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Cavity quantum electrodynamics, which explores the granu-
larity of light by coupling a resonator to a nonlinear emitter1, 
has played a foundational role in the development of modern 
quantum information science and technology. In parallel, the 
field of condensed matter physics has been revolutionized 
by the discovery of underlying topological2–4, often arising 
from the breaking of time-reversal symmetry, as in the case 
of the quantum Hall effect. In this work, we explore the cav-
ity quantum electrodynamics of a transmon qubit in a topo-
logically nontrivial Harper–Hofstadter lattice5. We assemble 
the lattice of niobium superconducting resonators6 and break 
time-reversal symmetry by introducing ferrimagnets7 before 
coupling the system to a transmon qubit. We spectroscopi-
cally resolve the individual bulk and edge modes of the lat-
tice, detect Rabi oscillations between the excited transmon 
and each mode and measure the synthetic-vacuum-induced 
Lamb shift of the transmon. Finally, we demonstrate the abil-
ity to employ the transmon to count individual photons8 within 
each mode of the topological band structure. This work opens 
the field of experimental chiral quantum optics9, enabling 
topological many-body physics with microwave photons 
10,11 and providing a route to backscatter-resilient quantum 
communication.

Materials made of light are a frontier in quantum many-body 
physics12. Relying upon nonlinear emitters to generate strong pho-
ton–photon interactions and ultra-low-loss meta-materials to manip-
ulate the properties of the individual photons, this field explores the 
interface of condensed matter physics and quantum optics while 
simultaneously producing devices for manipulating light13,14. Recent 
progress in imbuing photons with topological properties15, wherein 
the photons undergo circular time-reversal-breaking orbits, prom-
ises opportunities to explore photonic analogues of such solid-state 
phenomena as the (fractional) quantum Hall effect2,3, Abrikosov lat-
tices16 and topological insulators4.

In electronic materials, the circular electron orbits result from 
magnetic or spin–orbit couplings4. Unlike electrons, photons 
are charge-neutral objects and so do not couple directly to mag-
netic fields. There is thus an effort to generate synthetic magnetic 
fields for photons and more generally to explore ideas of topologi-
cal quantum matter in synthetic photonic platforms. Significant 
progress in this arena has been made in both optical and micro-
wave topological photonics. In silicon photonics17,18 and optics19,20, 
synthetic gauge fields have been achieved while maintaining 
time-reversal symmetry by encoding a pseudo-spin in either the 
polarization or spatial mode. In radiofrequency and microwave 
meta-materials, models both with time-reversal symmetry21,22 
and with broken time-reversal symmetry have been explored, 
with the time-reversal symmetry breaking induced either by  

coupling the light to ferrimagnets in magnetic fields7,23 or by Floquet  
engineering24.

To mediate interactions between photons, a nonlinear emit-
ter or ensemble of nonlinear emitters must be introduced into the  
system25. This has been realized for optical photons by coupling them 
to Rydberg-dressed atoms, providing the first assembly of two-photon 
Laughlin states of light26. In quantum circuits, a three-site lattice of 
parametrically coupled transmon qubits enabled observation of chi-
ral orbits of photons/holes24, and a 1 × 8 lattice of transmons enabled 
exploration of Mott physics27. In nanophotonics, a topological inter-
face enabled coupling of quantum dots to a topological channel28 and 
a resonator realized by closing such a channel on itself29.

In this work, we demonstrate a scalable architecture for prob-
ing interacting topological physics with light. Building on prior 
room-temperature work7, we demonstrate a 5 × 5 array of supercon-
ducting resonators that acts as a quarter-flux (α = 1/4) Hofstadter 
lattice5, exhibiting topological bulk and edge modes for the pho-
tons that reside within it. We couple a single transmon qubit to the 
edge of this system, and explore the regime of strong-coupling cav-
ity quantum electrodynamics (QED) for a highly nonlinear emit-
ter interacting with the spectrally resolved modes of a topological  
band structure.

In Section 2, we introduce our superconducting topological lat-
tice architecture compatible with transmon qubits. We then charac-
terize its properties both spectroscopically and spatially in Section 
3. In Section 4, we couple a single transmon qubit to the lattice, 
employing it to detect and manipulate individual photons in bulk 
and edge modes of the lattice and to measure the Lamb shift of this 
synthetic vacuum. In Section 5, we conclude, exploring the oppor-
tunities opened by this platform.

A superconducting Hofstadter lattice for microwave photons
In vacuum, photons are neither (1) massive nor (2) charged or (3) 
confined to two dimensions, the crucial ingredients for quantum 
Hall physics2. To realize these essentials, we follow the road-map laid 
out in ref. 10. Microwave photons are trapped in a two-dimensional 
(2D) array of microwave resonators and thereby confined to two 
transverse dimensions and imbued with an effective mass due to the 
finite tunnelling rate between the resonators. Rather than attempt-
ing to actually imbue photons with electric charge, we note that, 
when electrons are confined to a lattice, the entire impact of a mag-
netic field on their dynamics is encompassed by the Aharonov–
Bohm-like phase that they acquire when tunnelling around closed 
trajectories. We engineer this ‘Peierls phase’ via the spatial structure 
of the on-site lattice orbitals.

Figure 1a shows the square Hofstadter lattice that we have devel-
oped for this work. Each square in the diagram is a lattice site, imple-
mented as a resonator of frequency ω0 ≈ 2π × 9 GHz, tunnel-coupled 
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to its nearest neighbours with J = 2π × 18 MHz (Supplementary 
Information C). Sites with counter-clockwise red arrows exhibit 
modes with spatial structure px + ipy, while all other sites have s-like 
modes. The phase winding at a px + ipy site causes photons tunnel-
ling in/out from different directions to acquire a phase ϕ equal to 
the clockwise angle between the input and output directions7. This 
ensures that, when photons tunnel around a closed loop in the lat-
tice enclosing n plaquettes, they pick up an Aharonov–Bohm-like 
phase ϕloop = n π

2. Such a tight-binding model with a flux per pla-
quette of π/2 is called a quarter-flux Hofstadter lattice5.

To increase the lifetime of photons compared with our prior 
work7, we machine the lattice from niobium and cool it to 30 mK, 
well below the superconducting transition of Nb (see Supplementary 
Fig. S6 and Methods for details).

Probing the topological lattice
We first characterize the mode structure of the topological lattice 
itself in the linear regime, before introducing the transmon non-
linearity. Figure 2a shows the anticipated energy spectrum of a 
semi-infinite strip, α = 1/4 Hofstadter lattice with four bands and 
topologically protected edge channels living below the top band 
and above the bottom band. In a finite system, these continuum 
bands and edge channels fragment into individual modes satisfying 
the boundary conditions. Figure 2b shows the measured response 
of the lattice when probed spatially both within the bulk (left) and 
on the edge (right), with the energies aligned to Fig. 2a. It is clear 
that the bulk spectrum exhibits modes within the bands, while 

the edge spectrum exhibits modes within the bandgaps. We fur-
ther validate that the modes we identify as ‘bulk’ and ‘edge’ modes 
reside in the correct spatial location by exciting modes identified 
with arrows in Fig. 2b and performing microscopy of their spatial 
structure in Fig. 2c.

To demonstrate that the excitations of the edge channels are 
indeed both long-lived and travel in a chiral (handed) manner, we 
excite the system at an edge site with a short pulse (Supplementary 
Fig. S7) that populates the modes within each of the two bulk energy 
gaps in Fig. 2d (Supplementary Information F). By monitoring the 
edge-averaged response, we determine that the high quality factor 
(Q) of the superconducting cavities enables the excitation to travel 
the full lattice perimeter >20 times before decay (Fig. 2d). The 
backscatter-free, unidirectional propagation demonstrates the pro-
tection afforded to chiral edge channels by this system’s topology. 
In Fig. 2d (insets), we probe in both space and time and observe 
that the excitations move in opposite directions in the upper and 
lower bandgaps, as anticipated from the bulk–boundary corre-
spondence8. The difference in group velocities between upper and 
lower edge channels arises from second-order tunnelling medi-
ated by virtual occupation of the detuned px − ipy cavity modes, 
where px and py are first excited resonances of the microwave cav-
ity with nodes along x and y axes, respectively (Supplementary  
Information F).

Having demonstrated that the topological lattice hosts distinct 
‘bulk’ and ‘edge’ modes and can support spectrally distinct and 
long-lived chiral excitations, we couple a nonlinear emitter to the 
lattice edge, connecting the chirality of this topological band struc-
ture with nonlinear effects seen in cavity QED.

Coupling a quantum emitter to the topological lattice
To explore quantum nonlinear dynamics in the topological lat-
tice, we couple it to a transmon qubit (Fig. 1c and Supplementary 
Information G), which acts as a quantized nonlinear emitter whose 
properties change with each photon that it absorbs. Unlike tradi-
tional cavity and circuit QED experiments in which a nonlinear 
emitter couples to a single mode of an isolated resonator, here the 
transmon couples to all modes of the topological lattice. In what 
follows, we induce a controlled resonant interaction between the 
transmon and individual lattice modes, investigating the resulting 
strong-coupling physics.

The |g⟩ ↔ |e⟩ transition of the transmon (ωq ≈ 2π × 7.8 GHz) 
is detuned from the lattice spectrum (ωlattice ≈ 2π × 9 GHz) by 
Δ ≈ 2π × 1.2 GHz. We bring the transmon controllably into reso-
nance with individual lattice modes via the dressing scheme in  
Fig. 3a (inset) (see Methods and ref. 2 for details). This dressing also 
gives us complete control over the magnitude of the qubit–lattice 
site coupling.

In Fig. 3a, we tune the excited transmon into resonance with 
individual lattice modes and observe vacuum-stimulated Rabi 
oscillations (Supplementary Information I) of a quantized excita-
tion between the transmon and the mode. Comparing with the 
predicted band structure shown beneath Fig. 3a, we see that the 
transmon couples efficiently to both bulk and edge modes of the lat-
tice, despite being physically located on the edge. This is because the 
lattice is only five sites across, comparable to the magnetic length 
lB ≈ 1/α = 4 sites, so the lattice site coupled to the transmon has sub-
stantial participation in both bulk and edge modes. Furthermore, 
the system is sufficiently small that the number of bulk sites is 
comparable to the number of edge sites, so all modes have approx-
imately the same ‘volume’. The rates of Rabi oscillation shown in  
Fig. 3a reflect the participation of the qubit site in each mode.

To unequivocally demonstrate strong coupling between the 
transmon and a single lattice mode, we examine a single-frequency 
slice of Fig. 3a versus evolution time. Figure 3b shows such a slice 
and demonstrates high-contrast oscillations that take several Rabi 
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Fig. 1 | Elements of chiral cavity QED. a, The apparatus, consisting of a 
5 × 5, α = 1/4 Hofstadter lattice5 of resonators in which microwave photons 
propagate as charged particles in a magnetic field, coupled to a single qubit 
on the edge that is sensitive to the precise number of photons and their 
energies. Each site, implemented as a coaxial resonator milled into a block 
of niobium6, exhibits a resonance frequency ω0 determined by the length of 
a central post and a nearest-neighbour tunnelling rate J determined by the 
size of a machined coupling hole. The synthetic magnetic field manifests 
as an Aharonov–Bohm flux π/2 when photons hop around minimal closed 
loops (green), generated by the spatial structure of the resonator modes: 
each two-site by two-site plaquette includes one lattice site (red) that 
exhibits a px + ipy orbital, while the other three sites exhibit s orbitals7,10. 
The additional site (blue) on the system edge serves as readout cavity into 
which transmons may be inserted. b, px + ipy sites instead contain three 
posts and thus support three microwave modes (s, px ± ipy). Because our 
Hofstadter lattice employs only the px + ipy mode, we must isolate it. The s 
mode is tuned away by the electromagnetic coupling between posts, while 
a YIG ferrimagnet (black) couples primarily to the px − ipy mode (due to the 
orientation of the B field of the red/blue bar magnet), thereby detuning it in 
energy and isolating the px + ipy mode. c, A transmon qubit is inserted into a 
gap between readout (left) and lattice (right) cavities on a sapphire carrier 
(turquoise), and couples to the two cavities with Rabi frequencies gr and 
gl, respectively. A SubMiniature version A (SMA) connector (gold) allows 
direct microwave probing of this readout cavity and thus the transmon.
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cycles to damp out, as is required for strong light–matter cou-
pling. For simplicity, we choose our dressed coupling strength to 
be less than the lattice mode spacing. Stronger dressing to explore 
simultaneous coupling to multiple lattice modes opens the realm of 
super-strong-coupling physics30,31, where the qubit launches wave-
packets localized to smaller than the system size.

When a qubit is tuned towards resonance with a single cav-
ity mode, it experiences level repulsion32 and then an avoided 
crossing at degeneracy. The situation is more complex for a qubit 
coupled to a full lattice, where one must account for interactions 
with all lattice modes, both resonant and non-resonant. In total, 
these couplings produce the resonant oscillations observed in  
Fig. 3b plus a frequency-dependent shift due to level repulsion 
from off-resonant lattice modes, which may be understood as a 
Lamb shift from coupling to the structured vacuum33. We quan-
tify this Lamb shift by comparing the frequencies of the modes 
observed in linear lattice spectroscopy, as in Fig. 2b but with the 
transmon present (Supplementary Information H), with those 
observed in chevron spectroscopy in Fig. 3a. These data are 
shown in Fig. 3a (lower inset). When the qubit is tuned near the 
low-frequency edge of the lattice spectrum, it experiences a down-
wards shift from all of the modes above it, and when it is tuned 

near the upper edge of the lattice, it experiences a corresponding 
upwards shift. These two extremes interpolate smoothly into one 
another as modes move from one side of the qubit to the other. 
This effect arises from the multi-modedness of our qubit–cavity 
system, and not the topology explicitly, as the qubit is coupled only 
to a single site. There is also a near-constant Stark shift of ~3.5 MHz 
arising from the classical dressing tone. To our knowledge, this is 
the first measurement of the Lamb shift of a qubit in a synthetic  
lattice vacuum.

Finally, we demonstrate the ability to count photons within 
an individual lattice mode. If the transmon were coupled to 
a single lattice site and not to the full lattice, each photon in 
that site would shift the qubit |g⟩ ↔ |e⟩ transition by 2χ, where 
χ ≈

g2l
∆

×
αq

∆+αq
≈ 2π × 5 MHz, and αq is the transmon anhar-

monicity. This photon-number-dependent shift, and thus the 
intra-cavity photon number, can be measured by performing qubit 
spectroscopy detected through the readout cavity (Supplementary 
Information K). When the transmon is coupled to a lattice rather 
than an isolated cavity, the shift, 2χ, is diluted by the increased vol-
ume of the modes. In Fig. 3c, we inject a coherent state into the 
highlighted mode in Fig. 3a and then perform qubit spectroscopy 
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Fig. 2 | A superconducting Chern circuit. The central ingredient of a chiral cavity QED platform is a long-lived, spectrally isolated chiral (unidirectional) 
mode to couple to a real/synthetic atom. For our experiments, this mode lives on the edge of a synthetic Hall system realized in an α = 1/4, Hofstadter 
square lattice5. a, The numerically computed band structure of this model (as implemented), for an infinite strip geometry. The top/bottom bands 
exhibit a Chern number C = −1, while the middle two bands, which touch at Dirac points, have a total Chern number of C = +2. Chiral edge channels exist 
above and below the bottom and top bands, respectively, as anticipated from the bulk–boundary correspondence4. b, Microwave transmission spectra 
measured through our actual 5 × 5 lattice, where both the bulk bands and chiral edges manifest as well-resolved modes due to the finite system size. 
‘Bulk’ measurements are performed by exciting/measuring at two distinct sites on the lattice interior, while ‘Edge’ measurements employ two sites on the 
lattice perimeter. c, Measurements of the spatial structure of the modes identified with arrows in b, indicating that the mode residing predominantly in the 
interior of the lattice is located energetically within band, while the one localized to the edge resides within a gap (see Supplementary Information F for 
measurement details). The ‘Normalized response’ represents the reflected power normalized to the largest measured power at the chosen drive frequency. 
Grey squares indicate lattice sites on which these measurements were not performed; those with curved arrows overlaid represent sites hosting ferrite 
spheres and px + ipy orbitals, while those at the lattice corner identify the site excited in d. d, The response of the resulting travelling excitation as a function 
of time averaged over the full perimeter, and versus the site index around the system edge (insets), when a single edge site is excited with a short pulse 
spectrally centred in the upper/lower (red/blue) gaps. The excitations in the top/bottom bandgaps are centred at 9.064/9.004 GHz. Each Gaussian pulse 
has a 4σ length of 80 ns. Insets show that upper and lower edge channels have opposite chiralities. The ability of a photon to undergo numerous round trips 
before decay is equivalent to spectroscopic resolution of the individual edge modes.
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to count the number of photons within the mode. The observed 
spectrum corresponds to a coherent state with n̄ ≈ 1.4, with the 
individual photon occupancies clearly resolved. Indeed, when 
we perform this experiment as a function of the amplitude of the 
coherent excitation pulse (Fig. 3c, inset), we find a continuous evo-
lution from vacuum into a Poisson distribution over the first six  
Fock states.

Outlook
In this work, we have demonstrated a photonic materials platform 
that combines synthetic magnetic fields for lattice-trapped pho-
tons with a single emitter. This has enabled us to explore interac-
tions between the individual modes of a topological system and 
the nonlinear excitation spectrum of the emitter, entering the 
realm of fully granular chiral cavity QED and thus demonstrat-
ing the ability to count and manipulate individual photons in 
each mode of the lattice. We anticipate that coupling a transmon 

to a longer edge would enable qubit-mediated photon-induced 
deformation of the edge channel (in the ‘super-strong-coupling’ 
limit of the edge channel30,34), as well as universal quantum com-
putation via time-bin-encoding35 or blockade engineering36.  
Introduction of a qubit into the bulk of this system would allow 
investigation of the shell structure of a Landau-photon polariton11, 
a precursor to Laughlin states. Addition of a second qubit on the 
edge would allow chiral, backscattering-immune quantum com-
munication between the qubits33. Scaling up to one qubit per site 
will enable dissipative stabilization37–40 of fractional Chern states of 
light10 and thereby provide a clean platform for creating anyons and  
probing their statistics41.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
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(Methods), thereby scanning the energy of the resulting dressed excited state |ẽ⟩ through the band structure. A schematic of this process is provided in 
the top inset; the dressed excited state is positioned within the transmon energy level structure (at left) and on resonance with some mode of the lattice 
band structure (at right). The qubit can then coherently exchange a single photon with individual lattice modes. The resulting multimode chevron exhibits 
fast, low-amplitude Rabi oscillations when the qubit is detuned from the lattice modes and slower, high-contrast oscillations on resonance with each mode. 
The vacuum coupling to each mode is proportional to that mode’s overlap with the qubit site (Supplementary Information K). As such, the edge modes 
exhibit fast oscillations while many bulk modes exhibit slower oscillations. The bottom inset shows the Lamb shift of the transmon due to the topological 
lattice vacuum, measured as the frequency differences between chevrons and linear spectroscopy in Fig. 2. The chevrons exhibit an additional overall Stark 
shift from the classical drive. The grey and white bar at the bottom highlights band and gap locations. b, When the qubit |ẽ⟩ state approaches resonance 
with a lattice mode (a, blue line), vacuum-stimulated Rabi oscillations between qubit and cavity arise, demonstrating strong-coupling cavity QED where 
information exchange with a single chiral mode is faster than all decay processes. c, To count photons in an edge mode (here the highlighted mode in 
a), we excite that mode directly with a coherent pulse and detect the number of photons it contains as a discrete photon-number-dependent shift of the 
qubit frequency (probed through its readout cavity, see Supplementary Information G). The multi-Lorentzian fit and individual Lorentzians for each photon 
number are shown in grey. Inset: by measuring the qubit excitation spectrum versus the drive amplitude applied to this edge mode, we observe a transition 
from vacuum (single, high-frequency resonance) to the expected Poisson distribution (multiple, lower-frequency resonances). Uncertainties are smaller 
than data points in b and c (Supplementary Information M).
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Methods
To achieve the highest quality factors, the structure for the chiral lattice is 
machined from a single block of high-purity (residual resistivity ratio 300) 
niobium. It is cooled to 30 mK (below the Nb superconducting transition at 9.2 K) 
to reduce loss and eliminate blackbody photons (Supplementary Information A). 
Sites are realized as coaxial resonators, while tunnelling between adjacent sites 
is achieved via hole coupling through the back side. As in ref. 41, the coupling 
holes are sub-wavelength and thus do not lead to leakage out of the structure. 
s orbital sites are implemented as single post resonators, while px + ipy sites are 
realized with three posts in the same resonator, coupled to a yttrium iron garnet 
(YIG) ferrimagnet that energetically isolates the px + ipy mode from the (vestigial) 
px − ipy and s modes (Fig. 1b and Supplementary Fig. S3). The T-symmetry of the 
ferrimagnet is broken with the ~0.2 T magnetic field of ∅1.6 mm N52 rare-earth 
magnets placed outside of the cavity, as close to the YIG as possible to minimize 
quenching of superconductivity42,43 (Supplementary Fig. S4).

The transmon qubit (Supplementary Information B) has a |g⟩ ↔ |e⟩ transition 
frequency of ωq = 2π × 7.8 GHz, compared with the lattice spectrum centred on 
8.9 GHz and spanning ±50 MHz (due to lattice tunnelling J = 2π × 18 MHz). In the 
presence of the applied magnetic fields, the |g⟩ ↔ |e⟩ transition of the transmon 
exhibits a T1 value of 2.9 μs and T2 value of 3.9 μs (Supplementary Information G). 
The anharmonicity of the transmon is αq = 2π × 346 MHz. The transmon is coupled 
to its readout cavity (ωr = 2π × 10.6 GHz, κr = 2π × 500 kHz) with gr = 2π × 66 MHz. 
The transmon is coupled to the (1, 1) site of the lattice with gl = 2π × 111 MHz. The 
s-like lattice sites have a linewidth of κs = 2π × 5 kHz, while the px + ipy-like sites 
have a linewidth of κpx+ipy = 2π × 50 kHz. The lattice sites themselves are tuned 
with ±1 MHz accuracy for the s sites and ±3 MHz accuracy for the px + ipy sites.

We perform linear spectroscopy of the lattice with dipole antennas inserted 
into each lattice site and use cryogenic switches to choose which sites we excite/
probe (Supplementary Information C and F).

We perform nonlinear spectroscopy by exciting the transmon through 
its readout cavity. The transmon is fixed-frequency to avoid unnecessary 
dephasing from sensitivity to the magnetic fields applied to the YIG spheres. 
As a consequence, we ‘tune’ the transmon to various lattice modes by dressing 
through the readout cavity25. We prepare the transmon in the second excited (| f ⟩) 
state and then provide a detuned drive on the | f ⟩ ↔ |e⟩ transition to create a 
dressed |̃e⟩ ≈ | f ⟩ − Ω

∆
|e⟩ state at any energy in the vicinity of the lattice band 

structure, with a dipole moment for coupling to the lattice which is rescaled 
by the ratio of the dressing Rabi frequency to the detuning from the | f ⟩ ↔ |e⟩ 
transition. The resulting vacuum-stimulated |f, 0⟩ ↔ |g, 1k⟩ Rabi frequency 
gk ≈

√

2 glαq
∆(∆+αq)

Ω × ⟨xtransmon|ψk⟩. Here, Ω is the Rabi frequency of the 
dressing tone on the | f ⟩ ↔ |e⟩ transition of the transmon and 〈xtransmon∣ψk〉 is the 
participation within mode k of the lattice site where the transmon resides. The 
dressing scheme may alternatively be understood as a two-photon Rabi process, 
where the |f, 0⟩ ← |e, 0⟩ transition is stimulated by the classical drive and the 
|e, 0⟩ ← |g, 1k⟩ transition is stimulated by the vacuum field of mode k.

For the qubit measurements, the lattice is tuned to a centre frequency of 
2π × 8.9 GHz, corresponding to a dressing frequency of 2π × 6.35 GHz ± 50 MHz. 
Note that, with the additional significant figure, the |g⟩ ↔ |e⟩ transition has a 
frequency of 2π × 7.75 GHz.

Data availability
The experimental data presented in this manuscript are available from the 
corresponding author upon request, due to the proprietary file formats employed 
in the data collection process.

Code availability
The source code for simulations in Fig. 2 is available from the corresponding 
author upon request.
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