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Tunneling spectroscopy in superconducting circuit lattices

Botao Du ,* Qihao Guo, Santiago López , and Ruichao Ma †

Department of Physics and Astronomy, Purdue University, West Lafayette, Indiana 47907, USA

(Received 21 November 2024; accepted 9 May 2025; published 19 May 2025)

We demonstrate tunneling spectroscopy of synthetic quantum matter in superconducting circuit lattices. We
measure site-resolved excitation spectra by coupling the lattice to engineered driven-dissipative particle baths
that serve as local tunneling probes. Using incoherent particle source and drain, we independently extract
quasiparticle and quasihole spectra and reconstruct the spatial structure of collective excitations. We perform
spectroscopy of a strongly interacting Bose-Hubbard lattice to measure changes in energy spectra for superfluid
and Mott-insulator states at different densities and observe the effects of three-body interactions. Our results
provide a toolset for characterizing many-body states in analog quantum simulators.
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Introduction. Scanning tunneling spectroscopy has become
an essential tool for investigating the electronic properties
of quantum materials at the atomic scale [1]. By varying
the energy of the probe relative to the sample, tunneling
spectroscopy facilitates the extraction of the local density of
states for both electrons and holes, thereby providing critical
insights into collective excitations in the material and their
underlying interactions and correlations. Such local spec-
troscopy measurements are pivotal for the investigation of
superconductivity [2,3], quantum magnetism [4], and emer-
gent topological states [5].

With recent progress in quantum simulation, engineered
quantum systems serve to emulate condensed matter models
and study synthetic quantum matter with tunable control and
precise readout. Ideas for realizing tunneling spectroscopy
in such analog quantum simulators have been proposed for
ultracold atoms [6–8], and injection spectroscopy has been
recently demonstrated in a noninteracting synthetic lattice
[9]. In superconducting circuit quantum simulators, arrays of
superconducting resonators and qubits host synthetic quantum
matter comprised of interacting microwave photons [10–12].
Direct microwave spectroscopy measurements can be used
to extract lattice parameters [13], measure topological edge
states [14], or probe energy-resolved transport [15,16]. Using
coherent local control, the many-body energy spectra can
also be extracted from the time evolution of initial prod-
uct states [17] or via many-body Ramsey experiments [18].
Nevertheless, it remains a challenge to perform site-resolved
spectroscopy in strongly correlated lattices at the level of
single collective excitations. Furthermore, the asymmetry
between the quasiparticle and quasihole spectra provides
essential insights into the underlying interactions of the
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constituent particles. However, most spectroscopic methods
in synthetic quantum matter cannot distinguish particle exci-
tations from hole excitations.

In this work, we demonstrate tunneling spectroscopy in
a superconducting circuit lattice by coupling the lattice to
engineered driven-dissipative probes. The local probes serve
as particle source and particle drain, as realized in our re-
cent work [19], enabling particles to be injected or removed
locally with controlled energy. We measure site-resolved
quasiparticle and quasihole spectra of a strongly interacting
Bose-Hubbard lattice, and reconstruct the spatial structure of
quasiparticles from the site-resolved spectra. By performing
the spectroscopy at different lattice fillings, we reveal changes
in the many-body excitation spectra of different superfluid
and Mott insulator states and directly observe the effects of
multiparticle interaction. These experiments provide a new
toolset for manipulating and characterizing quantum many-
body states in superconducting circuits.

Local lattice excitation spectra. Consider a tight-binding
lattice model that hosts an interacting many-body state, il-
lustrated in Fig. 1. We perform tunneling spectroscopy by
coupling lattice sites to particle baths with tunable narrow-
band energy, and extract the local excitation spectra of the
many-body state from the tunneling current between the lat-
tice site and the probe as their energy detuning is varied. If
the lattice is a closed system apart from its coupling to the
probe, we can infer the tunneling current via the change in the
total particle number in the lattice. Here we will employ two
types of particle baths as the tunneling probe to access both the
quasiparticle and quasihole spectra: If the probe is a particle
source (S), particles are added to the many-body state at the
energies of unoccupied quasiparticle states. If the probe is a
particle drain (D), particles are removed from the many-body
state at energies that match the unoccupied quasihole states.

For a many-body state ψ with energy Eψ , the local quasi-
particle (quasihole) excitation spectrum at lattice site i as a
function of the probe frequency ω is

Ipart[hole]
i (ψ,ω) =

∑
s

| 〈φs| a†
i [ai] |ψ〉 |2δ

(
Es − Eψ

h̄
− ω

)
,
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2643-1564/2025/7(2)/L022038(8) L022038-1 Published by the American Physical Society

https://orcid.org/0009-0003-6338-6414
https://orcid.org/0009-0009-4207-9996
https://orcid.org/0000-0003-4516-874X
https://ror.org/02dqehb95
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.7.L022038&domain=pdf&date_stamp=2025-05-19
https://doi.org/10.1103/PhysRevResearch.7.L022038
https://creativecommons.org/licenses/by/4.0/


DU, GUO, LÓPEZ, AND MA PHYSICAL REVIEW RESEARCH 7, L022038 (2025)

where a†
i (ai) is the particle creation (annihilation) operator

on lattice site i, the sum in s is over all many-body eigen-
states of the lattice with eigenenergy Es and eigenfunction
φs, and h̄ is the reduced Planck constant. In essence, the
excitation spectrum is the density of many-body states that
can be reached from ψ by adding or removing particles with
frequency ω at site i. Here we consider finite-size lattices
with a discrete frequency spectrum. In real systems, the fre-
quency δ function will have finite widths due to intrinsic
decoherence.

We now couple the lattice site i to a local tunneling probe
characterized by a narrow frequency bandwidth centered at ω.
We focus on the weak coupling regime, where the coupling
rate between the lattice site and the probe is much smaller than
the probe’s bandwidth. We examine N (t, ω, i), the expectation
value of the total number of particles in the lattice at time
t , measured after switching on the probe coupling at t = 0.
When the probe is a source/drain, particles enter/leave the
lattice at energies near h̄ω at a rate proportional to the lo-
cal quasiparticle/quasihole spectrum integrated over relevant
frequencies:

d

dt
N (t, ω, i) = +4g2

S

κS

∫
dω′ Ipart

i (ψ (t ), ω′) K (ω − ω′, t ),

d

dt
N (t, ω, i) = −4g2

D

κD

∫
dω′ Ihole

i (ψ (t ), ω′) K (ω − ω′, t ).

(2)

Here gS/D is the coupling rate between the lattice site and
the particle source/drain, and κS/D is the bandwidth of the
source/drain. The many-body state ψ (t ) is written with ex-
plicit time dependence to indicate its evolution as a result
of the probe. K (ω − ω′, t ) is a frequency response function
that describes the effective frequency resolution of the probe.
The response function depends on the probe bandwidth, the
probe-lattice coupling, and the finite probe duration. For
a probe duration of t with constant probe-lattice coupling,
the Fourier-transform-limited frequency response is K (ω −
ω′, t ) = sinc2[(ω − ω′)t/2] with a characteristic bandwidth
of 2π/t , which limits the frequency resolution of the tun-
neling spectroscopy at short times t . At longer times and
in the weak coupling limit (gS/D � κS/D), the frequency
resolution is determined by the probes’ frequency band-
width κS/D. In our experiments, the probes are engineered
from lossy microwave resonators, giving rise to Lorentzian
frequency responses K (ω − ω′) = 1/[1 + 4(ω − ω′)2/κ2

D/S].
Lastly, the proportional constants 4g2

S/D/κS/D are the effec-
tive rates at which the source/drain adds/removes particles
via a resonant quasiparticle/hole state of the lattice in the
weak coupling limit. See related discussions in Ref. [7]
and additional details in the Supplemental Material (SM)
Sec. B [20].

Spectroscopy of a circuit Bose-Hubbard lattice. We
demonstrate tunneling spectroscopy in a strongly interacting
superconducting circuit Bose-Hubbard lattice comprising a
one-dimensional array of four transmon qubits where the par-
ticles are microwave photons (Fig. 1(c); see detailed device
parameters and experimental setup in SM Sec. A [20] and
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FIG. 1. Illustration of site-resolved tunneling spectroscopy.
(a) Locally coupled tunable particle baths act as tunneling probes.
(b) The narrow energy bandwidth particle source (particle drain)
measures the local density of states of unoccupied quasiparticle
(quasihole) states. The many-body system is filled to an effective
chemical potential μ. (c) Image of the superconducting circuit lattice
used in this work.

[19]). The lattice is described by the Hamiltonian:

HBH/h̄ =
∑
〈i j〉

Ja†
i a j + U2

2

∑
i

ni(ni − 1)

+ U3

6

∑
i

ni(ni − 1)(ni − 2) +
∑

i

εini. (3)

Here a†
i is the bosonic creation operator for a microwave

excitation on lattice site i, J is the tunneling rate between
lattice sites, ni = a†

i ai is the on-site occupancy, U2 (U3) is
the on-site two-body (three-body) interaction, and εi is the
on-site energy. In our device, the effective on-site interactions
are given by the energy level structure of the transmon qubit
[21], corresponding to strong attractive interactions of U2 ≈
−2π × 245 MHz and U3 ≈ −2π × 28 MHz. Experiments in
this work are limited to on-site occupancy ni � 3, so higher-
order interactions beyond three-body are irrelevant. The fixed
tunneling rate J comes from capacitive coupling between the
transmons, resulting in a uniform nearest-neighbor tunnel-
ing JNN ≈ 2π × 5.9 MHz and a small residual next-nearest
neighbor tunneling JNNN ≈ 2π × 0.5 MHz. In the remainder
of this paper, we will use J to denote the dominant JNN

while JNNN contributes only small frequency shifts in the
calculated lattice spectra. The on-site energies εi are tunable
within 2π × (4.0–5.7) GHz using local flux control lines.
Microwave photons in the lattice have a typical relaxation
rate of 	1 = 1/T1 ≈ 1/(30 µs) ≈ 2π × 5 kHz measured from
single transmon lifetimes, and a local dephasing rate of 	φ =
1/T ∗

2 ≈ 1/(2.5 µs) ≈ 2π × 60 kHz.
As demonstrated in our previous work [19], we create local

tunable particle baths in a hardware-efficient way by induc-
ing resonant coupling between the transmon lattice sites and
their individual readout resonators. Parametric modulation of
the transmon frequency at the sum (difference) of the trans-
mon and resonator frequencies creates an effective incoherent
particle source (drain), where the lossy readout resonator pro-
vides the source of dissipation. The strength and frequency of
the modulation determine the tunable coupling strength gD/S

and the frequency detuning between the probe and the lattice
δD/S. See SM Sec. B [20] for details of the implementation
of the particle baths and relevant parameters. For experiments
in this work, we choose gD/S ≈ 2π × 0.25 MHz to be small
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FIG. 2. Measuring local excitation spectra of a Bose-Hubbard lattice. (a) Tunnel-coupled particle source probes quasiparticle excitations
of the empty lattice, illustrated in the many-body spectrum (b). (c) Measured population change as a function of probe detuning and duration
ΔN (δS, t ), and (e) data and exponential fits at the four resonant detunings δS. (d) The measured (dots) and numerically calculated (line)
quasiparticle spectrum. (f) Tunnel-coupled particle drain probes quasihole excitations of the n = 1 Mott state. (g) Measured probe-induced
population change ΔN (δD, t ), and (i) data and exponential fits at the four resonant δD. (h) The measured and calculated quasihole spectrum.
Data in all figures are typically averaged over 10 000 experimental runs, with standard errors of the mean below 1%. Other systematic
uncertainties in the measured population are below ±1%; see [19].

compared to the resonator linewidth κr ≈ 2π × 1.5 MHz. In
this weak coupling limit, the incoherent particle baths rep-
resent tunneling probes that are effectively noninteracting
and infinite; the baths have spectral width κD/S equal to the
resonator linewidth κr , which sets the frequency resolution
for the tunneling spectroscopy. The spectral broadening from
intrinsic lattice decoherence 	1 and 	φ are significantly less
than gD/S and κr , so the δ function in Eq. (1) remains valid.

With the present experimental parameters of gD/S �
κD/S � J and a small size lattice, the change in the total par-
ticle number ΔN (t ) = N (t ) − N (t = 0) as a function of the
probe duration t can be understood qualitatively as follows: (i)
For t much shorter than the probe’s dissipation timescale (t �
2π/κr ≈ 670 ns), the population change remains small and
scales quadratically in time, |ΔN | ∝ t2 � 1. In this regime,
the dominating dynamics is the coherent tunneling of particles
between the lattice and the probe. Since the Fourier-limited
spectral width 2π/t exceeds κr during these short probe dura-
tions, the probe frequency can be near-resonant with several
quasihole or quasiparticle excitations in the lattice. For each
excitation resonant with the probe, the initial population trans-
fer follows a Rabi oscillation given by |ΔN | = sin2(�t ) with
Rabi rate � ≈ gD/S Ii(ω). Since gD/S = 2π × 0.25 MHz and
Ii(ω) � 1 characterizes the excitation’s transition matrix ele-
ment, we find �t � 1 for this short-time regime and therefore
|ΔN | ≈ �2t2 � 1. When multiple resonances are present,
ΔN remains approximately quadratic in time, representing the
sum of several individual quadratic contributions. (ii) For t �
2π/κr ≈ 670 ns, the probe’s spectral resolution is no longer
Fourier-limited, but is instead determined by κr . In our small
lattice, where κr � J , the probe can resolve individual many-
body transitions. Due to the strong on-site interaction U2, the
many-body excitation spectrum exhibits large nonlinearities
that can exceed the probe’s energy resolution. Consequently,
if the probe is initially resonant with a particular quasiparticle

(quasihole) excitation, the particle source (drain) can only add
(remove) one particle before becoming off-resonant for sub-
sequent excitations. In this regime, the population change in
the lattice saturates towards +1 (−1) as |ΔN (t )| ≈ 1 − e−t/τ ,
with a time constant given by τ ≈ κr/(4g2

S(D)Ii(ω)). See SM
Sec. C.3 [20] for a detailed numerical example that illustrates
these timescales.

Quasiparticle and quasihole spectra. We start by mea-
suring the particle excitation spectrum of an initially empty
lattice with all sites at the same frequency ωlatt ≈ 2π ×
4.6 GHz [Fig. 2(a)]. We couple the first lattice site to its lo-
cal particle source with a coupling rate gS ≈ 2π × 0.25 MHz
and measure the total population after a variable probe du-
ration of up to t = 8 µs. The individual readout resonators
allow us to perform multiplexed readout of the on-site oc-
cupancy. In Fig. 2(c), we plot ΔN (t ) measured at different
probe detuning δS. We observe population growth at four
distinct detunings, corresponding to the resonant population
transfer from the particle bath into the four single-particle
eigenstates of the lattice, labeled as k1 to k4. The single-
particle states correspond to quasimomentum eigenstates with
energies E (kn)/h̄ = 2J cos(kn) and real-space wave functions

ψn(i) =
√

2
L+1 sin(kni), where the allowed quasimomenta are

kn = πn
L+1 (n = 1, 2, . . . , L with L being the size of the lattice,

and i is the site index). These single-particle excitation pro-
cesses are illustrated in the many-body spectrum [Fig. 1(b)],
here showing only states in the hard-core boson limit with
on-site occupancy ni � 1. On resonance with each transition,
ΔN saturates towards 1. This saturation occurs because, with
our experimental parameters, the rate at which the probe ex-
cites a second particle into the lattice is roughly two orders of
magnitude lower than the single-particle excitation rates. This
difference arises from the probe frequency mismatch within
the nonlinear spectrum and the limited wave function overlap.
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To obtain the particle excitation spectra, we fit ΔN (t ) at
each detuning to an exponential function and extract the rela-
tive spectral weight from the slope of the fitted exponential at
t = 0. For the probe parameters here, the initial dynamics dur-
ing which ΔN scales quadratically with time only contribute
a small 
N � 1 so the exponential functions fit well to the
measured data as seen in Fig. 2(e). From the fits at the four
resonant frequencies, ΔN saturates to values very close to 1
at k2 and k3. For k1 and k4, the fitted ΔN saturates towards
≈0.8, due to the competition between the relatively weak
pumping rate of the particle bath and the intrinsic relaxation in
the lattice. In general, if the spectrum has (near-) degenerate
multiparticle excitations, ΔN may not saturate towards 1 or
follow a well-defined exponential at longer times. However,
our analysis method can still yield an accurate spectrum if
the exponential fit is applied only to data from early times
when ΔN < 1. The measured particle spectrum of the vacuum
state is shown in Fig. 2(d), in excellent agreement with the
spectrum calculated from Eqs. (1) and (2) without any free
parameters. For the calculation, we use a Lorentzian with
linewidth κr and unity amplitude as the frequency response
function K , and the eigenstates and eigenenergies are obtained
from HBH using the measured lattice parameters. While we
measure and show the full dynamics of ΔN (t ) here, only a
few different probe durations are needed to extract the spectra
accurately.

Next, we show the measurement of the quasihole spec-
trum. We choose the n = 1 Mott insulator with one particle
per lattice site as the initial state. In the Mott state, on-site
particle number fluctuations are highly suppressed by the
strong interaction U2. The n = 1 Mott state is prepared by
first applying individual resonant π pulses to each transmon
site while they are detuned from one another, followed by a
rapid flux ramp that brings all sites into resonance at ωlatt

within approximately 2 ns. The ramp is fast enough to sup-
press population transfer via tunneling, yet slow enough to
avoid nonadiabatic excitation to higher transmon levels. We
couple the first site to the local particle drain to perform
the tunneling spectroscopy [Fig. 2(f)]. Similar to the particle
source above, the particle drain has an energy resolution given
by the resonator linewidth κr , and we use a coupling strength
of gD ≈ 2π × 0.25 MHz.

For an initial state with finite population and probe dura-
tion up to 8 µs, the intrinsic relaxation in the lattice leads to
population decay even when the probe is off-resonant from
any transitions. We separately measure the intrinsic decay
N0(t ) with the probe off and subtract it from the measured
N (t ) with the probe on to obtain the probe-induced popula-
tion change ΔN (t ) = N (t ) − N0(t ), plotted in Fig. 2(g) as a
function of the probe detuning δS. In the hard-core limit, the
Bose-Hubbard model exhibits particle-hole symmetry. The
quasihole excitations of the n = 1 Mott insulator are delo-
calized holes that resemble the delocalized single-particle
excitations of the vacuum state with the same dispersion.
The quasihole excitations appear at probe detunings that are
reversed from the frequencies of the quasihole states in the
many-body spectra, as seen in Fig. 2(h). This is because a
quasihole state with negative detuning is occupied by a parti-
cle with positive detuning during the tunneling spectroscopy.
In our case, the single-particle/hole dispersions are slightly

asymmetric as a result of the finite JNNN and the negative finite
U2. In Fig. 2(i) we show the population change at each of
the four quasihole resonances. The drain-induced population
change saturates towards ΔN ∼ −0.6 for k′

2 and k′
3 and ΔN ∼

−0.45 for k′
1 and k′

4. These smaller |ΔN |, compared to the
expected value of 1, result from the intrinsic lattice relaxation.
Without coupling to any probe, the transmon T1 would lead to
a population decay of ΔN0 ≈ −1 in a duration of 8 µs starting
from the Mott state. Since the probe is only resonantly coupled
to one transition in the nonlinear many-body spectrum, the
drain-induced population change becomes suppressed as the
initial Mott state decays.

In general, the intrinsic relaxation of many-body states is
a complex cascaded state-dependent process. However, our
measurement is robust to weak decoherence because we ex-
tract the spectral weights from the fitted slopes at early times
when the population change due to intrinsic relaxation is
small. We observe good agreement between the measured
quasihole spectrum of the n = 1 Mott state and the calculation
[Fig. 2(h)]. The measured spectrum has a slightly lower am-
plitude than the calculated spectra, with an overall scaling of
≈90%. We attribute this to state preparation errors that result
in a reduced initial population in the n = 1 Mott state.

Imaging site-resolved wave functions. In addition to the
spectral information, the site-resolved readout in our circuit
Bose-Hubbard lattice also provides spatial information of the
quasiparticle and quasihole excitations. As a simple demon-
stration, we measure the on-site occupancy of single-particle
eigenstates using the same tunneling spectroscopy experiment
described in Figs. 2(a)–2(e). In Fig. 3(a) we plot the parti-
cle number change on each lattice site during the tunneling
spectroscopy. We use the same exponential fitting methods
discussed previously to obtain the site-resolved quasiparticle
spectra shown in Fig. 3(b). We fit the spectra with sums of
Lorentzian functions with fixed linewidth κr ; the amplitudes
of the Lorentzian give the spectral weight at each site i and
for each eigenstate k j . For each of the four single-particle
eigenstates, the site-resolved spectral weights are directly pro-
portional to the on-site occupancies of the wave function. In
Fig. 3(c) we show the normalized on-site occupancies for the
four single-particle quasimomentum eigenstates, in agreement
with the calculated densities from the single-particle wave
functions.

Here we used the site-resolved readout with a spatially
fixed local probe to obtain the spatial density distributions
of collective excitations in the lattice. Alternatively, we can
perform tunneling spectroscopy with the probe coupled to
different lattice sites and measure the spatial distribution
from the local spectral weights. Our hardware-efficient im-
plementation of the tunneling probe is well suited for such
analogous scanning tunneling spectroscopy. Beyond simple
single-particle states, the tunneling probe needs sufficient
energy resolution to excite and measure a single collec-
tive excitation in a generic many-body state. Hence the
method demonstrated here can be applied to gapped phases or
finite-size systems with large nonlinearities to reveal spatial
information of collective excitations.

Spectroscopy across the superfluid to Mott insulator transi-
tion. We now perform the tunneling spectroscopy at different
filling densities of the Bose-Hubbard lattice. As the many-
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FIG. 3. Reconstruct single-particle wave functions using site-
resolved spectra. (a) Population change on each lattice site for the
experiment in Figs. 2(a)–2(e). (b) Measured spectra from data in
(a). Lines are fit to a sum of Lorentzians with width κr to obtain
the site-resolved spectral weights for each single particle mode k1 to
k4. (c) Top: On-site occupancy of the single-particle eigenstates from
the normalized spectral weights. Dots are data, and bars are from
calculated eigenstates. Bottom: Calculated on-site amplitudes of the
corresponding wave functions.

body state undergoes density-induced transitions between
strongly correlated superfluids and Mott insulators, we use the
measured excitation spectra to identify changes in the energy
gap in different quantum phases and observe the effects of
multi-particle interactions.

We use a global coherent microwave drive to adiabatically
populate the lattice via many-body Landau Zener transitions
[19], illustrated in Fig. 4(a). A similar method was used
to coherently prepare entangled states in a two-dimensional
circuit Bose-Hubbard lattice [22]. Starting with an empty
lattice, we turn on the global drive at frequency ωdrive to a
Rabi rate of �drive = 2π × 4.0 MHz in 300 ns with an initial
detuning ωdrive − ωlatt = 2π × 30 MHz ≈ 5J . We then sweep
ωdrive at a rate of −2π × 80 MHz/µs to different end drive
frequencies ωend

drive, before turning off the drive in 300 ns.
Using drive sweeps with end detunings ωend

drive − ωlatt = 2π ×
{7.6, 1.2,−5.2,−18} MHz ≈ {1.2J, 0.2J,−0.9J,−3J}, we
prepare the highest energy eigenstates with total particle num-
ber N = {1, 2, 3, 4} respectively. The N = 4 state is the n = 1
Mott insulator. Here the end drive detuning acts as an ef-
fective chemical potential µ that determines the total particle
number in the lattice. Starting from the state with N = 4,
we apply a second global coherent drive to prepare states

with N > 4 beyond the hard-core boson limit. We start at
drive detuning −2π × 205 MHz ≈ U2 + 6.7J and stop at end
detunings of 2π × {−232.2,−245,−259.4,−275.4} MHz ≈
{U2 + 2J,U2,U2 − 2.4J,U2 − 5J}, to populate the highest
energy eigenstates with N = {5, 6, 7, 8} respectively. The
N = 8 state is the doubly filled n = 2 Mott insulator. States
other than N = 4 and 8 are strongly correlated superfluids
that exhibit large on-site number fluctuations and interaction-
induced density-density correlations [23]. Our transmon
lattice has U2 < 0, representing a strongly attractive Bose-
Hubbard model. By preparing the highest energy states in
the finite-size lattice, we effectively study the physics of the
ground states of the strongly repulsive Bose-Hubbard model.
As N increases from 0 to 8, we traverse a path in the phase
diagram of the 1D Bose-Hubbard model illustrated in the inset
of Fig. 4(b) (see, for example, the predicted phase diagram in
Ref. [24]).

The measured density-dependent quasiparticle and quasi-
hole spectra are shown in Fig. 4(b). For N = 0, the particle
spectrum has been shown previously in Fig. 2(a). The
hole spectrum shows small finite amplitudes at the same
single-particle eigenstate frequencies; these result from the
equilibrium thermal population in the lattice which is mea-
sured to be approximately 5% per site. For N = 1, 2, 3, the
superfluid states show low-frequency quasihole and quasi-
particle excitations in the ground band with probe detunings
|δD,S| � 2J . The observed asymmetry between the particle
and hole spectra is a signature of the strong interactions. In
addition, states with N � 1 can be excited to states in the
second band with two particles on the same site, which appear
in the quasiparticle spectra near δS ∼ U2 due to the on-site
two-body interaction.

At N = 4 (the n = 1 Mott state), all quasihole excitations
appear in the ground band while the quasiparticle excitations
are separated by ∼U2 in the second band. This energy sep-
aration is the characteristic Mott gap of the insulating Mott
phase. The quasiparticle states in the second band contain one
delocalized particle tunneling on top of a unity-filled n = 1
Mott state, which tunnels with a bosonic enhanced rate of
2J . As a result, the excitations in the second band have a
larger frequency dispersion spanning |δD,S − U2| � 2 × 2J .
The small residual amplitude of the particle excitation peaks
in the ground band is from imperfect preparation of the n = 1
Mott state due to thermal population and decoherence during
the adiabatic drive.

The states we prepared at N = 5, 6, 7 are once again cor-
related superfluids, while N = 8 is the n = 2 Mott insulator.
Beyond the ground and second band excitations, these states
with N � 5 can be excited to states in the third band with
three particles on the same site. A third particle on a lattice
site will experience both the two-body interaction U2 and
three-body interaction U3, so these quasiparticle resonances
appear near probe detunings δS ∼ 2U2 + U3. For example, the
quasiparticle excitations of the N = 8 Mott state correspond to
a delocalized particle with a bosonic-enhanced tunneling rate
of 3J on top of the doubly filled Mott state. As seen in the plot-
ted spectra, these excitations to the third band are observed at
probe frequencies in the range of |δS − 2U2 − U3| � 3 × 2J .
Therefore, our measurements provide a direct spectroscopic
probe of the dispersion and interactions of the transmon lattice
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FIG. 4. Density-dependent tunneling spectroscopy. (a) Many-body spectra of the Bose-Hubbard lattice beyond the hard-core limit. We
prepare the highest-energy states for N up to 8 (red thick lines) with a time-varying global coherent drive (inset) that sequentially populates
the lattice via many-body Landau-Zener transitions (orange arrows). (b) The measured quasiparticle spectra (blue with dark fill) and quasihole
spectra (red with light fill) at each lattice population N , probed at site 1. The dotted vertical lines indicate the end detuning of the coherent
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excitations. The inset in (b) illustrates the phase diagram, and the vertical arrow indicates the states we accessed. The regions behind the insets
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beyond the hard-core limit. Utilizing higher levels of trans-
mons opens new possibilities for analog quantum simulation
[25]. For instance, the realization of lattice models with dom-
inant U3 interaction using effective cancellation of U2 [26]
could lead to strongly correlated phases with charge-density-
wave order [27].

Discussion and outlook. The tunneling spectroscopy
demonstrated in this paper offers several advantages over
existing spectroscopic methods in superconducting circuit lat-
tices. Conventional spectroscopy relies on weak and long
coherent drives to achieve high-energy resolution, where the
absorption/emission signals result from the balance between
the external drive and intrinsic dissipation [28]. The exact
rates of the driving or dissipation are difficult to charac-
terize a priori and generally vary for different many-body
states, thereby complicating the extraction of accurate spectral
weights. In our method, the tunneling rate is set by the con-
trolled coupling to the incoherent probe, making the obtained
spectra insensitive to weak intrinsic decoherence. Moreover,
the ability to distinguish between quasihole and quasiparticle
excitations, as we demonstrated, remains challenging in con-
ventional coherent spectroscopy.

Our locally coupled probes enable site-resolved tunnel-
ing spectroscopy that is well suited for investigating systems
with spatially varying excitations. Examples include study-
ing many-body localized systems by measuring the local
level statistics and the spatial extent of rare Griffiths regions
[29,30]; understanding strongly correlated topological mod-
els by probing edge states in hard-core Su-Schrieffer-Heeger
models [31] or interacting chiral edge states in a Chern

insulator [32]; and characterizing soliton states in interacting
lattices [33].

In this paper, we used the multiplexed readout to mea-
sure the population across the entire lattice to infer the
probe-induced tunneling current. To further reduce the mea-
surement overhead, we can directly measure the tunneling
current between the probe and the lattice [19]. Instead of
the incoherent particle baths in this work, coherent two-level
systems coupled to the lattice could also serve as tunneling
probes [7,34].

Another potential extension is the use of multiple local
probes: Employing both a source and a drain would enable
energy- and site-resolved pump-probe spectroscopy to pro-
vide insights into the nonequilibrium dynamics. The dynamics
of collective excitations can be accessed by varying the delay
between the bath-induced excitation and a subsequent spec-
troscopy measurement. Momentum-resolved spectroscopy
has also been proposed, where arrays of local probes are
coupled to the lattice to extract the spectral function [35].

Finally, our experiments open the door for the dissipative
preparation of quantum many-body states using incoherent
particle baths [36]. The spectrally narrow baths can be used
to populate strongly correlated states sequentially [37], and
combining the energy-selective particle source and drain en-
ables the autonomous stabilization of many-body phases in
photonic synthetic quantum matter [38].
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