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Experimental realization of on-chip few-
photon control around exceptional points

Pengtao Song 1,2,14, Xinhui Ruan 1,2,3,14, Haijin Ding3, Shengyong Li3,
Ming Chen1, Ran Huang 1, Le-Man Kuang1, Qianchuan Zhao3, Jaw-Shen Tsai4,5,
Hui Jing 1, Lan Yang 6, Franco Nori 4,7,8, Dongning Zheng 2,9,10 ,
Yu-xi Liu11, Jing Zhang12,13 & Zhihui Peng 1,10

Non-Hermitian physical systems have attracted considerable attention in
recent years for their unique properties around exceptional points (EPs),
where the eigenvalues and eigenstates of the system coalesce. Phase transi-
tions near exceptional points can lead to various interesting phenomena, such
as unidirectional wave transmission. However, most of those studies are in the
classical regime and whether these properties can be maintained in the
quantum regime is still a subject of ongoing studies. Using a non-Hermitian on-
chip superconducting quantumcircuit, hereweobserve a phase transition and
the corresponding exceptional point between the two phases. Furthermore,
we demonstrate that unidirectional microwave transmission can be achieved
even in the few-photon regime within the broken symmetry phase. This result
holds some potential applications, such as on-chip few-photon microwave
isolators. Our study reveals the possibility of exploring the fundamental phy-
sics and practical quantum devices with non-Hermitian systems based on
superconducting quantum circuits.

Non-Hermitian physical systems with exceptional points1–5 (EPs) have
attracted considerable attention in recent years. The coalescence of
eigenvalues and eigenstates of the non-Hermitian Hamiltonian around
EPs leads to various interesting properties and numerous applications,
such as unidirectional transmission and invisibility6–12, chiral
behavior13, control of lasers14–17 or electromagnetic waves18, high-
precision sensors19–22, and topological energy transfer3,23. While non-
Hermitian physics has been studied extensively in classical systems,
the quantum behavior of non-Hermitian systems is not fully under-
stood and there is still much to be explored in the quantum realm.

Although there has been interesting work to mimic gain-loss-balance
mechanisms in two-level systems (e.g., superconducting quantum
circuits24,25, nitrogen-vacancy centers in diamonds26 and trapped
ions27), various interesting problems related to quantum non-
Hermitian systems in the few-photon regime are still left open28,29.
One interesting topic is unidirectional control of light in the few-
photon regime for non-Hermitian systems. Such kinds of quantum
nonreciprocal effects are very helpful for constructing quantum
devices30, such as quantum diodes31 and quantum circulators32, which
are key components for quantum information processing. Although it
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is well known that non-reciprocal wave propagations can be achieved
by breaking the symmetries of non-Hermitian physical systems in the
vicinity of the exception point, it is challenging to show such kinds of
symmetry breaking in the few-photon regime, because the enhanced
quantumfluctuations at the exceptional pointwill disrupt this process.

Demonstrating nonreciprocity in the few-photon regime requires
strong nonlinearity, which is quite difficult to achieve in optical sys-
tems. This issue could be solved by using superconducting systems, in
which strong nonlinearity has been successfully demonstrated at the
single-photon level in the microwave frequency regime33. Super-
conducting quantum information processing has made great pro-
gresses in recent years34–37. Highly-efficient widely-tunable on-demand
single-photon sources and highly-efficient single-photon detectors in
the microwave-frequency regime have been realized in super-
conducting quantum systems38–40. With the quantum state transfer by
a single microwave photon between two superconducting qubits
housed in two refrigerators separated apart by 5 meters, it is possible
to realize a microwave quantum network and distributed super-
conducting quantum computing41. There has been some research on
non-Hermitian phenomena in superconducting circuits42–44. However,
the control of the transmission of a singlemicrowave photon on a chip
is still ongoing research, and is one of the crucial open problems for
quantum networks.

In this work, we construct a non-Hermitian system using a
superconducting circuit consisting of two cavities and three tunable-
gap flux qubits. The two cavities have different decay rates and nearly
identical resonance frequencies, with tunability within a range of a few

tens of MHz. The effective coupling strength between the cavities can
be tuned by a quantum coupler, implemented here as a tunable-gap
flux qubit. Using this non-Hermitian system, we observe the phase
transitions and the corresponding exceptional points. The qubits
introduce additional nonlinearity to the two cavities, enabling the
generation of unidirectional microwave transmission. By tuning the
effective coupling strength between the cavities and the input photon
numbers, we investigate the switchable unidirectional transmission of
the system at the few-photon level.

Results
Experimental setup
Our experiment is carried out in a dilution refrigerator with a base
temperature of about 28mK. As shown in Fig. 1a–c, the device consists
of two superconducting coplanar waveguide (CPW) cavities (marked
as Cavity a andCavityb, respectively) that are capacitively coupled to a
tunable-gap flux qubit (working as a quantum coupler and marked as
qubitQC)with twonominal identical capacitors (see Fig. 1b, c). Tunable
coupling between two CPW cavity modes or two CPW cavities
based on a flux qubit have been demonstrated45,46. The Hamiltonian
of a qubit coupled to a cavity in the dispersive regime is
H � _ðωc + ~χσz Þaya+ _ðωq + ~χÞσz=2, where ωc is the cavity frequency,
ωq is the qubit transition frequency, ~χ = g2

0=δ is the qubit-state-
dependent dispersive cavity shift33, δ = jωq � ωcj≫g0, g0 is the cou-
pling strength between the qubit and the cavity, σz = j0ih0j � j1ih1j
with the ground j0i and excited j1i states of the qubit, and ay and a are
the creation and annihilation operators of the cavity, respectively. The
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Fig. 1 | Schematic diagram of the superconducting quantum chip. a Optical
micrograph of the coupling qubit and the two indirectly-coupled coplanar wave-
guide (CPW) cavities. Two CPW cavities have the same resonant frequency of
ωa=2π � ωb=2π � 6:474 GHz but different decay rates of κa=2π = 7:7MHz and
κb=2π = 20:9MHz. There are three tunable-gap flux qubits. The left (right) qubit QL

(QR) only couples to the left (right) CPW cavity and works as a cavity frequency
shifter to tune the resonant frequency of the left (right) cavity. The central qubitQC

couples to the two cavities as a quantum coupler to tune the coupling strength
between the two cavities. Optical micrograph (b) and scanning electron micro-
graph (c) of the coupling flux qubit. d Equivalent schematic diagram in which two
cavities couplewith each other by a quantum coupler. Each cavity is connected to a
circulator for extending ports. Reflection spectra of the left high-Q cavity (e) and
the right low-Q cavity (f) that display Lorentzian lineshapes detected at lowprobing
power to keep the average photon numbers inside the cavities less than one.
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eigenfrequencies of the two CPW cavities (ωa for cavity a and ωb for
cavity b, respectively) can be shifted for a few tens of MHz in the
dispersive coupling regime, because the cavities are capacitively cou-
pled to other two auxiliary tunable-gap flux qubits (working as cavity
frequency shifters andmarked as qubit QL and qubit QR, respectively).
Therefore, it is easy to control the detuning frequency between the
frequency of the qubit QL and the frequency of the cavity a, and that of
the qubit QR and the cavity b, respectively. In this way, ωa and ωb are
tuned to be equal to each other, although the bare eigenfrequencies of
the cavities are deviated for few MHz due to the limitation of fabrica-
tion. As shown in Fig. 1d, we can apply probing signals through port 1
(port 3) of the left (right) circulator and detect the output signals from
port 2 or port 4. It yields four complex elements Sji of the scattering
matrix S, where i 2 f1, 3g and j 2 f2, 4g. For example, the normalized S-
matrix S21 (S43) is the reflection coefficient of the left (right) cavity, and
S41 (S23) is the forward (backward) transmission coefficient. The left
cavity (cavity a) supports a high-Q cavity mode a with eigenfrequency
ωa=2π � 6:474 GHz and decay rate κa=2π � 7:7 MHz, and the right
one (cavity b) supports a low-Q cavity mode b with the same eigen-
frequency ωb=2π � 6:474 GHz but different decay rate κb=2π � 20:9
MHz (see Fig. 1e, f).

The difference between the decay rates of the two CPW cavities
are large enough, such thatwe can tune the effective coupling strength
between the two cavities by changing the transition frequency of the
quantum coupler to operate the system in three regimes, i.e., before,
after, and in the vicinity of the exceptional point. The coupling flux
qubit can be considered as a two-level artificial atom (see Fig. 1d) with
transition frequencymodulated by the injected externalmagnetic flux

Φm in the main loop or Φα in the α loop45. It works as a quantum
coupler to adjust the effective coupling strength between the two
cavities (see section 2 of the Supplementary materials). The effective

eigenfrequency of the flux qubit is Δeff =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2IpδΦÞ2 + ½ΔðΦαÞ�2

q
, where

δΦ = Φm �Φ0=2 and Φ0 is the flux quantum, Ip is the persistent

current in the qubit loop, ΔðΦαÞ=h≥ 2.0GHz is the energy gap of the
flux qubit which can be turned up by Φα . By adiabatically eliminating
the degree of freedom of the coupling flux qubit, the effective cou-

pling strength between the two cavities is g = ð2ΔqgagbÞ=ðγ2? +Δ2
qÞ,

where γ? is the relaxation rate of the qubit, Δq =Δef f � ωa and
ga = gb = 71MHz are the coupling strength between the cavity a (b) and
the coupling qubit, respectively.

Observation of the exceptional point
As shown in Fig. 2, the two cavity modes a and b generate two
supermodes a± with complex eigenfrequencies ω± � ω0 � g � iχ ± β,
where ωa =ωb =ω0, χ = ðκa + κbÞ=4, β=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 � κ2

p
, and κ = ðκb � κaÞ=4.

Thepoint g = κ corresponds to anEP atwhichboth the eigenvalues and
the eigenvectors coalesce. The applied probing power P is sufficiently
low to keep the average photon numbers hnii= P=_ωiκi (i=a,b) inside
the cavity less than one. It can be calibrated by the ac-Stark shift, which
is the transition frequency shift of the qubit depending on hnai, i.e.,
ΔωL =2hnaig2

a=δ (see section 1 of the Supplementary materials). After
fitting the normalized reflection spectra (jS21j2 or jS43j2) with the Lor-
entzian curves, we obtain the resonance frequencies (the real parts of)
and the decay rates (the imaginary parts of) of the supermodes. As
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Fig. 2 | Bifurcationdiagramof the supermodes in the vicinity of the exceptional
points. a The real part of the supermodes (frequency). b the imaginary part of the
supermodes (decay rate). a, b The blue circles and crosses represent the experi-
mental data and the dashed lines represent the theoretical curves. Normalized
reflection spectra from the right low-Q cavity with different coupling strength g. (c)
Before the exceptional point (g=κ =0:29) in which two supermodes overlap with

each other but with different decay rates. (d) In the vicinity of the exceptional point
(g=κ = 1:04) in which two supermodes are degenerate. (e) After the exceptional
point (g=κ = 3:11) in which two supermodes are splitting. The applied probing
power is low enough to keep hnai � 0:06 with a precision better than ±3 dB inside
the high-Q cavity.
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shown in Fig. 2a, b, in the strong-coupling regime g>κ, the two
supermodes a ± have the same damping rate 2χ but different reso-
nance frequencies ω0 � g ±β. The additional frequency shift from ω0

to ω0 � g for supermodes is induced by the interaction between the
quantum coupler (the qubit QC) and the cavity modes in the strong
dispersive limit, and thus causes the asymmetric frequency evolution
in Fig. 2a. In the weak-coupling regime g < κ, the resonance fre-
quencies of the two supermodes will be degenerate as ω0, while the
damping rates of the two supermodes 2 χ ∓ iβð Þ will be different. In
our experiments, the damping rate κ is kept fixed and the effective
coupling strength between the two cavity modes can be tuned by
varying the bias flux δΦ in themain loop of the qubit QC, by which we
can operate the system in the above three different regimes.
Fig. 2c–e show the output spectra of the supermodes in three dif-
ferent regimes, in which the cavity modes a and b have fixed decay
rates but different effective coupling strengths g=κ = 0.29, 1.04, and
3.11, respectively, where κ =2π ×3:3MHz. It is shown in Fig. 2d that
the supermodes are degenerate in the vicinity of the exceptional
point such that g � κ.

Nonreciprocal transmission at the few-photon level
Strong nonlinearity can result in nonreciprocal transmission of pho-
tons. In our system, the auxiliary and coupling qubits will induce third-
order nonlinear terms to the cavity modes. However, since the fre-
quency detunings between the qubits and cavity modes are large in
our experiments, the coefficients of the third-order nonlinear terms
are of the order of several kHz when the system is away from EP, and
thus is too weak to induce nonreciprocal transmission of photons (see
section 3 of the Supplementary materials). Fortunately, in the weak-
coupling regime and in the vicinity of EP, the supermodes are localized
in the high-Q cavity and thus the nonlinearity of the system is effi-
ciently enhanced. This enhanced nonlinearity enables nonreciprocal
transmission of photons in the weak-coupling regime (see Fig. 3c). In
fact, in the experiments, we apply probing fields with average photon
numbers hnai � 3 inside the high-Q cavity from port 1 (forward with a
transmittance TF) and port 3 (backward with a transmittance TB)
respectively. The backward output field is stronger than the forward
one when the effective coupling strength is weak. However, this non-
reciprocal effect is suppressed when the effective coupling strength
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between the two cavities is strong enough to enter the strong-coupling
regime (Fig. 3d). We demonstrate the nonreciprocal transmission of
photons under different coupling strengths, and the maximum isola-
tion ratio defined as I = 10 logðTB=TF Þ can be up to 10.1 dBwith hnai � 3
(see Fig. 3a). It is shown in Fig. 3e that the forward output power will
increase nonlinearly with the increase of average photon numbers hnai
in the weak-coupling regime, while it will increase linearly in the strong
coupling regime.

We also study the isolation ratio depending on the average pho-
tonnumber hnai inside thehigh-Q cavity (see Fig. 3b). Aswementioned
earlier, the maximum isolation ratio of around 10.1 dB appears in the
weak-coupling regime for hnai � 3. In the following analysis, we focus
on the variation of this maximum value as a function of hnai. In Fig. 3b,
the isolation ratio decreaseswhen reducing hnai and the nonreciprocal
transmission phenomenon becomes nearly invisible when we keep
hnai< 1:5. The reason is that the nonlinearity of the cavity modes and
the amplification of the nonlinearity induced by the EP phenomenon
decrease simultaneously with decreasing hnai. Due to the strong
nonlinearity of the superconducting quantum circuits at few-photon
regime, there is still obvious nonreciprocal transmission effect when
we keep hnai � 2 (corresponding to the input power less than −122
dBm on chip), which are much smaller than that shown in the classical
PT-symmetric system11.

Discussion
We have observed the exceptional points and demonstrated non-
reciprocal behavior, i.e., unidirectional transmission of microwave at a
few-photon level, in a non-Hermitian superconducting coupled-
cavities system with a tunable quantum coupler. When the system is
in the weak-coupling regime, the isolation ratio of unidirectional
transmission can achieve 10.1 dB, while almost zero isolation ratio is
observed in the strong-coupling regime. Our device can be a switch-
able few-photon isolator by tuning the effective coupling strength
between the two coupled-cavities using an external magnetic field.
This switchable few-photon isolator has potential applications for the
transmission of quantum information.

Methods
The System Hamiltonian
Using Jaynes-Cummings-type description, the total Hamiltonian of the
system shown in Fig. 1d is

Hc =ωaa
ya+ωbb

yb +ωqσ + σ� + gaðayσ� +aσ + Þ+ gbðbyσ� +bσ + Þ ð1Þ

where gaðgbÞ is the coupling strength between the cavity mode a (b)
and the central flux qubit. In our experiment, ga � gb. are the reso-
nance frequencies of the twocavities and the centralqubit. By applying
adiabatic elimination to the central qubit, we obtain the system’s
effective Hamiltonian as

Hef f = ωa � g � iκa

2

� �
aya+ ωb � g � iκb

2

� �
byb

�gðaby +aybÞ+μkerrðayaaya+bybbybÞ,
ð2Þ

where κaðκbÞ is the decay rate of cavity mode a (b). The effective
coupling strength between the two cavity modes g and the effective
self-Kerr coefficient μkerr can be written as

g =
Δqgagb

Δ2
q + γ

2
?
, ð3Þ

μkerr =
4g4

aðbÞΔqγ?

γ==ðΔ2
q + γ

2
?Þ

2 : ð4Þ

Here, Δq =ωq � ωa and γ? = γ===2 + γφ is the central qubit’s total
relaxation rate formed by its depolarizing rate γk and its dephasing
rate γφ.

At zero detuning (ωa =ωb =ω0), The eigenvalues of linear terms in
Eq. (2) are

ω± = ω0 � g � i
4
ðκa + κbÞ±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 � ðκa � κbÞ2

16

s
: ð5Þ

It can be shown that there is an exceptional point (EP) at
g = κ � jκa � κbj=4. The above calculation details can be found in
Section 2 of the supplementary materials.

Device fabrication
The superconducting quantum chip is fabricated using a well-
established multi-layer thin-film process, featuring a four-layer struc-
ture. Electron-beam lithography is employed for the Josephson junc-
tion layer, while optical lithography is used for the other layers. The
fabrication process begins by depositing a 100 nm aluminum layer on
a sapphire substrate, followed by etching the aluminum to form the
coplanar waveguide (CPW) cavities and control lines using an alumi-
num etchant. Next, a 60 nmgold layer is deposited to serve asmarkers
for e-beam alignment. For the Josephson junctions (flux qubit), we use
a standard double-angle evaporation process47, depositing 40nm of
aluminum at 20° and 60nm at −20°. Finally, air-bridges are fabricated
above the transmission lines and the control lines to minimize cross-
talk between them48. The primary challenge in this fabrication process
lies in the numerous steps involved, where even a single error at any
stage can result in the failure of the entire fabrication.

Measurement
We use a four-port vector network analyzer (VNA) to simultaneously
measure the reflection spectra and transmission spectra of the system.
We can obtain resonant frequencies and decay rates of the two bare
cavities through the reflection spectra when the transition frequencies
of the qubits are far away from the cavities. We can apply external
magnetic field in α loop to make the transition frequency between the
ground state and the excited state of the qubit QL (QR) resonant with
the cavity a (cavity b), respectively. As shown in Fig. S2 in the supple-
mentary materials, we scan the normalized amplitudes of the reflec-
tion coefficients (|S21| and |S43|) around the resonant frequency of the
two cavities as functions of the probing frequency and flux bias δΦ in
the main loop of QL and QR. The phenomena of vacuum Rabi splitting
are observed. By fitting the curves of vacuum Rabi splitting, we can
obtain the coupling strengths between cavities and the two qubits.

Data availability
The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information files.
Source data are provided. Source data are provided with this paper.
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