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Open physical systems described by the non-Hermitian Hamiltonian with parity-time-reversal (PT) symmetry show
peculiar phenomena, such as the presence of an exceptional point (EP) at which the PT symmetry is broken and two resonant
modes of the Hamiltonian become degenerate. Near the EP, the system could be more sensitive to external perturbations
and this may lead to enhanced sensing. In this paper, we present experimental results on the observation of PT symmetry
broken transition and the EP using a tunable superconducting qubit. The quantum system of investigation is formed by
the two levels of the qubit and the energy loss of the system to the environment is controlled by a method of parametric
modulation of the qubit frequency. This method is simple with no requirements for additional elements or qubit device
modifications. We believe it can be easily implemented on multi-qubit devices that would be suitable for further exploration
of non-Hermitian physics in more complex and diverse systems.

Keywords: exceptional point, parity-time-reversal (PT) symmetry, longitudinal field modulation

PACS: 03.67.—a, 03.65.Aa, 03.67.Lx, 03.65.Ta

1. Introduction

In recent years, non-Hermitian systems with PT sym-
metry have attracted widespread attention because of their
intriguing properties and potential applications in sensitive
detection.!!! The PT symmetry can be realized by considering
a coupled bipartite system with balanced gain and loss of en-
ergy or particles from the environment.[?! By varying the rela-
tive magnitude of the gain, loss and coupling strength, the sys-
tem can show an unconventional transition between a PT sym-
metric phase and a PT broken phase at a so-called exceptional
point (EP). At the EP, the eigenvalues of the non-Hermitian
Hamiltonian, which describes the system, coalesce together
and the corresponding eigenvectors also coincide at this point.
Also, the breaking of the PT symmetry causes the eigenvalues
of the non-Hermitian Hamiltonian to change from real to com-
plex. The presence of the EP can lead to many peculiar phys-
ical phenomena, such as unidirectional invisibility,*! non-
reciprocal light propagation,*~71 loss-induced suppression and
revival of lasing.[®-191 More importantly, it is suggested that
near the EP the system is more sensitive to external perturba-

tions and this could give rise to enhanced sensing.[!!-1?]

DOI: 10.1088/1674-1056/ac0520

EPs have been experimentally observed in different
kinds of systems. Initially, it was mostly reported in semi-

classical systems with balanced gain and loss, such as op-

g [11-14] [6,15-17]
b

microwave resonators and me-

[18-20]

tical cavitie

chanical oscillators. More recently, work performed

on quantum systems, such as cold atoms,?!=2]

[24,25]

nitrogen-

[26,27]

vacancy centers, and

28,29]

superconducting circuits
trapped ions! were reported. For the pure lossy quantum
system, it has been shown that the lossy Hamiltonian could be
mapped to a PT symmetric Hamiltonian and display passive
PT symmetry breaking.[?!-3?!

In superconducting circuits, a single transmon qubit em-
bedded in a 3D waveguide cavity is used to demonstrate the
PT symmetry broken transition and the presence of EP.[>6]
e), and |f) of the qubit

are involved. The first excited state |e) and the second excited

The lowest three energy levels |g),

state | f) are used to form the bipartite quantum system of in-
vestigation while the ground state |g) is regarded as the envi-
ronment. The key to the demonstration of the PT symmetry
broken transition is a large and adjustable dissipation channel
for a large decay rate of |e) to |g). It is realized by inserting
an impedance matching element (IME) between the cavity and
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the outside readout circuit. However, this method requires an
additional element that may affect the performance of the en-
tire qubit device. In this work, we demonstrate the observation
of the PT symmetric broken phase transition and the EP on a
frequency tunable superconducting Xmon qubit by parametric
modulation of the qubit frequency that results in a controllable
interaction between the qubit and a lossy readout resonator.
This interaction transfers the qubit excitation to the resonator
and, thus, creates a lossy channel controlling the decay rate
of |e) to |g). This approach of decay rate controlling with
parametric modulation has been proposed in Ref. [30] and has
been used for fast reset of superconducting qubits. It is simple
and requires no additional hardware or modifications to the de-
vice components. It can be implemented easily on multi-qubit
devices for the exploration of rich physics in non-Hermitian
systems with PT symmetry.

2. Principle of the experiment
2.1. PT symmetry broken transition in a single dissipative
qubit
As shown in Ref. [26], a two-level non-Hermitian system
with applied resonance driving and a loss term to the environ-
ment may be described by an effective Hamiltonian (2 = 1)

Heff=J(|f><e|+|e><f|)—i% e){el; (1

where |e) and |g) denote the first and second excited states
of the quantum system, respectively, and ¥, is the occupation-
number loss rate. This Hamiltonian may be rewritten as Hegs =
Hpr — iY.1/4, where Hpr = JO, — 1},0;/4 is a PT-symmetric
Hamiltonian, and / is the identity matrix, o) is the Pauli ma-
trix, Jo, = J(|f){e| + |e)(f|) when we just consider the |e)
state and the |f) state. The complex eigenvalues of Heg have
different imaginary components at J < ¥, /4, and the system is
in the PT broken phase. At a stronger coupling, past the EP at
Jo = 7./4, the imaginary components for the two dissipative
eigenmodes coincide, and the system is in the PT symmetric
(unbroken) phase. To implement H.g, we require the respec-
tive energy decay rates ¥, > r.

2.2. Qubit decay rate control

We consider a generic system with a two-level atom (with
transition frequency @g) coupled to a resonator (with fre-
quency @). If the effective coupling is ges, the Hamiltonian
(fi=1) of this coupled system in the Jaynes—Cummings model
is

,
H, = chrz +wata+gelato” +act), 2)

where a, at, 07, 0T are lowering and raising operators of

the resonator and the qubit, respectively, and o, is the Pauli

matrix. Considering the dissipation, the dynamics can be de-
scribed by the following Lindblad master equation:

,yidle
e
2

p = —ilH,,p)+ 5Dlalp+ -Dlo"]p, 3)
where p is the density matrix of the system, D[x]p = 2xpx™* —
[x*x,p], k; is the photon loss rate of the resonator and yd®
the decay rate of the state |¢) when the qubit is on the idle fre-
quency, which will be discussed in Section 3. Under the con-
dition K; >> Y9, the cavity mode can be adiabatically elimi-
nated. Then we obtain

idle
e

2
2
errKr
1 - <
(14 e e

where @ = 0+ g%;A®/ (k7 /4+ Aw?). Therefore, the effec-

tive decay rate of the qubit is

p=—i

7‘*[61,9]+

)D[Gz]P, “

2
8eitKr

K2/4+ A0t ©)

Y = yide +
The above formula shows that 7, can be tuned by varying
g. and the frequency detuning A®. Obviously, the 7. shows

maximum when Aw = 0.

2.3. Longitudinal field modulation

For a single Xmon, we realize qubit frequency parametric
modulation by applying a longitudinal field modulation (LFM)
with frequency @, and amplitude /. In the laboratory coordi-
nate system, the Hamiltonian (% = 1) of the qubit system with
LFM and transverse resonance driving is

H=w0,6"0" +h,cos(w;t)6" 0~ +Q,0;. (6)

Under the rotating wave approximation and note

eiasin(wt) — ni“’ Jn(a)ei}’lwl‘ (7)

n=—oo

The Hamiltonian may be expressed as

H) = (0g—nw,)o"0~ +Q,J, (Zj)ox, 8)
74
where J, is the nth-Bessel functions of the first kind. It
shows, with the LFM applied on the qubit, sidebands appear at
g —nw;, (n=0, &1, £2,...). Another feature of the Hamil-
tonian is that the Rabi oscillation term may disappear when
Ju,(a) =0. In Fig. 1, we show the measured qubit energy spec-
trum with and without LFM. The measurements are taken at
0q/27 ~4.92 GHz and ®./27 = 0, 20 MHz.
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Fig. 1. Measured qubit energy spectrum (a) without and (b) with LFM. The qubit is biased at 4.92 GHz. The modulation frequency is @, /2w = 20 MHz.

3. Experimental setup

In the experiment, we realize a non-Hermitian system
with PT symmetry on a frequency tunable superconducting
Xmon qubit. Figure 1(a) shows an optical photograph of the
device. The qubit is formed by a DC-SQUID (the enlarged
region in the graph) shunted by a cross-shaped capacitor. The
Xmon qubit can be regarded as an anharmonic oscillator ex-
hibiting a series of unequally spaced energy levels that can be
individually addressed with microwave pulses via the XY con-
trol line. A magnetic flux applied to the SQUID loop through
the Z control line can tune the energy level spacing. The
qubit is capacitively coupled to a readout A /4 resonator that
is also coupled to a microwave transmission line. When the
fundamental mode frequency of the resonator is substantially
larger than the qubit transition frequency between the lowest
two levels, the dispersive interaction between the qubit and the
resonator results in a state-dependent shift in the resonator fre-
quency. Thus, in this dispersive readout scheme, the qubit state
information can be obtained by measuring the transmission or
reflection coefficients of the transmission line.

Following the scheme of Ref. [26], we use the first two
excited states of |e) and |f) to form a two-level system and
regard the ground state |g) as the environment. By applying a
coherent resonate drive (Rabi drive) of variable amplitude, the
coupling between |e) and |f) can be realized. To observe the
PT symmetry broken transition and the EP, we need to intro-
duce controllable losses of the system energy to the environ-
ment in such a way that the decay rate of the state |e) (7.)
is much larger than that of the state |f) (y¢). This can be
realized by parametric modulation of qubit frequency using
LFM as discussed in Subsection 2.3. In other words, when
the frequency of one sideband is in resonance with the read-
out resonator, the decay through the lossy readout resonator
is maximized. By varying the LFM frequency and amplitude,
the decay can be adjusted. Meanwhile, we vary the driving

amplitude £2,, which means changing the coupling strength J,
so that the PT symmetry broken transition can be observed.
The schematic of this process and the corresponding pulse and
waveform sequence are shown in Figs. 2(b) and 2(c).

(a) (m—— L (b) qubit resonator

line

= . cadout

gresonator
qubit I I

207
control line

)

Z control
line

rabi 2., w,

XY line

LFEM h,, w, I
Z line I
*measurement

. evolution At
initializel I

I I
Fig. 2. (a) Optical graph of a frequency tunable superconducting Xmon
qubit. (b) Experiment schematic diagram for the observation of the PT sym-
metry broken transition and the EP. In the diagram, 7, ¥y, k; represents the
decay rate of the states |e), |f) and the resonator, respectively. The ge and
Aw are the effective coupling strength and detuning between the resonator
and the qubit after applying longitudinal field modulation (LFM). €, is the
amplitude of Rabi driving while @y is the frequency. @; and @y are the fre-
quencies of the resonator and the qubit (energy level between the state |g)
and |e)), respectively. (c) Pulse and waveform sequence of the experiments.

readout
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To ensure that the experimental conditions meet the theo-
retical requirements, characterization work needs to be carried
out at first. Initial state preparation and readout are carried
out at an idle frequency point, corresponding to @, /27 =
5.69378 GHz and wy./2m = 5.4411 GHz. The anharmonic-
ity is about 252.67 MHz. The readout resonator frequency is
about 6.6178 GHz and it differs from the /27 by 924 MHz.
The readout resonator frequency shift 2, is about 0.55 MHz
when the qubit is excited from |g) to |e) while the shift 2,/ is
about 0.4 MHz for |e) to |f) excitation. The coupling strength
between the qubit and the readout resonator may be calculated
from the shift value and is found to be ~ 48.7 MHz. With the
AC stark effect measurements, the decay rate of photons in the
readout resonator k; is ~ 6 MHz.

. i
6
4
3:|9> .
2{——1f ;

16 17 18 19 20 21
Readout frequency (MHz)

(b) 90°

|S21| (arb. units)
o

270°

Fig. 3. (a) Transmission data measured when the qubit is in |g), |e) and
|f) states, respectively. (b) Transmission data taken at a fixed frequency
marked by the dashed line in (a).

In addition to the above parameters, the decay rates of
the excited states ¥, and 7y (representing decaying from the
le) and |f) states to environment) are of significance in the
study of the non-Hermitian system. To characterize ¥, and Yy,
we need to firstly readout and distinguish the different states.
According to the dispersive readout theory, we know that dif-
ferent qubit states correspond to different frequency shifts of
the readout resonator frequency. In this way, we can distin-
e) and |f). The data
are shown in Fig. 3. We use one 7 pulse or two sequential 7

guish the three states of interest |g),

pulses to prepare the qubit into |e) and | f) states, respectively.
The transmission data measured on the readout transmission

line are shown in Fig. 3(a). Clearly, the resonant frequency
shows a state-dependent shift (Note, the frequencies displayed
on the horizontal axis are the values after down conversation.
The actual value should be added 6.61 GHz, the local oscilla-
tion frequency). In Fig. 3(b), we show the transmission data
measured at a fixed frequency (as marked by the black dashed
line) in the /-Q polar plane. The frequency is chosen so that
the distinction of the three states is clear.

In practical measurements, the readout fidelity of a qubit
state may be compromised by a number of factors such as de-
coherence, external interference, and is usually smaller than
one hundred percent. We may use an operator matrix M,
to account for the errors and the ideal probability may be ob-
tained with Pgeal = M,
|g), |e) and | f) states, respectively and compare the measured

' Picwal. We prepare the qubit into

probabilities to those of the ideal cases. The M, is obtained

as
0.988 0.098 0.026
My, = | 0.012 0.891 0.105
0.00 0.011 0.869

The relaxation of a multiple level system has been dis-
cussed in Ref. [31]. When the initial state is in the |f) state,
the time evolution of occupation probability for |g), |e) and
|f) states is

—Iegt Tyo+TFe)t
b)

Pg(t)zcl—CZC +C3C167(
Pg(t) =) eiregt —C ei(rfﬁrfe)l,
Py(r) = cze~Wratlye), )

Among them, ¢3 =1, 2 = —c3lye/(Teg — Iy — I7e),
c1 = ca—es(—leg +Tjg) /(Ieg — Ig — Ife)- Tog, e, I'yg are
decay rates from |e) to |g), from |f) to |e), and from |f) to |g),
respectively. By fitting the experimental data, shown in Fig. 4,
to these relations, we obtain the decay rates, I, = 0.18 MHz,
Iy, =0.006 MHz, I'y, =0.0628 MHz. According to Section 2,
we know Y.—I;, and ¥y = Iy + I¥,.

0.4

State probability

e
o

0 10 20 30 40
Time (us)
Fig. 4. Relaxation data measured for the three states |e), |g) and |f).
The solid curves are fitting to Eq. (9).

4. Experimental control of qubit decay rate

According to Section 2, changing the coupling strength
and detuning frequency between the qubit and resonator by

100309-4
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LFM leads to the changing of the qubit decay rate. This means
that we can control the qubit decay rate by changing the ampli-
tude and frequency of LFM. In our experiments, the bandwidth
of the Z control line is limited to 0-500 MHz while the readout
resonator frequency is 924 MHz greater than the quibt transi-
tion frequency when biased at the idle point. Thus, we may
apply a LFM with modulation frequency around 462 MHz to
achieve a large 7,. This corresponds to n =2 in Eq. (8). We
prepare the qubit to the |e) state before applying LFM for 1 us
and finally measure the probability of state |e), P.. We vary the
LFM amplitude and frequency progressively to find the depen-
dence of the decay rate on the LFM frequency and amplitude.
The data are shown in Fig. 5 and the strip-like region with very
low P,, and hence large 7,, is clearly identified.

When LFM is applied at the sweet point of the qubit,
there is a DC bias component acting on the qubit, resulting
in the amplitude and frequency dependence of the low P, re-
gion shown in Fig. 5. If LFM is applied away from the sweet

point, the low P, region should be less frequency dependent.

P,
0 0.8
o
= 0.7
& 0.6
~
3 0.5
&
= 0.4
]
= 0.3
2
= 0.2
=
[ 0.1
—

0 0.2 0.4 0.6 0.8
LFM amplitude h, (V)

Fig. 5. The P, data corresponding to different LFM 4, and @;.

PF
40 2
0.8
30
. 0.6
2]
=2
)
B 0.4
H
10 0.2
0 0
0.34 0.38 0.42 0.46

LFM amplitude h, (V)

Fig. 6. Color map of P, versus ¢ for various values of /.

To show more clearly that 9, changes with LFM, we fix
a modulation frequency @, = 470 MHz/27w and measure the

Y. for each modulation amplitude 4,. The result is shown in
Fig. 6, and it is clear to see that 7}, changes with /.

After showing that the 7, changes with h,, we should also
verify that ¥y does not change with i,. As discussed in Sec-
tion 3, we prepare the qubit to the state |f), and wait for some
time, finally measure the probability of |g), |e), |f) states, re-
spectively. During the waiting time, the longitudinal field is
applied through the Z control line. According to Eq. (9), we
can get ¥, and 7y by fitting the probability data of |g), |e), and
|f) states. Data shown in Fig. 7 confirm that the change of ¥y
is small when LFM is applied. The red solid line is the fitting
curve using Eq. (5). Note that the x-axis variable in Fig. 7 is
Aw, the detuning of the qubit n = 2 sideband frequency to the
readout resonator. In our experiments, the qubit is biased at
the sweet point, thus the change of LFM amplitude %, would
also result in a change in Aw. However, if the change of &, is

small, the relation between the two is approximately linear.

LFM amplitude h, (V)

0.3850 0.4060 0.4270
3 0 L]
S 2.0} ° Expo
Jan ° Exp. vy
\2/ v, fitting
= 1.0
S Oeq
O 0000000000 00000000000000000

—11.94 5.97
Detruning Aw, (MHz)

—17.91

Fig. 7. The experiment results of ¥, and y; obtained by fitting the orig-
inal relaxation data, similar to those shown in Fig. 4.

5. Quantified EP by oscillation frequency

To observe PT symmetry broken transition, we choose a
working point at which ¥, is much larger than y;. Similar to the
procedure described in Ref. [26], we apply 7g, and 7. pulses
to prepare the qubit to state | f) and then apply a coherent mi-
crowave driving in resonance with the |e) and |f) transition
frequency and with amplitude J through the XY control line.
In the same time, a LFM is also applied to the qubit via the
Z control line so that %, is about 2.06 MHz and 7y is about
0.08 MHz. Finally, after a period of time ¢, we switch off the
driving field and LFM, and measure the occupation probability
of state | f) Py together with the probability of the state |g) and
le). The schematic diagram of the whole process is shown in
Fig. 2(c). As discussed in Subsection 2.1, when J > ¥, /4, the
system is in the PT symmetric phase and Py would oscillate at

Qo =2Re(y/J2—J3).

At the EP, J = v, /4, the oscillation disappears.

a frequency

10)

100309-5
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Because we consider only the system formed with |e¢) and
|f), we use the normalized probability P} = P;/(Py + P,) dy-
namics of the system. The results are displayed in Fig. 8. In
Fig. 9(a), more detailed data are shown and the time depen-
dence of Pj‘} for two different J values (as marked by dashed
lines in Fig. 9(a)) is given in Fig. 9(b). The solid lines are
the fitting curves using a cosine function with exponentially
decayed amplitude. Clearly, when J is large, we observe the
oscillatory behavior of P; and the oscillation disappears when

J is reduced below a certain value.

4.0 L
0.8
3.0
B 0.6
o 2.0
E
= 0.4
1.0
0.2
0

0
0 0.5 1.0 1.5 2.0
Coupling rate J (rad/us)

Fig. 8. Color map of P}‘ versus ¢ for various values of J.

P
(a) 4.0 1.0
0.8
3.0
B 0.6
v
g 2.0
[ +0.4
1.0
0.2
0 0
0 02 04 06 038 1.0
Coupling rate J (rad/ps)
(b) 1.0
. 08
b1
2 0.6
2
o
—
o
—~ 0.4
= [
S e J=0.44 Exp.
~ 0.2 J=0.44 Fit.
* J=1.06 Exp.
J=1.06 Fit.
0
0 1 2 3 4

Time (ps)

Fig. 9. (a) More detailed of P} evolution data measured under the same
condition as in Fig. 8. (b) The PJ'} versus time and the fitting plot for two
values of J (J = 106, green dot; J = 0.44, blue dot).

In Fig. 10, the oscillation frequency €2y obtained by fit-

ting is exhibited as a function of coupling strength J. The
point at which €y becomes zero is the EP. Further reducing
J, the system is in the PT broken phase. The solid red line is
the fit to Eq. (10). The data show that, at the EP, Jy is about
0.46 rad/us, being consistent with the value 0.51 rad/ps ob-
tained from ¥, /4.

e Exp.

2.
00 —Fit.

1.75
1.50
1.25
1.00
0.75
0.50
0.25

2 (rad/us)

broken unbroken

0 02 04 06 08 1.0
Coupling rate J (rad/us)

Fig. 10. Variation of oscillation frequency £, with coupling strength J.

6. Quantified EP through all parameter regions

It has been pointed out that to accurately determine the
location of EPs in experiments by measuring the asymptotic
behavior of the energy around the EP without special prior
knowledge is difficult.[*! Indeed, the evolution of Py under
H.¢ gives an exponential decay that makes the determination
of Q) become increasingly difficult when approaching the EP.
To solve this problem, an alternative scheme of determining
EP using all parameter regions has been proposed.'””! Here
we also use this scheme in our experiments of superconduct-

ing qubits.

0.30
unbroken

broken

Pr or P; probability
© o o ©
= = b i
o w1 O

o
o
&

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Coupling rate J (rad/us)
Fig. 11. Determination of EP from the measurement of P; (blue) and
Pr (red).

The specific operation and measurement procedures are
as follows. (i) Prepare the initial state to |f) and let the sys-
tem evolve for a period of time #. Then we measure the prob-
ability of state |e, YPy(z). (ii) Repeat the procedure for the
initial state (|f) + |e))/2 and measure the probability of state
(If) —le))/2, Pr(t). (iii) We repeat (i) and (ii) for different
values of the coupling strength J and let = 1/J. The data are
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displayed in Fig. 11. The solid curves are fitting to the theoret-
ical expression given in Ref. [29] which suggests that the cross
point of P; and Pr is the EP. At this point, we have Jy ~ 0.5,
being also consistent with the value obtained in Fig. 10.

This method does not need to fit the oscillation frequency
to determine the EP. However, it utilizes information of all
three states and hence requires better readout calibration of
the three states and the fidelity of the operation.

7. Dependence of EP position on the decay rate

According to Subsection 2.1, the position of the EP
should vary with the decay rate 7,. We make measurements
for four different values of %, and determine the corresponding
EPs. The position of EP Jj is shown in Fig. 12. The agreement
between experiment points and 7, /4 is reasonable.

0.5} m Exp. data
Ye/4

Jo (rad/us)
o o o
o w ~

e
-

0.50 1.00 1.50 2.00
¥e (MHz)

Fig. 12. Dependence of EP position Jy on the decay rate 7,.

8. Conclusion

We utilize a previously reported dissipation control
technique for frequency tunable superconducting transmon
qubits®! to investigate the PT symmetric phase transition of
non-Hermitian quantum system and determine the correspond-
ing EP. The non-Hermitian quantum system is formed with the
first and the second excited states of the qubit. We show that
the dissipation rate of the first excited state of the transmon
qubit could be tuned by parametric modulation of the qubit
frequency. The parametric modulation effectively changes the
coupling strength between the qubit and its lossy readout res-
onator. By varying the coupling between the two excited states
of the qubit, the PT phase transition is observed. Two methods
are used to determine the EP and the results are in agreement
with that calculated by the theory.

Our study demonstrates a possible new approach for
further investigation of the remarkable phenomena of non-
Hermitian systems in the vicinity of the EP. Furthermore, the
approach can be implemented on multi-qubit devices to inves-

tigate the properties of many-body non-Hermitian systems and
to explore the high-order EPs.
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