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Recent discoveries in topological physics hold promise for disorder-robust quantum systems and technologies.
Topological states provide the crucial ingredient of such systems featuring increased robustness to disorder and
imperfections. Here we use an array of superconducting qubits to engineer a one-dimensional topologically non-
trivial quantum metamaterial. By performing microwave spectroscopy of the fabricated array, we experimentally
observe the spectrum of elementary excitations. We reveal not only the single-photon topological states but also
the bands of exotic bound photon pairs arising due to the inherent anharmonicity of qubits. Furthermore, we
discuss the formation of the two-photon bound edge-localized state and confirm the topological origin of our
model demonstrating disorder-robust behavior of photon-photon correlation function for the topological edge
state. Our work provides an experimental implementation of the topological model with attractive photon-photon

interaction in a quantum metamaterial.
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I. INTRODUCTION

Superconducting qubits are a viable platform for scalable
quantum computers. Realization of quantum computation
protocols and eventually quantum supremacy [1] relies largely
on the coherent operation of ensembles of coupled qubits. A
profound challenge in this direction is imposed by unavoid-
able parameter spread between the fabricated qubits of the
ensemble. The need to control individual qubit parameters
to reduce this spread makes scaling quantum computers up
difficult.

Even less practical is the need of using individual qubit
control tools for superconducting quantum metamaterials
[2,3]—large arrays of interacting qubits, which can be viewed
as an artificially created quantum matter. A promising way to
tackle unavoidable irregularities in quantum metamaterials is
provided by the concept of fopological states whose existence
is guaranteed by the global symmetries of the structure being
insensitive to local imperfections [4,5]. Besides such remark-
able features as disorder-robust propagation and localization
of light [5], topological states hold promise for quantum tech-
nologies. In particular, recent studies suggest that a pair of
photons propagating via topological mode preserves quantum
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correlations significantly longer than a photon pair propagat-
ing in the bulk [6-8].

Photon-photon interactions arising due to the nonlinear-
ity of the medium provide an exciting additional degree of
freedom giving rise to a plethora of topological phenomena
including interaction-induced topological states. One of the
simplest interacting models is the paradigmatic Bose-Hubbard
model, which arises in various contexts including cold atom
ensembles in optical lattices [9], magnetic insulators [10], as
well as arrays of transmon qubits. The inherent anharmonic-
ity of transmon qubit potential enables strong photon-photon
interactions [11]. Combining this feature with fine-tuning of
qubit eigenfrequency or temporal modulation of qubit cou-
plings, one can switch the system into the quantum Hall phase
[12,13]. Note that the elementary bosonic excitations in qubit
array are, strictly speaking, plasmon-polaritons as they are
superpositions of plasma oscillations in Josephson junctions
and distributed electric fields in their environment [14], and
we term them “photons” only for the sake of simplicity.

An interesting feature of the Bose-Hubbard model is the
emergence of bound boson pairs (doublons) mediated by the
interactions [15,16]. Such quasiparticles can localize at the
edge of the system forming a two-photon bound edge state,
which arises even in the absence of single-photon localized
states [17,18]. The topological physics of doublons has been
extensively explored in a series of recent theoretical works
[19-22] and also emulated with a classical system of higher

©2021 American Physical Society
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FIG. 1. Implementation of the Su-Schrieffer-Heeger model (SSH) with the array of transmon qubits. (a) False-color image of the array of
transmon qubits. Each qubit (shown by red) is capacitively coupled to a resonator for readout (green) and a frequency control line (blue). The
readout resonators are coupled to a feedline (yellow). To probe two possible terminations of the array simultaneously, we consider the structure
consisting of N = 11 qubits. (b) Enlarged fragment showing the geometry of the individual transmon qubit. (c) False-color SEM image of
transmon junctions. (d) The sketch of the designed structure showing the effective coupling amplitudes and the location of single-photon

topological state and two-photon bound edge-localized state.

dimensionality [18]. However, the experimental investigation
of topological properties of bound photon pairs is still lacking.

To fill this gap and to highlight the important aspects
of topological protection in interacting quantum models,
we design and investigate experimentally a dimerized ar-
ray of qubits with alternating nearest-neighbor coupling
strengths [Figs. 1(a)-1(c)]. This quantum metamaterial, de-
picted schematically in Fig. 1(d), provides a realization of the
well-celebrated topologically nontrivial Su-Schrieffer-Heeger
model (SSH) [23], which has been implemented in a variety of
systems ranging from simple mechanical [24] or microwave
[25] structures to photonic [26], polaritonic [27], and cold
atom [28] realizations. Importantly, in contrast to the previous
studies of one-dimensional topological qubit arrays [29,30],
we probe here not only the single-photon excitations but also
the two-photon ones, examining such exotic phenomena as
bound photon pairs and their interaction-induced localiza-
tion. Furthermore, we highlight the topological origin of our
model calculating photon-photon correlation function g (0)
and demonstrating its robustness to disorder for the scenario
of topological edge state excitation.

The rest of the article is organized as follows. Section II
describes the studied system; Secs. III and IV outline the theo-
retical and experimental results for the single- and two-photon
excitations in the fabricated array of qubits. We draw con-
clusions in Sec. V, while additional details on tight-binding
calculations, sample fabrication, and measurement procedure
appear as Appendixes A-C, respectively. Further details are
provided in the supplemental material [31].

II. ARRAY OF QUBITS

The circuit that we studied consists of N = 11 nearest-
neighbor coupled superconducting transmon qubits described

by the Bose-Hubbard Hamiltonian

N
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where 7, = &f]&q is the photon number operator; f, is the
eigenfrequency of gth transmon, which can be flexibly tuned
in the range from 3.73 to 3.82 GHz; §, = —155 MHz is
the qubit anharmonicity responsible for the effective photon-
photon interaction; and the amplitudes J; = 55.1 MHz and
J» = 17.1 MHz describe the nearest-neighbor coupling of
qubits. All qubits are tuned to the same frequency equal to
fo=3.8 GHz and f; = 3.75 GHz in the single-photon and
two-photon experiments, respectively. To probe the modes of
qubit array, we apply a monochromatic driving with frequency
fs and amplitude 2. The design of the sample includes two
excitation lines that allow excitation from either edge of the
array, s = 1 or s = 11. To determine the time-averaged popu-
lation of each site, we exploit a frequency-multiplexed readout
scheme, which includes coplanar waveguide resonators dis-
persively coupled to each of the qubits, and a coplanar
waveguide feedline. Further details on the sample design and
on the retrieval of its parameters are provided in Secs. III and
IV of Ref. [31].

In the absence of driving and dissipation, the Bose-
Hubbard model conserves the number of photons which
allows one to label all eigenstates by the associated photon
number. Hence, in the driven-dissipative case, depending on
the driving frequency and amplitude, one can address either
the single-photon sector of the Hilbert space (at low power) or
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FIG. 2. Spectroscopy of single-photon excitations in qubit array. (a) Dispersion of single-photon excitations in the array of qubits tuned
to the same frequency f, = 3.8 GHz. Shaded areas illustrate the boundaries of the bulk bands. The horizontal line at the frequency 3.8 GHz
depicts the spectral position of the single-photon topological state. (b) Calculated spectra of the average number of photons versus driving
frequency for excitation and readout of the first (magenta color) or last (red color) qubits of the array. Calculation details are provided in Sec. II
of Ref. [31]. (c) Experimental spectra showing the dependence of normalized average photon number in the array versus driving frequency.
Magenta and red colors correspond to the excitation and readout of the first and the last qubits in the array, respectively. (d) Average photon
number measured in qubits Nos. 9, 10, and 11 versus driving frequency when qubit No. 11 is excited. (e) Single-photon probability distribution
for the edge state extracted from the amplitudes of the peaks measured for qubits Nos. 9, 10, and 11 and depicted in (d).

the two-photon eigenstates (at higher power), which are man-
ifested as characteristic peaks in measured photon number
versus driving frequency. Anharmonicity of qubit potential
d, gives rise to the frequency shift between the two types of
states. An additional benchmark to experimentally distinguish
these states is provided by the characteristic dependence of
resonance linewidth on the driving power [Supplemental Fig.
S4 of Ref. [31]].

III. SINGLE-PHOTON TOPOLOGICAL STATES

For the single-photon excitations, the interaction term o< §,
in the Hamiltonian Eq. (1) is not manifested, and the physics
of this system is captured by the SSH model. Therefore, we
expect two bands of single-photon states with the dispersion
given by

f = fot [T+ T3 4+201 1y cosk., 2)

as illustrated in Fig. 2(a). Here, the Bloch wave number k
ranges from —m to 7w taking quantized values in a finite
system. As a result, exciting the system at the first qubit and
measuring the expectation value of the photon number opera-
tor (71;), we expect a series of distinct peaks corresponding
to the bulk modes of the array [Fig. 2(b)] emergent in the
experimental data [Fig. 2(c)].

Single-photon excitations described by Eq. (2) are spread
over the entire array. However, besides such delocalized exci-

tations the system also supports an edge-localized topological
state with the frequency precisely in the middle of bandgap,
fedee = fo. The wave function of this state exhibits an expo-
nential localization at the edge of the array with the weak
tunneling link, i.e., at the 11th qubit. Therefore, exciting the
array at the last qubit, we couple predominantly to the edge
state manifested as a sharp peak in the middle of the bulk
band gap [Fig. 2(b), red color]. A similar peak is observed in
the experimental data [Fig. 2(c)] providing direct evidence of
the single-photon edge state in the SSH-type array of coupled
qubits. Note that the spectral positions of the peaks in the ex-
perimental data and in the simulation are slightly different due
to the residual disorder in the qubit frequency after calibration
as quantified in Sec. I and Sec. IV of Ref. [31].

Besides providing the spectroscopic evidence of a single-
photon topological state, we also examine the probability
distribution for the observed mode. To this end, we excite
the array at the 11th qubit and measure the average photon
occupancy in qubits Nos. 11, 10, and 9 versus driving fre-
quency, as shown in Fig. 2(d). All three curves have a similar
shape featuring a pronounced peak at the same frequency
corresponding to the resonant excitation of the single-photon
edge state. The amplitudes of these peaks are related to the
eigenmode profile, which allows us to extract the probability
distribution for the edge mode directly from the experimental
data. The extracted results are compared with the predictions
of the tight-binding model in the histogram in Fig. 2(e). As
expected, the probability amplitude decays away from the
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FIG. 3. Topological protection of edge state eigenfrequency and two-photon quantum correlations. (a) Calculated linear transmission
coefficient for the array of 11 qubits tuned to resonance at 3.752 GHz with the alternating coupling constants J; = 55.1 MHz and J, =
17.1 MHz for the different levels of disorder o in the coupling strengths. Shaded domains indicate the frequencies of bulk single-photon
states. Anharmonicity of qubits § = —155 MHz. Radiative and nonradiative decay rates are taken to be I'y = 0.5 MHz and I = 1.5 MHz,
respectively. Excitation and detection are performed at qubit No. 1. (b) Calculated g®(0) correlation function for the same array. Excitation
and detection are performed at qubit No. 1. (c, d) Calculated linear transmission coefficient (c) and g (0) correlation function (d) for the same

array. Excitation and detection are performed at qubit No. 11.

edge of the array, which clearly confirms the edge-localized
nature of the observed single-photon state. Note, however,
that the experimental data show nonzero photon population in
qubit No. 10, contrary to the idealized theoretical model. Our
numerical simulations (Ref. [31], Sec. VIII) suggest that this
discrepancy arises due to the significant dephasing present in
qubit No. 11 as well as other qubits of the array.

To reveal the features of topological protection in the de-
signed structure, we simulate linear transmission coefficients
and g (0) correlation functions for our system versus ex-
citation frequency employing the approach of Refs. [32-34]
(the details of the calculations are provided in Sec. VII of
Ref. [31]). First, we calculate the transmission coefficient #;_, |
when excitation and detection are performed at the left edge
of the array [Fig. 3(a)]. The characteristic dips in the trans-
mission correspond to the bulk modes of the array. Increasing
the disorder in the capacitive coupling of qubits, we observe
spectral shifts of the dips growing with the strength of the
disorder. The similar situation is observed for g» correlation
function [Fig. 3(b)].

Next, we perform the same calculation for the scenario
when driving and detection are performed at the right edge
of the array (qubit No. 11) supporting the localized edge state.
In such case, the edge state determines the response of the
system giving rise to the pronounced dip in the middle of the
bulk band gap [Fig. 3(c)]. Contrary to the results above, the
spectral position of the dip as well as its amplitude feature the
same behavior for all levels of disorder.

In a similar way, we assess g(2) correlation function in the
presence of disorder. Similarly to the transmission coefficient,
the spectrum of g features a characteristic dip almost un-
affected by disorder when the array is driven from the right

edge. Therefore, we conclude that the topological origin of
our model enables the robustness of photonic g'* correlation
function which remains insensitive to the fluctuations in qubit
capacitive couplings.

The observed behavior is a consequence of the chiral sym-
metry, which protects the frequency of the edge state against
fluctuations in the coupling constants. It should be stressed,
however, that the edge state is not robust against disorder
in qubit eigenfrequencies, since the latter breaks chiral sym-
metry of the model shifting the frequency and distorting the
profile of the edge mode.

IV. TWO-PHOTON BOUND STATES

The two-photon modes of the designed system feature
more complex behavior than their single-photon counterparts
and belong to four major types [19,35]. The majority of the
two-photon eigenstates is presented by the scattering states
with the energy given by the sum of single-photon energies
in the continuum limit. The second group is the single-photon
edge states, where one photon is localized at the weak link
edge of the array, whereas the second photon propagates along
the array (see details in Sec. VI of Ref. [31]). These two types
of modes strongly resemble those in the single-particle SSH
model.

However, the effects of interaction give rise to two novel
types of modes associated with bound photon pairs (doublons)
as well as their edge states. The bulk spectrum of the system
features four doublon bands [19,35]. Two doublon bands have
the frequency which scales linearly with § being detuned from
the scattering continuum approximately by § = —155 MHz.
The dispersion of these two doublon bands calculated by the
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FIG. 4. Spectroscopy of two-photon excitations in qubit array. (a) Calculated dispersion of bound photon pairs in a periodic array. Higher-
frequency two-photon scattering states are not shown. The red horizontal line shows the spectral position of the doublon edge state localized
at the opposite edge of the semi-infinite array compared to the single-photon state. (b) Experimental spectrum of normalized average photon
number in the array when excitation and readout are applied at the first qubit. Shaded areas show the boundaries of bulk doublon bands.
In this experiment, the array consists of 7 qubits tuned to resonance at 3.75 GHz. The driving powers from —15 dB to —5 dB correspond
to the amplitudes of the drive equal to 1.3, 1.7, 2.1, 2.7, 3.4, and 4.3 MHz. (c) The calculated two-photon probability distributions for the
array of 7 qubits. The numbers near each panel correspond to the characteristic peaks marked in panel (b). Panel #3 shows the signatures
of interaction-induced edge localization which can be demonstrated more clearly for longer arrays. (d) Calculated two-photon probability
distribution in the array of 31 qubit for the three representative cases: upper doublon band (top), doublon edge state (middle), and lower

doublon band (bottom).

modified Bethe ansatz method [19] is presented in Fig. 4(a).
While bulk doublon dispersion strongly resembles that of the
SSH model, the doublon edge state obtained in our calcula-
tions [Fig. 4(a)] exhibits quite unexpected features. Contrary
to the single-photon scenario, it is localized at the strong link
edge of the array, providing an example of interaction-induced
localization.

Due to the good spectral isolation of the discussed doublon
bands, the respective two-photon states can be probed spec-
troscopically. For that purpose, we apply the driving signal to
the first qubit of the array measuring the spectrum of photon
number amplitudes (7;) [Fig. 4(b)]. While at low input powers
we do not observe any pronounced features in the spectrum,
the situation changes significantly when input power is in-
creased up to the level allowing two-photon transitions in
qubits. In agreement with the calculated positions of bulk
doublon bands, two separate groups of peaks emerge.

To visualize the eigenstates underlying those peaks, we
calculate the associated two-photon probability distributions
shown in Fig. 4(c). It is clearly seen that all 7 eigenstates
correspond to bound photon pairs, since the two photons most
likely share the same qubit. However, the length of the array
is insufficient to discriminate between bulk and edge doublon
states. To clarify this, we perform the numerical diagonal-
ization of the Hamiltonian for a larger system composed of
31 qubit [Fig. 4(d)]. The upper group of peaks is related to

antisymmetric doublon states when the phase of the doublon
wave function for the adjacent positions of bound photon
pair differs by m, whereas the lower group is associated with
symmetric doublon states when the respective phase differ-
ence is equal to 0. The doublon edge state emerges at the
upper boundary of the lower band and features relatively weak
interaction-induced localization with the localization length
exceeding 10 sites.

Even though the localized state fully shows up for long
arrays with N 2 15 qubits (see Ref. [31], Sec. V), we can
identify the state #3 as a precursor of the edge-localized dou-
blon state. This points toward interaction-induced localization
in our system, which is especially pronounced for the arrays
with odd N, in which case the doublon edge state arises only
at a single edge.

V. CONCLUSIONS

To conclude, our experiments demonstrate the power of
qubit arrays for exploring few-photon topological physics.
As we prove, the topological nature of the model protects
not only the frequency of the topological edge state but
also the g(z) correlation function. At the same time, the
two-photon spectrum is dramatically enriched compared to
the noninteracting scenario. Interactions give rise to exotic
bound photon pairs whose energies and wave functions can
be probed spectroscopically. Furthermore, our system exhibits
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the signatures of interaction-induced two-photon localization.
This highlights a promise of interacting models for quantum
topological photonics, paving a way toward disorder-robust
quantum metamaterials.
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APPENDIX A: TIGHT BINDING SIMULATIONS

To find the eigenstates of the Bose-Hubbard Hamiltonian
Eq. (1), we use the fact that the Hamiltonian gy commutes
with the operator # = ) 4 fig- This means that the total num-
ber of photons in this model is conserved, and the two-photon
wave function can be presented in the form

(AD)

where B,,, = B are the unknown superposition coefficients.
The two-photon eigenstates are found from the Schrédinger
equation Heu |[Yr) = e ). Combining Eqs. (1) and (Al),
we obtain the linear system of equations for the unknown
superposition coefficients:

(8 - 8),311/1 = _2Jn71 ,anl,n - 21}1 ﬁn,n+1 s (A2)
& :an = —Im—1 ,Bm—l,n — Jn—1 IBm,n—l
- Jm ﬂm+1,n - Jn ,Bm,nJrl 5 (A3)

where m < n, Bo, = 0, J, = J; for odd n and J,, = J, for even
n. Solving this system numerically, we find the two-photon
eigenstates supported by the finite array. The frequencies
shown in Figs. 2—4 correspond to ¢/(2 h).

APPENDIX B: SAMPLE FABRICATION

The sample is made in a three-stage process: (I) Base
Al layer patterning, (II) Josephson junction double-angle
evaporation and lift-off, and (III) low impedance crossover
fabrication to suppress stray microwave chip modes. We use a
high-resistivity intrinsic silicon substrate (p > 10000 - cm,
500 pm thick) prepared by Piranha-based wet cleaning and

HF dip to remove surface oxide damage. The qubit capacitors,
ground plane, readout resonators, and control wiring are made
using e-beam evaporated 100-nm-thick epitaxial Al [36] and
subsequent patterning by means of direct laser lithography
and BCl;/Cl, inductively coupled plasma etch. The native
Al oxide is removed with in situ Ar-ion milling, followed by
Al-AlOx-Al Josephson junction e-beam shadow evaporation
(£11°, 25/45 nm) and lift-off in N-methyl-2-pyrrolidone at
80°C. Finally, low impedance free-standing crossovers are
fabricated in a process similar to the fabrication steps outlined
in Ref. [37], with an important improvement: we have used Al
dry etching (Cl,-based) to pattern crossovers instead of wet
process and redesign crossover topology to eliminate the Al
base layer damage and provide mA-range crossover critical
current.

APPENDIX C: MEASUREMENT SCHEME

We perform continuous wave two-tone spectroscopy by
measuring the shift of the scattering amplitude at the fre-
quency of the unperturbed readout resonator AS,;(f,) while
applying a monochromatic drive tone with amplitude €2 and
frequency f;. The drive tone is applied to one of the edges of
the array. The readout circuitry of the sample is designed such
that the scattering amplitude shift is proportional to the energy
stored in the corresponding transmon.

The first condition for this regime of operation is that all
dispersive shifts x are at least order of magnitude less than
the resonator linewidths, yielding the first-order expansion

SH(f, . Q1 Qo)
3,

where ngwh (f, fr, O, Q.) is the theoretical frequency depen-
dence of the S,; parameter for resonator frequency f;, its
loaded and external quality factors Q; and Q., respectively
[38], and (n) is the mean number of photons in transmon.

The second condition requires that the anharmonicity of
the transmons is order of magnitude less than the qubit-
transmon detuning

(ASy () = Xq(n),  (CD

|8q| < |fr _fq| .

To the first order in § and second order in the qubit-resonator
coupling constant g, the dispersive shift is given by

o = __ 2
1 (f r f q )2

For the single-photon state measurements, we convert the
scattering amplitude shift into mean photon number, comput-
ing the coefficient from Eqgs. (C1) and (C2).

The bare frequencies of the qubits are set to their target
values using individual DC flux control lines, each coupled to
one of the qubits. Mutual inductances between the flux lines
and SQUIDs of the corresponding qubit, as well as its nearest
neighbors, frozen-in flux values, precise values of Josephson
junction critical currents, and qubit-resonator coupling have
been extracted from fitting a series of two-tone calibration
measurements to a linear oscillator model (see Ref. [31],
Sec. IV). The values of J;,J, and § are determined from
electrostatic simulation.

(C2)
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The measurements at f = 3.8 GHz have been performed
with a frequency resolution 0.2 MHz with a Rabi drive am-
plitude /27 = 0.30 MHz. At the same time, power-sweep
measurements at f’ = 3.75 GHz have been carried out with
0.5 MHz frequency resolution.

Note that the features of the spectrum that are not related
to the external drive, such as quasithermal residual transmon
population, cannot be determined from (n) in such spectra.
Other manifestations of quasithermal effects are discussed in
Sec. I of Ref. [31].
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