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Interplay between disorder and topology in
Thouless pumping on a superconducting
quantum processor

Yu Liu 1,2,13, Yu-Ran Zhang3,13, Yun-Hao Shi 1, Tao Liu3, Congwei Lu4,
Yong-Yi Wang 1,2, Hao Li 1, Tian-Ming Li1,2, Cheng-Lin Deng1,2, Si-Yun Zhou1,2,
Tong Liu 1, Jia-Chi Zhang1,2, Gui-Han Liang1,2, Zheng-Yang Mei1,2,
Wei-Guo Ma 1,2, Hao-Tian Liu1,2, Zheng-He Liu1,2, Chi-Tong Chen5,
Kaixuan Huang 6, Xiaohui Song1, S. P. Zhao 1,2,7, Ye Tian1,
Zhongcheng Xiang 1,2,8 , Dongning Zheng 1,2,7,8,9, Franco Nori 10,11,12,
Kai Xu 1,2,6,7,8,9 & Heng Fan 1,2,6,7,8,9

Topological phases are robust against weak perturbations, but break down
when disorder becomes sufficiently strong. However, moderate disorder can
also induce topologically nontrivial phases. Thouless pumping, as a (1+1)D
counterpart of the integer quantum Hall effect, is one of the simplest mani-
festations of topology. Here, we report experimental observations of the
competition and interplay between Thouless pumping and disorder on a 41-
qubit superconducting quantum processor. We improve a Floquet engineer-
ing technique to realize cycles of adiabatic pumpingby simultaneously varying
the on-site potentials and the hopping couplings. We demonstrate Thouless
pumping in the presence of disorder and show its breakdown as the strength
of disorder increases.Moreover, weobserve two types of topological pumping
that are induced by on-site potential disorder and hopping disorder, respec-
tively. In particular, an intrinsic topological pump that is induced by quasi-
periodic hopping disorder has never been experimentally realized before. Our
highly controllable system provides a valuable quantum simulating platform
for studying various aspects of topological physics in the presence of disorder.

Topology versus disorder provides a diverse landscape for exploration
in modern condensed matter physics, ranging from the robustness of
topological systems against weak disorder1 to the classification of
symmetry-protected topological phases2. One of the most significant

class of topological systems is the Thouless pump3,4, entailing trans-
port of the quantized charge during an adiabatic cyclic evolutionof the
underlying Hamiltonian4,5. Thouless pumping, as a dynamical version
of the integer quantum Hall effect (IQHE)6, bridges the quantized
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conductance and the topological invariant, known as the Chern
number of the occupied energy bands1,7. Due to the universality of
topological effects, the Thouless pump is not a specific phenomenon
occurring in a certain system and is robust against perturbations4,5.
These properties make topological pumps a promising platform for
designing novel devices with unprecedented functionalities5. Thouless
pumping has been experimentally demonstrated on different experi-
mental platforms8–19. Especially, the competition and interplay
between topology and disorder in a Thouless pump have been
attracting growing attention in, e.g., ultra-cold atoms20,21, photonic
waveguides22, andmechanical metamaterials23. These experiments not
only demonstrate topological transitions with disorder, but also the
breakdown of quantized pumps due to localization caused by
disorder24,25.

To exploit disorder rather than to eliminate it, we experimentally
investigate Thouless pumping induced by disorder on a 41-qubit
superconducting processor. Since it is challenging to precisely control
the adiabatic cyclic evolution of a multi-qubit system with disorder, we
employ a Floquet engineering technique26–28 to realize Thouless
pumping by simultaneously varying the on-site potentials and hopping
strengths29. We experimentally demonstrate bulk topological pumping
during different pumping trajectories in the clean limit.We also observe
the breakdown of quantized pumping, when the strength of the ran-
dom on-site potential disorder increases. For a topologically trivial
double-loop pumping trajectory, we observe topological pumping
induced by the on-site disorder of a uniform random distribution.
Moreover, we experimentally demonstrate emergent topological
pumping induced by quasi-periodic hopping disorder, which is related
to the dynamic version of topological Anderson insulators (TAI)30–35.
Our results will inspire further investigations of topological phases in
the presence of disorder on quantum simulating platforms36–44.

Results
System and model
Our experiments are performed on a 1D superconducting processor,
named Chuang-tzu, consisting of 43 nearest-neighbor-coupled and
frequency-tunable transmonqubits28. In our experiments, 41 qubits (Qj

with j varying from 1 to 41) are used, and the system Hamiltonian is
written as Ĥ0 =

P
j½ðgj, j + 1â

y
j âj + 1 +H:c:Þ+ωj n̂j�, where ây (â) denotes the

hard-core bosonic creation (annihilation) operator45, n̂= âyâ is the

number operator, and gj,j+1 is the nearest-neighbor (NN) hopping
strength.

To experimentally demonstrate a disorder-induced pumping
process, we simulate the tight-binding Rice-Mele (RM) model with on-
site potential disorder or hopping disorder, of which the Hamiltonian
can be expressed as46:

ĤRMðtÞ=
X40
j = 1

J + ð�Þ j�1 δðtÞ+Wj

h in o
ðây

j âj + 1 +H:c:Þ

+
X41
j = 1

ð�Þ j�1 ΔðtÞ+Vj

h i
n̂j :

ð1Þ

Here, J ± [δ(t) +Wj] denote the NN hopping strengths with disorderWj,
± [Δ(t) +Vj] denote the staggered on-site potential with disorderVj, and
Δ(t) and δ(t) are periodic with the period T. When Δ(t) = 0, the RM
model reduces to the Su-Shrieffer-Heeger (SSH) model47 in the clean
limit. Furthermore, to realize the adiabatic cyclic evolution of the RM
Hamiltonian (1), we develop a Floquet engineering technique to
change the dynamical parameters δ(t) and Δ(t) adiabatically during a
closed trajectory in a δ–Δ space (Fig. 1b). More details are discussed in
the Supplementary Materials29. We realize the pumping process with
the cyclic modulations of both the amplitude and the center offset of
the sine-like waves of Floquet engineering, corresponding to the cyclic
variations of the hopping coupling and the on-site potential,
respectively, where disorder is also carefully introduced.

Topological invariant and topological pumping
In the clean limit, the continuous RM pumping sequence is periodic in
both spatial and temporal dimensions. Under periodic boundary
conditions (PBCs), the Bloch wavefunction of the n-th energy band is
defined in the k–t Brillouin zone as ∣ψk,nðtÞ

�
= eikx ∣un, kðtÞ

�
, and the

Chern number is expressed as9

νn =
1
2π

Z
FBZ
dk

Z T

0
dt Ωnðk, tÞ, ð2Þ

where Ωn(k, t) = i(〈∂tun,k∣∂kun,k〉 − 〈∂kun,k∣∂kun,t〉) denotes the Berry
curvature, andFBZ represents thefirstBrillouin zone.When the system
is initiallyprepared asaWannier state,filling then-th band, νn relates to

ironic!This is so

a
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Fig. 1 | Device and pulse sequences. a Optical micrograph of the 43-qubit super-
conducting chip. b Schematic of Floquet engineering for the adiabatic cyclic evo-
lution. Pulse sequences in one pumping period are illustrated. The amplitude and
the center shift of the Floquet engineering pulse on each qubit are subject to a cyclic
modulation, corresponding to the cyclic variations of hopping couplings and on-site
potentials, respectively. c Schematic diagram of the Rice-Mele (RM) model with on-
site potential disorder. The on-site potentials on qubits are staggered, with a random

offset of disorder strength V. The orange curved arrows, representing the couplings,
staggerwith one large andone small, due to the staggered RMhoppingHamiltonian.
d Schematic diagram of the RMmodel in the presence of hopping disorder. The on-
site potential is strictly periodic, while the disordered hopping coupling is modu-
lated with disorder strength W. In the clean limit, the on-site potentials (hopping
couplings), denoted by the blue spin (orange curved arrows), are staggeredwith one
up (large) and one down (small) due to the staggered RM Hamiltonian.
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the displacement of the center-of-mass (CoM) per pumping cycle δx as

δx = νnd, ð3Þ

with d = 2 being the lattice constant48.
In our experiments, we engineer the continuous RM model in

the clean limit and implement topological pumping by periodically
modulating δ and Δ that sketch a closed trajectory in the δ–Δ space
within a period T. The initial state is prepared as a single-excitation
state, having an overlap of over 0.99 with the exact Wannier state29,
by exciting one qubit closest to the middle, i.e., Q19. During the
pumping procedure, we measure the population of each qubit
P∣1i � hn̂ji, with which the CoM can be calculated as �x � P

j jhn̂ji. The
experimental results of the shift of the CoM after four pumping
cycles are shown in Fig. 2 for four distinct pumping trajectories C1– C4
(Fig. 2c), respectively. The period is carefully chosen as T = 650 ns,
when the mean δx achieves its maximum 1.95(6) (Fig. 2b). Here, the
slight oscillation of δx for T > 650 ns originates from the difference
between the single-excitation state and the exact Wannier state.
Quantized charge pumping is observed for topologically nontrivial
pumping trajectories C1 and C4 around the gapless point
(Δ, δ) = (0, 0), corresponding to the Chern numbers ∓ 1, respectively.
Moreover, topologically trivial pumping is probed for C2 and C3 with
zero Chern number. The corresponding energy bands under open
boundary conditions are shown in Fig. 2d for C1– C4, respectively,
which could be measured by a dynamical spectroscopic technique28.
The deviation for t > 3T, between the experimental and numerical

results in Fig. 2a, are due to dephasing29. Adiabatic time evolutions
for a pumped excitation during pumping trajectories C1–C4 are
shown in Fig. 2e. In addition, we experimentally monitor the double-
excitation pumps for different trajectories29, which are shown in
Fig. 3. The experimental results are similar to the single-excitation
cases, as the system is in the hard-core limit45. Since the pumps of
excitations initially prepared at odd and even sites have opposite
winding numbers48, no quantized pumping is observed for the
topologically nontrivial pumping trajectory C4, when the parity of the
initial excitation sites is different (Fig. 3d).

Pumping in the presence of on-site disorder
Next, we investigate the effects of on-site potential disorder
on topological pumping. Figure 4a shows the displacement of the
CoM for a forward pump, with respect to the pumping trajectory
Cout (inset of Fig. 4c), versus the on-site disorder strength V/
2π. Here, the on-site potential disorder Vj on each qubit satisfies
a uniform random distribution in the range [ − V, V]. The experi-
mental results demonstrate that quantized pumping persists
for V/Δ0 ≲ 1, but degrades as the displacement of the CoM per
pumping cycle δx decays to zero for V ≳ 3Δ0. In addition, we
numerically calculate the pumping amounts of charge over one
cycle, i.e.,

ΔQ=d
Z T

0
dt ψðtÞ�

∣Ĵ ðtÞ∣ψðtÞ�, ð4Þ

ca

b

d
� � ��

Time, t Time, t Time, tTime, t
Time, t

e

Wannier
Single-Excitation

x

Fig. 2 | Bulk topological pumping for different types of cycles initially with
single-excitation states. a Displacements of the CoM for four different pumping
trajectories C1–C4 as illustrated in (c). Dashed curves represent the numerical
results. b Displacement of CoM, δx, versus the pumping period T, for C4 initially
with a single-excitation state. When T = 650ns, δx reaches the maximum 1.95(6).
The dashed curve shows the numerical results of δx as a function of T, when the
initial state is an exactWannier state. c Four different pumping trajectories C1–C4 in
the δ–Δ plane. The trajectory C4 is set as ðΔ, δÞ= ðΔ0 cos 2πt=T , δ0 sin2πt=TÞ, with

Δ0/2π = 10MHz, δ0/2π = 2.5MHz, and J/2π = 2MHz. The trajectory C3 is set
as ðΔ, δÞ= ðΔ0 cos 2πt=T , δ0j sin2πt=T jÞ with the same parameters Δ0, δ0, and T
as C4. The trajectory C1 (C2) is designed symmetrically flipped about the Δ-axis
with C4 (C3). The trajectory C1 and C4 correspond to the Chern numbers ν = ∓ 1,
respectively, and C2 and C3 lead to topologically trivial pumping. d Instantaneous
energy spectra of the bulk under open boundary conditions. e Experimental data of
the populations of all qubits during the adiabatic cyclic evolution within four
periods.
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Fig. 4 | Pumpingwithon-site disorder. a Experimental data of the displacement of
the CoM δx for 2 pumping periods against the on-site potential disorder strength V
dividedbyΔ0/2π= 10MHzduring thepumping trajectoryCout asplotted in the inset
of (c). On-site potential disorder Vj follows a uniform random distribution within
the range [ − V, V]. The red solid curve represents the mean numerical results, and
the error bars represent the standard error of the experimental (numerical) results
with 30 (100) configurations of disorder.b Experimental data of δx versus V during
a double-loop pumping trajectory Cdl as shown in the inset of (e). c Numerical
results of the charge pumped per cycleΔQ versus Vduring the outer-looppumping

trajectory Cout. d Numerical results of ΔQ versus V during the inner-loop pumping
trajectory Cin. e ΔQ for double-loop pumping Cdl, which is obtained by summing
the results of outer- and inner-loop pumping. f Bulk energy band for double-loop
pumping under open boundary conditions. Darker colors imply higher state den-
sity. g Experimental data of the average populations of all qubits during the adia-
batic cyclic evolution for double-loop pumping over 30 independent disorder
configurations. The period of both the outer- and the inner-loop pumping is set
as 500 ns.

a

c

b

d

e

f g

Fig. 3 | Topological pumping for different types of cycles which initially have
double-excitation states. a Displacements of the CoM for different pumping
protocols as shown in (c, d, f, g), where the dashed curves represent the numerical
results. b Schematic diagram of lattice potentials with the initial excitions prepared
at two nearest-neighbor sites, i.e., Q19 and Q20. c, d Experimental data of the
population of all qubits during the adiabatic cyclic evolution within two periods for

the trajectory C3 and C4, respectively. e Schematic diagram of lattice potential with
the initial state prepared by exciting two next-neighbor sites, i.e., Q19 and Q21.
Adiabatic time evolutions of the the populations of all qubits within two periods for
the pumping trajectories C3 and C4 are shown in (f, g). The evolution period for
double-excitation pumping is 500 ns.
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to characterize the interplay between topology and disorder24,35

(Fig. 4c–e). Here, the average current density can be expressed as

Ĵ ðtÞ= i
XN
j = 1

½ð J + ð�1Þ j�1δÞây
j + 1âj +H:c:�=N, ð5Þ

and ∣ψðtÞ� is the time evolved state initially with a half-filling ground
state of the system, and i =

ffiffiffiffiffiffi
�1

p
. As shown in Fig. 4c, ΔQ versus V has a

similar behavior as the experimental results of δx. The slight reduction
of ΔQ when V/Δ0 ≲ 1 results from the use of a single-excitation initial
state instead of an exact Wannier state. The breakdown of quantized
pumping can be understood due to the closing band gap, leading to
the Landau-Zener transition4,49. The gap closes when V ≈ Δ0

29, which
conforms to theexperimental observations of δx. Thus, thebreakdown
may be due to localization of single-particle Floquet states instead of
that of instantaneous eigenstates, for which localization occurs for any
non-zero disorder strength24.

In addition, we demonstrate a pumping procedure following a
double-loop pumping trajectory, Cdl, to study topological pumping
that is induced by random on-site disorder. As plotted in the inset of
Fig. 4e, this closed pumping trajectory is composed of an outer loop
Cout (inset of Fig. 4c) and an inner loop Cin (inset of Fig. 4d). Since along
Cout and Cin, the system evolves into a parameter plane with opposite
directions, there is no net pumped charge with zero total Chern
number as νout + νin = 0. However, as the on-site disorder strength V
increases, the gapless regime appears around the originO along the Δ-
axis. When 0.5 ≲ V/Δ0 ≲ 2, the inner loop cannot encircle the whole
gapless regime and no topological pumping phenomenon occurs,
while the outer loop remains nontrivial with νout = + 1. Thus, with a
moderate disorder strength, we observe nontrivial pumping induced
by the on-site disorder with δx ≠ 0 (Fig. 4b). However, a quantized
disorder-induced pump can hardly be realized, since quantized
transport requires trajectory parameters to be finely tuned to combine
the effects of the trivial inner and outer trajectories20. As the disorder
strength increases further toV/Δ0≳ 2.5, pumpingbecomes trivial, since
no topological pumping exists for the outer loop. The increase of δx in

the region 0 ≲ V/Δ0 ≲0.7 is also due to the discrepancy between the
single-excitation and Wannier initial states.

Pumping with hopping disorder
Next, we experimentally investigate topological pumping in the pre-
sence of hopping disorder. We choose a trivial pumping trajectory
Chop: ðΔ,δÞ= ðΔ0

0 cos 2πt=T ,δ
0
0 sin 2πt=TÞ, with Δ00=2π = 5 MHz,

δ0
0=2π = 1:25MHz, J/2π = 1MHz, and T = 1.3μs (inset of Fig. 5a). First, we

consider uniform randomhopping disorder within the range [ −W,W].
The experimental results, shown in Fig. 5a, are similar to the ones with
on-site potential disorder as shown in Fig. 4a, where the increase of the
disorder strength leads to the decrease of δx. However, the decay of δx
obeys a distinct law from the on-site potential disorder case50, when
the 1D system tends to the localization phase. A non-adiabatic evolu-
tion could cause the breakdown of quantized pumping with a smaller
disorder strength, which is verified by comparing the charge pumped
with a longer period with the transition point at W/δ0 ≈ 129.

Recently, it has been suggested that quasi-periodic hopping dis-
order would lead to exotic topological phenomena51. Moreover, as the
gap would reopen, applying quasi-periodic hopping disorder may
intrinsically induce topological pumping, which can hardly be realized
by introducing random hopping disorder29,35. Here, we consider a
topologically trivial single-loop pumping trajectory with its center
being biased away from the gapless point O (origin of Δ–δ plane), i.e.,
Csl: ðΔ,δÞ= ðΔ00 cos 2πt=T ,δc + δ

00
0 sin 2πt=TÞ with Δ0

0=2π = 5 MHz, δc/
2π = 1.2MHz, δ00

0=2π = 1 MHz, T = 1.4 μs, and J/2π = 1.8 MHz (inset of
Fig. 5b). Quasi-periodic hopping disorder, Wj =Wp cosð2παj +βÞ, is
introducedoneachevenqubit, withα = ð

ffiffiffi
5

p
� 1Þ=2 being irrational and

β ∈ [ − π, π) being an arbitrary random phase offset. As the disorder
strength Wp increases, the gapless point would appear inside the
pumping loop35, and nontrivial pumping could be observed (see the
theoretical predictions in Fig. 5b). Though under insufficient adiaba-
ticity, we demonstrate the observation of signatures consistent with
topological pumping induced by quasi-periodic hopping disorder,
which leads to nonzero in the clean limit. Theoretically, with an
extremely long evolution period, e.g., 20 μs and 80 μs, as shown in

a b c
x x

Fig. 5 | Pumpingwith hoppingdisorder. a Experimental data for the displacement
of the CoM δx for one pumping period versus the random hopping disorder
strengthW during the pumping trajectory Chop as shown in the inset. The red solid
and green dashed curves plot the numerical results of δx and ΔQ, respectively.
b Experimental data of δx against the quasi-periodic disorder strength Wp during
the pumping trajectory Csl: ðΔ, δÞ= ðΔ0

0 cos 2πt=T , δc + δ
00
0 sin 2πt=TÞ, with

Δ0
0=2π = 5MHz, δc/2π = 1.2MHz, δ00

0=2π = 1MHz, T = 1.4 μs, and J/2π = 1.8MHz. The
solid blue curve denotes the numerical simulation and the dotted curve shows the

topological index calculated in the thermodynamic limit55. The purple (light blue)
dashed curve denotes the numerical results using similar experimental parameters
but with a longer period 20 μs (80 μs) in a larger system with 200 (800) qubits.
Experimental data are averaged over 30 disorder configurations, while the
numerical simulation is calculated for 1000 disorder configurations. c, Charge
pumped per cycle ΔQ versusWp and δc. The white dashed horizontal line shows the
TAI-like topological transition of pumping during Csl.
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Fig. 5b, non-adiabatic effects can be suppressed. Moreover, this non-
trivial pumping phenomenon could also be viewed as a dynamical
version of TAIs32,33, as the numerical results of ΔQ in Fig. 5c indicates
the existence of TAI-like topological transitions.

Discussion
We experimentally investigated the competition and interplay
between topology and disorder in topological pumping on a 41-qubit
superconducting processor. Furthermore, we demonstrated disorder-
induced topological pumping which was induced by either on-site
random disorder or quasi-periodic hopping disorder. In addition, we
experimentally studied the robustness and the breakdown of a Thou-
less pump as the disorder strength increases. Note that these experi-
mental results were obtained by extending the multi-qubit Floquet
engineering technique to the adiabatic evolution regime, which would
be helpful in exploring various topological phenomena induced by
disorder.

Methods
Floquet engineering for adiabatic systems
In our experiments, we employ an extended Floquet engineering
technique with the high-frequency expansion52 to realize the RM
model, which is an effective approach to modulate hopping strengths
between qubits. Since the simultaneous changes of on-site potentials
and hopping strengths are inherently necessary, we extended Floquet
engineering for adiabatic systems, by carefully introducing two
restrictions: the adiabatic condition and the Nyquist condition. Spe-
cifically, we manipulate the Z pulse to tune the j-th qubit frequency
according to

ωjðtÞ= �ω+ΔjðtÞ+AjðtÞ sinðμt +φ0Þ, ð6Þ

where �ω is the average frequency, Aj, μ, and φ0 denote modulation
amplitude, frequency, and phase, respectively, and Δj is the j-th on-site
potential. Experimentally, we set �ω=2π =4:8 GHz, and μ/2π = 80MHz
for all qubits, and a schematic of the qubit frequency is plotted in
Fig. 6a. To realize the high-frequency expansion, the modulation
frequency should be higher than the simulated frequency regime for
fulfilling the adiabatic condition, and the effective Hamiltonian
contains a series of frequency bands. The Nyquist condition requires
that the variation range of thedifferencebetween twoneighboron-site
potentials should be lower than half the modulation frequency μ/2.
This can avoid any overlap between different frequency bands,

resulting in an effective simulation of the target time-evolved
Hamiltonian under the rotating wave approximation.

By introducing the superconducting quantum interferencedevice
(SQUID) into the transmon qubit, the qubit is frequency-tunable, and
the relationship between the qubit frequency ω and the flux Φe,
entering the loop of SQUID53, is

ω=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8EJJEC j cosðπΦe=Φ0Þj

q
� EC , ð7Þ

where EJJ denotes the Josephson energywhenΦe = 0, EC is the charging
energy, and Φ0 is the flux quantum. For weak magnetic fields, Φe is
linearly related to the experimental Z pulse amplitude (Zpa) Vz, i.e.,
πΦe/Φ0 = kVz + b. These parameters can be extracted by the single-
qubit spectroscopy measurement experiments. However, the para-
meters obtained in this way would be inaccurate due to the
unavoidable crosstalk after tuning all qubits to their idle points. Thus,
we apply the multi-qubit spectroscopy measurements in the range
near the working points or the average frequency �ω � 4:8 GHz, see
Fig. 6b. Then, we fit the relationship in Eq. (7) using this small segment
of the spectroscopy data, which exhibits a linear correlation. Although
under-fitting seems to occur, we could achieve the desired results by
fixing the knownparameters insensitive to the crosstalk, such asEC and
the sweet points of qubits. The inset of Fig. 6b shows the optimized
mapping from Zpa to the qubit frequency, which differs from single-
qubit fitting result.

Combining Eqs. (6) and (7), we can obtain the Z pulse waveform,

applied on the j-th qubit Vz
j , as Vj

z =
1
kj
arccos

±
ð�ω+Δj ðtÞ+Aj ðtÞ sinðμt +φ0Þ+ Ej

C Þ
2

8Ej
JJ E

j
C

� �
� bj

kj
. Note that Aj(t) is dependent of the

modulation amplitude of the nearest qubits Aj−1(t) and Aj+1(t). In
practical operations, we establish a reference amplitude, which is a
smooth function, for a specific qubit Qk. For convenience, we simply
set Ak(t) ≡ 0, and then, we perform the iterative calculation of Qk to
obtain Ak+1(t), Ak+2(t),⋯ and Ak−1(t), Ak−2(t), ⋯ .

Using the method as introduced above, we can engineer a time-
dependent Hamiltonian with the simultaneous adjustment of the on-
site potentials and the hopping strengths on our superconducting
processor with only frequency-tuning capabilities. Numerically, we
calculate pumping for the trajectory, C4, by evolving the exact RM
model as shown in Fig. 7a and the same Hamiltonian, but constructed
through Floquet engineering, as shown in Fig. 7b, respectively. The
CoM extracted from these twomethods coincide very well, see Fig. 7c.

a b

Fig. 6 | Pulse sequence. a Schematic of the qubit frequency. The frequency is
manipulated as amplitude-modulated sinusoidal wave with a moving center.
bMulti-qubit spectroscopymeasurement. The dashed line represents themapping
from Z pulse amplitude (Zpa) to qubit frequency obtained by single-qubit

spectroscopy. The solid line shows fitting result from the multi-qubit
spectroscopy segment. Due to crosstalk, the dashed line deviates from the
actual mapping when tuning all qubits to their work points, indicated by
curves in the inset.
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Experimental setup
Our superconducting quantumprocessor consists 43 transmon qubits
arranged in a 1D array, labeled asQ1, ⋯ ,Q43, and we usedQ3, ⋯ ,Q43

(relabeled as Q1, ⋯ , Q41) for the experiments.The qubits are capaci-
tively coupled to their nearby qubits with a mean hopping strength
g=2π ’ 7:2MHz, which suggests that the adjustable range of the
effective hopping strengths is from −2.9MHz to 7.2MHz. Since the

average anharmonicity is U=2π ’ �208MHz, with a ratio
jU=gj ’ 29≫1, our processor can be regarded as a hard-core bosonic
system45. The mean energy relaxation time is 21.0 μs, and the sweet
points of qubits are designed to be staggered for the convenience of
arranging energy levels, with a mean value of 5.014GHz.

With all 41 superconducting qubits initialized at their idle points,
we prepared the localized initial state using an X gate, as an

Parametric driving Readout

Q1

Q17

Q18

Q19

Q20

Q21

Q41

Fig. 8 | Pulse sequence for topological pumping with double excitations. All
qubits are initialized at their idle points. Then, Q18 and Q19 are excited using the
Gaussian-like derivative removal by adiabatic gate (DRAG) pulses. Next, all qubits

are driven by performing parametric modulations through their Z-control lines.
After a delay time, the parametric driving is turnedoff, and all qubits are tunedback
to their idle points for readouts.

a b c

Fig. 7 | Numerical calculation of pumping for C4. a Numerical results of the time
evolution of the initial single-excitation state obtained by evolving the exact Rice-
Mele model Hamiltonian over one cycle. b Numerical results of the time evolution
of the initial single-excitation state obtained by evolving the Rice-Mele model

Hamiltonian constructed through Floquet engineering over one cycle.
c Numerical results of CoM extracted from (a, b). The initial state is chosen as
a single-excitation state at the 19-th site, and the modulation frequency μ is set
as μ/2π = 80MHz.
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approximation to the Wannier state. By using the derivative removal
by adiabatic gate (DRAG) theory54, the X gate pulse is optimized to
minimize the leakage to higher energy levels, achieving an average
gate fidelity of 99.2%. Then, the parametric flux modulations are
applied on all qubits to engineer the Rice-Mele Hamiltonian, for dif-
ferent pumping experiments. The schematic diagram of the pulse
sequence, for the double-excitation experiments as an example, is
shown in Fig. 8. After turning off the parametric driving, the qubits are
tuned back to their idle points for readout. The states of all qubits can
be read out simultaneously through the transmission lines coupled to
readout resonators. All qubit probabilities are corrected to eliminate
the measurement errors.

Data availability
The source data underlying all figures are available at https://doi.org/
10.6084/m9.figshare.27908871. Other data are available from the
corresponding author upon request.
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