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Searching topological states in artificial systems has recently become a rapidly growing field of research.
Meanwhile, significant experimental progress on observing topological phenomena has been made in
superconducting circuits. However, topological insulator states have not yet been reported in this system.
Here, for the first time, we experimentally realize a tunable dimerized spin chain model and observe the
topological magnon insulator states in a superconducting qubit chain. Via parametric modulations of the
qubit frequencies, we show that the qubit chain can be flexibly tuned into topologically trivial or nontrivial
magnon insulator states. Based on monitoring the quantum dynamics of a single-qubit excitation in the
chain, we not only measure the topological winding numbers, but also observe the topological magnon
edge and defect states. Our experiment exhibits the great potential of tunable superconducting qubit chain
as a versatile platform for exploring noninteracting and interacting symmetry-protected topological states.
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Topological insulators are new states of matter beyond
Landau symmetry breaking theory, signified by topological
invariants and topological edge states, and now lie at the
forefront of condensed matter physics [1,2]. The concept of
topological insulators recently has been intensively studied
and has also been expanded to artificial systems, including
ultracold atomic [3–5], photonic [6,7], and mechanical
[8,9] systems. Nevertheless, as a result of the difficulties in
extracting the Berry curvature in photonic and mechanical
systems and in engineering edges in optical lattices, it is
still challenging to experimentally observe both the topo-
logical invariants and the topological edge states in a
separate artificial topological system.
Superconducting circuits now have become one of the

leading quantum platforms for implementing scalable quan-
tum computation [10–12] and large-scale quantum simula-
tion [13–15]. In particular, topological effects recently have
also been experimentally studied in superconducting circuits.
Specifically, topological concepts have been investigated in
the parameter space of superconducting qubits [16–19] and
the phase space of superconducting resonators [20,21],
synthetic gauge fields [22–25] and the Hofstadter butterfly
[26] have been realized in a superconducting qubit chain, and
topological phenomena have also been observed in a network
of superconducting flux qubits [27]. However, due to the
challenges in engineering a topological chain with tunable

qubit couplings and the lack of methods in detecting the
topology of the qubit chain system, topological insulator
states still have not been experimentally observed before in
the superconducting system.
In this Letter, we experimentally demonstrate the first

observation of topological insulator states in a tunable
superconducting transmon qubit chain, which exhibits both
the nontrivial topological invariants and topological edge
states. Our experiment is based on realizing a dimerized
spin chain model, which supports topologically trivial or
nontrivial magnon insulator states dependent on the qubit
coupling configurations. We demonstrate that such con-
figurations can be flexibly tuned via parametrical modu-
lations of the qubit frequencies in situ [28–32]. Through
exciting one of the qubits in the chain and then monitoring
its quantum dynamics, we further show that the topological
winding numbers can be directly measured. By tuning the
qubit chain with odd and even number of qubits, the
localization and hybridization of topological edge states are
observed, respectively. Via locally tuning the qubit cou-
plings, we also exhibit that a topological defect can be
easily created and probed.
Distinct from previous systems studying the topological

states of noninteracting bosons in a lattice [3–9], the
superconducting system allows the study of the topological
states of magnons (qubit excitations) in an interacting spin
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(qubit) chain, where magnons are bosonic quasiparticle
excitations around the ground state of the spin chain
[33,34] and are interacting hard-core bosons. Although
our experiment investigates the single-excitation case and
observes the resulted noninteracting symmetry-protected
topological magnon insulator states, it paves the way for
further study of bosonic interacting symmetry-protected
topological states [35,36] when introducing multiple exci-
tations into a longer qubit chain. Realizing interacting
symmetry-protected topological states currently is still a
great challenge [37] and cannot be achieved in previously
reported noninteracting topological systems [3–9]. Our
experiment represents the first step towards realizing such
states with a qubit chain system.
The experimental model is based on a dimerized spin

chain, which describes a one-dimensional spin lattice with
two spins per unit cell and different intra- and intercell
hopping amplitudes, as shown in Fig. 1(a). We implement
such a model in a superconducting qubit chain [38], where
each unit cell contains two qubits labeled by a and b. The
resulting qubit chain can be described by the dimerized spin
chain Hamiltonian after the rotating wave approximation

Ĥ ¼
XN

x¼1

ðJ1σ̂þax σ̂−bx þ J2σ̂
þ
bx
σ̂−axþ1

þ H:c:Þ; ð1Þ

where x is the unit cell index, N is the number of the unit
cells, J1 and J2 are the intra- and intercell qubit couplings,
respectively, and σþax (σ

−
ax) is the raising (lowering) operator

associated with qubit ax. The single-qubit excitation in
this spin chain is called a magnon in condensed matter
physics [33,34]. In the single-qubit excitation case, its
topology is the same as that of the Su-Schrieffer-Heeger
model [39–42], which has two distinct topological insulator

states characterized by topological winding numbers. How-
ever, the difference from the Su-Schrieffer-Heeger model is
that the system studied in our experiment is an interacting
spin chain and can be further used to realize interacting
symmetry-protected topological states. Moreover, magnons
are bosonic quasiparticle excitations around the ground state
of the spin chain; therefore, the topological states observed
here are associated with excited states instead of ground
states. When the qubit couplings are tuned into J1 < J2
(J1 > J2), the topological winding number ν ¼ 1 (ν ¼ 0)
and the system supports a topologically nontrivial (trivial)
magnon insulator state (see Supplemental Material [43]).
We implement the experiment in a superconducting

circuit [10,11,51] consisting of five cross-shaped transmon
qubits (X mons, a1, b1, a2, b2, and a3) [44,45] arranged in a
linear array with fixed capacitive nearest-neighbor cou-
plings, as shown in Fig. 1(b). Each qubit has independent
XY and Z controls. Separate λ=4 resonators with different
frequencies couple to individual qubits for independent
readouts. The average qubit T1 ≈ 18 μs and T�

2 ≈ 17 μs at
the frequency sweet spots. We use a Josephson parametric
amplifier [46,47], a gain over 20 dB, and a bandwidth of
about 260 MHz for high-fidelity single-shot measurements
of the qubits. To overcome the readout imperfections, in
addition, we use a calibration matrix to reconstruct the
readout results based on Bayes’ rule.
The topologically trivial and nontrivial phases require

different qubit-qubit coupling configurations, necessitating
full control of the effective couplings between neighboring
qubits. Tunable couplings through parametrical modula-
tions of the qubit frequencies can be realized in situ without
increasing circuit complexity [28–32], and therefore are
ideal for topological simulations. We adopt this technique
throughout our experiment to realize the required neigh-
boring qubit coupling strengths as described in Eq. (1).
Explicitly, we apply

ωid ¼ ωo id þ εid sinðμidtþ φidÞ; ð2Þ

where ωo id is the mean operating frequency, εid, μid, and
φid are the modulation amplitude, frequency, and phase,
respectively, for the qubit id ¼ ax; bx in the chain. By
neglecting the higher order oscillating terms and under the
resonant conditions ωo bx − ωo ax ¼ μbx or ωo bx−1−
ωo ax ¼ μax , the effective coupling strengths are

J1 ¼ gax;bxJ 1ðαbxÞJ 0ðαaxÞeiðφbxþπ=2Þ;

J2 ¼ gbx−1;axJ 1ðαaxÞJ 0ðαbx−1Þe−iðφax−π=2Þ; ð3Þ

where J mðαÞ is the mth Bessel function of the first kind
and gax;bx is the static capacitive coupling strength between
neighboring qubits. Both J1 and J2 can be conveniently
tuned via changing αid ¼ εid=μid of the external modula-
tion. Note that the qubit at the edge (for example, a1) could
be stationary without parametric modulation, while the

bx-1
J1

(b)

(a) J2 J1 J2 J1
ax bx ax+1 bx+1ax-1

in out

x1

x2 x3

x5

f1 f2 f5f4x4f3

a1 a2b1 b2 a3

FIG. 1. A dimerized qubit chain. (a) The schematic setup of a
qubit chain, where x denotes the unit cell index. Each unit cell has
two qubits a and b. The intra- and interunit cell couplings are J1
and J2, respectively. (b) Five cross-shaped transmon qubits (X
mons, a1, b1, a2, b2, and a3) arranged in a linear array. Each qubit
is coupled to a separate λ=4 resonator for simultaneous and
individual readout and has independent XY and Z controls
(labeled as “x” and “f”, respectively).
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middle qubit can be parametrically modulated with two
independent sinusoidal drives in order to tune the coupling
strengths with its two neighboring qubits, respectively. The
experimental setup, device parameters, and parametric
modulation parameters are all presented in detail in the
Supplemental Material [43].
We first demonstrate that the topological winding num-

ber can be measured by single-magnon quantum dynamics
in a chain of four transmon qubits, provided the qubit chain
is initially prepared in a single-magnon bulk state. This
dynamic method for measuring the topological winding
number was originally proposed in a linear-optics system
for studying discrete-time quantum walk [48]. We choose
to excite one of the middle qubits to the excited state jei and
leave the other qubits in the ground state jgi, leading to an
initial state of the system jψðt ¼ 0Þi ¼ jgeggi. After an
evolution time t, the state of the system becomes jψðtÞi ¼
e−iĤtjψðt ¼ 0Þi. To reveal the relationship between this
dynamics and the topological winding number, we intro-
duce the chiral displacement (CD) operator P̂d ¼P

2
x¼1 xðP̂e

ax − P̂e
bx
Þ with P̂e

id ¼ jeiidhej (id ¼ ax; bx). In
the long-time limit, the topological winding number
ν can be extracted from the time-averaged CD,
ν ¼ limT→∞ð2=TÞ

R
T
0 dtP̄dðtÞ, where T is the evolution

time and P̄dðtÞ ¼ hψðtÞjP̂djψðtÞi is the CD associated with
the dynamics of the single-magnon state (see Supplemental
Material [43]). As we can see, the topological winding
number is two times the time-averaged CD, i.e., the
oscillation center of the CD versus time. Experimentally,
to measure the time-averaged CD we only need to track the
time evolution of the excitation for each qubit.
In the experiment, as shown in Figs. 2(a) and 2(b), we

tune the qubit chain into two configurations with the qubit
coupling dimerization J1 > J2 and J1 < J2, corresponding
to the topologically trivial and nontrivial magnon insulator

states, respectively. After preparing the initial state jψð0Þi,
we measure the time evolution (with an interval of 1 ns) of
the qubit excitation of the four qubits and show the
experimental data in Figs. 2(c) and 2(d). The measured
excitation evolutions agree well with the theoretical pre-
dictions. Based on these time-resolved excitation data for
each qubit, we directly derive the time evolution of CDs
and plot them in Figs. 2(e) and 2(f). Clearly the two curves
oscillate around two different center values, qualitatively
giving the signature of different topological winding
numbers. The evolution time in our experiment is chosen
as 1 μs, during which the experimentally measured time-
averaged CDs are 0.015 and 0.359 for the topologically
trivial and nontrivial cases, respectively. Both experiments
agree very well with the theoretically expected values of 0
and 0.378, giving the experimentally measured topological
winding numbers v ¼ 0.030 and ν ¼ 0.718 for the two
cases. The measured winding number for the topologically
trivial case is quite close to the ideal value.
The reasons for the difference in the topologically

nontrivial case between the measured winding number ν ¼
0.718 and the ideal value ν ¼ 1 are that both the evolution
time and the qubit chain we choose are not long enough and
there is also inevitable system decoherence. Nevertheless,
our experimental data within 1 μs agree excellently with
the theoretical expectation and demonstrate the validness of
the method using single-magnon dynamics to measure the
topological winding number. The clear distinction between
the measured nontrivial and trivial topological winding
numbers thus can unambiguously distinguish the topologi-
cally nontrivial and trivial magnon insulator states.
The second hallmark for topological magnon insulator

states is the existence of topologicalmagnon edge states at the
boundary. When the qubit chain is tuned into the topological
magnon insulator state, according to bulk-edge correspon-
dence [1,2], the topological magnon edge state will emerge at
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FIG. 2. Topological winding number measurements. (a),(b) Schematic of the experiments in which only a1, b1, a2, and b2 are used
without a3. The couplings between neighboring qubits are configured into J1-J2-J1 ¼ 5-1-5 ðMHzÞ [(a) topologically trivial] and
J1-J2-J1 ¼ 1-5-1 ðMHzÞ [(b) topologically nontrivial], respectively. (c),(d) Time evolution of the qubit excitation Pe

id for id ¼
a1; b1; a2; b2 for the two different coupling configurations. Dots are experimental data, while solid lines are calculated from the ideal
Hamiltonian [Eq. (1)] with the measured system decoherence for an initial state jgeggi. (e),(f) Time evolution of P̄d ¼ ðPe
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the edges of the qubit chain. The wave functions of the left
and right magnon edge states can be analytically derived
as jψLi ¼

P
xð−1ÞxðJ1=J2Þxσþax jgg � � � ggi and jψRi ¼P

xð−1ÞN−xðJ1=J2ÞN−xσþbx jgg � � � ggi, respectively (see
Supplemental Material [43]). It turns out that the magnon
in the left (right) edge state only occupies the a-type (b-type)
qubit and is maximally distributed in the leftmost (rightmost)
qubit. Such two features provide a means to observe the
topological magnon edge states. However, the coupling
between the left and right magnon edge states is very large
due to the finite lattice size effect, and we cannot unambig-
uously observe the left or rightmagnon edge state localization
in a short qubit chain. This problem can be solved by tuning
the qubit chain with an odd number of qubits, where the
right topological magnon edge state has been artificially
removed [43].
Now we show that the left topological magnon edge state

can be clearly observed in a chain of five qubits where there
is no right topological magnon edge state [43]. As shown in
Fig. 3(a), we can tune the qubit couplings in a chain of five
qubits to make the system topologically trivial and non-
trivial, respectively. Initially, the leftmost a-type qubit is
excited and a single magnon has been put on the leftmost
qubit with the initial system state jψðt ¼ 0Þi ¼ jeggggi.
Then, we let this magnon state evolve for a certain time and
measure the time evolution of the magnon density in the
qubit chain. The results for the qubit chain being tuned into
the topologically trivial state are shown in Fig. 3(b). As
expected, there is no magnon edge state localization and the
wave packet has a ballistic spread vs time, which is a
typical feature of a bulk Bloch state. The reason is that the
initial magnon state in this case is a superposition of
different bulk states; therefore, it evolves in the qubit chain
via the bulk state wave packets and does not support edge
state localization.
In contrast, if the qubit chain is tuned into the topologi-

cally nontrivial state that can support left magnon edge
states, as shown in Fig. 3(c), the measured magnon density
is always maximal in the leftmost qubit. This is because the

initial magnon state jψðt ¼ 0Þi has a large overlap with the
left magnon edge state jψLi. The magnon state thus mainly
evolves in the qubit chain based on the edge state wave
packet and always maximally localizes in the leftmost
qubit. Moreover, the magnon only populates the a-type
qubits, also satisfying the feature of the left topological
magnon edge state as mentioned before. These two features
prove the existence of the left topological magnon edge
state and clearly indicate that the system is topologically
nontrivial. In Figs. 3(d) and 3(e), we also find that the
measured qubit excitation evolutions agree excellently with
the theoretical predictions.
The third important topological aspect is the emergence

of a topological defect state at the interface between
topologically trivial and nontrivial regions [39]. When
the qubit chain is tuned with two different topological
configurations, a topological interface separating the topo-
logically trivial (J1 > J2) and nontrivial (J1 < J2) regions
can be created, where a topological magnon defect state is
trapped. As shown in Fig. 4(a), we can create such a defect
state at qubit a2 in a chain of five qubits. The magnon in the
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topological defect state should only occupy a-type qubits
and its density should be maximally distributed in qubit
a2 (see Supplemental Material [43]). Experimentally,
we initially excite qubit a2 and prepare the system in
jψðt ¼ 0Þi ¼ jggeggi. Such an initial state has a large
overlap with the wave function of the topological magnon
defect state. If the system has the topological defect state,
the magnon will propagate in the qubit chain via the defect
state wave packet. In the experiment, after evolving
jψðt ¼ 0Þi for certain time, we measure the final magnon
density distribution in the qubit chain. The experimental
results are shown in Fig. 4(b) and indeed indicate that the
magnon is maximally localized in the center qubit a2 and
only has populations in the a-type qubits, unambiguously
demonstrating the existence of a topological magnon defect
state. The time evolutions of qubit excitation for the five
qubits are also shown in Fig. 4(c), agreeing well with the
theoretical expectations.
In conclusion, our experiment has demonstrated the

potential of a tunable superconducting qubit chain as a
versatile platform for exploring topology, including meas-
uring topological invariants and observing topological edge
and defect states. Since multiple-qubit excitations can be
precisely prepared in this system, our study paves the
way for further using a longer qubit chain to realize
interacting symmetry-protected topological states [35,36]
and probe symmetry-protected ground state degeneracy
[37]. Through periodically driving the qubit frequencies,
nonequilibrium interacting symmetry-protected topological
states also can be studied [52]. Additionally, it is also quite
interesting to study how the topological states in the qubit
chain helps to accomplish topologically protected quantum
information processing tasks [53,54]. In addition to super-
conducting qubits, our experiment can be generalized to
other qubit systems and could attract broad interests in
exploring symmetry-protected topological states with dif-
ferent quantum computing platforms.
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