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Quantum spin models are ubiquitous in solid-state physics, but classical simulation of them remains
extremely challenging. Experimental testbed systems with a variety of spin-spin interactions and mea-
surement channels are therefore needed. One promising potential route to such testbeds is provided
by microwave-photon-mediated interactions between superconducting qubits, where native strong light-
matter coupling enables significant interactions even for virtual-photon-mediated processes. In this
approach, the spin-model connectivity is set by the photonic mode structure, rather than the spatial struc-
ture of the qubit. Lattices of coplanar-waveguide (CPW) resonators have been demonstrated to allow
extremely flexible connectivities and can therefore host a huge variety of photon-mediated spin models.
However, large-scale CPW lattices with nontrivial band structures have never before been successfully
combined with superconducting qubits. Here we present the first such device featuring a quasi-1D CPW
lattice with multiple transmon qubits. We demonstrate that superconducting-qubit readout and diagnostic
techniques can be generalized to this highly multimode environment and observe the effective qubit-qubit
interaction mediated by the bands of the resonator lattice. This device completes the toolkit needed to real-
ize CPW lattices with qubits in one or two Euclidean dimensions, or negatively curved hyperbolic space,
and paves the way to driven-dissipative spin models with a large variety of connectivities.

DOI: 10.1103/z9n2-mmmf

I. INTRODUCTION

Quantum spin models underlie a wide variety of solid-
state phenomena from ferromagnetism, to spin glasses,
to parts of the phase diagram of high-temperature super-
conductors [1–3]. Efficient classical simulation algorithms
exist in special types of connectivity, but the general
phenomenology of these systems remains an outstand-
ing grand challenge, particularly when a spin Hamiltonian
is accompanied by drive and dissipation. Implementing
these models in synthetic quantum systems, which offer
access to novel local or dynamical measurements, holds
the potential to provide new insights into this challenge.
Here we present an experimental platform suitable for
implementing spin-spin interactions with a large variety of
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connectivities, spanning from simple 1D chains, to 2D, to
positively curved spherical spin models [4,5], and even to
hyperbolic spin models, by leveraging the flexible connec-
tivity of microwave resonator arrays [6,7]. We demonstrate
integration of transmon qubits without compromising the
versatility of the resonator array, as well as qubit-qubit
interactions mediated by the bands of the array, completing
the experimental toolkit needed to realize two-dimensional
or hyperbolic spin models.

The crucial ingredient underlying the flexibility of this
platform is the use of microwave photons to mediate inter-
actions between effective spin-1/2 degrees of freedom
formed by qubits. Direct qubit-qubit coupling inherently
gives rise to a spin-spin interaction which follows the
geometry of the device. By contrast, using a photon to
mediate coupling allows the geometry of the spin-spin
interaction to be decoupled from the physical locations of
the qubits, and in these cases, the limits on achievable
interactions are set by the ability to control and modify
the propagation of the mediating photon. In the simplest
case, a single-mode cavity mediates an all-to-all interac-
tion between qubits, leading to trivial connectivity. An
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interaction that generates a spin model with nontrivial
connectivity requires the presence of multiple modes in
a bandwidth set by the qubit-photon interaction strength
[5,8–10]. In such cases, the dispersion relation and spatial
profiles of the photon modes determine the interaction
profile.

The circuit-QED platform [11], featuring superconduct-
ing qubits coupled to microwave resonators, is an ideal
host for such models due to the combination of two types
of hardware properties. (i) Superconducting microwave
resonators have very high quality factors and can be imple-
mented in a wide variety of different ways, with highly
variable form factors on chip. As a result of this flexi-
bility, superconducting microwave resonator arrays have
been shown to host linear, quadratic, and flat bands in both
one and two dimensions [4,7,12–18], and non-Euclidean
structures [6]. Flat bands are particularly important since
they quench kinetic energy, permitting interaction-driven
strongly correlated phases to emerge in many-body sys-
tems. Furthermore, beyond their intrinsic interest, many-
body systems on manifolds with spatial curvature enable
experimental access to exotic topological observables.
(ii) Superconducting qubits are frequency tunable and
natively exhibit strong light-matter coupling, which can
easily be adjusted by orders of magnitude. The combina-
tion of these two properties gives unprecedented ability
to tailor the spatial structure of strong qubit-qubit inter-
actions, without the loss in the photon modes significantly
damaging native qubit coherence times.

Multimode cavity-QED models with the potential to
host boson-mediated spin models with nontrivial con-
nectivity have also been studied in atomic systems with
multiple discrete modes [19–34]; or a continuum of modes
from a waveguide [35,36], a photonic crystal [8], or a
Bose-Einstein condensate (BEC) [37–39]; or with Raman
coupling in a single-mode cavity [40]. However, none of
these systems can achieve the large coupling strengths and
the variety of connectivities possible in superconducting
microwave circuits.

Previous multimode QED and waveguide QED experi-
ments with superconducting circuits have used modulated
waveguides [9,41], simple one-dimensional chains of res-
onators [14–16,18,42], or 2D Hofstadter lattices [43,44]. In
these cases, the attainable dispersion relations and spatial
profiles of the photon modes have been limited by either
the simplicity of the waveguide chain or the rigid form
factor of the 3D cavities. In contrast, coplanar-waveguide
(CPW) resonators [45] can form resonator arrays
[4,12,13,46] with low-disorder [13] and highly flexible
connectivities [6,7]. It has been demonstrated that this
technique can produce lattices in which the photons prop-
agate in an effective negatively curved hyperbolic space
[6], and it has been shown theoretically that the photon-
mediated qubit-qubit interaction that a hyperbolic CPW
lattice would produce also follows the hyperbolic metric

[5]. In general, CPW resonator lattices also have a strong
tendency to produce flat bands that consist entirely of
wave functions which flip sign on neighboring sites [6,7],
and which can therefore give rise to short-range frustrated
magnetic interaction between qubits. However, previous
experimental studies of coplanar-waveguide arrays have
either been limited to simple 1D chains with many qubits
but large disorder [47] or higher-dimensional connectivity
and low disorder but no qubits [6,12,13].

Here we present the first CPW lattice device fea-
turing both a large-scale low-disorder resonator array
with nontrivial band structure and multiple superconduct-
ing qubits. Our device features a Euclidean quasi-one-
dimensional microwave resonator lattice with a nontriv-
ial unit cell, which gives rise to conventional quadratic
bands, linearly dispersing bands, and flat bands with
localized eigenstates. We incorporate three flux-tunable
transmon qubits directly into the CPW lattice and show
that the low-disorder microwave resonator array survives
the addition of the qubits and their associated flux-bias
control.

We demonstrate that conventional superconducting-
qubit readout and diagnostic techniques [11], though origi-
nally developed for single-mode systems, can be applied
in this highly multimode environment and can be used
to observe the effective qubit-qubit interaction mediated
by the bands of the resonator lattice. Additionally, we
extend prior nonlinear spectroscopy techniques in super-
conducting circuits, such as Kerr spectroscopy [48,49] and
qubit two-tone spectroscopy [11], to implement reliable
in-situ measurements of the mode spectrum of the CPW
lattice. The technique, which we term mode-mode spec-
troscopy, leverages the presence of qubits to suppress the
effects of background modes and does not require two-port
transmission of all modes, enabling observation of local-
ized modes as well as delocalized ones. Previous related
techniques were either extremely time-consuming [13] or
highly sensitive to the location of probe ports and unable
to distinguish lattice modes from some types of parasitic
modes induced by device packaging [6]. The device and
measurement techniques presented here pave the way to
CPW-lattice-based spin models with frustrated, 2D, and
even hyperbolic connectivity.

The remainder of the manuscript is organized as follows.
Section II provides the theoretical description for a general
multimode cavity-QED system. Section III then introduces
the more specific case of transmon qubits coupled to a
CPW lattice. Section IV introduces the band structure
of our chosen quasi-one-dimensional lattice and shows
how the device is implemented using superconducting-
circuit hardware. In Sec. V we present characterization of
the mode spectrum of the device, both through standard
transmission spectroscopy and via our newly developed
measurement technique. Lastly, Sec. VI demonstrates the
application of standard qubit readout in a CPW lattice and
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shows a tunable qubit-qubit interaction mediated by the
photonic modes of the resonator lattice.

II. BACKGROUND

Traditional cavity QED describes an interaction
between a single qubit/atom/spin and a single photon
mode. Extensions to a continuum of photon modes have
been studied in the context of emitters coupled to a waveg-
uide, known as waveguide QED [35,36]. CPW lattices
produce a large number of discrete modes which approx-
imate the continuous density of states of the bands of an
infinite lattice. These systems therefore approximate the
full continuum of waveguide QED. To simplify the lan-
guage and highlight the commonalities between different
ways of creating multimode systems, we refer to all sys-
tems in which an effective continuum of highly coupled
modes with a dispersion relation is relevant to form-
ing photon-mediated interactions as (generalized) photonic
crystal and waveguide QED systems. In the remainder of
this section, we present a general framework for describing
multimode QED devices of this kind with multiple qubits.
Characteristics of these models which are specific to super-
conducting circuits and CPW resonators, in particular, will
be discussed in Sec. III.

A. Cavity and waveguide QED

The simplest Hamiltonian for a cavity-qubit coupled
system is known as the Jaynes-Cummings Hamiltonian
[50–52],

HJC = 1
2
�ωqσz + �ωc(a†a + 1/2)+ �(g∗σ+a + gσ−a†),

(1)

where ωq is the qubit (atomic) transition frequency, ωc is
the cavity frequency, and g is the light-matter interaction
strength. The properties of such a system are controlled
by the interplay between the coherent coupling g and the
native decay rates of the system: γ , the qubit decay rate,
and κ , the cavity decay rate.

In this work we consider systems where the waveguide
is formed by a resonator network. We therefore present
the general discrete-mode case of waveguide QED here,
but extension to a full continuum is straightforward [53].
In this framework the qubit and cavity portions of the
Hamiltonian become

Hqubit =
∑

j

�ωj

2
σj ,z (2)

and

Hphoton =
∑

k

�ωka†
kak, (3)

where σj ,z andωj denote the Pauli z operator and frequency
of the j th qubit, respectively, and we label the independent
photon modes by a quantum number k. The label k indi-
cates the momentum of the photon mode, but in general,
this quantum number may also contain additional informa-
tion such as a band index and may refer to a standing wave
mode with momentum k, rather than an ideal plane-wave
solution.

The Jaynes-Cummings interaction term generalizes to

Hint =
∑

k,j

�

(
g∗

j ,ka†
kσj ,− + gj ,kakσj ,+

)
, (4)

where the spatial structure of the photon modes and the
location of the qubit are encoded in the values of the mode-
dependent coupling constants gj ,k. For a delta-function-
like atom gj ,k has a simple form, namely the product
of an overall coupling rate g0 and the wave function of
the photonic mode ψk evaluated at the location of the
qubit: gj ,k = g0 ψk(xj ). With this form of the coupling the
interaction simplifies to

Hint = �g0

∑

k,j

(
ψ∗

k (xj )a
†
kσj ,− + h.c.

)
. (5)

Any process which is second order in this Hamiltonian will
give rise to an exchange interaction between qubits medi-
ated by emission and reabsorption of photons. If the qubits
couple resonantly to photon modes, then the qubits will
directly inherit the “flying” character of photons and the
qubit lifetime will generally decrease. On the other hand,
if the photon modes are strongly coupled to the qubit but
off-resonant, then direct hybridization is minimized and
the photons mediating the exchange interaction will be
virtual. This regime allows a significant photon-mediated
qubit-qubit interaction without an immediate loss in qubit
coherence. However, this involves creating a multimode
photonic system with frequency regions in which there are
no photon modes, known as photonic band gaps.

B. Photon bound states and photon-mediated
interactions

Photonic band gaps [54] are typically created through
some form of periodic modulation of the medium. One
type of device architecture involves periodic modulation
of the index of refraction, for the case of optical pho-
tons [55], or the impedance [9,41], for microwave photons,
and generally has a full continuum of delocalized modes.
Another class of devices instead uses periodic arrays of
localized sites such as optical or microwave resonators
[4,6,13–15,17,18,43,44,56]. In these devices, the photonic
modes are delocalized only by the coupling between the
sites and can be thought of as akin to tight-binding models
of solids [1]. The device presented in this work is chosen
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to be of the latter kind because the tight localization of
the mode in the individual resonators leads to separation
between the hardware properties that set the on-site energy
and the properties that control the coupling, or hopping,
between sites.

In the context of photonic band gaps, photon-mediated
qubit-qubit interactions are often described as arising from
the formation of photonic bound states [8,54,57]. These
are localized modes with photonic character which emerge
even if all of the photon modes are delocalized in the
absence of coupling to the qubit. If the qubit is in the band
gap, there is an intuitive picture of the formation of the
bound state in which the qubit hybridizes with the photon
modes and acquires a cloud of virtual photons surround-
ing it. In the conventional case, where the dispersion of
the photon modes above the band edge is quadratic (ωk =
ωedge + βk2) and the coupling constants gj ,k are approxi-
mately equal, this photon cloud is known to take the form
of an exponentially localized envelope, e−|x|/L [8,54,57],
where |x| is the distance from the qubit, and where the
localization length L is determined by both the band cur-
vature β, and the detuning between the qubit and the band
edge. The simple picture of the photonic bound state being
a cloud of virtual photons surrounding a qubit is valid only
for a qubit well inside the band gap. However, an exact
solution of similar form exists at any detuning from an
ideal quadratic band edge and has been derived in Refs.
[9,41,54,57]. If two qubits are coupled to the band edge,
then interactions between them can be thought of as arising
from the tail of the photonic bound state localized around
one qubit driving transitions in the other qubit. Hence, the
spatial structure of the photonic bound state dictates the
spatial structure of the interaction.

Alternatively, the photon-mediated qubit-qubit inter-
actions can be modeled directly as a photon-exchange
process [5,8,9], as described in Sec. II A. For arbitrary
detunings, the frequency of the photonic bound state and
the resulting interaction between the j th qubit and the lth
qubit must be found self-consistently [5,9,57]. However, if
both qubits are in the band gap, then second-order pertur-
bation theory can be used to obtain a simple form valid for
any dispersion

Hj ,� = �σj ,−σ�,+
1
N

∑

k

g2
0

	k
ψk

(
xj

)
ψ∗

k (x�)+ h.c., (6)

where σj ,− and σj ,+ indicate lowering and raising operators
on the j th qubit and 	k is the detuning between the qubits
and mode k (assumed to be approximately equal for the
two qubits). A quadratic band edge in a one-dimensional
set of modes gives a simple exponential interaction, but
this can be changed by going to higher dimensions, non-
quadratic dispersions [58], or non-plane-wave modes.

III. PHOTONIC CRYSTALS IN CIRCUIT QED

Since the form of the qubit-qubit interaction mediated
by a photonic bound state is determined by the disper-
sion and mode functions of the band, creating spin models
with a large variety of connectivities requires the ability to
engineer diverse band structures with strong qubit-photon
coupling. In this section we describe the hardware aspects
of CPW lattices that make them ideally suited to this
task, as well as the measurement techniques native to this
microwave-frequency implementation of waveguide QED.
We emphasize that the methods developed for single-mode
circuit QED [11] can be generalized to a full toolkit for
design, characterization, and measurement of multimode
waveguide-QED devices made with CPW resonators.

A. Transmon qubits and readout

The transmon is the most common superconducting
qubit currently in use [11,59]. It consists of an anharmonic
oscillator formed by a capacitor and a Josephson junction
in parallel. The nonlinearity of the Josephson junction [60]
introduces a negative anharmonicity, which results in the
|0〉 → |1〉 transition frequency of the transmon, ωq, being
higher in energy than all other transitions, allowing the
transmon to be treated as an effective two-level system. If
the single Josephson junction is replaced with a DC super-
conducting quantum interference device (SQUID) [60],
the transition frequency of the transmon becomes tunable
in situ via applied magnetic flux. Unlike atomic systems,
which can typically only be tuned a few tens of MHz
with external magnetic fields, the transition frequency of
a transmon can be varied over many GHz. The transmons
featured in this work have a tuning range of approximately
2.5–10 GHz, allowing them to be tuned into proximity with
all of the modes in the photonic crystal.

Because of the low transition frequencies of transmon
qubits, they cannot be read out via fluorescence or pho-
ton absorption, as would be standard for an atomic qubit.
Instead, standard practice is to exploit off-resonant cou-
pling to a microwave resonator with frequency ωr to
perform readout [11]. In the dispersive regime, where
|ωq − ωr| � g, and approximating the transmon as a two-
level system, the effective Hamiltonian takes the form

Hdispersive = �

(
ωr + g2

	
σz

)
a†a + �

2
ω′

qσz, (7)

where 	 = ωq − ωr and ω′
q = ωq + g2/	 are the Lamb-

shifted qubit frequency. Crucially, the term g2σza†a/	
constitutes a qubit-state-dependent frequency shift of the
resonator, known as the dispersive shift. For a more
detailed description of corrections to the magnitude of the
dispersive shift due to higher energy levels of the trans-
mon, see Ref. [11]. Due to the native separation of energy
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scales between the coherent coupling strength g of a trans-
mon and the native decay rates, transmons can easily reach
the so-called strong dispersive regime in which the dis-
persive shift is comparable to or exceeds the resonator
linewidth κ . In this regime, the amplitude and phase of
a monitor tone impinging on the resonator are strongly
affected by the state of the qubit, and, as a result, homo-
dyne or heterodyne measurements of this microwave tone
yield QND measurements of the qubit state [11].

Many geometries of resonator have been used in con-
junction with transmons; however, in this work we con-
centrate only on the case of capacitive coupling to CPW
resonators [45], because these resonators have the demon-
strated capability to implement a large variety of uncon-
ventional band structures [6,7]. These systems routinely
display g/2π ’s in the range of 50–300 MHz for single
CPW resonators. In the case of an array of CPW res-
onators, such as the photonic crystal studied in this paper,
the natural photonic degrees of freedom are normal modes,
rather than individual cavity modes. In an array of N res-
onators, a typical normal mode will be delocalized over
the entire device, and due to the N -fold increase in the
mode volume over that of a single isolated resonator, the
light-matter coupling will become gnorm ∼ g0/

√
N , where

g0 is the coupling between the qubit and the particular
resonator in which it is located. Therefore, a CPW array
with O(50–100) resonators can still have dispersive shifts
which are an appreciable fraction of a MHz at a detuning
of a GHz. Hence, the dispersive readout techniques which
are normally used on transmon qubits in single-mode res-
onators can also be applied in resonator-array photonic
crystal systems, using the normal modes.

B. Coplanar-waveguide lattices

Since superconducting microwave resonators can be
defined lithographically with low disorder and high quality
factors [13,14], it is relatively straightforward to produce
large resonator arrays with 50 or more sites [6,12,14,15,
47], and there are many different resonator geometries to
choose from when designing an array, each with different
advantages or disadvantages. Lumped-element resonators,
for example, are extremely compact [14,15], which is
favorable for large-scale arrays.

In this work, we concentrate solely on the case of CPW
resonator arrays because they have a series of properties
which are ideal for creating novel waveguide QED sys-
tems: first, they are known to be fabricable at large scale
with low disorder [12,13]; second, the frequency and effec-
tive hopping rate of a CPW resonator is insensitive to the
shape of the resonator [6]; and third, their one-dimensional
nature and compatibility with three-way couplers leads to
photonic band structures which host quadratic bands, Dirac
cones, and flat bands [6,7].

Flat bands, which are highly unusual in naturally occur-
ring band structures, are ubiquitous in CPW lattices
because the individual lattice sites are one-dimensional
line-like objects which connect at their end points, rather
than point-like objects. As a result, the lattices produced
correspond to a special class of graphs known as line
graphs [6,7], which are generalizations of the kagome lat-
tice. Every line graph originates from an underlying root
graph, for example, the kagome lattice is the line graph
of graphene, and all the properties of the line graph can
be derived from the underlying root graph [7]. The map-
ping from the root band structure to the line-graph band
structure for both symmetric and asymmetric on-site wave-
functions was worked out in Ref. [7], and both cases are
guaranteed to have flat bands.

The insensitivity of CPW resonator frequencies and
hopping rates to resonator shape allows the design of CPW
lattices to be extremely flexible, making it possible for
CPW arrays to realize resonator packings which do not
obey the conventional rules of two-dimensional crystal-
lography, making it possible to realize lattices in effective
curved spaces [6] or giving the flexibility to fit a chosen
lattice into a standard chip package. For example, a quasi-
one-dimensional lattice with translation symmetry only in
one direction, such as the one we study here (and discuss
in detail in Sec. IV), would require a very long rectangu-
lar chip if made using CPW resonators of uniform size and
shape. However, as shown in Fig. 2, it can be fabricated
on a square chip by using a switchback pattern of unit
cells, and the individual unit cells can be made compact
by making use of resonators of different shapes.

In the remainder of this section, we briefly summa-
rize the theory underlying CPW resonator lattices. A more
detailed description can be found in Appendix A. An iso-
lated CPW resonator of length L bounded by capacitors
has cosinusoidal standing-wave eigenmodes with antin-
odes at both ends of the resonator. The corresponding
mode functions are

�̄μ(x) ∝ cos
(μπx

L

)
, (8)

with one end of the resonator taken to be at x = 0 for sim-
plicity. The integer μ labels the different harmonics of a
single resonator, with the lowest-frequency, fundamental
mode corresponding to μ = 1. This antisymmetric funda-
mental mode, with opposite values of �̄ at each end of the
resonator, satisfies L = λ/2 and is thus known as the half-
wave mode. The second-harmonic mode, corresponding to
μ = 2, is symmetric and occurs at twice the frequency
of the half-wave mode. It satisfies L = λ and is known
as the full-wave mode. A capacitively coupled transmon
at the end of the resonator couples to an antinode of all
modes μ, and the strength of the qubit-mode coupling, gμ,
scales as √

ωμωq, increasing with higher mode numbers
(see Appendix A 4 for details).
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The resonators in the CPW lattice presented in this work
are butt-coupled through three-way coupling capacitors,
previously developed in Refs. [4,6,12,13], where the cen-
ter pin of three resonators end in close proximity to one
another. The capacitance between neighboring resonators,
Cc, introduces a coupling term to the Hamiltonian, and the
resultant CPW lattice can be well described as an effective
photonic tight-binding model of the form [46,61]

Hμ =
∑

n

�ωμa†
nan −

∑

〈n,n′〉
�t(μ)n,n′a†

nan′ . (9)

Here, ωμ is the resonant frequency of a single resonator,
〈n, n′〉 indicates neighboring resonators that share a cou-
pler, and t(μ)n,n′ is the effective hopping between those
resonators.

The sign of the hopping in CPW lattices is generally
unusual, with long-wavelength normal modes occurring at
high energy and short-wavelength modes occurring at low
energy [7,13,46], for example, the kagome-like flat-band
induced by the line-graph structure is always at the bot-
tom of the spectrum [7]. One way to understand this is
that in the standard black-box quantization circuit picture,
the coupling capacitor is equivalent to a modulation in the
kinetic energy or the effective mass, rather than a potential
energy barrier (see Ref. [61]).

The sign of t(μ)n,n′ depends on the sign of the mode func-
tion at the end of the resonators [7,46] (see Appendix A 2).
For the full-wave modes, which are symmetric, t(2)n,n′ is uni-
formly negative, which we denote by t2. For the half-wave
modes, which are antisymmetric, t(1)n,n′ can have mixed sign.
For analogy with the full-wave modes, we define an over-
all hopping parameter t1 = −

∣∣∣t(1)n,n′
∣∣∣. The strength of the

hopping parameter increases with μ and is given by

tμ ≈ − 1
π
ω1ωμCcZ0, (10)

where Z0 is the characteristic impedance of the resonator.
Remarkably, Ref. [7] showed that for the symmetric

three-way couplers utilized to make the CPW lattice pre-
sented in Sec. IV, the two resulting band structures formed
by H1 and H2 both exhibit flat bands at ωμ − 2|tμ|, and the
remaining bands are related by a band inversion.

For the values of tμ/ωμ achieved by the device
presented here, corrections to the simple tight-binding
description in Eq. (9) begin to become relevant. A com-
plete description of CPW lattices includes corrections that
extend beyond the simple tight-binding model introduced
in Eq. (9). In this work, we account for these corrections
with a first-order perturbative approximation that the hop-
ping rate is proportional to the normal-mode frequency
instead of the bare resonator frequency, which is described
fully in Appendix A 3. This correction compresses bands

that appear below ωμ and stretches bands that appear
above ωμ.

IV. DEVICE DESIGN

The CPW resonator lattice platform can host a wide
range of potential connectivities, with the associated band
structures setting the geometric dependence of the qubit-
qubit interactions. Unlike previous experiments [9] which
looked only at simple 1D chains and quadratic band edges
which give rise to exponentially localized qubit-qubit
interactions, CPW lattices natively host quadratic, linear,
and flat bands, and a much larger variety of interactions.
The line-graph flat bands produced in these lattices con-
sist entirely of oscillatory states which flip sign between
neighboring sites [7]. The combination of the oscillatory
photonic wave functions and the triangular plaquettes of
the lattice can lead to a short-range frustrated magnetic
interaction. Similar results have been shown theoretically
for a 1D sawtooth lattice [10], but CPW lattices pro-
vide a route to extending this type of behavior to 2D and
non-Euclidean cases.

To demonstrate the power of the CPW lattice platform,
we implement a simple quasi-1D lattice with a wide vari-
ety of bands including both quadratic and linear bands, as
well as gapped and ungapped flat bands. The combination
of nontrivial connectivity within the unit cell, which gives
rise to this large variety of bands, with the favorable bulk-
boundary ratio and side access found in a lattice with 1D
translation symmetry makes this an ideal first test case for
multimode QED systems which combine CPW lattices and
transmon qubits. In the following section we describe in
detail the two band structures of our target quasi-1D lat-
tice, which arise from the half-wave and full-wave modes
of the CPW resonator. We then show how this lattice can
be realized physically and how transmon qubits are incor-
porated into the design without introducing large on-site
disorder.

A. Quasi 1D lattice with gapped flat bands

Our quasi-1D lattice consists of rhombus-shaped unit
cells arranged in a 1D chain. Four unit cells of our
target lattice are depicted in Fig. 1(a). All lattice sites
have equal resonant frequencies (on-site energies), and
all nearest-neighbor pairs have equal hopping strengths,
up to experimental disorder [12]. By utilizing resonators
with different shapes and harnessing the flexible properties
of the CPW resonator, this quasi-1D pattern can be pro-
duced on a square chip while ensuring that each resonator
has the same frequency and preserving the 1D translation
symmetry.

The band structure that arises from the coupled half-
wave modes is shown in Fig. 1(b). There are two distinct
sets of bands present; the higher set features a linear band
crossing with a flat band in the middle while the lower set
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(a)

(b) (c)

FIG. 1. Target lattice and its band structures. (a) The target
quasi-1D lattice overlaid on top of the resonator chain which gen-
erates it. The lattice sites are indicated in gold with dark blue
lines indicating nearest-neighbor connections. The coplanar-
waveguide resonator that produces a lattice site is indicated by
a light blue line in the background. (b) and (c) Tight-binding cal-
culation of the photonic bands for the half-wave and full-wave
modes of the lattice, respectively, without frequency-dependent
corrections. The energy of an uncoupled resonator mode is set to
zero, and the bands are plotted in units of the hopping strength
|tμ|. Each set of modes features two sets of flat bands (one dou-
bly degenerate), 3 bands with conventional quadratic band edges,
and one set of linear band crossings (a one-dimensional version
of a Dirac cone).

features a dispersive band with a quadratic band edge that
touches two degenerate flat bands. The model of the band
structure depicted here represents a diagonalization of the
tight-binding Hamiltonian in Eq. (9) without taking into
account the frequency-dependent hopping correction from
Appendix A 3.

As the sign of the hopping parameters depends on the
parity of the mode function [Eq. (8)], the full-wave modes
of this lattice have their own separate band structure [7],
depicted in Fig. 1(c). The highest band is an isolated
dispersive band with a quadratic band edge and the mid-
dle set of bands has another linear band crossing around
a flat band. Lastly, the lowest bands are two doubly-
degenerate gapped flat bands. Such gapped flat bands are
extremely rare in general lattices but common in CPW
lattices, where they arise from non-bipartite resonator
connectivity [6,7].

Higher harmonics of the CPW, beyond the half-wave
and full-wave modes, produce their own band structures,
but these modes all have odd or even parities that match
either the half-wave or full-wave mode functions. Thus,

the only manner in which their resultant band structures
differ is in the magnitude of their hopping parameters.
Furthermore, the maximum frequency of the tunable trans-
mons in our devices does not approach these higher energy
bands.

B. Hardware implementation

The device is fabricated on a 25.4 × 25.4 mm2 sapphire
wafer. The CPW resonator lattice is then patterned on by
using photolithography on a 200 nm film of superconduct-
ing tantalum. The device after photolithography is shown
in Fig. 2(a) and the computer-aided design (CAD) used
during the fabrication process is displayed in Fig. 2(b).
The device consists of nine unit cells of the quasi-1D lat-
tice described in Sec. IV A. The starting and ending unit
cells are connected to input and output ports through which
the device can be probed at microwave frequencies. (See
Appendix D for details.) Each unit cell consists of six CPW
resonators, highlighted in red in Fig. 2(b). The resonators
in the lattice are butt coupled using three-way capaci-
tors [6,13]. To maintain uniform hopping, the coupling
capacitors all have 120◦ rotation symmetry, regardless of
the orientation of the resonators, see Fig. 10 for a more
zoomed-in view. Figure 2(c) shows an overlay of the lat-
tice structure from Fig. 1(a) on top of a CAD image of the
device to illustrate how the coupling scheme of the target
lattice is physically realized by the hardware. The lattice
is laid out in an s-curve shape in order to accomodate a
long 1D lattice on a square chip and uses four different
resonator shapes to optimize packing density. This pro-
cess of combining resonators with different form factors
to produce a single lattice with equivalent sites, while in
principle avoidable in this case, is intrinsically necessary
for realizing fully general devices, such as non-Euclidean
lattices, on chip.

Unlike previous realizations of CPW lattices [6,12,13],
this device incorporates transmon qubits into the resonator
array. The design includes on-chip flux bias lines for up to
four transmons capacitively coupled to lattice sites, three
of which survived the fabrication process. The locations of
the three transmons are highlighted in yellow in Fig. 2(b).
We label the qubits as Q1, Q2, and Q3 from right to
left. Each qubit has a corresponding on-chip flux bias line
routed to it, colored orange in Fig. 2(b). DC current is
applied via these lines to change the magnetic flux through
the SQUID loops in the qubits, tuning their frequencies.
The CAD for these flux-tunable transmons is shown in
Fig. 2(d). The tantalum capacitor paddles, depicted in dark
blue and yellow, are defined using photolithography, along
with the CPWs.

The pocket in the ground plane needed to accommodate
the transmon capacitor constitutes a significant perturba-
tion to the host resonator, and would, if uncompensated,
create a systematic on-site potential in sites which contain
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(a) (b) (c) (d)

FIG. 2. Device design. (a) Photograph of the device after the photolithography stage. Dark regions are tantalum, and white regions
are the underlying 25.4 × 25.4 mm2 sapphire substrate. (b) Computer-aided design of the lattice device with color coding to illustrate
different aspects of the design. The resonators forming the lattice are shown in black, with the exception of the central unit cell, which
is highlighted in red. Input/output ports in the lower left and upper right of the device allow microwave transmission measurements.
The locations of the three qubits are highlighted by the tan squares, and the associated on-chip flux bias lines, which allow independent
frequency control of the qubits, are shown in orange. A fourth flux bias line (gray) is unused. The qubits are referred to as Q1, Q2,
and Q3 from right to left. Transmon qubits, with the design shown in (d), are incorporated into the lattice using pockets opened in
the side of the coplanar waveguide shown in pink. To mitigate disorder, the capacitor paddles of a transmon are included in all 54
resonators, but the Josephson junctions needed to complete the transmons are only included at the three highlighted sites. (c) Effective
tight-binding model describing photons in the device overlaid on the resonator network. (d) Computer-aided design of the transmon
qubit. The capacitor is digitated (yellow and dark blue regions), and the e-beam lithography pattern for the Josephson junctions is
shown in red. The transmon is sandwiched between the center pin of the resonator just to its left (light blue) and its associated flux-bias
line, the end of which can be seen in the lower right.

a qubit. Therefore, the capacitor paddles of a transmon are
included in all 54 resonators.

In contrast, the SQUID loop [shown in red in Fig. 2(d)]
which completes the transmon is included only in the high-
lighted sites. The SQUID and its constituent Al/Al2O3/Al
Josephson junctions are written using electron-beam
lithography and deposited using double-angle evaporation
with in-situ oxidization. More detailed information on the
fabrication process is presented in Appendix H.

V. CHARACTERIZATION OF THE PHOTONIC
BANDS

In this section, we show how the modes of the res-
onator lattice can be located and characterized in situ using
a combination of standard transmission spectroscopy and
nonlinear mode-mode spectroscopy.

A. Transmission measurements

The primary method for characterizing the photonic
modes of the lattice is direct measurement of the trans-
mission of microwave signals through the device ver-
sus frequency. In this method, the energy bands appear
as frequency regions that are densely populated with
high-quality-factor resonances. By comparing transmis-
sion spectroscopy of the bands with the structure of

the target lattice, we confirm that the lattice maintains
its mode structure in the presence of the incorporated
qubits. Additionally, when the frequency of a qubit is
tuned through the bands, the resonances that shift in
response differentiate the true lattice modes from para-
sitic modes in the packaging that share negligible cou-
pling with the qubits. These characterization techniques
are utilized for the half-wave modes (at ∼5 GHz) and the
full-wave modes (at ∼10 GHz) to demonstrate that their
band structures are consistent with Figs. 1(b) and 1(c),
respectively.

A full transmission spectroscopy characterization of the
half-wave bands is shown in Fig. 3(a). Using the on-chip
flux bias lines, the frequency of Q3 is swept from above
the half-wave modes to its frequency minimum at half flux
and back again, while the other two qubits, Q1 and Q2, are
held at a fixed frequency near 10 GHz, far detuned from the
half-wave modes. A transmission measurement is taken at
each bias point to monitor how the features respond to
the passage of the qubit. Both times that Q3 crosses the
half-wave bands, it leaves a trail of avoided crossings with
the photonic modes while extraneous packaging modes are
unaffected. Comparing transmission spectroscopy of the
half-wave modes with the predicted band structure from
Fig. 1(b), the lower set of bands lies between ∼4.81 and
∼4.84 GHz while the higher set of bands lies between
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∼4.89 and ∼5.04 GHz, with the two sets separated by a
band gap that is roughly 50 MHz wide. Equivalent trans-
mission scans for all three qubits are shown in Fig. 6 in
Appendix B. All three qubits show clear avoided crossings
with modes in these two regions, although the coupling
strengths to each individual lattice mode vary due to the
different locations of the three qubits in the lattice.

The transmission spectrum at the full-wave modes,
shown in Fig. 4(a), has two qualitative differences that
distinguish it from the region near the half-wave modes.
First, the peak frequency of Q3 at zero flux lies within
the full-wave bands. Conveniently, this results in Q3 being
insensitive to flux while crossing the bands, a feature
which facilitates observation of photonic bound states in
the band gap through two-tone spectroscopy, which will
be discussed in Sec. VI A. The second qualitative differ-
ence is the higher density of parasitic modes in the region.
Leakage through these modes produces a large broadband
transmission signal, and for many of the full-wave modes,
this leakage signal interferes with the transmission through
the actual lattice, resulting in Fano-like resonances instead
of the standard Lorentzian response. This is most clearly
visible for the modes around 9.8 GHz. However, as the pri-
mary method for determining if a mode is part of the lattice
relies on observing its response to the qubit, this change to
the line shape does not hinder the process of categorizing
the modes.

Comparing the photonic modes from the transmission
spectroscopy in Fig. 4(a) to the predicted band struc-
ture from Fig. 1(c), the middle three bands [purple, navy,
and gold in Fig. 1(c)], which lie between 9.6 and 9.9
GHz, are most clearly visible. The remaining bands, the
doubly-degenerate gapped flat band and the highest energy
dispersive band, are difficult to locate in transmission due
to their low coupling to the input and output ports of the
device. With the appropriate power settings and a high
frequency resolution, it is possible to view some of the
modes in these bands in transmission (see Appendix B),
but the bands can be much more cleanly visualized using
a nonlinear measurement technique that we term mode-
mode spectroscopy, and which will be described in detail
in Sec. V B.

The well-resolved avoided crossings between Q3 and
the photonic energy bands in Figs. 3(a) and 4(a) indicate
that the device has achieved strong qubit-mode coupling,
despite the fact that the photonic modes are spatially
extended throughout the lattice instead of confined to a sin-
gle resonator. In conventional circuit-QED devices, qubit
readout relies on two-tone spectroscopy to measure the
response of a single-mode cavity to the qubit state [11].
(See Appendix C for details.) One consequence of the
strong qubit-normal-mode coupling observed here is that
two-tone spectroscopy of Q3 can be carried out in this
multi-mode environment using modes that display a large
response to the qubit frequency.

For example, from Fig. 3(a), the mode near 4.99 GHz
exhibits a significant frequency shift in response to the
proximity of Q3 and functions well as a monitor mode.
Viable monitor modes for performing two-tone spec-
troscopy on Q1 and Q2 are determined from the transmis-
sion scans in Appendix B.

B. Mode-mode spectroscopy

While transmission spectroscopy provides crucial
insights about the photonic modes of the lattice, under-
coupled modes that do not couple efficiently to both the
input and output ports of the device are absent from the
transmission spectrum. The most dramatic examples of
this absence are the doubly-degenerate gapped flat bands
of the full-wave modes, where the modes are localized and
nearly invisible in transmission. As a result, it is difficult
to compare transmission measurements with quantitative
models of the target lattice and extract experimental val-
ues for the hopping and band centers. In this section, we
present a nonlinear spectroscopic measurement technique
for probing the lattice modes, that we refer to as mode-
mode spectroscopy, which is independent of the coupling
between the output port and the mode, allowing for better
comparison with theoretical predictions.

In essence, mode-mode spectroscopy is an implementa-
tion of continuous-wave two-tone spectroscopy, a standard
circuit QED measurement technique for locating qubit
transitions (see Appendix C), but modified to detect other
lattice modes. The technique is an extension of Kerr spec-
troscopy for superconducting circuits, as performed in
Refs. [48,49], but using a stronger pump power to pro-
duce large, qualitative responses in order to detect the
presence or absence of modes rather than using a weaker
pump power to observe the smaller, more quantitative Kerr
shift. In mode-mode spectroscopy, the transmission of a
microwave signal through one photonic mode of the lattice
(referred to as the monitor mode) is recorded while the fre-
quency of a second pump tone is swept over the remainder
of the modes. The transmons coupled to the resonator array
add an element of nonlinearity to the normal modes of the
lattice. Therefore, when the drive tone is brought into reso-
nance with one of the other photonic modes, the frequency
of the monitor mode shifts. At low drive powers, there is
a weak frequency response that originates from Kerr non-
linearity [48,49,62]. Mode-mode spectroscopy utilizes the
high-power regime, in which a drive tone near resonance
with a lattice mode “ionizes” the transmons by driving
them from their ground states to one of their higher energy
levels through a multiphoton process, resulting in a much
larger response, maximizing the number of visible modes
(see Appendix F for details) [63,64].

Mode-mode spectroscopy scans of the half-wave and
full-wave bands are displayed in Figs. 3(b) and 4(b),
respectively. Both datasets were collected using the mode
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(a)

(b)

(c)
Dispersive band
Flat band

FIG. 3. Half-wave characterization. (a) Microwave transmission through the lattice as a function of flux applied to Q3, while the
other two qubits are far detuned from the bands. The qubit Q3 is tuned through the half-wave modes to its frequency minimum at half
flux (φ0 = 0.5), creating a series of avoided crossings. (b) Nonlinear mode-mode spectroscopy of the half-wave modes, taken with
all three qubits far detuned from the bands. Because this measurement relies on coupling to the qubits, it is insensitive to any weakly
coupled parasitic modes in the device packaging. As a result, the band gap and two sets of bands are more clearly visible here than in
the transmission data. (c) Expected density of states from the band structure of an infinite lattice and empirically determined values of
the hopping parameter (|t1|/2π = 40 MHz) and band center (ω1/2π = 4.889 GHz). Dispersive bands are shown in light blue, and the
flat bands in dark blue. The full height of the flat-band peaks is well above the scale shown here. The two regions in which avoided
crossings are visible in (a) correspond to the two frequency regions with non-zero density of states, and the mode-mode spectroscopy
shown in (b) is in good agreement with the theoretical density of states.

at ∼4.96 GHz as a monitor and with the frequencies of the
three qubits tuned to between 6 and 8 GHz, though mode-
mode spectroscopy measurements are generally insensitive
to qubit frequency.

Mode-mode spectroscopy has two key properties that
provide an advantage over standard transmission. First,
mode-mode spectroscopy is sensitive only to modes which
couple reasonably strongly to one of the qubits. Parasitic
packaging modes common in transmission measurements
typically have a much larger mode volume than the CPW
modes of the lattice and therefore couple much more
weakly to the transmons. This, combined with their rela-
tively low quality factors (and thus peak resonant powers),
means that package modes generally do not show up in
mode-mode spectroscopy, making the technique incredibly
background free. Consequently, the band gaps in mode-
mode spectroscopy are completely featureless, creating a
stark contrast between band and band gap.

The second beneficial property of mode-mode spec-
troscopy is that as long as a mode can be driven, i.e., if
it couples to the input port, it can be measured. For a mode
to be visible in transmission, there must be significant
coupling to the input and output port. Mode-mode spec-
troscopy measurements, on the other hand, will work for

undercoupled modes which can have significant intracav-
ity power, but very low transmission. Thus, some modes
that are invisible in transmission, especially localized
modes in the flat bands, can show up clearly in mode-
mode spectroscopy. This is most dramatically evident for
the full-wave modes. In the transmission spectroscopy in
Fig. 4(a), neither the doubly-degenerate gapped flat bands
nor the band edges of the highest energy dispersive band
can be accurately characterized in transmission due to the
low input or output coupling of the modes. However, using
mode-mode spectroscopy [Fig. 4(b)], it is plainly apparent
that the flat bands are located near 9.57 GHz and the upper
dispersive band lies between 10 and 10.1 GHz.

Clear identification of bands and gaps from mode-mode
spectroscopy makes it possible to compare the experi-
mental characterization of the lattice modes with a theory
model of the target lattice band structure to extract the
mode frequencies, ωμ, and the hopping strength, tμ, for
the half-wave and full-wave modes (μ = 1, 2). Because
the measurements are not momentum resolved, it is not
possible to directly compare the experimental data to the
theoretical band structures, shown in Figs. 1(b) and 1(c).
Instead, we compare to the theoretical density of states
to verify that the predicted bands and gaps correspond to
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FIG. 4. Full-wave characterization. Combined characterization data for the full-wave modes of the device. (a) Microwave trans-
mission through the lattice as a function of flux applied to Q3, while the other two qubits are held at fixed detuning. Near integer
flux, the qubit Q3 reaches its maximum frequency and tunes through the full-wave modes, creating a series of avoided crossings. In
this frequency region, unwanted package modes are more significant than at the lower-frequency modes, resulting in a rolling back-
ground in transmission and causing many lattice modes to appear as Fano resonances. Also shown in (a), using a navy-gold color
scale is nonlinear spectroscopy of the qubit transition itself. Two regions of this data are overlaid on top of the transmission, revealing
qubit-like mid-gap states in which the qubit is heavily dressed by the lattice modes. (b) Nonlinear mode-mode spectroscopy of the
full-wave modes, taken with all three qubits far detuned from the bands. The three sets of bands expected for this set of modes are
easily distinguishable. Modes in the upper quadratic band and highly localized modes in the gapped flat bands that are difficult to
observe in transmission are clearly visible in this mode-mode spectroscopy. (c) Expected density of states from the band structure of
an infinite lattice using empirically determined values of the hopping parameter (|t2|/2π = 82 MHz) and band center (ω2/2π = 9.726
GHz). Dispersive bands are shown in light blue, and the flat bands in dark blue. The full height of the peaks due to the flat bands is
well above the scale shown here.

the frequency ranges in which we observe the presence or
absence of modes.

For each resonator harmonic μ, we compute the
infinite-system normal mode frequencies numerically
using a Bloch-wave ansatz and periodic boundary con-
ditions, incorporating an approximation that the hopping
rate is proportional to the normal-mode frequency (see
Appendix A 3 for details). Figures 3(c) and 4(c) depict the
density of states calculated in this manner of the half-wave
and full-wave bands. The parameters ωμ and tμ are empiri-
cally determined by matching the band edges in the numer-
ical density of states with the mode-mode spectroscopy
data. For the half-wave bands, a hopping parameter of
|t1|/2π = 40 MHz and on-site energy of ω1/2π = 4.889
GHz were extracted. The full-wave modes yield a hop-
ping parameter of |t2|/2π = 82 MHz and on-site energy
of ω2/2π = 9.726 GHz.

The observed agreement between the mode-mode spec
data and the density of states model indicates that this
device is a successful implementation of our target lattice.
Consequently, it demonstrates that no significant faults
were introduced during the design or fabrication process
despite incorporating transmon qubits and laying out the
resonator chain in the s-curve pattern required to fit the
array onto a square chip.

VI. QUBIT CHARACTERIZATION

In this section, we demonstrate the applicability of
traditional circuit-QED qubit readout protocols in a
multimode environment. We observe a qubit-photon bound
state near resonance with the full-wave bands using two-
tone spectroscopy, and using the same technique, we show
an effective qubit-qubit interaction in the band gap medi-
ated by the lattice bands.

A. Near resonance

Having verified the photonic modes of the device, we
use conventional continuous-wave two-tone spectroscopy,
as described in Appendix C, to measure the transition fre-
quencies of the transmons embedded in the lattice and
characterize their hybridization with the photonic modes.
As discussed in Sec. V A, monitor modes with relatively
strong coupling to a qubit are preselected by identifying
the modes which display the largest avoided crossings in
transmission.

Since the qubits are highly flux-tunable, they can be
brought into proximity with either the half-wave or the
full-wave modes of the lattice. Near resonance, strong
hybridization occurs, resulting in a qubit-like photonic
bound state in the band gap. Two-tone spectroscopy data
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FIG. 5. Photon-mediated avoided crossings. (a)–(f) Avoided crossings between Q1 and Q2 taken at six different frequencies. The
flux applied to Q2 is held constant while Q1 is swept through resonance. The monitor mode of each plot is selected so that both qubits
can be read out with the same mode. The two qubits couple differently to the selected monitor mode and can produce signals in different
quadratures of the measurement signal. In order to combine both quadratures into one signal, we find the vector-valued change in the
monitor signal and plot the magnitude of this change, known as the IQ distance. For each plot, the y-axis denotes the offset of Q1 from
exact resonance with Q2 in units of milli-flux-quanta (10−3�0). (a)–(c) show avoided crossings near the half-wave modes and (d)–(f)
show avoided crossings near the full-wave modes. The strength of the interaction between the two qubit-photon bound states depends
on their proximity to the closest band edge, with stronger interactions occurring as Q1 and Q2 are brought closer to a set of bands.
Also visible in (d)–(f), but most prominently in (e), is the two-photon transition from |00〉 to |11〉, which lies between the two main
branches of the avoided crossing.

of the midgap bound states formed by bringing Q3 near
the full-wave modes of the lattice are shown in Fig. 4(a),
superimposed on transmission data in the same frequency
and flux range. One bound state is observed below the full-
wave modes and a second is observed emerging into the
upper band gap near 9.95 GHz.

Direct observation of both of these bound states allows
verification of two key aspects of the device. First, while
g0, the coupling between a qubit and the mode of a sin-
gle isolated CPW resonator, cannot be directly measured in
the multimode lattice, the frequency splitting between the
two bound states provides a strong constraint. An approxi-
mate value of g0/2π = 165 MHz for the full-wave modes
(and g0/2π = 82.5 MHz for the half-wave modes) is deter-
mined from comparison of the bound states and numerical
simulation (see Appendix E for details).

Second, while the theoretically predicted gapped flat
bands are not conclusively identifiable in transmission, the
measured flux dependence of the lower bound state cannot
be explained solely by coupling to the dispersive bands of

the lattice. This observed flux dependence requires either
the presence of the flat band or a qubit-resonator coupling
g0 which is both much stronger than the device circuit
parameters and inconsistent with the avoided crossings and
bound state observed in the upper band gap (see Fig. 11 in
Appendix E). Therefore, the bound state data indicate that
the qubits are interacting with strongly coupled flat-band
modes in the predicted region.

B. In the band gaps: photon-mediated interactions

Bound states near the band edges, such as those in
Fig. 4(a), have significant photon character, so while they
can give rise to strong qubit-qubit interactions, the associ-
ated losses are unfavorable. Moving deeper into the band
gap results in significantly lower losses and a qubit-qubit
interaction which is dominantly mediated by virtual pho-
tons [57]. We exploit the frequency tunability of our trans-
mons to measure qubit-qubit interactions in this regime,
mediated by either set of modes in the lattice.
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To observe these interactions, one transmon is held at
a fixed frequency near the bands of interest while the fre-
quency of a second qubit is swept through resonance with
it, using a feed-forward method to remove flux crosstalk
(see Appendix G for details). The resultant avoided cross-
ing due to the virtual photon exchange is mapped out with
two-tone spectroscopy. This procedure is carried out at
three set detunings from the bottom of the half-wave bands
[Figs. 5(a)–5(c)] and three detunings below the full-wave
bands [Figs. 5(d)–5(f)], with Q1 being tuned through reso-
nance with Q2 in each of the six scans. In each case, as the
pair of qubits are brought closer to the mediating bands, the
bound states grow less localized and their photonic wave
functions overlap further causing the strength of the inter-
action to increase. This effect is observable through the size
of the avoided crossings, which grow wider as the qubit
pair approaches the bands.

The three crossings mediated by the full-wave modes in
Figs. 5(d)–5(f) also have an observable multiphoton tran-
sition [most prominent in Fig. 5(e)]. Each of the main
branches of the crossing is a transition between |00〉 and
a superposition of |01〉 and |10〉. The mid-crossing extra
feature corresponds to an excitation from the |00〉 state
directly to the |11〉 state using two drive photons.

In two-tone spectroscopy for a single qubit, measure-
ment of a single quadrature of the monitor tone is typically
sufficient to identify changes in the qubit state. However,
for the avoided crossings depicted in Fig. 5, where Q1 and
Q2 were measured simultaneously, each qubit has a dis-
tinct coupling to the selected monitor mode. Thus, a fixed
excitation fraction for each qubit shifts the IQ components
of the monitor tone differently, in both the size and direc-
tion of the IQ vector. To maximize signal for both qubits,
we measure the magnitude of the vector distance between
the monitor tone and a reference signal in the IQ plane in
order to capture both quadratures of the response in a single
metric.

VII. CONCLUSION

In this work, we present the first CPW lattice device
which incorporates both a lattice with nontrivial band
structure and superconducting qubits. Our results show
that low-disorder photonic lattices, previously charac-
terized in resonator-only devices [6,12,13], survive the
systematic introduction of qubits, even though transmon
qubits are relatively large-area devices which can signifi-
cantly perturb host resonators.

While our device realizes a quasi-1D lattice, which
could in principle be realized using a CAD with the
same translation symmetry as the effective photonic tight-
binding model, this would require an incredibly long rect-
angular chip. Instead, our device exploits the form-factor
flexibility of CPW resonators to fit a non-square lattice
on a square chip. This process of combining resonators

with different form factors to produce a single lattice
with equivalent sites, while in principle avoidable in this
case, is intrinsically necessary for realizing non-Euclidean
lattices on chip. Our results therefore indicate that hyper-
bolic CPW lattices can also be successfully combined
with transmon qubits without introducing large amounts
of systematic disorder.

We generalize measurement techniques developed for
superconducting qubits in a single mode environment and
show that they can be carried out in the highly multi-
mode context of a photonic CPW lattice. These generalized
techniques allow observation of photonic bound states in
the lattice band gaps, due to hybridization of the qubits
with the lattice modes, as well as virtual-photon-mediated
interactions between qubits.

Furthermore, the generalized mode-mode spectroscopy
technique presented here exploits any qubits in the lat-
tice (and their associated Josephson nonlinearity) in order
to implement fast and background-insensitive diagnostics
of the photonic lattice, which were previously not pos-
sible. Previous resonator-only devices, such as those of
Refs. [6,13], fundamentally lacked the ability to distin-
guish CPW lattice modes from any parasitic transmission
channels in the device packaging. Scanning probe methods
have previously been used to measure the normal modes
of a CPW lattice directly [12]. However, these methods
are extremely time-consuming and require opening up the
device package to leave the full top surface available for
the scanning probe, which is likely highly detrimental to
the lifetimes of any qubits in the lattice. By contrast, our
nonlinear spectroscopy method, while not a direct spatial
probe, can be carried out in a fully closed package and
strongly distinguishes between active lattice modes and
package leakage.

In addition, mode-mode spectroscopy gives strong sig-
natures as long as a mode is coupled to a qubit and can
be driven. Hence, modes with weak input-output coupling
and even highly localized modes are strongly visible with
this technique. Therefore, it provides a potential route to
exploring the localization and delocalization of modes in
a flat or hyperbolic band due to the influence of a local
perturbing potential [65].

In general CPW lattices, the fundamental half-wave
and second-harmonic full-wave modes exhibit distinct
band structures, and only the second-harmonic band
can exhibit gapped flat bands [7]. Therefore, realizing
the full variety of spin-model connectivities made pos-
sible by combining photon-mediated qubit-qubit inter-
actions and the graph-like flexibility of CPW lattices
requires the ability to access both sets of modes and
operate both qubits and measurements in two fre-
quency ranges an octave apart. We demonstrate qubits
which can span the required range and use conventional
superconducting-qubit two-tone spectroscopy carried out
via the normal modes of the lattice to observe
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virtual-photon-mediated interactions due to both sets of
bands.

In sum, the results presented here complete the toolkit
developed by previous CPW lattice experiments and
demonstrate the full experimental-design process and mea-
surements needed to realize CPW lattices with supercon-
ducting qubits, for both Euclidean and non-Euclidean lat-
tices. Achieving graph-like flexible connectivity in CPW
lattices is no longer limited to noninteracting resonator-
only devices. With the successful incorporation of qubits in
this work, the door is now open to next-generation devices
with larger numbers of qubits and 2D or hyperbolic [5]
spin-model connectivities, which can be used to imple-
ment driven-dissipative spin models with a large variety
of connectivities.
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APPENDIX A: COPLANAR-WAVEGUIDE
LATTICE THEORY

The circuit theory of CPW lattices and the effective
tight-binding description for photons in these lattices have
been worked out in detail in Refs. [7,46,61,67], so we will
not provide a full treatment and set of derivations here.
We instead summarize the key aspects of the CPW res-
onator modes and coupling structure necessary to show
that any single resonator lattice configuration can give rise
to two distinct band structures and to see the origins of
beyond tight-binding corrections, which begin to be rele-
vant for the hopping strengths present in our device. The
key results outlined below closely follow the treatments of
Refs. [7,46].

1. Single CPW resonators

Before examining the full complexity of a capacitively
coupled CPW resonator array, let us consider the mode

structure of a single CPW resonator equipped with a cou-
pling capacitor at each end. The description below follows
the full derivations in Refs. [46,61]. The CPW itself is
a free transmission line, consisting of a metallic center
pin separated from two ground planes on either side by
an insulating gap region, which supports traveling elec-
tromagnetic waves. For ease of circuit quantization, these
modes are typically described in terms of the generalized
flux operator� = ∫

V dt as a function of position along the
center pin. Away from the boundary of the CPW, a mode
at frequency ωμ is governed by the equation

∂2
x�μ(x) = −��c�ω2

μ�μ(x), (A1)

where �� is the inductance per unit length of the CPW
and c� is the capacitance per unit length. The coupling
capacitance at the end of the CPW induces a boundary
condition

±∂x�μ|x± = ��Ccω
2
μ�μ|x± , (A2)

where Cc denotes the coupling capacitance and x± denotes
the locations of the two ends of the CPW resonator. This
wave equation and boundary condition can be found from
applying Kirchhoff’s laws of circuits to a lumped-element
description of a CPW. See, e.g., Ref. [61].

For an isolated CPW resonator, i.e., the limit Cc → 0,
Eq. (A2) leads to the simple boundary condition
∂x�μ|x± = 0. Thus, unlike a particle in a box, or a conven-
tional optical cavity, for which the mode functions go to
zero at the edges, CPW resonator modes have antinodes at
each end. The frequencies of the eigenmodes of an isolated
CPW of length L are given by

ω̄μ = μπ

L
√
��c�

, (A3)

where μ enumerates the harmonics of the resonator, with
the corresponding mode functions being

�̄μ(x) ∝ cos
(μπx

L

)
, (A4)

where we have taken one end of the resonator to be located
at x = 0 for simplicity.

The lowest-frequency, fundamental, mode corresponds
to μ = 1, and exists at a frequency for which L = λ/2.
This mode is known as a half-wave mode and is anti-
symmetric, with opposite values of � at each end of
the resonator. In analogy to solid-state systems, it can be
thought of as being akin to a p-wave orbital. In contrast,
the second-harmonic mode, with μ = 2, satisfies L = λ

and occurs at twice the frequency. This full-wave mode has
identical values of � at each end of the resonator and can
be thought of as an analog of a symmetric s-wave orbital
[7,46].
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2. CPW arrays

When multiple CPW resonators are fabricated on a
chip, the ground planes between the resonators provide a
significant amount of shielding, and coupling between res-
onators only becomes large if the center pins are brought
into close proximity to one another with no intervening
ground-plane region in between. In this work, we use a
three-way butt-coupled geometry, previously developed in
Refs. [4,6,12,13], in which the center pins of three res-
onators end in close proximity to one another. Since the
coupling occurs at the end of the CPW, where generalized
flux (voltage) is maximal and charge (current) vanishes,
the resulting coupling is almost entirely capacitive, and the
strength of the coupling can be tuned by varying the width
of the center pin in the coupling region and the minimum
separation between the center pins.

The addition of this coupling capacitor has two effects:
first, a slight shift in the resonant frequency ω̄μ → ωμ
due to the non-zero right-hand side in Eq. (A2), and sec-
ond, introducing a coupling term between neighboring
resonators. The normal modes of a CPW array, which arise
due to this capacitive coupling term, can be described as an
effective photonic tight-binding model of the form

Hμ =
∑

n

�ωμa†
nan −

∑

〈n,n′〉
�t(μ)n,n′a†

nan′ , (A5)

where ωμ is the resonant frequency of a single resonator,
〈n, n′〉 denotes nearest-neighbor pairs of resonators, and
t(μ)n,n′ denotes the effective hopping strength between any
two resonators participating in a three-way coupler. Here
we consider only the case where all coupling capacitors
are equal and all resonators have identical resonance fre-
quencies. (The more general case is derived in Ref. [46].)
A tight-binding Hamiltonian of this form is extremely gen-
eral; however, the versions realized in CPW lattices have
several universal and distinctive features. First, because
a coupling capacitor is equivalent to a modulation of the
kinetic energy rather than a potential energy barrier, the
energetics of the coupled modes are unusual, with long-
wavelength normal modes occurring at high energy and
short-wavelength ones at low energy [7,13,46]. Second,
the hopping strength is highly frequency dependent [7,46].
Third, the half-wave and full-wave modes often give rise to
different band structures, and in general two separate tight-
binding models, with distinct t(μ)n,n′ , are required to describe
both sets of normal modes in a CPW lattice [6,7].

All three of these properties arise from the fact that the
coupling capacitance Cc between two resonators which are
end-to-end coupled gives rise to a hopping strength that
can be approximated as

t(μ)n,n′ = −1
2
ωμCc�̃n,μ�̃n′,μ, (A6)

where �̃n,μ denotes the value of the mode function �μ(x)
in the nth resonator evaluated at the end participating in
the coupling and ωμ is the frequency of a single resonator.
For full-wave modes, the sign of �2(x) is the same at
both ends of the resonator, so the product �̃n,μ�̃n′,μ is
always positive, leading to uniform negative values of t(2)n,n′ ,
which we denote by t2. For half-wave modes, on the other
hand, �1(x) has opposite sign at opposite ends of the res-
onator. As a result, it is not always possible to choose a
definition of �1(x) on each resonator such that �̃n,1�̃n′,1
is always positive. In these cases, t(1)n,n′ = ±t1 will have
constant magnitude but mixed signs.

To convert tμ into a simpler form in terms of fun-
damental properties of the CPW and the harmonics of
the resonator, we evaluate �̃μ using the normalization
condition

c�
∫ L

0
�2
μ(x)dx = 1,

where c� is the capacitance per unit length of the CPW and
L is the total length of the CPW resonator. Neglecting the
small changes to the mode function due to the coupling
capacitors, the mode function �(x) = A cos(μπx/L), and
the normalization condition specifies A = √

2/c�L, inde-
pendent of μ. Substituting back into Eq. (A6) yields

tμ ≈ −1
2
ωμCcA2 = −ωμCc

1
c�L

. (A7)

However, the form above now depends on the capac-
itance per unit length c�, which cannot be measured
directly. A more convenient form can be obtained by elim-
inating c� and L via their relationship to the impedance
Z0 of the CPW transmission line and the fundamental
frequency ω1 of the resonator [68]: L

√
��c� = π/ω1 and

Z0 = √
��/c�, where �� is the inductance per unit length of

the CPW. Hence, 2/c�L = 2ω1Z0/π , and

tμ ≈ − 1
π
ω1ωμCcZ0 ≈ −μ

π
ω2

1CcZ0. (A8)

Thus, the effective hopping rate scales linearly with the
coupling capacitance and mode index μ, but quadratically
with the fundamental mode frequency.

3. Frequency-dependent hopping

As the ratio tμ/ω1 increases, additional corrections to
the hopping rate begin to appear. The hopping strengths
in the device presented here have t1/ω1 ≈ 1% and are just
large enough that shifts in the band edges beyond the sim-
ple tight-binding approximation start to become visible.
To simulate these effects, we use a first-order perturbative
approximation that the effective hopping rate tμ is propor-
tional to the normal-mode frequency, rather than the fixed
bare frequency of a single isolated resonator.

010321-15



KELLEN O’BRIEN et al. PRX QUANTUM 7, 010321 (2026)

In carrying out this approximation, the hopping param-
eter derived in Eq. (A8) is treated as the zeroth-order hop-
ping rate, t(0)μ . Diagonalizing the tight-binding Hamiltonian
from Eq. (A5) with t(0)μ gives the zeroth-order eigenen-
ergies, which for normal mode k in mode family μ are
labeled E(0)μ,k = �ω

(0)
μ,k. These zeroth-order frequencies can

be rewritten in terms of the hopping and the fundamental
mode frequency,

ω
(0)
μ,k = ωμ + εkt(0)μ , (A9)

where εk is an implicitly defined scaling parameter. After
replacing ωμ in Eq. (A8) with ω(0)μ,k , the first-order approx-
imation for the hopping is given by

t(1)μ,k = t(0)μ
ωμ
ω
(0)
μ,k. (A10)

Subsequently, an updated normal mode frequency, ω(1)μ,k,
is found by inserting the effective hopping rate back into
Eq. (A9),

ω
(1)
μ,k = ωμ + εkt(1)μ,k = ωμ + εkt(0)μ,k +

[
εkt(0)μ,k

]2

ωμ
. (A11)

In principle, this approach could be carried out to all
orders to find a true self-consistent frequency. However,
for the values of tμ used here, higher-order corrections
in tμ/ωμ are too small to be observed in the presence
of experimental disorder in CPW lattices [13]. We there-
fore consider only the first-order correction in Eq. (A11).
This approximation, taking into account the frequency-
dependent impedance of the couplers, more accurately
describes the normal modes of a CPW resonator array
than the pure tight-binding model. In Sec. V B, we use
this model, applied to spectroscopic measurements of the
bands of the lattice, in order to extract ωμ and t(0)μ for the
half-wave and full-wave modes of our resonators.

Since transmission and mode-mode spectroscopy mea-
surements are not momentum resolved, it is not possible
to directly compare the perturbative approximation to the
band structure with the experimental data. Instead, we
compute the perturbed density of states in the limit of a
large lattice with periodic boundary conditions and com-
pare that to the frequency ranges in which we observe the
presence or absence of modes. In particular, we optimize
the theoretical parameters to match the locations of the
edges of the band gaps.

4. Frequency-dependent coupling

Conventionally, the coupling strength g, as introduced
in Eq. (1), between a transmon and CPW resonator is
written out in terms of the appropriate transmon charge

matrix element and the RMS voltage in the resonator [59].
It is uncommon to see the frequency dependence of the
coupling explicitly included in this definition. However,
when working with higher harmonics of CPW lattices, it
is crucial to understand how the coupling is affected when
operating with different modes. From Ref. [46], the cou-
pling strength for two resonators with frequencies ω1 and
ω2 scales as

√
ω1ω2, a fact which was used to derive

the hopping between two identical CPWs in Eq. (A6).
Intuitively, this extends to a transmon coupled to a CPW
resonator such that g scales as √

ωqωμ, since a transmon
is a weakly anharmonic oscillator. Alternatively, this fre-
quency dependence can be explicitly worked out from
the standard charge matrix element and zero-point voltage
form used in circuit QED [59].

Consequently, the coupling strength for a transmon on
resonance with the full-wave mode of the resonator is
about twice that of a transmon on resonance with the half-
wave mode. In the context of a resonator lattice, where
the hopping scales linearly with ωμ, the ratio g/t remains
roughly constant independent of the set of bands being
observed.

APPENDIX B: SUPPLEMENTARY
TRANSMISSION DATA

In Sec. V A, transmission scans of the half-wave and
full-wave modes of our quasi-1D lattice device in which
the frequency of Q3 was tuned through resonance with the
bands were presented. These scans were used to charac-
terize qubit-mode coupling and identify suitable modes for
usage in two-tone spectroscopy. Here we redisplay these
scans alongside the equivalent transmission spectroscopy
of the half-wave (Fig. 6) and full-wave (Fig. 7) bands for
Q1 and Q2, as well as zoomed-in scans of fine features at
specific sets of bands in Figs. 8 and 9.

Since large probe powers can lead to nonlinear effects,
a trade-off must be made between visibility of small fea-
tures and clean avoided crossings. At high powers, modes
are clearly visible with few averages and low-transmission
modes can be detected with higher confidence. However,
when a qubit is swept through resonance with a mode
the drive tone has the potential to ionize the qubit (see
Appendix F) leading to glitches in the avoided cross-
ings. At low powers transmon ionization is less likely
but achieving equivalent SNR for small features is gener-
ally not possible or extremely slow. The crossing between
the half-wave mode at ∼4.96 GHz and Q3 is a perfect
example of this effect of measurement-tone power. In a
higher-power scan, such as Fig. 6(c), the avoided crossing
“breaks” when Q3 is close to resonance with the mode, but
in a scan taken with 10 dB lower drive power [Fig. 8(f)],
the full crossing is cleanly visible.

The three qubits in our device are located at and cou-
pled to different resonators within the lattice, which lattice
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(a)

(b)

(c)

FIG. 6. High-power half-wave transmission. (a) Transmission data of the half-wave modes as a function of flux applied to Q1
while the remaining two qubits are detuned from the range of interest. (b) and (c) Analogous data for flux applied to Q2 and Q3,
respectively. At the relatively high input power used here, even very narrow weakly coupled modes are clearly visible. However,
avoided crossings in stronger modes (such as those near 4.96 GHz) show glitches due to nonlinear effects and transmon ionization.
The sharp dip in midgap transmission near 4.85 GHz matches the frequency of a nontopological edge state predicted by finite-size
tight-binding calculations featuring the exact termination of our lattice.

normal modes they individually couple to depends on
the spatial distribution of the photonic wavefunctions. By
observing the size of avoided crossings between each nor-
mal mode and the three qubits, approximate locations of
nodes and antinodes of the modes can be inferred. For
example, there are normal modes which have nodes at Q1
and not Q3, even though these two qubits are located on
equivalent sites within the unit cell: e.g., the half-wave
mode at 4.95 GHz [see Figs. 8(b) and 8(f)] and the full-
wave mode at 10.02 GHz [see Figs. 9(a.iii) and 9(c.iii)].
However, quantitative comparison of the size of avoided
crossings to tight-binding theory is challenging due to
disorder and since qubit-normal-mode coupling strengths
often exceed the normal-mode splitting. On the other hand,
the structure of the unit cell leads to qualitative differences
between how the three qubits interact with the different
bands of the lattice which are much more robust than the
variations between individual modes.

The connectivity of the lattice, shown in Figs. 1(a) and
2(c), has a reflection symmetry about the center line. The
transmon Q2 is located in a resonator on this symmetry
axis and is therefore referred to as on-axis. The trans-
mons Q1 and Q3 are located off-axis on the outer edges
of the rhombus, at the same site in two neighboring unit
cells. Since the on-axis and off-axis qubits are located at
inequivalent sites within the unit cell, they do not have
the same coupling to each band. One dramatic difference
occurs in the half-wave flat bands, the off-axis qubits,
Q1 and Q3, form very large avoided crossings with the
doubly-degenerate lower flat bands in the half-wave modes

between 4.81 and 4.82 GHz, best visible in Figs. 8(a)
and 8(e). However, transmission spectroscopy of the same
region while tuning Q2 [Fig. 8(c)] has no such feature. This
is consistent with the expected wave functions for modes
in the degenerate flat bands, which are strongly present in
off-axis resonators, and in the absence of disorder should
have no amplitude in the connecting resonators between
unit cells (including the resonator with the on-axis qubit
Q2). A similar phenomenon occurs around the upper flat
band of the half-wave modes at ∼4.98 GHz. Q1 and Q3
form large avoided crossings around the location of the flat
band [see Figs. 8(b) and 8(f)] while nothing of the sort is
visible for Q2 [Fig. 8(d)].

In the full-wave modes, the photonic tight binding
model has uniform signs of the hopping parameters and
respects the mirror symmetry of the connectivity. As a
result, each band has fixed parity and, in the absence
of disorder, only even bands couple to the on-axis qubit
Q2. However, the visible qualitative differences between
the transmission spectroscopy for the off-axis qubits in
Figs. 7(a) and 7(c) and the on-axis qubit in Fig. 7(b) orig-
inate not from symmetry constraints but from the fact that
the peak frequency attained by Q2 at zero flux lies below
the full-wave bands. Q1 and Q3, on the other hand, enter
deep into these bands. The response of the highest disper-
sive band and modes near the gapped flat bands are not
clearly visible in Fig. 7. We therefore present zoomed-in
transmission scans near the two flat bands and near the
highest dispersive band for each of the three qubits in
Fig. 9.
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(a)

(b)

(c)

FIG. 7. Full-wave transmission. (a) Transmission data of the full-wave modes as a function of flux applied to Q1 while the remaining
two qubits are detuned from the range of interest. (b) and (c) Analogous data for flux applied to Q2 and Q3, respectively. Our packaging
contains a higher density of parasitic modes at these frequencies than at the half-wave modes. As a result, leakage transmission is a
much more significant contribution in this region, leading to a broad rolling background and causing many modes to have Fano line
shapes, rather than simple Lorentzians. The sharp dip in midgap transmission near 9.6 GHz matches the frequency of a nontopological
edge state predicted by finite-size tight-binding calculations featuring the exact termination of our lattice.

Numerical simulations of the photonic bound states,
shown in Fig. 11 and discussed in Appendix E, indicate
that Q3, and by similarity Q1, attain peak frequencies
of roughly 9.85–9.9 GHz, which are inside the full-wave
band structure. As a result, modes in the highest disper-
sive band do not generally show full avoided crossings,
merely deflections. Modes in this upper dispersive band
are particularly difficult to observe directly in transmission,
due in part to the broad parasitic modes situated within the
band. For these modes, the phase response of the transmit-
ted signal shown in Figs. 9(a)–9(c.iii) is stronger than the
amplitude response that is typically used to characterize
the other photonic modes.

APPENDIX C: TWO-TONE SPECTROSCOPY

The dispersive readout mechanism described in Sec.
III A can be used as a spectroscopy technique for locat-
ing qubit transitions by combining two drive tones: one
to excite the qubit and one to monitor the qubit state. In
the case of conventional single-mode devices, the fixed-
frequency monitor tone is applied on-resonance with a
resonator, or a normal mode in the case of the CPW lat-
tice device studied here, whereas the drive/excitation tone
is swept in frequency. This technique, known simply as
two-tone spectroscopy, is standard in the field [11], and
is conceptually simple in the idealized case in which the
drive is known to implement a single π pulse and state
readout using the monitor tone is done in a time-resolved

fashion. The base temperature of the dilution refrigerator
naturally prepares the qubit in its ground state, and if the
drive tone is resonant with the qubit transition, then the
qubit will be excited, causing the homodyne signal at the
monitor frequency to switch to a different amplitude and
phase.

Pulsed drives and readout of this form require signifi-
cant calibration and have low duty cycle due to the need
to wait for the qubit state to reset between attempts, and
as a result pulsed two-tone spectroscopy is generally slow.
The continuous-wave version of two-tone spectroscopy is
conceptually more subtle, but considerably faster and less
sensitive to experimental parameters, so we employ this
version to observe qubit transitions and photonic bound
states in our CPW lattice device as a function of flux.

In particular, we use a fully continuous-wave protocol
in which both the drive and monitor tones are applied
continuously. In this case, if the drive tone is resonant
with the qubit and strong compared to the qubit dissipa-
tion rate, γ , the qubit will be driven to the maximally
mixed state. The measured microwave signal at the mon-
itor frequency is thus an average of the values that would
be obtained for a qubit purely in the |g〉 state and that of
a qubit in the |e〉 state. The maximum achievable signal
with continuous-wave two-tone spectroscopy is thus half
of what is achievable in pulsed operation. However, this
slight loss in signal can be vastly outweighed by the much
greater robustness of the technique. For example, pulsed
two-tone spectroscopy is very sensitive to the strength of
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(a)

(c)

(e)

(b)

(d)

(f)

FIG. 8. Low-power half-wave transmission data. (a) and (b) Transmission data of the half-wave modes as a function of flux applied
to Q1 while the remaining two qubits are detuned from the range of interest: (a) transmission magnitude near the degenerate flat bands
and lowest-energy dispersive band and (b) transmission magnitude over the full set of half-wave modes. (c) and (d) Analogous data
for flux applied to Q2. (e) and (f) Analogous data for flux applied to Q3. The mutiphoton-transition and transmon-ionization glitches
seen in Fig. 6 are not present here due to the lower input power used (5 dB lower for the zoomed-in scans, 10 dB lower for the wide
scans), and the avoided crossings are smooth and continuous. Due to the intra-unit-cell wavefunctions in the different bands and the
inequivalent locations of the three qubits, Q2 does not couple to the half-wave flat bands, and as a result, the large avoided crossing
visible for Q1 and Q3 in (a) and (e), is not present when tuning Q2 in (c). Additionally, the mode at 4.95 GHz is an example of a mode
which has a node in one unit cell and therefore does not couple to Q1 in (b), but does couple to Q3 in (f), which is located on the
equivalent lattice site one unit cell over.

the applied drive, and if the drive is too strong, it can apply
an accidental n × 2π pulse, and the qubit transition will
no longer yield any signal. In continuous wave all reason-
ably strong drives will saturate the qubit to the maximally
mixed state. This drive-power insensitivity is particularly
advantageous for looking at the photonic bound states.
Because these are hybrid polariton states whose qubit-
like character changes rapidly with detuning near the band
edges, the effective Rabi rate induced by the drive can
likewise change rapidly with frequency. The robustness of
mixed-state qubit measurements could instead be achieved
with a pulsed setup by applying drive pulses long enough
to saturate the qubit. However, this method takes signifi-
cantly longer than continuous wave due to the reduced duty
cycle of pulsed measurements, while still only achieving
half the maximum achievable signal reached by coher-
ent pulsed measurements, thus not offering a significant
advantage over other methods.

Additionally, while dispersive readout is normally car-
ried out only in the true dispersive regime with |	| � g,
where it is a QND state readout mechanism, two-tone
spectroscopy can be used to find polariton/photonic bound
state frequencies even for much smaller detunings. In
the nondispersive regime the microwave signal does not
provide a faithful measurement of the qubit state, but
the monitor signal is independent of the presence of the

secondary drive tone, unless that drive tone excites a non-
linear qubit-like transition. Therefore, the presence of a
nonlinear response between the drive and monitor tones
indicates the location of a qubit-like mode, even if the type
of response is not a clean indicator of the qubit state. We
exploit this effect in Sec. VI A to measure photonic bound
states within g0 of the band edge.

APPENDIX D: GENERAL DEVICE DESIGN

1. On-site energies

The resonator array featured in this work is composed
of nine identical unit cells, each containing six CPW
resonators. Each resonator is designed to have the first har-
monic at 5 GHz and the second at 10 GHz, and unintended
frequency differences between resonators would introduce
disorder to the lattice which in turn can result in undesired
localization. As such, the designs of the resonators utilized
in our final device were intentionally chosen to minimize
frequency disorder. More specifically, we use CPWs with
wide center pins and gentle bend radii that are larger than
the field standard to reduce sensitivity to disorder intro-
duced during device fabrication [4]. Our CPWs have a
center-pin width of 20 µm, a gap width of 8.372 µm, and
a bend radius of 90 µm.
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Physically realizing the quasi-1D target lattice on a
square chip requires the usage of multiple resonator shapes
throughout the device. The resonant frequency of a CPW
is primarily set by the length of the resonator, and to lead-
ing order, the choice in resonator shape does not introduce
frequency disorder. However, higher-order corrections to
the resonant frequency can arise, e.g., due to the number
of bends in the resonator and variations in the bend radii.
To minimize the impact of frequency disorder between
resonator shapes and the amount of calibration needed,
we only use four distinct resonator shapes and we correct
systematic frequency differences between them by adding
or subtracting from the length of the CPW. In order to
determine the corrections needed, we tested each resonator
geometry individually. The CAD of the two test chips is
shown in Fig. 10. In order to separate geometry-dependent
frequency shifts from the effects of run-to-run variations
in lithography exposure, both devices were exposed and
etched on a single chip before being diced and sepa-
rated. The half-wave frequency of the resonator with the
fewest bends [Resonator 1 in Fig. 10(a)] differed from the
other three designs by nearly 20 MHz: Resonator 1 had a
frequency of 4.8778 GHz while Resonators 2–4 had fre-
quencies of 4.8957 ± 0.001 GHz. For the final design, a
length of 45.48 µm was removed from Resonator 1 to
match its frequency with the rest of the resonators.

In Sec. V B, the characteristic frequency of the half-
wave mode for the full resonator lattice is found to be
2π × 4.889 GHz by comparing mode-mode spectroscopy
of the half-wave modes with the density of states model
for the target lattice, ∼2π × 10 MHz off from the mea-
sured individual resonator frequency, and is likely due to
slight exposure differences between the test run and the
final device.

Another potential source of disorder arises from the
capacitance between neighboring resonators, since the
coupling capacitors on the device, highlighted blue in
Fig. 10, induce on-site energy shifts in the resonators. To
keep this contribution uniform, all resonators must have
the same number of coupling capacitors [6,61], two at each
end for the case of the device shown here. Therefore, the
same three-way coupling-capacitor geometry is used at the
ends of all resonators, both for sites in the bulk which natu-
rally have four neighbors, as well as for sites at the edge of
the device, where some of the neighboring resonators are
absent. Unused ports on the three-way capacitors are either
connected to input/output feedlines or terminated with a
high-frequency λ/4 resonator, which does not participate
in the lattice due to the large detuning.

The capacitor paddles of a transmon, highlighted in pur-
ple in Fig. 10, also modify the frequency of a CPW by
introducing a significant change in the local inductance
and capacitance per unit length of the resonator in which
the transmon is housed. If not accounted for, this would
cause the resonators containing the qubits to be frequency

shifted compared to all other sites of the lattice. To elim-
inate this parasitic effect, identical capacitor paddles are
included at every lattice site (though Josephson junctions
are only written at the sites designated to have an active
qubit). The beginning of a flux bias line was also placed at
every site, but these are solely included for the ease of flux
bias line routing. Since CPW resonators have standing-
wave modes, the effect of the transmon capacitor depends
on the position along the length of the resonator. While this
could, in principle, be removed in the frequency calibration
procedure described above, we constrain all four resonator
shapes to have the qubit capacitor paddles located at the
same distance from the end. This also helps maintain
uniformity of the single-resonator g.

2. Hopping parameters

To determine the predicted zeroth-order hopping rate in
our device, we use the resonant frequencies determined
from the shape-test devices (or finite element simulations
in HFSS), Z0 = 50 �, and a finite element simulation of
the coupling capacitance using Ansys Maxwell. Our three-
way coupler with a gap of 2 µm is simulated to have a
19.5 fF capacitance between each pair of resonators, from
which |t(0)1 |/2π is predicted to be ∼47 MHz and |t(0)2 |/2π
is predicted to be ∼94 MHz. For the main device, the
empirically determined hopping rates for the half-wave
and full-wave modes are determined through comparison
of the experimentally measured photonic bands with the
frequency-dependent hopping model of the target lattice
(see Sec. V B). These values of |t(0)1 |/2π ≈ 40 MHz and
|t(0)2 |/2π ≈ 82 MHz are reasonably close to the simulated
values predicted by circuit theory and finite-element simu-
lation. The discrepancy may be due to slight over-exposure
of the device during photolithography or due to inaccuracy
in the Ansys Maxwell capacitance simulation at the level
of ∼1 fF.

3. Transmon design

Before the design of the transmon qubits embedded
in the CPW lattice is discussed in detail, we first intro-
duce some of the traditional parameters of a transmon, as
defined in Refs. [11,59,69]. The frequency of the transition
between the ground and first-excited state is approximately
given by

ω01 =
√

8EJ EC − EC, (D1)

where EJ is the Josephson energy and EC is the capaci-
tive charging energy. The parameter EC is generally fixed,
dependent on the total capacitance between the two qubit
paddles, C� ,

EC = e2

2C�
. (D2)
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FIG. 9. Close-ups of band edges and bands in full-wave transmission data. (a) Transmission data of the full-wave modes as a function
of flux applied to Q1 while the remaining two qubits are detuned from the range of interest. (b) and (c) Analogous data for flux applied
to Q2 and Q3, respectively. The first column (i) shows the transmission magnitude near the gapped flat bands and column (ii) shows
the region near the upper flat band. Column (iii) shows the highest dispersive band, but in this frequency range, the combination of
large leakage and narrow linewidths leads to stronger signals in transmission phase than in transmission magnitude. Thus, only the
phase is displayed for this band. Due to the intra-unit-cell wavefunctions in the different bands and the inequivalent locations of the
three qubits, Q2 does not couple to the flat band near 9.75 GHz, however, since Q2 does not ever fully enter the full-wave bands,
the lack of a strong avoided crossing in (b.ii) is not a conclusive indicator of this effect. On the other hand, Q1 and Q3 have similar
maximum frequencies and (a) and (c) can be compared directly. The mode at 10.02 GHz is an example of a mode which has a node in
one unit cell, and therefore does not couple to Q3 in (c.iii), but does couple to Q1 in (a.iii), which is located on the equivalent lattice
site one unit cell over.

The total capacitance takes into account not only the direct
capacitance between the two paddles but also the indi-
rect coupling through the center pin of the CPW resonator
and the ground planes of the device [69]. For flux-tunable
transmons, the effective total EJ is dependent on the indi-
vidual Josephson energies of the two junctions in the
SQUID loop and the external applied flux. The full form
for the effective EJ of a tunable transmon is given by

EJ = EJ ,sum cos
(
π�ext

�0

)

×
√

1 +
(

EJ ,diff

EJ ,sum

)2

tan2

(
π�ext

�0

)
, (D3)

where �0 is the superconducting magnetic flux quan-
tum, EJ ,sum = EJ 1 + EJ 2 is the sum of the two individ-
ual Josephson energies, and EJ ,diff = |EJ 1 − EJ 2| is the
difference between the two individual Josephson ener-
gies. The effective Josephson energy (and consequently
the qubit frequency) can be tuned by varying the external
magnetic flux �ext through the SQUID loop.

In order to suppress the effect of charge noise in the
substrate, a transmon must operate in the regime where
EJ /EC � 1, typically 20 or larger [11,59]. This requires
a large C� , which can either be achieved using large-area
capacitor paddles or a digitated capacitor. Our design uses
a digitated capacitor in order to make the qubit compact
and easier to incorporate in different resonator geome-
tries. Conventional, nondigitated designs would need to
be significantly wider, as much as 5–10 times, to achieve
an equivalent capacitance, which would severely restrict
the ability to tightly pack resonators in the array [70].
For our design, the total capacitance between the pad-
dles is determined to be C� = 0.1174 pF using Ansys
Maxwell. Following from Eq. (D2), EC/2π is predicted
to be 165 MHz. In a transmon, the two-photon transition
from the ground state to the second-excited state is lower
in frequency than the main transition by ∼EC/2 [11,69].
As a result, measuring this multiphoton transition using
two-tone spectroscopy allows EC to be determined in situ
for each qubit. For the three qubits, we find EC/2π = 125,
113, and 122 MHz, respectively.

The junctions that form the SQUID loop of the
transmon are deposited via double-angle evaporation
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(a) (b)

FIG. 10. Resonator shape test. (a) and (b) Computer-aided design of the two shape-test devices that were fabricated and measured to
determine the frequencies of the four distinct coplanar-waveguide resonator shapes used. The coplanar-waveguide resonators, shown
in red, are each capacitively coupled to an input and an output line, shown in gray. The couplers are shown in dark blue. Two capacitor
pads, highlighted in purple, are coupled to the side of the resonator to account for the shift in the frequency of the resonator from
adding a transmon. High-frequency λ/4 resonators, used to terminate unused coupler parts, are highlighted in yellow. Resonator 1 is
found to have a significantly lower frequency than the other three resonators. This effect is compensated for in the full resonator array
by removing 45.48 µm from all resonators with the same shape as Resonator 1.

(see Appendix H for a detailed description of the fabri-
cation process). As the junctions for the three transmons
are fabricated simultaneously, the junctions must all share
the same orientation. Thus, while the capacitor paddles
are always parallel to the center pin of the coupled res-
onator, the junctions are instead parallel to the edge of
the chip, leading to a minor difference in the designs for
the on-axis qubit (Q2) and the off-axis qubits (Q1 and
Q3). The transmons are designed to have tuning ranges
that span from below the half-wave modes up to the full-
wave modes. To experimentally determine EJ ,sum of the
fabricated junctions, we match Eqs. (D1) and (D3) to two-
tone spectroscopy scans that map out the flux dependence
of the transmon frequency and the photonic bound states
(see Appendix E for details). For the three qubits, we find
EJ ,sum/2π = 100, 104, and 103 GHz, respectively.

A summary of the simulated and empirically determined
device parameters presented in this appendix is shown in
Table I.

APPENDIX E: DETERMINATION OF g

In a conventional single-mode circuit QED system, the
qubit-cavity coupling strength g0 could be determined by
measuring the vacuum Rabi splitting when the qubit fre-
quency is swept through resonance with the mode [11].
Alternatively, the coupling could be determined from
the dispersive shifts (or Stark shifts) on the qubit due
to a detuned cavity. However, in our device, both of

these methods can be problematic. For the resonant case,
avoided crossings between the qubits and the normal
modes of the lattice are clearly visible in Figs. 6–9. How-
ever, the lattice modes are close enough together in fre-
quency that these avoided crossings are not independent.
The Rabi split peaks from the qubit interacting with mode
k can undergo avoided crossings with those from mode
k + 1 and hide the true size of the splitting. These avoided
crossings, therefore, cannot be directly used to reliably
extract the normal mode couplings gk,j . Additionally, the
normal-mode couplings gk,j cannot be used to determine

TABLE I. Device design parameters. Comparison of numer-
ically simulated device parameters and measured values for
the inter-coplanar-waveguide hopping, transmons, and qubit-
resonator coupling.

Resonator |t1|/2π |t2|/2π
Finite element 47 MHz 94 MHz
DOS comparison 40 MHz 82 MHz

Transmon EC/2π EJ ,sum/2π
Finite element 165 MHz –
Q1 (measured) 125 MHz 100 GHz
Q2 (measured) 113 MHz 104 GHz
Q3 (measured) 122 MHz 103 GHz

Qubit-resonator coupling g1/2π g2/2π
Finite element 76 MHz 152 MHz
Measurement 82.5 MHz 165 MHz

010321-22



CIRCUIT-QED LATTICE SYSTEM WITH FLEXIBLE CONNECTIVITY... PRX QUANTUM 7, 010321 (2026)

the single-cavity coupling g0 without detailed knowledge
of the normal-mode wave functions in the presence of
disorder.

For the far-detuned case, the photon-number-dependent
dispersive shift, or AC Stark shift, on qubit j scales as
n ∗ g2

k,j , where n is the intracavity microwave photon num-
ber in mode k [11]. Provided a strong enough qubit-cavity
coupling, this shift produces resolvable peaks in the qubit
transition frequency for each value of the intracavity pho-
ton number; the frequency difference between the transi-
tions for n photons and n + 1 photons can subsequently
be used to extract g0 [71]. In our device, the normal-mode
couplings involved are small enough that the Stark shifts
on the qubits are not single-photon resolved and therefore
cannot be used to calibrate gk,j without an independent
measure of the intracavity photon number.

As a result, the most reliable way to determine g0 is
from the photonic bound states. Figure 11 shows a compar-
ison between the experimental photonic-bound-state data
(first shown in Fig. 4) and a numerical simulation of
the photonic bound states. In order to simulate the pho-
tonic bound state, we numerically diagonalize the single-
excitation manifold of the multimode Jaynes-Cummings
Hamiltonian in Eq. (4). We approximate the transmon as a
two-level system, neglecting all higher levels, and compute
the lattice modes for a nine unit-cell chain with hard-
wall boundary conditions, treated within the self-consistent
tight-binding approximation using the best-fit hopping
parameters given in Table I (extracted from Figs. 3 and
4).

Good qualitative agreement between the experimen-
tally measured and the numerically simulated photonic
bound states is found for g2/2π = 165 MHz at the full-
wave modes. The corresponding coupling strength at the
half-wave modes is then inferred to be g1/2π = (g2/2)/
2π = 82.5 MHz. These values are close to the values of
g1/2π = 76 MHz and g2/2π = 152 MHz derived from
finite element simulations. The discrepancy is likely due
to slight over or under-exposure of the design during
fabrication.

A more quantitative technique to extract gk,j from non-
linear Kerr spectroscopy is the subject of upcoming work
in Ref. [72].

APPENDIX F: TRANSMON IONIZATION AND
MODE-MODE SPECTROSCOPY

In Sec. V B, we introduced the measurement technique
mode-mode spectroscopy in which lattice modes can be
detected with high SNR using their qubit-induced nonlin-
earity. In this method the response of a strongly driven
mode is detected via the frequency shift induced on a
weakly driven monitor mode. At low drive powers, the
signal originates from Kerr nonlinearity [48,49]. However,
the mode-mode spectroscopy presented in this work is

collected at comparatively high drive powers, where the
frequency shift of the monitor mode primarily arises from
transmon ionization.

Transmon ionization is a process in which a transmon
is excited above its cosine potential well. In conventional
transmon readout, this process leads to measurement errors
[63,64]. When the drive amplitude applied to the resonator
is high enough, the transmon can be excited directly to
higher energy states through a multiphoton process, even
with a far off-resonant drive. Here, the same principle is
exploited to perform high-power mode-mode spectroscopy
on our device. We apply a scanning drive tone which does
not affect the transmon when off resonance, but when it
comes into resonance with one of the photonic modes
of the lattice, the resulting intracavity photon number is
large enough to ionize one or more of the transmons. The
resulting frequency shifts of the monitor mode, and asso-
ciated transmission changes, are much larger than what is
observed at low drive power, due to the lowest-order Kerr
nonlinearity alone.

APPENDIX G: FLUX CALIBRATION

In order to carry out all of the measurements above with
the three qubits at well-known frequencies, a feed-forward
scheme was implemented to remove cross-talk between
the on-chip flux bias lines, following the procedure out-
lined in Ref. [73]. By first measuring and then inverting
the cross-talk between the lines, a software correction can
be applied in order to tune each qubit independently. This
allows individual qubits to be tuned to well-determined
detunings from the different photonic bands.

Assuming that the flux through each SQUID loop (φi)
responds linearly to the voltage applied to the flux bias
lines (Vi), the relationship between the voltage and flux is
described by the following equation:

⎛

⎝
φ1
φ2
φ3

⎞

⎠ = M

⎛

⎝
V1
V2
V3

⎞

⎠ +
⎛

⎝
φ∗

1
φ∗

2
φ∗

3

⎞

⎠ . (G1)

Here, the cross-talk matrix M has elements Mij =
∂φi/∂Vj , and φ∗

i is the flux offset at zero voltage bias for
qubit i. Once M and the flux offsets are identified, Eq.
(G1) can be solved for the voltages necessary to target any
desired flux vector.

The first step is to find the volts per flux quantum for
each qubit, which gives the diagonal elements of the matrix
Mii. To accomplish this, we select a cavity mode to monitor
in transmission and perform sweeps of Vi for each flux bias
line, finding where qubit i crosses that mode. Since these
crossings occur periodically in flux, we can extract both
the volts per flux quantum (Mii) and the flux offset (φ∗

i ).
The next and final step is to determine the off-diagonal

elements. Typically, these off-diagonal elements are too
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FIG. 11. Comparison of g and the photonic bound states. (a) Transmission and two-tone qubit-spectroscopy data near the full-
wave modes of the lattice (reproduced from Fig. 4) for Q3. The dashed line indicates the location of the bare-qubit transition used
for the theoretical calculation in (b). (b) Theoretical calculation of the location of photonic bound states (red/orange) versus flux
for a transmon (approximated as flux-tunable two-level system) coupled to the lattice with a coupling strength g2/2π = 165 MHz.
The size and color of the marker indicates the fraction of the wave function which is qubit-like. Photon-like eigenstates not shown.
The gray dashed line indicates the flux dependence of the bare qubit transition. The locations of the photonic bound states in (a)
and (b) are in good agreement, indicating that qubits in our device have single-cavity coupling strengths g2/2π ≈ 165 MHz and
g1/2π = (g2/2)/2π ≈ 82.5 MHz.

small for a direct measurement of the flux quantum to
be feasible. Instead, we extract them from two-tone spec-
troscopy scans. One of the qubits is parked at a frequency
ω∗

i and the applied voltage to one of the lines (Vj ) is swept
while monitoring the qubit frequency (ωi). The voltage
range swept is small enough for the frequency response
to be roughly linear and (∂ωi/∂Vj )|ω∗

i
is extracted from

the slope of the scan. This measurement is repeated for
all possible pairs of qubits and flux bias lines, nine times
in total. Using ∂φi/∂Vi from the transmission scans and
(∂ωi/∂Vi)|ω∗

i
from the two-tone spectroscopy scans, we

compute (∂ωi/∂φi)|ω∗
i
, the slope with respect to the applied

flux at this particular frequency point. We then divide
(∂ωi/∂Vj )|ω∗

i
by (∂ωi/∂φi)|ω∗

i
to get ∂φi/∂Vj , which yields

the remaining off-diagonal cross-talk matrix elements Mij .

APPENDIX H: DEVICE FABRICATION

The lattice device presented in this work was fabri-
cated on a 25.4 × 25.4 mm2 sapphire wafer coated with
a 200 nm film of tantalum. The fabrication process was
carried out in three main steps: photolithography, electron-
beam (e-beam) lithography, and double-angle evaporation.
The larger features, including the resonators, couplers, and
qubit capacitor paddles, were fabricated using photolithog-
raphy, while the SQUID loops for the transmons were

defined with electron-beam lithography. In the double-
angle evaporation step, aluminum was evaporated onto the
chip to form the SQUID loops.

The photolithography was carried out using the Heidel-
berg MLA150 direct write system. Prior to exposure with
the Heidelberg, the chip was cleaned with Remover PG,
acetone, and isopropanol in sequence before being coated
with photoresist (AZ 1518). In the process of spinning on
the photoresist, more resist gathers near the edges of the
chip than near the center (also known as the edge bead
effect). To compensate for these edge beads, the edges
of the chip were exposed at a higher power than the rest
of the chip. The three-way coupler connecting the input
port of the device to the first resonator in the chain is
closer to the edge of the chip than all other couplers and
was also exposed with a higher dosage to compensate for
edge beads. After the exposure, the chip was developed
in MF CD-26 and the pattern was etched using Tanta-
lum Etchant 111 from the Transene Company. The chip
was then cleaned again with Remover PG, acetone, and
isopropanol

The SQUID loops were written using an Elionix ELS-
G100 electron-beam lithography system. To prepare for
e-beam lithography, the chip was cleaned with toluene,
acetone, methanol, and isopropanol in sequence. Next,
the chip was cleaned with piranha solution to remove

010321-24



CIRCUIT-QED LATTICE SYSTEM WITH FLEXIBLE CONNECTIVITY... PRX QUANTUM 7, 010321 (2026)

VNA

300 K

50 K

4 K

1 K

100 mK

15 mK

0 dB

–20 dB

–10 dB

–10 dB

–20 dB

0 dB

HEMT
LNF-LNC4_16B

LPF
12 GHz

LPF
12 GHz

BPF

Device
Isolator

Post Amp

Power
spli�er

Rf input Output

0 dB

–20 dB

–10 dB

–6 dB

–1 dB

LPF
1.9 MHz

LPF
80 MHz

LPF
98 MHz

LPF
1 KHz

LPF
1.9 MHz

DC

Flux bias
input

Dilu�on fridge

FIG. 12. Experimental setup. Schematic for the RF lines for readout and qubit control and the DC lines used to flux-bias the qubits.
RF signals from a vector network analyzer undergo −60 dB nominal attenuation inside the dilution fridge and pass through a 12
GHz lowpass filter prior to reaching the device. The output RF signals from the device pass through a second 12 GHz lowpass filter,
then an isolator, and are then amplified by a high electron mobility transistor amplifier. Outside the fridge, the signals pass through
a bandpass filter (3.4–5.5 GHz for measurements of the half-wave modes and 9–12 GHz for measurements of the full-wave modes)
and are amplified further before entering a readout port on the vector network analyzer. The DC voltage applied to each flux-bias line
passes through three lowpass filters outside of the fridge, undergoes −37 dB nominal attenuation inside the fridge, and passes through
two more lowpass filters before reaching the device.

organic residues [74]. Two layers of e-beam resist, MMA
(MMA EL13) and PMMA (MMA 950 A3), were then
spun onto the chip. Having two resist layers allows for
the addition of undercuts in the lithography process. The
sample was covered with a 30 nm anticharging layer
of aluminum and then placed in the Elionix, where
Manhattan-style junctions were defined through e-beam
lithography. After the write, the anti-charging layer was
removed with AZ 300 MIF and the sample was devel-
oped in MIBK:IPA (1:3). At this stage, the remaining
e-beam resist on the chip forms channels for evaporated
aluminum to fill in order to create the desired SQUID
loops.

Lastly, we performed double-angle evaporation with a
Plassys MEB 550S. The Josephson junctions for all three
qubits were designed to require the same two deposition

angles to simplify the fabrication process. We deposited a
30 nm layer of aluminum along one angle, oxidized the
sample, then deposited a 50 nm layer of aluminum along
the second angle. Lift-off of the excess aluminum was per-
formed using Remover PG and isopropanol. Finally, the
chip was connected to a copper-enclosured printed circuit
board through wire bonding. Wire bonds were also used to
connect the ground planes across all resonators.

APPENDIX I: MEASUREMENT SCHEME

Our quasi-1D lattice device is measured with the con-
tinuous wave (CW) measurement scheme depicted in
Fig. 12. A vector network analyzer (VNA, Rohde-Schwarz
ZNB20) is used to generate CW signals from one or
two separated ports. The two output signals are combined
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with a microwave power splitter (ZFRSC-183-S+) and
undergo −60 dB nominal attenuation inside the dilution
fridge before reaching the device. The input and output
of the device are protected by two identical low pass fil-
ters (LPFs, K&L 6L250-00089) with a cutoff frequency
of 12 GHz. An isolator (QCI-G0401202AS) on the base
plate protects the device from reflected signals. The sig-
nal is then amplified by a high electron mobility transistor
amplifier (LNF-LNC4_16B), which is specially chosen to
amplify signals in the range of 4–16 GHz encompass-
ing both the half-wave and the full-wave modes. Finally,
a post amplifier chain is located outside of the dilution
fridge to amplify the signal further before it is sent into
a readout port on the VNA. A band pass filter is set
before the post-amplifiers to reduce noise outside of the
desired bandwidth. The frequency range chosen changes
between measurements of the half-wave (3.4–5.5 GHz)
and full-wave (9–12 GHz) modes.

DC voltage sources (Stanford Research Systems
DC205) are used to flux bias the qubits. There are three
identical flux bias lines (one for each qubit) but for sim-
plicity only one is shown in Fig. 12. The DC voltage
passes through a series of low pass filters and attenuators
before reaching the device, where the current generates a
magnetic flux through the SQUID loop of the transmon.
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