatically prepare the
APBS by exciting the emitter with a z/2 pulse and then
slowly ramping ® between ®; and ®;. 7}, = 40 ns for
stabilization. Then, we quickly ramp ® back to ®;. At the
same time, we record the coherent component, (&), of the
outgoing field from the output port of the metamaterial, for
20 ps [Fig. 3(a)].

The time trace [Fig. 3(b)] is digitally recorded with a 1-
GHz-wide acquisition band centered at 5 GHz. Its FFT
reveals a total of nine prominent peaks [Fig. 3(c)].
Notably, the frequencies of the peaks show a one-to-
one correspondence with the frequencies of the 9 meta-
materials’s lowest-frequency modes [Fig. 1(b)]. We extract
the temporal envelope of the radiation emitted into each
mode by demodulating the time trace at each of the peak
frequencies [selected traces in Fig. 3(d)]. The emission
from each mode decays exponentially with a distinct
decay rate [Fig. 3(e)] (Supplemental Material [48]). As
a general trend, the decay rates are slower near the band
edge and become faster toward the center of the band.
This arises from states near the band edge having a group
velocity that approaches zero, and, therefore, they interact
less with the boundaries of the metamaterial [5,35]
(Supplemental Material [48]). Additionally, a good agree-
ment exists between our values and those predicted by the
tight-binding model [Fig. 3(e)]. We quantify the emitted
photons in each mode by integrating (a,,) and squaring the
result [Fig. 3(f)].

A quench in emitter frequency traps populations in the
prequench instantaneous eigenstates. Subsequently, the
photonic population is converted into propagating photonic
modes in the metamaterial that decay to the output port.
Therefore, we interpret this measurement as a decompo-
sition of the APBS’s photonic part, providing a quantitative
estimate of the relative probability densities in Eq. (2).
Because the multimode emission stems from a single
excitation in the APBS, we expect these modes to be
entangled. However, a detailed study of the mode corre-
lations is reserved for future research.
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FIG. 3. Multimode emission at w,(®;) ~ 5.2 GHz. (a) Pulse
sequence. (b) Time trace of the emitted field. (c) FFT of (b).
Vertical gridlines: metamaterial modes frequencies, extracted from
Fig. 1(d). (d) Demodulated time traces for selected modes with
exponential fits (black lines). (e) Filled circles: emission decay
rates vs mode index, extracted from fits in (d); dashed lines: tight-
binding model predictions. (f) Emitted photons vs mode index.

We further explore the spectrally resolved emission of
the APBS by varying the conditions for its formation. For
different ®; in the adiabatic regime, the emission mirrors
the decomposition of the photonic component of the APBS.
Far from the band, the APBS is in the emitterlike state and
the emission is weak. Once the frequency approaches the
band edge, the APBS becomes more photoniclike, and
emission, mainly from the first mode, increases until it
saturates. The contribution of higher-frequency modes
depends on the specific realization of disorder in the array
and varies nonmonotonically when approaching the band
edge and rapidly increases once within the band with @y
[Fig. 4(a)].

The effect of 7z, near the band edge reveals a transition
from single-mode to multimode emission with a sharp rise
in the contribution of higher-frequency modes as 7,
decreases [Fig. 4(a)]. We interpret this behavior as a direct
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FIG. 4. Emission mode components depending on control
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(a) Emitted photons vs @ for 7, = 300 ns. Salmon: transmission
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(horizontal gray line). (b) Emitted photons vs 7, at w,/27 =
5.06 GHz (inverted x axis). (c),(d) Numerical simulations for

(a),(b).

excitation of propagating modes in the nonadiabatic
regime.

Our model captures the main observed trends [Figs. 4(c)
and 4(d)]. It reproduces the dominant emission from the
lowest-frequency mode in the adiabatic regime [Fig. 4(c)]
and the increased participation of higher-frequency modes
at shorter 7, [Fig. 4(d)]. However, there are quantitative
differences. In the adiabatic regime, close to the band there
are small discrepancies in the emission participation of
higher-frequency modes, and, the model does not repro-
duce the rapid emission rise within the band [Figs. 4(a)
and 4(c)]. In the nonadiabatic regime [Figs. 4(b) and 4(d)],
the model predicts a shift from single-mode to multimode
emission at shorter 7. We ascribe these differences to a
combination of factors. First, the flux line’s transfer
function distorts flux pulses, affecting the speed at which
the metamaterial modes are crossed and driving the system
outside the adiabatic regime, which explains the sharp
increase in participation of higher-frequency modes
[Figs. 4(a) and 4(b)]. Second, measuring undercoupled
edge modes requires higher power, which can shift their
frequencies due to the resonator’s nonlinearity and affect
the model parameters. Lastly, disorder in the array may lead

to uneven couplings to the ports and nonsymmetric spatial
distribution of the propagating modes, affecting the relative
strength of the detected emission These two factors explain
the discrepancies in the nonmonotonic emission [Figs. 4(a)
and 4(c)] (Supplemental Material [48]).

In conclusion, our Letter integrates emitter population
measurements and frequency-resolved radiation detection
to elucidate the dynamic interaction between a quantum
emitter and a metamaterial. The finite coupling of the
emitter to the modes of the metamaterial results in a speed
threshold for adiabatic excitation transfer from the bare
emitter to the APBS. Understanding this threshold is
important for using APBS in quantum simulators, as bound
states have smaller anharmonicities than the bare emitters
they originate from [32,35], making adiabatic-state prepa-
ration potentially more advantageous than direct-pulsed
excitation. In addition, we have directly observed the
melting of an APBS following a quench of the emitter’s
frequency, by detecting its emitted radiation. By resolving
the frequency components of the emitted radiation, we gain
direct access to the spectral decomposition of the APBS
into its photonic components. This method can be applied
to more exotic photonic lattices, multiple bound states
coupled to the same lattice, or multiphoton bound states
beyond the single-excitation subspace.
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