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Observation of P7 -symmetric quantum coherence in a single-ion system
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Parity-time (P7T)-symmetric systems, featuring real eigenvalues despite their non-Hermitian nature, undergo
spontaneous P77 symmetry breaking at the exceptional point (EP). The phase transition from P77 symmetry to
PT symmetry breaking has shown exotic functionalities in the classical realm, such as loss-induced transparency
or lasing revival. This transition is also expected to produce a more unconventional effect in pure quantum P7~
devices. Here, we report experimental evidences of spontaneous 77~ symmetry breaking in a single cold *°Ca™
ion and, more importantly, a counterintuitive effect of perfect quantum coherence occurring at the EP. Excellent
agreement between experimental results and theoretical predictions is identified. In view of the versatile role of
cold ions in building a quantum memory or processor, our experiment provides an alternative platform to explore
‘PT-symmetric physics and utilize pure quantum EP effects.
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I. INTRODUCTION

In conventional quantum mechanics, Hermiticity is a
fundamental axiom ensuring real eigenvalues of physical
observables [1]. A striking discovery in recent years has re-
vealed that parity-time(P7T)-symmetric Hamiltonians [2-4],
despite their non-Hermitian nature, can also have real
eigenvalues [5,6]. By continuously tuning parameter values,
spontaneous P77 symmetry breaking can occur at an excep-
tional point (EP) [7,8], where both the eigenvalues and the
eigenstates of the system coalesce. As a result, many coun-
terintuitive phenomena [9-15] emerge in such systems, e.g.,
single-mode lasing or antilasing [16,17], loss-induced trans-
parency or lasing [18,19], an EP-enhanced sensing [20,21], to
name only a few. These seminal experiments, however, have
been performed mainly in the classical realm, and more exotic
effects are expected to occur in pure quantum P7 devices.

Achieving P77 symmetry, in principle, requires an exact
balance of gain and loss, which is challenging in the quantum
realm, since practical systems can be unstable in the presence
of gain-amplified noises [22,23]. To overcome this obstacle,
passive devices with hidden P77 symmetry were proposed by
coupling Hermitian systems to a dissipative reservoir [18,19].
The emergence of EPs in such lossy devices, without any
active gain, has been demonstrated in very recent experiments
using optical or solid-state systems [24,25], opening up a
practical route to observe and manipulate quantum EP ef-
fects [24,25]. For an example, quantum coherence protection

*These authors contributed equally to this work.
fjinghui73 @foxmail.com
fpxchen@nudt.edu.cn

2469-9926/2021/103(2)/L020201(5)

L020201-1

was observed in a P7T -broken superconducting circuit [25],
with postselection of the experimental results and an ex-
ponentially decreasing success rate for longer times. These
pioneering experiments on quantum EP systems [22,24,25]
have provided the important first steps towards emerging non-
Hermitian quantum technologies.

In this paper we report an experiment on spontaneous
breaking of P7 symmetry occurring in a single **Ca* ion.
We note that trapped cold ions having a coherence time as
long as 10 min [26] have been widely used for quantum
memory [27-29], quantum state preparation [30], quantum
simulation [31-34], and high-precision metrology [35,36],
and are viewed as powerful candidates for building quantum
computers. However, to date, experimental realization of P7T
symmetry in such a typical system has not been achieved, hin-
dering its applications in non-Hermitian quantum control of
ions. Here we fill this gap by demonstrating clear signatures of
the quantum EP in a **Ca* ion. We deterministically demon-
strate EP features by measuring the ion-state populations both
in the PT-symmetric (PTS) regime and in the P7 -broken
(PTB) regime. Furthermore, we observe a turning point of the
nondiagonal elements of the density matrix by approaching
the EP, due to which giant enhancement of quantum coher-
ence [37] can be achieved for the system. Our paper, as a
demonstration of single-ion P77 symmetry breaking, provides
an alternative platform to explore and utilize more truly quan-
tum EP effects with applications in quantum engineering of
trapped ions.

II. P77 PHASE TRANSITION IN TRAPPED ION SYSTEM

The experimental setup of the trapped “°Ca™ ion, with its
energy levels, is shown in Figs. 1(a)-1(c). The ion, initially

©2021 American Physical Society
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FIG. 1. The experimental system of a passive PT-symmetric single ion. (a) Schematic diagram of the experimental setup. In the
experiment, both 729- and 854-nm laser beams are switched on at the same time, and the quantum states of the ion at different times are
read out by the electron shelving. Here, AOM denotes the acousto-optical modulator, PMT is the photomultiplier tube, and AWG is the
arbitrary waveform generator. (b) The photograph of the ion trap. (c, d) The energy levels of the “°Ca™ ion, with the internal states |0), |1),
and |2) corresponding to the energy levels 25, p(my =—1/2), ’Ds 2(my = +1/2), and 28, 2(my = +1/2), respectively. (e) The eigenvalues
of Hpr vs y /2. The projection on the back (dotted lines) and the left (thick lines) show the evolution of the imaginary parts and real parts,
respectively. The projection on the bottom shows the evolution of the eigenfrequencies in the complex plane, and EP corresponds to y /Q2 = 1.

prepared in the ground state |0) = |ZS]/2(mJ =—1/2)), is
driven to the excited state |1) = |2D5/2(m1 =+1/2)) by a
laser at wavelength 729 nm. Another laser at 854 nm induces
a tunable loss y in |1), by coupling |1) to a short-life level
|>P; s2(my = +3/2)) [which decays quickly to the state |2) =
125, s2(my; = +1/2))]. This configuration allows the system to
exhibit coherent transition between |0) and [1), with |1) expe-
riencing the required tunable loss [see Fig. 1(d)]. The effective
two-level system (TLS), with coherent transition and tunable
loss, is well described by the non-Hermitian Hamiltonian

Q . Y
Her = o — iy|1){1] = Hpr —iZ 1, (1)

where Hp = 0, — i% 0, is the PT -symmetric Hamiltonian

with balanced gain and loss, oy is the Pauli matrix, and
I is the identity operator. The spontaneous P7 symmetry
breaking in such a system then arises due to the interplay
of the gain-loss rate (y/2) and the coupling rate €2/2 [7]. As
shown in Fig. 1(e), when the gain-loss rate is smaller than the
coupling rate between the two states (y /2 < 1), the system
exhibits a real spectrum and simultaneous eigenmodes of the
Hamiltonian associated with oscillatory solutions. This region
is referred to as the PTS phase. Yet when the gain-loss rate

is bigger than the coupling rate (y /2 > 1), we call it the
PTB phase where complex conjugate eigenvalues emerge, and
one of the eigenmodes exponentially grows (see Supplemen-
tal Material [38]). The transition between the PTS and PTB
phases takes place at an EP which emerges for y = Q [7,8].

Now we examine these predictions in our experiment. We
first verify the dynamical features of this system at different
phases. We initialize the system in |0) and tune the coupling
rate 2 = 27 x 32 kHz at time r = 0, and the value of loss rate
can be well controlled. We characterize the PT-symmetry-
breaking transitions by using the populations of |0) and the
coherence in the {|1), |0)} qubit manifold, which have the
following forms [38]:

pool () = [(2y* — Q%) cosh(xt) + 2y« sinh(kt) — Q*]/2«2,
2

(0,77 () = Trlo,p™"]
= Q[—y + y cosh(kt) + « sinh(k1)]/k%, (3)

with « = /y2 — Q2. We see that when y > Q, « is real
and the system evolves as e ' and ¢’ (when «r > 1, just
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FIG. 2. (a, b) Dynamics of the PT-symmetric system in the initial state |0) in the PTS phase (a) and PTB phase (b), respectively. The
parameters are 2 = 27w x 32 kHz and y = 27 x 1 kHz (a) and y = 2w x 47 kHz (b). (¢, d) The dynamics of py(¢) of the experimental TLS
for two phases show oscillatory (c) to steady-state behavior (d). (e) pgo at a fixed time t = 27 /2 vs the loss rate y with 2 = 27 x 32 kHz.
The circles or marks are the experimental data, while the lines are from the theoretical fits. The error bars are the standard deviation of the

measurements.

€' remains) [38]. But when y < Q, sinh(kt) or cosh(kt)
corresponds to the time evolution eI¥I", featuring oscillatory
evolution at angular frequency |« | [39].

In our experiment, directly measured quantities are the
density-matrix elements of p(t). We get the experimental data
of pP7 from the relation p¥7 () = e"’ p(¢), which can be eas-
ily derived from Eq. (1). The experimental results are shown
in Figs. 2(a) and 2(b). When y /<2 is tuned to the PTS phase
by varying the laser power, the population and the coherence
exhibit oscillation with frequency |« |, while in the PTB phase,
both the population pgf,T and the coherence (O’yPT (1)) increase
exponentially. All the experimental results agree well with the
theoretical phase diagram [38].

The PT-symmetry-breaking phase transition can also be
verified in the lossy TLS. As shown in Figs. 2(c) and 2(d),
dynamical behaviors of the TLS are clearly different in PTS
and PTB phases. The population of state |0) features decaying
oscillations in the PTS phase, and meanwhile the evolution
is accelerated with the increase of loss rate y [Fig. 2(c)]. In
contrast, in the PTB phase, the population of state |0) mono-
tonically decays during the system evolving to a steady state,
and the evolution is slowed down with the increase of loss
rate y [Fig. 2(d)]. This suggests a possible relation between
‘PT symmetry and quantum Zeno effect [40—42], as proposed
very recently [43-45], when the projection measurement of
[1) is induced by extremely strong loss. This possibility will
be investigated elsewhere.

We also measure the population of |0) at different loss
rates for a fixed time t = 27 /2, with Q = 27 x 32 kHz, as
shown in Fig. 2(e). Clearly, a turning point is observed for the
population of |0), which can be well explained by considering
the EP of H.s: when the loss rate y = 0, the populations
of the two states |0) and |1) can be exchanged freely with
each other; by increasing the loss rate (y < €2), the state |1)
decays to |2) faster via the dissipative channel and hence the
population of |0) also decreases faster. In particular, at the EP
(y = ), the coherent coupling balances with the loss of the
|1) state, thus the population of |0) reaches its minimum. After
this point (y > 2), as the loss increases, the |0) state will
become localized, which can be explained by quantum Zeno
effect [45]. The observed phenomenon is similar to the loss-
induced lasing reported in a classical system [18]. We note
that y,,i, in Fig. 2(e) is not exactly the EP, since the system

is not at the final steady state when we do the measurement at
time ¢t = 27 /Q2. By setting the time long enough, we can have
Ymin Deing closer to the EP (see also Ref. [18]).

III. QUANTUM COHERENCE AT THE EP

In order to further visualize pure quantum features of the
phase transition, we now introduce the order parameter by the
time average of (o) as defined in Refs. [38,46,47],

L 1 T (o:(y, 1))
Z2(y) = #L“zﬁfo Telp(r ol
0<y<Q

0,
B {—\/VZ—QZ/V» Yy =2, @

and the order parameter by the time average of (o) [38]:

1 T o)
O =T /0 Trlp(y. 1))
_ Q[m — 2arccos(y/Q)]/(ym), O0<y <€,
B {9/% y > Q.
(5)

We note that for open systems as the experimental TLS
and the PT system, the traces of p(t) and p*7 () are in
general not conserved, and thus renormalization is required
to study non-Hermitian dynamics [22,25,45-47]. Neverthe-
less, we have pP7 /Tr[pFT] = e " p/Tr[e " p] = p/Tr[p],
hence the dynamical behaviors of p(t) and p*7 (t) remain the
same after the renormalization process. The order parameter
Yz(v), determined by y /€2, is independent of the initial state
and clearly exhibits the transition feature for /Q = 1. We
also see that at the EP, the populations of |0) and |1) are
equal, i.e., the system stays in a coherent superposition state
(10) — i11))/~/2 [38].

Figure 3(a) shows the experimental results about X, or the
mean energy of the system. In the PTS phase, the populations
of |0) and |1) are the same due to their periodic oscillations,
thus leading to zero for Xz; in contrast, the system can reach
the steady state in the PTB phase. These results can also be
observed in classical PT systems, since X7 can only show
the mean energy. In order to see true quantum P7T features, it
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FIG. 3. The order parameters X; (a) and Xy (b) vs y, with
Q = 2w x 32 kHz and the initial state |0). The error bars indicate
the estimated error from the fit to the dynamical equation for p(z).

is necessary to study the other order parameters of the system,
such as Xy.

Figure 3(b) shows quantum coherence Xy of the PT-
symmetric single-ion system, quantified by the modulation
of nondiagonal elements of the normalized density matrix.
We stress that this example of experimental observations of
the order parameter Xy was not given in recent quantum PT
experiments [22,45]. We find that ¥y reaches its maximum
when approaching the EP, i.e., quantum coherence of the PT
system can be enhanced at the EP. This is because at the EP
the balance between the loss and the coherent transition can
be reached and thus enables the system to stay in coherent
superposition of |0) and |1). We also note that very recently
quantum discord enhancement was observed in an anti-PT -
symmetric atomic system by engineering dissipative coupling
of optical channels [48].

IV. CONCLUSION

In conclusion, we have observed spontaneous P7T symme-
try breaking in a single *°Ca™ ion. We find that when the
system is steered to an EP and past it, both the mean popu-
lations of the ion states and the quantum coherence exhibit a
turning point. The experimental observation of PT symmetry
in a single trapped ion reveals the counterintuitive EP-enabled
effect of quantum coherence enhancement (see also Ref. [48]).
In view of the long coherence time of trapped ions, together
with well-developed techniques of engineering their quantum
states, our paper provides a powerful tool for exploring and
utilizing true quantum EP effects at single-ion levels. In a
broader view, our paper can also help to design and uti-
lize unconventional ion-based devices, such as non-Hermitian
quantum memory and EP-enhanced quantum processors or
cold-ion EP clocks.
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