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Spontaneous symmetry breaking (SSB) plays a central role in understanding a large variety of phenomena associated with phase
transitions, such as superfluid and superconductivity. So far, the transition from a symmetric vacuum to a macroscopically ordered
phase has been substantially explored. The process bridging these two distinct phases is critical to understanding how a classical
world emerges from a quantum phase transition, but so far remains unexplored in experiment. We here report an experimental
demonstration of such a process with a quantum Rabi model engineered with a superconducting circuit. We move the system
from the normal phase to the superradiant phase featuring two symmetry-breaking field components, one of which is observed
to emerge as the classical reality. The results demonstrate that the environment-induced decoherence plays a critical role in the

SSB.
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1 Introduction

The concept of spontaneous symmetry breaking (SSB) has
infiltrated almost all research branches of modern physics,
ranging from condensed physics [1] to quantum field the-
ory [2,3]. SSB appears when the observed systems lack
the symmetry of the governing physical laws. It underlies
phase transitions described by the Ginzburg-Landau-Wilson
paradigm, e.g., Bardeen-Cooper-Schrieffer superconducting
phenomena [4], and is critical to the Higgs mechanism [5],
where the mass is generated by breaking the invariance
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associated with the Lagrangian. Besides these, SSB plays
an important role in the evolution of biology, e.g., the visual
cortex processes image by spontaneously breaking both the
translation and rotation symmetries, which was recently in-
terpreted in terms of zero-temperature phase transitions [6].
In a more general sense, SSB is responsible for the forma-
tion of the universe [7], and thus gives arise to the infinite
diversity of nature.

In quantum field theory, SSB occurs in an infinitely ex-
tended system that possesses degenerate vacua. In this case,
an infinitesimal perturbation is sufficient to single out one
of these vacua as the real ground state. For a quantum sys-
tem with a definite size, the symmetry is generally broken
by the decoherence process [8-10], where the environment
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or a monitoring meter continuously gathers the information
about the system by entangling its state with the system.
This process progressively destroys the quantum coherence
between the symmetrically superposed quasiclassical com-
ponents with broken symmetry, transforming the quantum
superposition into a classical mixture [11]. The decoher-
ence rate linearly scales with the size of the system, which
prohibits observation of quantum superpositions in a macro-
scopic object, such as the famous Schrodinger cat [12]. In
this case, the environment or meter plays a central role in the
symmetry breaking of the observed system.

Despite impressive experimental demonstrations in clas-
sical systems [13-17], observations of the SSB associated
with quantum phase transitions have remained an outstand-
ing task. As the energy gap vanishes at the critical point,
an adiabatic evolution across this point would require an in-
finitely long time. For this reason, experimental demon-
strations of quantum phase transitions have been focused
on out-of-equilibrium systems [18-34], where transitions be-
tween distinct phases were realized by a quenching pro-
cess or in a dynamical manner. In thus-realized super-
radiant phase transitions (SPTs) with an ultracold atomic
gas trapped in an optical cavity, the breaking of both dis-
crete [30] and continuous translation symmetries [31, 32]
have been observed. However, in these experiments, the
symmetries were not broken spontaneously, but explicitly
with a small symmetry-breaking field or by a detuning that
broke the Hamiltonian symmetry. In two very recent ex-
periments, continuous symmetry-breaking phases were pre-
pared in a one-dimensional ionic chain [35] and a two-
dimensional Rydberg array [36], respectively. Despite these
impressive progresses, it remains an experimental challenge
to directly observe how the SSB occurs during a quantum
phase transition, which is responsible for the emergence
of a classical, symmetry-breaking state under a symmetric
Hamiltonian.

2 Physical model and theoretical predictions

We here report an experimental observation of such a process
in an effective Rabi model, engineered in a circuit quantum
electrodynamics (QED) architecture. With the high level of
control over the effective coupling between the qubit and the
photonic field involved in the Rabi Hamiltonian, we realize
a second-order SPT, where the system is moved from a nor-
mal phase (NP) to a superradiant phase (SP) formed by two
coherent field states correlated to different qubit states. We
observe the progressive evolution of the field from the initial
symmetric vacuum to two superposed components, each of
which has a broken symmetry in phase space, and the tran-
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sition of their symmetric superposition to a classical mixture
during their growth. Our results reveal that SSB is closely
related to a quantum natural selection made by the environ-
ment [37], which continuously performs measurements on
the system but with inaccessible records, washing the quan-
tum coherence between the two quasi-classical components
emerging from a quantum phase transition.

The system under investigation is comprised of a qubit and
a photonic field, coupled by the Rabi Hamiltonian [38,39]

1 1 .
Hgy = 6a'a + Egaz + me(a* +a). (1)

Here a' and a denote the creation and annihilation operators
for the photonic field with a frequency 6, o = |e) (g| + |g) {e]
and o, = |e)(e| — |g) (gl are pseudo-spin operators for the
qubit, which has a frequency €2, and whose upper and lower
levels are denoted as |e) and |g). The qubit-resonator cou-
pling strength is A. The Rabi Hamiltonian is invariant under
the parity transformation (—1)%“+X¢l_ featuring a Z, symme-
try. In the limit Q/6 — oo, the system has a unique ground
state below the critical point & = 1/ VQé = 1, given by
|w,,p> = S(r,y)10)|g), where S(r,,) is a squeezing operator
with 7, = —}T In(1 — £%). Due to the limited frequency ratio
Q/4 in a real experiment, when & < 1, the field in the experi-
mentally realized Rabi model almost remains in the vacuum
state, which is significantly distinct from the ideal ground
state for Q2/0 — oco. Above the critical point, the system en-
ters the SP, characterized by two degenerate ground states
|w§p> = D(xa)S (ryp)10) |£+), where ry, = —i In(1 — £74),

D(a) = expla(a’ — a)] with @ = ,/45%5(‘54 — 1), and |+) are

two qubit basis states. Compared with the case in the Dicke
model, the SPT in the Rabi mode is realized by replacing
thermodynamical limit with the scaling limit, where the fre-
quency ratio between qubit and the field tends to infinity [39].
Each of these ground states is symmetry-broken, signified by
the nonvanishing coherence <¢/fp| a |wfp> = +a [39]. Under
unitary Hamiltonian dynamics, adiabatically increasing the
parameter & across the critical point would evolve the sys-
tem to the equal superposition of the two degenerate ground
states

We) = Ne ([05,) +1v5,)) )

which preserves the parity of the ground state below the crit-
ical point. However, during the evolution, the system is
inevitably coupled to the environment, which continuously
monitors the system in the preferred basis [11], forcing the
system to choose between these two conflicting classical
states.
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3 Device and experimental scheme

The experiment is performed with a circuit QED device,
which involves a resonator of a fixed frequency w,/2m =
5.581 GHz controllably coupled to 5 frequency-tunable
Xmon qubits, with an on-resonance coupling strength of
g/2m ~ 20 MHz. One of these qubits is used as the test
qubit for realizing the Rabi model, while the other qubits are
effectively decoupled from the resonator during the quench-
ing process due to the large detunings. The experiment starts
by tuning the test qubit to the frequency w, /27 = 5.21 GHz,
where it is subjected to a transverse microwave driving of
an amplitude A = 27t X 15 MHz and two longitudinal para-
metric modulations, one having a fixed frequency v /27 =
185 MHz and amplitude &; = 27t X 146 MHz, while the other
bearing a fixed frequency v, /27 = 25.97 MHz but a tunable
amplitude &,. With this setting, the qubit is coupled to the
transverse field at the carrier and to the resonator at the sec-
ond upper sideband with respect to the first modulation [22].
In the framework coinciding with the Rabi precession asso-
ciated with the transverse drive and discarding the fast rotat-
ing terms, the system dynamics can be described by the ef-
fective Rabi Hamiltonian with an effective coupling strength
A = glhh(w)/2 = 2mt x 0.735 MHz, where J,(u) is the nth
Bessel function of the first kind with u = &;/v;. The effec-
tive qubit frequency and resonator frequency are Q = &,/2
and 6 = w, — wy — 2v, respectively. The quench parameter
¢ is controllable by adjusting the amplitude &, of the second
parametric modulation and by tuning the Stark shift of the
resonator produced by an ancilla qubit dispersively coupled
to the resonator.

The quench parameter & is modeled as a linear function
of time, & = 0.5 + 2¢/(3 us). We first investigate the evolu-
tion of the resonator irrespective of the qubit state. To mon-
itor the real-time evolution of the resonator, after a preset
quench time ¢ we switch off both the transverse and longitudi-
nal drives, decoupling the test qubit from the resonator. Then
the Wigner tomography of the resonator’s state is performed
by applying a microwave pulse to the resonator to produce
a displacement operation D(—(), tuning an ancilla qubit on
resonance with the resonator for a given time, and then bias-
ing it back to its idle frequency for state readout. The Wigner
function and the reduced density operator p, for the resonator
can be extracted from the recorded Rabi oscillations signals
of the ancilla qubit.

4 Loss-induced SSB

The classical characteristic of the field can be well character-
ized by the Q-function, defined as, Q(y) = % (vl prly), where
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ly) is the coherent state with a complex amplitude y. The res-
onator’s Q-functions, measured for quench times ¢t = 0, 2.0,
2.5, and 2.8 s, are displaced in Figure 1(a). As expected,
the Q-function gradually evolves from the single- to double-
peak structure during the quenching process. Each of these
two peaks corresponds to a quasi-classical state with a bro-
ken symmetry, manifested by the nonzero phase-space coor-
dinates of the local maxima, @, and a_, which can serve as
the order parameter [40]. The two peaks correspond to quasi-
classical coherent states | + @) with complex amplitudes +a.

The two-peak pattern represents a signature of the second-
order phase transition without coexistence of the normal and
superradiant phases. This phase transition is in distinct con-
trast with the first-order SPT that features emergence of three
peaks [41], one of which corresponds to the NP that coexists
with the two SP components, as demonstrated in the previous
experiment [22]. This significant distinction is mainly due to
the fact that the control parameter ¢ is linearly increased in
the present experiment, but scaled in a highly nonlinear man-
ner in the previous experiment. Due to the limitation of the
experimental frequency ratio, /6 = 10, the photon number
does not show a divergent behavior at the critical point & = 1,
corresponding to ¢t = 0.75 ps, as shown in Figure S3 in Sup-
plementary Material. This is due to the fact that the strongly
squeezed resonator state, predicted to emerge near the criti-
cal point for the infinite frequency ratio [39], does not appear
in the experiment.

Figure 1(b) displays the measured |a. | (dots) and |a_| (tri-
angles) versus time. Due to the experimental imperfections,
there is a certain degree of unbalance between the two de-
generate ground states, which is continually enlarged when
the control parameter ¢ is increased. Due to the experimen-
tal imperfections, after the time ¢t ~ 2.0 ps |a4| and |a-|

Im(33)

0 0.5 1 1.5 2 2.5 3
Time (us)
Figure 1 (Color online) Observation of phase-space evolution during the

SPT. (a) Q-functions, measured for quench times ¢ = 0, 2.0, 2.5, and 2.8 ps.
During the process, the quench parameter as a function of time is modeled
as & = 0.5 + 21/(3 pus). After the interaction between the test qubit and the
resonator is effectively switched off, the resonator state is read out by sub-
sequently performing a phase-space translation to the resonator, resonantly
coupling it to an ancilla qubit, and recording the Rabi signals of the ancilla.
(b) Phase-space coordinates of the local maxima, @4 and a_, versus quench
time.
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become inconsistent with each other and the discrepancy is
continually enlarged. This discrepancy manifests the explicit
symmetry breaking owing to the deviation of the realized
Hamiltonian dynamics from the ideal symmetric case, which,
however, does not destroy the quantum coherence between
the two superimposing ground states. This discrepancy, as
well as the unbalanced populations of these two components,
manifests the explicit symmetry breaking owing to the de-
viation of the realized Hamiltonian dynamics from the ideal
symmetric case, which is beyond the scope of the present
work. We here focus on the SSB process where one of
the two growing coherent states is singled out as the clas-
sical reality by the environment, which continuously gathers
the information about which classical state the system is in,
thereby deteriorating the quantum coherence that makes the
two classical states suspending. The Q-functions of the res-
onator do not manifest the quantum coherence between the
classical components. To obtain full information about this
nonclassical behavior, it is necessary to perform a joint qubit-
resonator state tomography.

The information of the field state associated with the qubit
state |j) (j = g, e) is contained in the corresponding Wigner
function, defined as:

2
W) = 25 D=1 PialB) 3)

where P;,(B8) = {j,n|D(-B)pD(B)|j,n), and P; is the prob-
ability of detecting the qubit in |j)-state. Here the symbol
“n” denotes the photon number in the resonator. These ma-
trix elements are extracted by detecting the test qubit, and
correlating the measurement outcome to the Rabi oscillation
signals of the ancilla qubit resonantly coupled to the res-
onator following a displacement operation D(—3) [22,42,43].
Figure 2(a) shows the conditional Wigner function, ‘W, (5),
measured after quench times ¢ = 2.5, 2.8, and 3.0 ps. The
results clearly reveal a progressive loss of the quantum co-
herence between the two classical components, manifested
by the gradual washing-out of the interference fringes be-
tween the two Gaussian-like peaks. Such a process can be
understood in terms of the competition between the symmet-
ric Hamiltonian dynamics and naturally-occurring dissipa-
tion, which continuously leaks the phase information about
the growing field to the environment [10, 11]. This natural
information acquisition accounts for coherence loss between
the two suspending classical states, which leads to the SSB
during the quantum phase transition. Due to the imperfect
Hamiltonian control, the two Gaussian peaks are gradually
diffused during the quench, which limits the size of the acces-
sible output coherent field. The observation of the SSB can
be pushed to a larger size with a more deliberately designed
and fabricated device. The other conditional Wigner func-
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tion ‘W, (B) measured exhibits a similar evolution behavior,
as shown in Figure 2(b). In all the displayed Wigner func-
tions, the main interference fringes appear in a region around
the origin, which agrees with the numerical simulation pre-
sented in Figure S6. It should be noted that the measured Q-
functions and Wigner functions present symmetric structures
even for a classical mixture, which can be interpreted as fol-
lows. For each experimental implementation, one of the two
symmetry-breaking classical states, but not both, is singled
out as the reality. The symmetry of the phase-space distri-
bution associated with such a classical mixture reflects that
the two conflicting classical realities appear with the same
probability.

Previously, the decoherence processes of Schrodinger-cat-
like quantum superpositions have been demonstrated in cav-
ity QED [44, 45], ion-trap [46] and mechanical resonators
[47], where the cat states were pre-prepared, following which
the decoherence effects were observed. However, in reality,
the environment is always playing its role, instead of wait-
ing to set in until the cat state has grown up. Our experiment
illustrates such a process, where the parity symmetry is bro-
ken as a consequence of the competition between the unitary
breeding of the cat state and the environment-induced dissi-
pation. Such a competition is critical to the emergence of
the classical reality from a quantum world, but has not been
experimentally reported so far. Our results reveal that deco-
herence is responsible for breaking the symmetry inherent in
the Hamiltonian dynamics.

The symmetry-breaking process can be further character-
ized by the evolution of the nonclassical volume [48], de-
fined as the phase-space integral of the quasi-probability dis-
tribution over the regions with negative values. The non-
classical volume of the field state associated with the qubit
state |} is calculated as V; = (1 - [ d® BIWi(B)]) /2 which
quantifies the quantum coherence between the two classical
components. Figure 3 displays V, and V,, inferred from

(a)
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Figure 2  (Color online) Observation of the loss of the quantum coher-

ence. (a) Wigner functions associated with the qubit state |e), measured after
quench times ¢ = 2.5, 2.8, and 3.0 ps. The results are obtained by correlating
the Wigner function of the resonator to the measurement outcome |e) of the
test qubit. (b) Measured Wigner functions associated with the qubit state |g).
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Figure 3 (Color online) Measured nonclassical volumes (Vy) for different
quench time. The nonclassical volume of the resonator’s output state asso-
ciated with the qubit state |k) (k = e, g) is defined as the integral of the cor-
responding Wigner function “Wy(B) over the regions in phase space where
‘Wi (B) is negative. As the negativity is a consequence of the phase-space
quantum interference between the two classical components, the evolution of
Vi manifests the process during which how the quantum coherence grows
and then drops under the competition between the Hamiltonian dynamics
and decoherence.

the Wigner matrices reconstructed for different quench times.
When the phase-space separation between |@.) is small, the
unitary dynamics dominate over the environment-induced
decoherence, so that the quantum coherence is improved with
the quench time. With the growth of the photon number, the
cat state becomes increasingly vulnerable to decoherence.
Finally, decoherence plays a dominant role, destroying the
quantum coherence between the two classical components,
and manifesting SSB.

5 Conclusion

In conclusion, we have observed the spontaneous symmetry-
breaking process in the second-order phase transition, real-
ized with an effective Rabi model synthesized in a supercon-
ducting circuit. With a high level of control over the sys-
tem parameters, we move the system from the NP to a SP
with two symmetry-breaking classical components, each cor-
responding to a photonic coherent state with a well-defined
amplitude and phase. We monitor the SSB process, during
which one of these two components is singled out as the
classical reality. The results build a close relationship be-
tween SSB and environment-induced decoherence. With the
improvement of the coherence times of the system, a SSB
process can be observed with a larger cat size, which would
shed new light on the quantum-to-classical transition.
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