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Simulating the topological phases of matter in synthetic quantum simulators is a topic of considerable
interest. Given the universality of digital quantum simulators, the prospect of digitally simulating exotic
topological phases is greatly enhanced. However, it is still an open question how to realize the digital
quantum simulation of topological phases of matter. Here, using common single- and two-qubit elementary
quantum gates, we propose and demonstrate an approach to design topologically protected quantum
circuits on the current generation of noisy quantum processors where spin-orbital coupling and related
topological matter can be digitally simulated. In particular, a low-depth topological quantum circuit is
performed on both the IBM and Rigetti quantum processors. In the experiments, we not only observe but
also distinguish the 0 and π energy topological edge states by measuring the qubit excitation distribution at
the output of the circuits.
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Introduction.—Discoveries of topological insulators
[1,2] and the quantum Hall effect [3] have boosted the
exploration of novel topological phases of matter, enabling
fascinating physics research and exciting opportunities for
new devices. Although topological quantum states were
first discovered in solid-state materials, quantum simulators
provide opportunities to go beyond what is possible in real
materials, taking advantage of the high controllability and
flexibility of these platforms [4–11]. And such high
tunability could greatly enhance the prospects of probing
exotic topological phases [12–39].
In stark contrast to analog quantum simulation that

mimics the time evolution of one specific model
Hamiltonian [40,41], digital quantum simulation (DQS)
has the advantage of being universally applicable. This
universality is a result of the fact that DQS encodes the state
of the quantum systems onto qubits and emulates the time
evolution through repeated cycles of qubit rotations (quan-
tum gates) by means of quantum algorithms [40–45]. Such
a circuit-based simulator can, in principle, efficiently
simulate any finite-dimensional local Hamiltonian. It
now has been widely applied to study quantum chemistry
[46,47], many-body models [48–55], high-energy physics
[56–62] and even geometric phases [63,64]. In regard to
topology, digitally simulating a topological Hamiltonian
has been reported in single-qubit parameter space [65].
However, how to perform digital simulation of topological

matter with a programmable quantum processor remains
unknown.
In this Letter, we develop and demonstrate a unique

technique of designing topologically protected quantum
circuits on the current generation of noisy quantum
processors. Spin-orbital coupling (SOC) and related topo-
logical matter can be digitally simulated in the protocol by
employing common single- and two-qubit quantum gates,
thus providing the essential component to generate various
topological phases of matter. We also show that quantum
circuits could be used to measure the hallmarks of
topological matter, including topological invariants and
edge states. Furthermore, we experimentally perform a
low-depth topological quantum circuit to simulate one-
dimensional (1D) topological phases on the currently
available IBM and Rigetti quantum processors.
Strikingly, by measuring the qubit excitation distribution
at the output of the circuit, we observe and distinguish the 0
and π energy topological edge states, which have not been
previously reported [66]. Finally, we apply our method to
design a quantum circuit for DQS of 2D SOCs and
anomalous topological Chern insulator phases. All of
our results can be reproduced with noisy quantum circuits,
the reason is that topological phases are robust to system-
atic imperfection and disorder, including the digital sim-
ulation errors generated in the noisy quantum circuits,
which manifest the power of topological protection.
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Quantum circuits for SOC and related topological
matter.—In solid-state materials, SOC originates from
the movement of electrons in a crystal’s intrinsic electric
field and is one of the prominent mechanisms used to
induce the topological phases of matter [1,2,13,67]. In this
Letter, we present a unique approach to implementing DQS
of SOC using programmable quantum circuits. Before
illustrating our procedure in detail, we summarize its
underlying mechanism: a spinful lattice with N sites is
mapped into a qubit array with 2N qubits in a quantum
circuit. At each site x, a spin particle is emulated by two
qubits (Q2x−1, Q2x), representing spin-up and spin-down,
respectively. By judiciously designing the gate sequences,
we can digitally simulate the on-site spin rotation and two-
site SOC, which are the basic building blocks of our
approach. Finally, by means of Floquet sequences, includ-
ing these two circuit-based building blocks, we can
simulate all forms of SOCs [67], which play essential
roles in driving the phases to be topologically nontrivial.
As shown in Fig. 1, we map a spinful lattice into a qubit

array. The ground and excited states of each qubit are labeled
as jgi and jei, respectively. When all qubits are prepared in
the ground state, the state of the system corresponds to the
vacuum state of the simulated lattice jvaci ¼ jgg � � � ggi.
Flipping one of the qubits into the excited state jei simulates
the creation of a particle in the lattice. Specifically, exciting
the odd (even) qubit Q2x−1 (Q2x) creates a spin-up (spin-
down) particle at the lattice site x. The associated raising
operators are mapped into hard-core bosonic creation
operators through a†x;↑ ¼ jeiQ2x−1

hgj and a†x;↓ ¼ jeiQ2x
hgj.

Therefore, the coupling between the qubits Q2x−1 and Q2x
simulates the on-site spin rotation

H̃oðxÞ ¼ Joa
†
x;↑ax;↓ þ H:c:; ð1Þ

while the coupling between the qubits Q2x and Q2xþ1

simulates the two-site SOC

H̃sðxÞ ¼ Jsa
†
x;↓axþ1;↑ þ H:c: ð2Þ

Here we will show that the dynamics of the SOC and on-site
spin rotations can be exactly programmed on a quantum

circuit consisting of sequences of universal quantum gates,
including single-qubit rotation gates and two-qubit entangled
gates. We now address our protocol to program the time
evolution of the two-site SOC H̃s with two-qubit and single-
qubit quantum gates acting on the qubits (Q2x,Q2xþ1). After
an evolution time t, the evolution operator is expressed as
UðtÞ ¼ e−iH̃st. Note that the excitation number in the qubit
array is conserved, i.e., the time evolution only works in the
single excitation subspace if the initial input state of the
circuit is a single excitation state. The single excitation
subspace for the two qubits (Q2x, Q2xþ1) is fjgei; jegig. In
this subspace, the evolution operator can be rewritten as

UðθÞ ¼ cosðθÞðjgeiQ2x;Q2xþ1
hgej þ jegiQ2x;Q2xþ1

hegjÞ
− i sinðθÞðjgeiQ2x;Q2xþ1

hegj þ jegiQ2x;Q2xþ1
hgejÞ;

where θ ¼ Jst. We find that such a time evolution operation
can be precisely programmed through a sequence of four
two-qubit controlled-NOT (CNOT) gates and four single-
qubit rotation gates, i.e.,

UðθÞ ¼ CNOTQ2x;Q2xþ1
· Zþ

Q2x
· Y−

Q2x
ðθÞ · CNOTQ2xþ1;Q2x

· Yþ
Q2x

ðθÞ · CNOTQ2xþ1;Q2x
· Z−

Q2x
· CNOTQ2x;Q2xþ1

;

where Y�ðθÞ ¼ e∓iðθ=2Þσy and Z� ¼ e∓ið3π=4Þσz . The corre-
sponding quantum circuit is shown in Fig. 1(b). One can
easily demonstrate that this circuit acts only on the single
excitation qubit states fjgei; jegig, leaving the other two
states fjggi; jeeig unchanged. The time evolution governed
by the on-site Hamiltonian H̃oðxÞ can be programmed in the
same manner as shown in Fig. 1(b) through the composite
quantum gate U acting on two qubits (Q2x−1, Q2x).
To digitally simulate the topological quantum matter

described by an effective Hamiltonian Heff consisting of
H̃oðxÞ and H̃sðxÞ, one can construct a quantum circuit
based on the aforementioned programmable pairwise SOC
and on-site spin rotations to mimic the evolution operation

UT ¼ e−iHeffT; ð3Þ
where T is a time period. We will illustrate this approach
with typical examples in 1D and 2D topological matter. The
generalization of the method to higher dimensions is
straightforward.
Quantum circuits for 1D topological matter.—We illus-

trate the approach by simulating a 1D topological Floquet
phase described by the time evolution operator U1 ≡
e−iH1T with the effective Hamiltonian H1 given by
Eq. (S6) in the Supplemental Material (SM) [68]. We find
that the U1 can be decomposed as

U1 ≡ e−iH1T ¼ e−iHoT=3e−iHsT=3e−iHoT=3; ð4Þ
where Ho ¼

P
x H̃oðxÞ is the on-site spin rotation and

Hs ¼
P

x H̃sðxÞ is the 1D SOC. Based on Eq. (4), we can

(a)

(b)

FIG. 1. (a) Mapping a 1D spinful lattice into qubits in a
quantum circuit. A pair of qubits (Q2x−1; Q2x) is employed to
simulate a spin particle at a lattice site (x↑; x↓). (b) Quantum
circuit for implementing two-site SOC.
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construct a quantum circuit with three steps of parallel two-
qubit composite quantum gates U to simulate the evolution
U1, i.e.,

U1 ¼ ⊗
N

x¼1
U
�
α

2

�
Q2x−1;Q2x

· ⊗
N−1

x¼1
UðβÞQ2x;Q2xþ1

· ⊗
N

x¼1
U

�
α

2

�
Q2x−1;Q2x

; ð5Þ

where UðηÞQm;Qn
denotes the quantum gate UðηÞ acting on

the qubitsQm and Qn with the parameters Jo ¼ 3α=4T and
Js ¼ 3β=2T. As illustrated in Fig. 2(a), the first (third) and
second steps simulate the time evolution of pairwise on-site
spin rotations and pairwise two-site SOCs, respectively.
The topology of the U1-based quantum circuit is

characterized by the topological winding number [69–71]

νϵ ¼
i
4π

Z
π

−π
dkxtrðτzU−1

1ϵ ∂kxU1ϵÞ; ð6Þ

where U1ϵ (ϵ ¼ 0, π) is the periodized evolution operator
defined by U1 in the momentum space (see the SM [68]).
The values of ν0 and νπ are numerically calculated, and the
results are plotted in Fig. 2(b). By changing the rotation
angles (α, β), we can tune the quantum circuit into various
topological phases characterized by ν0 ¼ 0, 1 and νπ ¼ 0,

1. Interestingly, by measuring mean displacements [23,72],
we find that the winding numbers (ν0, νπ) can be directly
detected via two quantum circuits ðU1Þn and ðU0

1Þn [68],
where the starting point in U0

1 is the composite gate UðβÞ
instead of Uðα=2Þ. Suppose the input state for both circuits
is jψ ini ¼ jgg…e…ggi. We measure the mean displace-
ment P̄0 ¼ hψ 0

outj
P

N
x¼1 xjeiQ2x

hejÞjψ 0
outi at the output of

the circuit, where jψ 0
outi ¼ ðU0

1Þnjψ ini. As shown in
Fig. 2(c), the values of the winding numbers (ν0, νπ) are
equal to the oscillation center of the mean displacements
(P̄0 ¼ −P̄ − P̄0, P̄π ¼ P̄ − P̄0), which can be derived from
the even qubit excitation distribution at the output of the
circuit [68].
Experimental implementation on quantum processors.—

The free access IBM [73] and Rigetti [74] quantum
processors have recently been successfully applied to study
many-body quantum states [75–78]. Here we perform a
topological quantum circuit on both the IBM and Rigetti
quantum processors. Specifically, an eight-qubit quantum
circuit ðU1Þ3 is programmed on ibm_16_melbourne [68].
In our quantum circuits, topological edge states, the hall-
mark of topological phases, appear at both E ¼ 0 and π,
with the number of modes determined by ν0 and νπ ,
respectively [68].
In the SM [68], we analytically derive the wave functions

of the edge states associated with the Floquet topological
phases. In particular, the wave functions of the topological
edge states localized at the left boundary with energy E ¼ 0
or π are derived as

jψ0
Li ¼

XN
x¼1

λ1
x−1jeiQ2x−1

; jψπ
Li ¼

XN
x¼1

λ̃2
x−1jeiQ2x

;

where λ1 ¼ − tanðα=4Þ cotðβ=4Þ and
λ̃2 ¼ cotðα=4Þ cotðβ=4Þ. Interestingly, the probability of

qubit excitations in jψ0ðπÞ
L i is maximized in the leftmost

odd (even) qubit Q1 (Q2). This feature allows us to
experimentally observe and discriminate the 0 and π energy
edge states.
To observe the edge states jψ0ðπÞ

L i, we prepare the initial
input state of the circuit at jψ0ðπÞ

in i ¼ jegggggggi×
ðjgeggggggiÞ, which yields the output state jψ0ðπÞ

out i ¼
ðU1Þ3jψ0ðπÞ

in i. The measured qubit excitation distributions
at the output acquired from the IBM quantum processor are
shown in Fig. 3. When the quantum circuit is tuned into the
topological phase with ν0 ¼ 1 (νπ ¼ 1) and supports one 0
(π) energy edge state, as shown in Figs. 3(e) and 3(g)
[Figs. 3(d) and 3(h)], the qubit excitation at the output
maximally populates the leftmost odd (even) qubitQ1 (Q2).

The reason for this is that the initial input state jψ0ðπÞ
in i has a

large overlap with jψ0ðπÞ
L i, while the qubit excitation

evolves mainly in the circuit based on the 0 (π) energy
edge state wave packet and always maximally localizes in

(a)

(b) (c)

FIG. 2. (a) Quantum circuits for 1D topological insulator. The
basic unit gates consist of three steps of composite two-qubit
gates U, realizing DQS of an effective Hamiltonian H1. n is the
cycle number of the unit gates. (b) The phase diagram of the
quantum circuits varies with rotation angles (α, β) in the single-
qubit quantum gates. (c) By measuring the centers of the mean
displacements (P̄0, P̄π), one can detect the winding numbers (ν0,
νπ) as a function of β for α ¼ 1.3π [the dashed line shown in (b)].
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the leftmost odd (even) qubitQ1 (Q2). In contrast, as shown
in Figs. 3(a) and 3(c) [Figs. 3(b) and 3(f)], when the
quantum circuits are tuned into the trivial phases with ν0 ¼
0 (νπ ¼ 0) and there is no overlap with the edge states

jψ0ðπÞ
L i, the qubit excitations are transferred into the bulk of

the circuit and do not maximally populate the leftmost edge
qubits. This is because in this case the initial state is a
superposition of different Bloch bulk states and the qubit
excitations transfer in the circuit via bulk state wave
packets. Therefore, the 0 and π energy edge states can
be distinguished by observing whether the leftmost odd
qubit Q1 or the leftmost even qubit Q2 is maximally
excited. The experimental results acquired from the
Rigetti quantum processor are shown in the SM [68]
and demonstrate similar results. In Fig. 3, we show the
simulation results derived from noisy quantum circuit
Qiskit. The mismatch between the experimental and the
simulated results is due to the errors caused by the cross
talk in the quantum gates and the imperfections in state
readouts [68]. However, due to topological protection, edge
state localization can still be unambiguously observed in
noisy quantum circuits.
Quantum circuits for 2D topological matter.—Our

approach is universal and can be applied in high-
dimensional systems. In the following example, we show
how to design quantum circuits protected by 2D topology.
As with the 1D case, we exploit two qubitsQU

x;y andQD
x;y to

simulate a site of a 2D spinful lattice [see Fig. 4(a)], where
the raising operators jeiQU

x;y
hgj and jeiQD

x;y
hgj are mapped to

the creation operators a†x;y;↑ and a
†
x;y;↓, respectively. We aim

to simulate a 2D topological Floquet phase described by the
time evolution operator U2 ≡ e−iH2T with the effective

HamiltonianH2 given by Eq. (S66) in the SM [68]. We find
that the U2 can be decomposed as

U2 ¼ e−iHsyT=3e−iHsxT=3e−iHosT=3; ð7Þ

where Hos ¼
P

x;y H̃oðx; yÞ with H̃oðx; yÞ ¼
Josa

†
x;y;↑ax;y;↓ þ H:c: and Jos ¼ 3π=4T, Hsx ¼P

x;y H̃sxðx; yÞ with H̃sxðx; yÞ ¼ Jsxa
†
x;y;↓axþ1;y;↑ þ H:c:

and Jsx ¼ 3γ=4T, Hsy ¼
P

x;y H̃syðx; yÞ with H̃syðx; yÞ ¼
Jsya

†
x;y;↓ax;yþ1;↑ þ H:c: and Jsy ¼ 3δ=2T. As shown in

Fig.4(b),we further find that suchacircuit canbeconstructed
as

U2 ¼ ⊗
N−1

x¼1
UðδÞQD

x;y;QU
x;yþ1

· ⊗
N−1

x¼1
U

�
γ

2

�
QD

x;y;QU
xþ1;y

· ⊗
N

x¼1
U

�
π

2

�
QU

x;y;QD
x;y

; ð8Þ

where the quantum gate Uðπ=2ÞQD
x;y;QU

x;y
in the first step

programs the time evolution of on-site spin rotation, and the
gates Uðγ=2ÞQD

x;y;QU
xþ1;y

and UðδÞQD
x;y;QU

x;yþ1
in the second and

third steps program the time evolution of x- and y-direction
SOCs, respectively.
The topology of the U2-based quantum circuit is

characterized by the Floquet winding number Wϵ¼0;π

[69,79,80]. In Fig. 4(c), we show the rich topological
phase diagram versus single-qubit rotation angles ðγ; δÞ.
There are four 2D Floquet topological phases featured by

(a)

(e) (f) (g) (h)

(b) (c) (d)

FIG. 3. Experimental observation of 0 and π energy topological
edge states on the IBM quantum processor. The qubit excitation
probability distributions are measured at the output of an eight-
qubit topological quantum circuit when the input qubit states are
(a),(c),(e),(g) jψ0

ini and (b),(d),(f),(h) jψπ
ini. The single-qubit

rotation angles are chosen as (a),(b) α ¼ π and β ¼ 0.9π; (c),
(d) α ¼ 1.9π and β ¼ 0.4π; (e),(f) α ¼ 0.1π and β ¼ 0.7π; (g),(h)
α ¼ π and β ¼ 1.9π.

(a)

(b)
(d)

(c)

FIG. 4. (a) Simulating a 2D spinful lattice with a quantum
circuit. Each lattice site is encoded by two qubits QU

x;y and QD
x;y.

(b) A quantum circuit for 2D topological matter. (c) The Floquet
winding numbers ðW0;WπÞ as a function of single-qubit rotation
angles (γ, δ). (d) Qubit excitation distribution at the output of a
circuit with (γ ¼ 1.9π, δ ¼ 0.8π) and n ¼ 10 after the qubit
QU

x¼1;y¼1 (labeled by the star) is excited.
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W0 ¼ 0, 1 and Wπ ¼ 0, 1. Although the Chern number for
the Floquet topological phase (W0 ¼ 1, Wπ ¼ 1) is
zero, the system supports topological edge states [68],
which can be used as topologically protected quantum
channels to transfer quantum state [81–84]. We assume that
the qubitQU

x¼1;y¼1 is initially excited, as shown in Fig. 4(b).
We use the noisy quantum circuit Qiskit to calculate
qubit excitation distribution at the output [68], and the
results are plotted in Fig. 4(d). It turns out that the
qubit excitation state can still be transferred along the
edges via the edge state quantum channel, which reflects
the power of quantum circuits with topological protection.
In summary, we have theoretically developed and

experimentally demonstrated an approach to implement
DQS of SOCs and the associated topological phases of
matter on current generation of noisy intermediate-scale
quantum processors. Our approach is generic and can be
used to simulate a wide variety of complex SOCs, such as
the Rashba [85] and Dresselhaus SOCs [86], and related
topological phases that are intractable in atomic, photonic,
and solid-state systems. By applying the proposed method
and using current quantum processors, we can, in prin-
ciple, build and explore the topological matters we are
interested in, such as the high-dimensional and high-order
topological matters that are currently highly pursued
[1,2,87]. When multiple qubit excitations are put into
topological quantum circuits, interacting topological
states [88] also can be investigated on noisy intermedi-
ate-scale quantum processors, which are beyond the
computation capability of current classical computers
and expected to show quantum advantages. In addition,
it would be interesting to investigate topological quantum
information processing tasks via topological quantum
circuits [89–91].
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