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Non-Hermitian (NH) extension of quantum-mechanical Hamiltonians represents one of the most
significant advancements in physics. During the past two decades, numerous captivating NH phenomena
have been revealed and demonstrated, but all of which can appear in both quantum and classical systems.
This leads to the fundamental question: what NH signature presents a radical departure from classical
physics? The solution of this problem is indispensable for exploring genuine NH quantum mechanics, but
remains experimentally untouched so far. Here, we resolve this basic issue by unveiling distinct exceptional
entanglement phenomena, exemplified by an entanglement transition, occurring at the exceptional point of
NH interacting quantum systems. We illustrate and demonstrate such purely quantum-mechanical NH
effects with a naturally dissipative light-matter system, engineered in a circuit quantum electrodynamics
architecture. Our results lay the foundation for studies of genuinely quantum-mechanical NH physics,
signified by exceptional-point-enabled entanglement behaviors.
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When a physical system undergoes dissipation, the
Hermiticity of its Hamiltonian dynamics is broken down.
As any system inevitably interacts with its surrounding
environment by exchanging particles or energy, non-
Hermitian (NH) effects are ubiquitous in both classical
and quantum physics. Such effects were once thought to be
detrimental, and needed to be suppressed for observing
physical phenomena of interest and for technological
applications, until the discovery that NH effects could
represent a complex extension of quantum mechanics
[1-3]. Since then, increasing efforts have been devoted
to the exploration of NH physics, leading to findings of
many intriguing phenomena that are uniquely associated
with NH systems. Most of these phenomena are closely
related to the exceptional points (EPs), where both the
eigenenergies and the eigenvectors of the NH Hamiltonian
coalesce [4-6]. In addition to fundamental interest, such
NH effects promise the realization of enhanced sensors
[7-11].

Hitherto, there have been a plethora of experimental
investigations on genuinely NH phenomena, ranging from
real-to-complex spectral transition to NH topology [12-20],
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as well as on relevant applications [21-25], most of which
were performed with classically interacting but nonentangled
systems. The past few years have witnessed a number of
demonstrations of similar NH phenomena in different
quantum systems, ranging from photons [26-28] to atoms
[29-31] and ions [32,33], and from nitrogen-vacancy centers
[34-36] to superconducting circuits [37-39]. However, these
experiments have been confined to realizations of NH
semiclassical models, where the degree of freedom either
of the light or of the matter was treated classically in the
effective NH Hamiltonian describing the light-matter inter-
action, and consequently, the observed NH effects bear no
relation to quantum entanglement. Indeed, all the genuinely
NH effects demonstrated so far can occur in both quantum
and classical systems. This naturally leads to an imperative
issue: what feature can simultaneously manifest non-
Hermiticity and nonclassicality? Recently, there has been
a significant focus on nonequilibrium quantum phase tran-
sitions in the entanglement dynamics of NH many-body
systems [40-42], but the purely quantum-mechanical NH
features associated with the Hamiltonian eigenstates have
remained unexplored.
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FIG. 1. NH light-matter interaction and experimental implementation. (a) Theoretical model. The system under investigation involves
a quantized field mode with a decaying rate k; resonantly interacting with a matter qubit with a decaying rate x,. Their interaction is
characterized by a coupling strength of Q. The system’s dynamics can be cast onto different U(1)-symmetric eigenspaces, denoted as
{le,n — 1), |g,n)}, within each of which there exist two eigenstates |®, ), separated by a gap of AE,. (b) Bloch representation of
|®, ;) in the single-excitation subspace (n = 1). For clarity, we here pictorially display the dependence of |®; ) on the rescaled
coupling strength n = 4Q/x. For n =0, |®, ) correspond to |e,0) and |g, 1), respectively. With the increase of 7, |®;.) are
respectively rotated around +x axes, and merged to the y axis at the EP # = 1, featuring the occurrence of the maximally entangled state
|Y) = (|g, 1) — ile,0))/+/2. After crossing the EP, the eigenvectors |®; . ) remain on the equatorial plane, but are rotated around the
z and —z axes, progressively aligned with the £x axes, tending to | &= X) = (|g. 1) % |e. 0))/v/2, respectively. (c) Implementation of the
NH Hamiltonian. In the experimental system, a superconducting qubit Q is highly detuned from the lossy resonator R with a fixed
frequency w, /27 = 6.66 GHz. The Q-R interaction is enabled with an ac flux, which modulates Q’s energy gap around the mean value
wy, with a frequency v, mediating a photonic swapping coupling at one sideband, with the coupling strength controlled by the

modulating amplitude &.

We here perform an in-depth investigation on this funda-
mental problem, finding that dissipative interacting quantum
systems can display exceptional entanglement phenomena. In
particular, we discover an EP-induced entanglement transi-
tion, which represents a purely quantum-mechanical NH
signature, with neither Hermitian nor classical analogs. We
illustrate our discovery with a dissipative qubit-photon
system, whose NH quantum effects are manifested by the
singular entanglement behaviors of the bipartite entangled
eigenstates. We experimentally demonstrated these singular
behaviors in a circuit, where a superconducting qubit is
controllably coupled to a decaying resonator. The exceptional
entanglement signatures, inherent in the qubit-photon static
eigenstates, are mapped out by a density matrix postcasting
method, which enables us to extract the weak nonclassical
signal from the strong noise background. In addition to the
quantum character, the demonstrated NH phenomena origi-
nate from naturally occurring dissipation, distinct from that
induced by an artificially engineered reservoir [12-39]. Our
results are universal for composite quantum systems
immersed in pervasive Markovian reservoirs, endowing
NH quantum mechanics with genuinely nonclassical char-
acters, which are absent in NH classical physics.

The theoretical model, used to illustrate the NH entan-
glement transition, is composed of a two-level system
(qubit) resonantly coupled to a quantized photonic mode,
as sketched in Fig. 1(a). The quantum state evolution
trajectory without photon-number jumps is governed by the
NH Hamiltonian (setting 2 = 1)

Haw = Qalg) el + ale) (o) — 3 xylee] ~ sxpata, (1)

where |e) (]g)) denotes the upper (lower) level of the qubit,
a’ (a) represents the creation (annihilation) operator for the

photonic mode, k,, (k) is the energy dissipation rate for the
qubit (field mode), and Q is the qubit-field coupling
strength. In the n-excitation subspace, the system has
two right entangled eigenstates, given by

|q)n.:i:> = Nn,:t(\/ﬁg|ev n— 1> + En,:t

g:n),  (2)

where N, = (nQ?+ |E, .|*)™? and E, . = —iy/4 +
AE,/2 are the corresponding eigenenergies, with y =
Kp+Kkp AE, =2/nQ*—k*/16, and & =k, —k,.
These two eigenstates are separated by an energy gap of
AE,. The inherent quantum entanglement makes the
system fundamentally distinct from previously demon-
strated NH semiclassical models [29-39], where the qubit
is not entangled with the classical control field in any way.
When Q > k/(4/n), the system has a real energy gap, and
undergoes Rabi-like oscillations, during which the qubit
periodically exchanges a photon with the field mode. With
the decrease of €2, the energy gap is continuously narrowed
until reaching the EP, where the two energy levels coalesce.
After crossing the EP, the gap becomes imaginary, and the
population evolution exhibits an overdamping feature.

Unlike previous investigations, here each eigenenergy is
possessed by the two entangled components, neither of
which has its own state. The nonclassical feature of each
eigenstate is manifested by the light-matter entanglement,
which can be quantified by the concurrence [43]

- ‘En,i‘z + nQ2 '
When the rescaled coupling strength 7 = 4/n€/k is much
smaller than 1, the two eigenstates are respectively
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dominated by |e,n — 1) and |g, n). With the increase of 7,
these two populations become increasingly balanced until
reaching the EP n = 1, where both eigenstates converge to
the same maximally entangled state. During this conver-
gence, £, exhibit a linear scaling with 7. In the Bloch
representation, this corresponds to a rotation of the eigen-
vector |®, ) (|®, _)) around the x (—x) axis from pointing
at the north (south) polar, until merging at the y axis, as
shown in the left panel of Fig. 1(b). After crossing the EP,
&, become independent of Q, which implies both two
eigenstates keep maximally entangled. However, |®,, )
(|®, _)) is rotated around the z (—z) axis, progressively
approaching the x (—x) axis [right panel of Fig. 1(b)]. This
sudden switch of the rotation axis manifests an entangle-
ment transition at the EP, where the derivative of the
concurrence with respect to x presents a discontinuity,
jumping from 1 to 0. By measuring the time-evolving
output states associated with the no-jump trajectory, we can
extract the information about both the energy gap and
entanglement regarding the “static” eigenstates. It should
be noted that the resonator plays a radically different role
from the ancilla used in the previous experiments [34-37],
which was introduced as an artificially engineered envi-
ronment to the test qubit, but whose dynamics was not
included in the effective NH Hamiltonian dynamics. In
distinct contrast, in the present system the degree of
freedom of R constitutes a part of the Hamiltonian, whose
NH term is induced by the natural environment.

The experimental demonstration of the NH physics is
performed in a circuit quantum electrodynamics architecture,
where the qubit-photon model is realized with a super-
conducting qubit Q and its resonator R with a fixed frequency
w,/2n = 6.66 GHz (see Supplemental Material, Sec. S2
[44]). The decaying rates of Q and R are k, ~ 0.07 MHz and
ky =5 MHz, respectively. The accessible maximum fre-
quency of Q, @« = 27 X 6.01 GHz, is lower than @, by an
amount much larger than their on-resonance swapping
coupling g, = 2z x 41 MHz [Fig. 1(c)]. To observe the
EP physics, an ac flux is applied to Q, modulating its
frequency as w, = @, + ecos(vt), where o, is the mean
le) — |g) energy difference, and & and v denote the modu-
lating amplitude and frequency. This modulation enables Q
to interact with R at a preset sideband, with the photon
swapping rate Q tunable by ¢ (see Supplemental Material,
Sec. S3 [44)).

Our experiment focuses on the single-excitation case
(n = 1). Before the experiment, the system is initialized to
the ground state |g,0). The experiment starts by trans-
forming Q from the ground state |g) to excited state |e) with
a z pulse, following which the parametric modulation is
applied to Q to initiate the Q-R interaction (see Fig. S4 of
Supplemental Material for the pulse sequence). This
interaction, together with the natural dissipations, realizes
the NH Hamiltonian of Eq. (1). After the modulating pulse,
the O-R state is measured with the assistance of an ancilla

qubit (Q,) and a bus resonator (R ), which is coupled to both
Q and Q,. The subsequent Q — R, R, > Q,,and R — Q
quantum state transferring operations map the Q-R output
state to the Q,-Q system, whose state can be read out by
quantum state tomography (see Supplemental Material,
Sec. S5 [44]).

A defining feature of our system is the conservation of
the excitation number under the NH Hamiltonian. This
Hamiltonian evolves the system within the subspace
{le,0),]g9,1)}. A quantum jump would disrupt this con-
version, moving the system out of this subspace. This
property in turn enables us to postselect the output state
governed the NH Hamiltonian simply by discarding the
joint Q,-Q outcome |g, g) after the state mapping. With a
correction of the quantum state distortion caused by the
decoherence occurring during the state mapping, we can
infer the quantum Rabi oscillatory signal, characterized by
the evolution of the joint probability |e, 0), denoted as P, .
Figure 2(a) shows thus-obtained P, as a function of the
rescaled coupling # and the Q-R interaction time ¢. The
results clearly show that both the shapes and periods of
vacuum Rabi oscillations are significantly modulated by the
NH term around the EP 7 = 1, where incoherent dissipation
is comparable to the coherent interaction. These experimen-
tal results are in good agreement with numerical simulations
(see Supplemental Material, Sec. S4 [44]).

The Rabi signal does not unambiguously reveal the
system’s quantum behavior. To extract full information of
the two-qubit entangled state, it is necessary to individually
measure all three Bloch vectors for each qubit, and then
correlate the results for the two qubits. The z component
can be directly measured by state readout, while measure-
ments of the x and y components require y rotations and x
rotations before state readout, which breaks down excita-
tion-number conservation, and renders it impossible to
distinguish individual jump events from no-jump ones. We
circumvent this problem by first reconstructing the two-
qubit density matrix using all the measurement outcomes,
and then discarding the matrix elements associated with
g,9) (see Supplemental Material, Sec. S5 [44]). This
effectively postcasts the two-qubit state to the subspace
{le,9), |9, e)}. We note that such a technique is in sharp
contrast with the conventional postselection method, where
some auxiliary degree of freedom (e.g., propagation direc-
tion of a photon) enables reconstruction of the relevant
conditional output state, but which is unavailable in the NH
qubit-photon system. With a proper correction for the state
mapping error, we obtain the Q-R output state governed by
the non-Hermitian Hamiltonian. In Fig. 2(b), we present the
resulting Q-R concurrence, as a function of 7 and z. To
show the entanglement behaviors more clearly, we present
the concurrence evolutions for 7 = 5 and 0.5 in Figs. 2(c)
and 2(d), respectively. The results demonstrate that the
entanglement exhibits distinct evolution patterns in the
regimes above and below the EP.
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FIG. 2. Characterization of NH dynamical evolutions. (a) Measured evolutions of the population |e,0) for different values of the
rescaled coupling 7. The signals are extracted by correlating the measurement outcomes of Q and Q,,, which correspond to the outputs of
R and Q right before the state mappings. The NH Hamiltonian evolution trajectory is postselected by discarding the detection events
g, 9), and renormalizing the remaining outcomes |g, ¢) and |e, g). (b) Evolutions of the concurrences for different values of 5. The
concurrence at each point is inferred with the postprojected density matrix, obtained by reconstructing the output Q-Q,, density matrix,
projecting the thus-obtained two-qubit state to the reduced subspace with one excitation, and then renormalizing the remaining matrix
elements. (c),(d) Concurrence evolutions for 7 =5 (c) and 0.5 (d). The orange solid curves are the numerical simulations using the
effective Hamiltonian and the blue circles are the experimental results.

To reveal the close relation between the exceptional  this is the onset of the transverse splitting, which can be
entanglement behavior and the EP, we infer the eigenvalues ~ characterized by the relative phase difference between
and eigenstates of the NH Hamiltonian from the output |®; ), defined as ¢ = ¢, — ¢_, with ¢, representing the
states, measured for different evolution times (see  relative phases between |g, 1) and |e,0) in the eigenstates

Supplemental Material, Sec. S7 [44]). The concurrences |®; ). Such a phase difference, inferred for different values
associated with the two eigenstates, obtained for different  of 5, is displayed in Fig. 3(c). This quantum-mechanical NH
values of #, are shown in Figs. 3(a) and 3(b) (dots),  signature is universally applicable to dissipative interacting

respectively. As expected, each of these entanglements  quantum systems, a feature absent in earlier superconduct-
exhibits a linear scaling below the EP, but is saturated at the  ing-circuit-based single-qubit NH experiments [38,39].

EP, and no longer depends upon 7 after crossing the EP. The The demonstrated exceptional entanglement transition is
singular features around the EP are manifested by their  a purely quantum-mechanical NH effect. On one hand,
derivatives to #, which are shown in the insets. The  quantum entanglement, which has no classical analogs,
discontinuity of these derivatives indicates the occurrence  represents a most characteristic trait that distinguishes
of an entanglement transition at the EP. Such a nonclassical ~ quantum physics from classical mechanics [50]. On the
behavior, as a consequence of the competition between the other hand, this effect, uniquely associated with the EP, is
coherent coupling and incoherent dissipation, represents a  absent in Hermitian qubit-photon systems [51-54]. We
unique character of strongly correlated NH quantum  further note that such an NH effect can occur in other
systems, but has not been reported so far. These results  dissipative quantum-mechanically correlated systems, e.g.,
demonstrate a longitudinal merging of the two entangled  a system composed of two or more coupled qubits with
eigenstates at the EP [left panel of Fig. 2(b)]. Accompanying  unbalanced decaying rates (see Supplemental Material,
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FIG. 3. Observation of exceptional phase transitions. (a),(b) Entanglements for the eigenstates |®, , ) and |®; _) versus 7. We obtain
the concurrences £ at each point based on the corresponding eigenstates, which are mapped out from the Q-R output states, measured
for different evolution times. The dots denote the inferred concurrences, which well agree with the results for the ideal output states. The
derivatives d€.. /dn around the EP, obtained by [ (1 + 6n) — £.(17)]/8n, are displayed in the insets. (¢) Relative phase difference (¢)
between |®; ). This phase difference is defined as ¢ = ¢, — ¢_, where @, are the relative phase between |g, 1) and |e,0) in the
eigenstates |®@; ). (d) Spectral gap AE|. As the eigenspectrum is possessed by the entangled eigenstates of the Q-R system, this gap
corresponds to the vacuum Rabi splitting. The solid and dashed lines denote the real and imaginary parts, respectively.
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Sec. S8 [44]). This implies that such a quantum-mechanical
NH signature is universal for dissipative interacting quan-
tum systems.

The real and imaginary parts of the extracted quantum
Rabi splitting AE,, are shown in Fig. 3(d). As theoretically
predicted, above the EP the two eigenenergies have a real
gap, which is continuously narrowed when the control
parameter 5 is decreased until reaching the EP, where the
two levels coalesce. After crossing the EP, the two levels
are resplit but with an imaginary gap, which increases when
n is decreased. This corresponds to the real-to-imaginary
transition of the vacuum Rabi splitting between the QO-R
entangled eigenstates, which is in distinct contrast with the
previous experiments on P7 symmetry breaking [29-39],
realized with the semiclassical models, where the excep-
tional physics has no relation with quantum entanglement.

In conclusion, we have discovered an exceptional
entanglement transition in a fundamental light-matter
system governed by an NH Hamiltonian, establishing a
close connection between quantum correlations and non-
Hermitian effects. This transition has neither Hermitian nor
classical analogs, representing the unique feature of NH
quantum mechanics. The experimental demonstration is
performed in a circuit, where a superconducting qubit is
controllably coupled to a resonator with a non-negligible
dissipation induced by a natural Markovian reservoir. The
NH quantum signatures of the eigenstates are inferred from
the no-jump output state, measured for different evolution
times. Our results push NH Hamiltonian physics from the
classical to genuinely nonclassical regime, where the
emergent phenomena have neither Hermitian nor classical
analogs. The postprojection method, developed for
extracting the no-jump output density matrix, would open
the door to experimentally explore purely quantum-
mechanical NH effects in a broad spectrum of interacting
systems, where excitation number is initially definite and
conserved under the NH Hamiltonian. Such systems
include resonator-qubit arrays [55], fully connected archi-
tectures involving multiple qubits coupled to a single
resonator [56], and lattices composed of many qubits with
nearest-neighbor coupling [57]. When the system initially
has n excitations, the no-jump trajectory can be postselected
by discarding the outcomes with less than n excitations.
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