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Quantum many-body systems in which time-reversal symmetry is broken give rise to a wealth of exotic phases, and
thus constitute one of the frontiers of modern condensed matter physics. Quantum simulation allows us to better under-
stand many-body systems with huge Hilbert space, where classical simulation is usually inefficient. With superconducting
quantum circuit as a platform for quantum simulation, we realize synthetic Abelian gauge fields by using microwave drive
and tunable coupling in loop configurations to break the time-reversal symmetry of the system. Based on high-precision
manipulation and readout of circuit-QED architecture, we demonstrate the chiral ground spin current of a time-reversal
symmetry broken system with nontrivial interactions. Our work is a significant attempt to simulate quantum many-body
systems with time-reversal symmetry breaking in multi-qubit superconducting processors.
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1. Introduction
Exploring new phase of matter is always the main topic

of condensed matter physics. Quantum many-body systems
composed of a large number of microscopic particles can gen-
erate rich and novel phases, especially when the time-reversal
symmetry of the system is broken, such as fractional quan-
tum Hall (FQH) phases where the magnetic field breaks the
time-reversal symmetry of the two-dimensional electron-gas
system.[1,2] Therefore, the study of time-reversal symmetry-
breaking (TRSB) many-body systems is of profound impor-
tance. However, with the increase in degrees of freedom, the
Hilbert space dimension grows exponentially, making it dif-
ficult to compute many-body systems with classical simula-
tion techniques. As a result, Richard Feynman proposed the
idea of quantum simulation, which transforms the challenging
computational problem into an experimental problem involv-
ing the manipulation and measurement of controllable quan-
tum systems.[3–5]

During the last few decades, a variety of physical plat-
forms have been suggested as quantum simulators, such as ion
traps,[6,7] cold atoms,[8] and neutral atoms.[9] Among these
physical platforms, superconducting quantum circuits have ad-
vantages in terms of flexibility and scalability, especially, with
longer coherence time and improved readout accuracy, and
thus are one of the important candidates for building practi-
cal quantum simulators.[10–12] In a typical multiqubit super-
conducting circuit, each qubit is manipulated by two indepen-
dent control lines, i.e., the X/Y control line and the Z control
line, to achieve the X/Y direction and Z direction rotations.[13]

Meanwhile, the qubits are connected to each other by tunable
couplers to obtain the tunable XY -type coupling.[14–16] In the
last decade, TRSB has already been demonstrated in supercon-
ducting quantum circuits,[17–20] where the time-reversal sym-
metry of the system was broken by the artificial gauge fields
that were generated by gauge-invariant phases in closed loops,
analogous to the Peierls phases accumulated in the external
magnetic fields. Several techniques, such as Floquet engineer-
ing and the parametric modulation method, have been used
to produce gauge-invariant phases in a triangular plaquette
coupling geometry. Nevertheless, the previous research was
mainly limited to the free fermion model which is fully solv-
able.

In this paper, we create nontrivial interactions by altering
the coupling geometry between the superconducting qubits,
and the exact dynamics evolution can be derived analytically
in this physical model by exploiting the symmetry of the sys-
tem. Unlike the prior methods, we realize the Abel gauge field
using the phases of transverse fields rather than longitudinal
fields to break the time-reversal symmetry of the system. We
present a simple scheme to implement the physical model on a
two-qubit superconducting quantum processor and experimen-
tally observe the chiral spin current which is a consequence of
time-reversal symmetry breaking. The scheme we proposed is
experimentally easier to tune the gauge-invariant phase than a
straightforward more qubits implementation.[18] Our work ac-
tually implements the simulation of the minimal model of a
time-reversal symmetry broken system with non-trivial inter-
action and thus lays the groundwork for further research.
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2. Physical model
The minimal physical model for the TRSB systems with

non-trivial interaction is illustrated in Fig. 1(a). The coupling
geometry of the four spin-1/2 particles consists of two triangu-
lar plaquettes, which share a common coupling. The coupling
strength in each plaquette is complex-valued here, similar to
the Peierls coupling in the presence of a magnetic field. Con-
sequently, we treat the Hamiltonian of the spin system in a
practical parameterization

H = ∑
〈 j,k〉

g jk
(

e iφ jk σ
†
j σk + e−iφ jk σ jσ

†
k

)
= g

(
e iφ12 σ

†
1 σ2 + e iφ31 σ

†
3 σ1 + e iφ24 σ

†
2 σ4

+e iφ43 σ
†
4 σ3 + e iφ23 σ

†
2 σ3
)
+h.c., (1)

where the angle bracket indicates the nearest neighbor cou-
pling, the operator σ j (σ

†
j ) denotes the spin lowering (raising)

Pauli operator of the particle j, and the coefficients g jk and
φ jk indicate the magnitudes and static phases of the coupling
strengths between particle j and particle k , respectively.
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Fig. 1. The coupling geometry of the physical model. (a) Two triangular pla-
quettes with nearest-neighbor (NN) coupling. The complex-valued coupling
strength can result in the local flux, which may cause TRSB. (b) Equivalent
1D spin chain with next nearest-neighbor (NNN) coupling.

At first glance, we notice that the sums of the phases in the
loop configurations are gauge-invariant, especially for each tri-
angular plaquette. In fact, let us consider a U (1) gauge trans-
formation, which is equivalent to σ j → σ̃ j = e−iφ j σ j. Thus,
the Hamiltonian under the gauge transformation becomes

H = g
(
σ̃

†
1 σ̃2 e i φ̃12 + σ̃

†
3 σ̃1 e i φ̃31 + σ̃

†
2 σ̃4 e i φ̃24

+ σ̃
†
4 σ̃3 e i φ̃43 + σ̃

†
2 σ̃3 e i φ̃23

)
+h.c., (2)

where the phases φ̃ jk can be expressed as φ̃ jk = φ jk−φ j +φk.
As a result, the total phases in each triangular plaquette are
gauge-invariant, which thus we can refer to as the flux pene-
trating the triangular plaquette in the same way as a magnetic
field emerges,

φ̃12 + φ̃23 + φ̃31 = φ12 +φ23 +φ31 = Φ1,

φ̃24 + φ̃43 + φ̃32 = φ24 +φ43 +φ32 = Φ2. (3)

The gauge-invariant phase may break the time-reversal sym-
metry as we already know from the integer quantum Hall ef-
fect (IQHE), which manifests the chiral edge states in the pres-
ence of a magnetic field.[21,22] According to the conclusion of

Ref. [23], the time-reversal symmetry is preserved if and only
if the gauge-invariant phase is an integer multiple of π for any
loop. As a consequence, the most significant instance of bro-
ken time-reversal symmetry occurs when the gauge-invariant
phase is exactly the midway between the time-reversal sym-
metric points, i.e., ±π/2(mod2π), which is just the scenario
we are interested in. In the model we consider here, we focus
on the case in which the two triangular plaquettes are pene-
trated by opposite magnetic fluxes that are both equal to π/2
in magnitude, that is Φ1 = −Φ2 = Φ and Φ = ±π/2. Under
this condition, while the globe flux is zero, the local flux in
each triangular lattice is not. Hence the time-reversal symme-
try of the system is still broken.

As shown in Fig. 1(b), the model we examine is equiv-
alent to the one-dimensional chain of next-nearest neighbor
(NNN) coupling. In many-body physics, a one-dimensional
chain composed of spin 1/2 particles can be mapped to a one-
dimensional spinless fermionic system by the Jordan–Wigner
transformation in which an individual spin-up or spin-down
state can be equivalently described by occupied or unoccupied
fermionic states. According to the result of Ref. [24], in ad-
dition to the trivial two-body transition terms, the equivalent
spinless Fermion system Hamiltonian also includes nontrivial
four-body interaction terms such as a†

1a3a†
2a2, a†

2a4a†
3a3, etc.

under the Jordan–Wigner transformation.
We now consider the dynamic evolution of the spin sys-

tems. First, we notice that the Hamiltonian commutes with
the total excitation operator or the total spin operator in the
z-direction, i.e.,

[
H,∑4

j=1 σ
†
j σ j

]
=
[
H,∑4

j=1 Sz
j

]
= 0. There-

fore, the total excitation of the spin systems is conserved, and
the Hilbert space can be divided into subspaces with different
total excitations. For the sake of simplicity, under a proper
gauge transformation, we consider the Hamiltonian

H = g
(
σ

†
1 σ2 +σ

†
3 σ1 +σ

†
2 σ4 +σ

†
4 σ3 + e iΦ

σ
†
2 σ3
)
+h.c., (4)

where Φ = ±π/2 as mentioned above, and concentrate
on the one excitation subspace (1ES), which is composed
of {|1000〉, |0100〉, |0010〉, |0001〉}. The eigenvalues of the
Hamiltonian are 0, 0 and ±

√
5g constrained to the 1ES sub-

space, which means the energy spectrum of the system in the
1ES is mirror-symmetric about the zero energy and is two-fold
degenerate at the zero energy. It is straightforward to see that
the Hamiltonian exhibits a permutation symmetry described
by the permutation operator P4231 = (I +𝜎1 ·𝜎4)/2 which ex-
changes the states of particle 1 and particle 4. With the per-
mutation operator and the Hamiltonian as the complete set of
commuting observations (CSCO), we can lift the degeneracy
and derive the dynamics of the system analytically. If the ini-
tial state is |1000〉, the spin transport dynamics of the system
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for Φ =±π/2 is

P1000 (t) =
[

3
5
+

2
5

cos
(√

5gt
)]2

,

P0100 (t) =

[
1
5
+

√
6

5
cos
(√

5gt±φ1

)]2

,

P0010 (t) =

[
1
5
+

√
6

5
cos
(√

5gt∓φ1

)]2

,

P0001 (t) =
[

2
5
+

2
5

cos
(√

5gt−π

)]2

, (5)

where the phase φ1 = tan−1(
√

5) is in the third quadrant. The
above results indicate that when Φ = +π/2, the spin trans-
port follows the direction 1 =⇒ 2 =⇒ 4 =⇒ 3 =⇒ 1. How-
ever, when Φ = −π/2, the spin transport follows the di-
rection 1 =⇒ 3 =⇒ 4 =⇒ 2 =⇒ 1. Similarly, if the initial
state is |0100〉, the spin transport dynamics of the system for
Φ =±π/2 is

P1000 (t) = P0001 (t) =

[
1
5
+

√
6

5
cos

(√
5

2
Ω t∓φ1

)]2

,

P0100 (t) =

[
2
5
+

3
5

cos

(√
5

2
Ω t

)]2

,

P0010 (t) =

[
2
5
+

3
5

cos

(√
5

2
Ω t±φ2

)]2

, (6)

where the phase φ2 = tan−1(
√

5/2) is in the third quadrant.
The above results indicate that when Φ = +π/2, the spin
transport follows the direction 2 =⇒ 3 =⇒ 1,4 =⇒ 2. How-
ever, when Φ = −π/2, the spin transport follows the direc-
tion 2 =⇒ 1,4 =⇒ 3 =⇒ 2. In summary, the spin transport is
chiral, which is a consequence of the time-reversal symmetry
breaking.

3. Experimental scheme
We propose a simple scheme to implement the coupling

geometry in the model based on the transverse field driving
and XY -type interactions in the two-qubit computational basis
subspace. More specifically, Fig. 2(a) shows an optical pho-
tograph of the two-qubit superconducting quantum processor

used in the experiment. Each qubit is equipped with the X/Y
line to couple with the applied transverse field drive, while the
energy level is tuned through the Z line. At the same time, the
XY -type interactions between the two qubits are either on or
off, depending on the settings of the tunable coupler. As shown
in Fig. 2(b), for the purpose of realizing the coupling geome-
try, first of all, at the idle point, we tune the qubit frequen-
cies into resonance through the respective Z lines and turn off
the XY -type interaction between the qubits by appropriately
biasing the tunable coupler. Then, at the working point, we
drive the qubits simultaneously with the resonant transverse
field and turn on the XY -type interaction at the same time,
where we make sure that the Rabi frequencies induced by the
transverse fields applied to the qubits are both exactly twice
as strong as the XY -type interaction strength, meanwhile, the
phase difference between the transverse fields applied to the
qubits is ±π/2. At this moment, the Hamiltonian in the lab
frame can be expressed as

H =
2

∑
j=1

1
2

ω jσ
z
j +

2

∑
j=1

Ω j cos(ω jt +φ j)
(

σ
†
j +σ j

)
+g12

(
σ

†
1 σ2 +σ2σ

†
1

)
, (7)

where ω1 = ω2, Ω1 = Ω2 = 2g12 = Ω and φ1− φ2 = ±π/2
as stated above. In the rotating frame, the Hamiltonian can be
written as

H =
Ω

2

(
2

∑
j=1

exp(iφ j)σ j +σ
†
1 σ2 +h.c.

)

=
Ω

2


0 exp(iφ1) exp(iφ2) 0

exp(−iφ1) 0 1 exp(iφ2)
exp(−iφ2) 1 0 exp(iφ1)

0 exp(−iφ2) exp(−iφ1) 0

 .

(8)

The Hamiltonian describes the same dynamic evolu-
tion as the model in 1ES if we map the computa-
tional basis subspace {|00〉, |01〉, |10〉, |11〉} to the 1ES
{|1000〉, |0100〉, |0010〉, |0001〉}, indicating that our scheme
successfully implements the simulation of the physical model
in 1ES, as depicted in Fig. 2(c).

(a)
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Q1 XY line

Coupler Z line
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(b) (c)
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2 )
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Fig. 2. The experimental scheme to simulate the physical model. (a) The optical photograph of the two-qubit superconducting quantum
processor. (b) The pulse sequences that are used for generating the coupling geometry, where both the transverse fields drive the qubits
simultaneously while the XY -type coupling is turned on. (c) Equivalent coupling geometry in the computational basis subspace of two qubits.
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4. Experimental demonstration
We experimentally demonstrate the chiral spin states pre-

dicted by the physical model discussed above following the
scheme we suggest. In our scheme, to observe the chiral dy-
namics in the superconducting quantum circuit, the coupling-
off point needs to be carefully calibrated. To obtain this idle
point, we bring both qubits into resonance with the frequency
∼ 4.862 GHz, where the measured energy relaxation times of
the qubits are 20 µs and 18 µs at the specific frequency bias
point. And the anharmonicity of the qubits is −195 MHz and
−197 MHz, respectively. The vacuum Rabi oscillation allows
us to determine the coupling-off point by measuring the XY -
type coupling strength between the qubits while varying the
bias point of the tunable coupler.

In the multi-qubit superconducting circuit, the classi-
cal crosstalk, such as DC crosstalk, AC crosstalk or drive
crosstalk, has to be calibrated and completely canceled out
for precise quantum state manipulation.[25–28] Our scheme re-
alizes the gauge-invariant phases using the transverse field
drives, in contrast to parametric modulation methods, which
can substantially avoid the effects of AC crosstalk. There-
fore, we first extract a crosstalk matrix to eliminate the DC
crosstalk with a series of specific experiments, while the drive
crosstalk can be compensated by additionally applying an out-
of-phase microwave drive. Further, we design a subtle calibra-
tion experiment to synchronize the phases of the traverse fields
applied to each of the two qubits and ensure that the Rabi fre-
quencies of the transverse fields are equal, while verifying that
the drive crosstalk is cancelled out. The details of the experi-
ment are shown in Appendix A.

After all these calibration works, we simultaneously ap-
ply the calibrated transverse field drives to the qubits through
the XY lines and bias the tunable coupler to a specific operat-
ing point through the Z line at the same time, where the XY -
type coupling strength between the qubits is exactly half of
the Rabi frequency, i.e., 5.5 MHz. By using Ramsey interfer-
ence, we are able to find that the ZZ-type coupling strength
between the qubits is only on the order of 100 kHz at the
working point,[29] which is weak enough to ensure no signif-
icant impact on our experiment. Eventually, we may exam-
ine the chiral spin currents by measuring the population dy-
namics of the states |00〉, |01〉, |10〉, |11〉 with the single-shot
readout,[30–32] whose fidelities for each state are 79%, 75%,
72%, 71%, respectively. Figures 3(a), 3(b) and 4(a), 4(b) show
the experiment results, where we set the gauge-invariant phase
Φ = ±π/2 while initialize the qubits to the state |00〉 by en-
ergy relaxation and the state |01〉 by π-pulse, respectively. The
population dynamics exhibit the remarkably chiral character
that is determined by the local flux penetrating each triangular
lattice, as predicted by the theory. The small deviation from

the experiment and the theory can be attributed to the cali-
bration accuracy of the square wave distortion and XY -type
coupling strength.
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Fig. 3. The chiral dynamics when the two qubits are initialized to
state |00〉. The experimental results (discrete points) and the theo-
retical expectations (dashed lines) are in good agreement. (a) When
Φ = +π/2, the population transport follows the direction |00〉 =⇒
|01〉 =⇒ |11〉 =⇒ |10〉 =⇒ |00〉. (b) When Φ = −π/2, the population
transport follows the direction |00〉=⇒|10〉=⇒|11〉=⇒|01〉=⇒|00〉.
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Fig. 4. The chiral dynamics when the two qubits are initialized to state
|10〉. The experimental results (discrete points) and the theoretical ex-
pectations (dashed lines) are in good agreement. (a) When Φ =+π/2,
the population transport follows the direction |10〉 =⇒ |01〉 =⇒ |00〉,
|11〉 =⇒ |10〉. (b) When Φ = −π/2, the population transport follows
the direction |10〉=⇒ |00〉, |11〉=⇒ |01〉=⇒ |10〉.

5. Conclusion
We have investigated the dynamics of a TRSB system

with non-trivial interactions and experimentally demonstrated
the chiral ground spin current, which is a signature of the
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TRSB. In our experimental scheme based on a two-qubit su-
perconducting quantum processor with the tunable coupler ar-
chitecture, the TRSB is realized by utilizing an effective mag-
netic field. Here, the field is achieved by the gauge-invariant
phase in loop coupling geometries. The chiral spin current has
the potential to serve for precisely calibration in the tunable
coupler architecture, since the chirality is insensitive to per-
turbations. In the future, we can further develop the physical
model to 2D coupled-chain geometries, which will manifest
the gapped or gapless topological phases called chiral spin liq-
uids (CSL) and design the multi-qubit superconducting quan-
tum chips to simulate the highly entangled phases.[33,34]

Appendix A: Calibrate the transverse drives

As mentioned in the main text, in order to observe chi-
ral spin current, it is essential to find a method to verify that
the Rabi frequencies of the transverse fields applied to the two
qubits are equal and phase-synchronous.
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Fig. A1. The experimental scheme to calibrate the transverse field
drives. (a) The pulse sequences that are used for synchronizing the
transverse field drives. (b) The experimental results (discrete points)
and the theoretical expectations (dashed lines) are in good agreement,
which means we successfully calibrate the transverse field drives.

In the experiment, we exploit the coherence of the
diamond-configuration coupling geometry to achieve this.
Figure A1(a) shows the waveform sequence used for this val-
idation experiment, we apply the transverse drives to each of
the two qubits simultaneously, while the XY -type coupling is
off. If the classical drive crosstalk is eliminated and the Rabi
frequencies of the two transverse fields are equal in magnitude
and phase-synchronous, then the Hamiltonian can be written
as

H =
2

∑
j=1

1
2

ωσ
z
j +

2

∑
j=1

Ω cos(ωt)
(
σ

†
j +σ j

)
. (A1)

If the initial state of the system is |00〉 , the population dynam-
ics is

P00 (t) =
1
4
(1+ cosΩ t)2 ,

P11 (t) =
1
4
(1− cosΩ t)2 ,

P01 (t) = P10 (t) =
1
4

sin2
Ω t. (A2)

The experimental results are shown in Fig. A1(b), which
indicates that we have successfully calibrate the Rabi frequen-
cies arising from the two transverse drives, and the magnitude
of the Rabi frequency extracted from the experimental results
is 11 MHz when we tune the qubits into the idler point.
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