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Fig. 1. Information flow in the parity-time-symmetric two-
level system: (a), (b) The distinguishability oscillates with
period in the parity-time-unbroken phase (0<a <1).
When approaching the exceptional point (a = 1), the peri-
od of the information retrieval. (c¢) The distinguishability
between quantum states is declining in the parity-time-sym-

metry-broken regime (a > 1).
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SPECIAL TOPIC—Frontiers in non-Hermitian physics

Information retrieval and criticality in high-dimensional
parity-time-symmetric systems”
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Abstract

Recently, impressive progress has been made in the study of non-Hermitian systems with parity-time
symmetry, such as observations of topological properties of physical systems and criticality at exceptional
points. A crucial aspect of parity-time symmetric nonunitary dynamics is the information flow between the
system and the environment. In this paper, we use the physical quantity, distinguishability between quantum
states, to uniformly quantify the information flow between low-dimensional and high-dimensional parity-time
symmetric non-Hermitian systems and environments. The numerical results show that the oscillation of
quantum state distinguishability and complete information retrieval and can be obtained in the parity-time-
unbroken phase. However, the information decays exponentially in the parity-time-broken phase. The
exceptional point marks the criticality between reversibility and irreversibility of information flow, and the
distinguishability between quantum states exhibits the behavior of power-law decay. Understanding these
unique phenomena in nonunitary quantum dynamics provides an important perspective for the study of open

quantum systems and contributes to their application in quantum information.

Keywords: non-Hermitian, parity-time symmetry, information retrieval, distinguishability
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Fig. 1. Schematic of the one-dimensional non-Hermitian mo-
saic dimerized lattice with asymmetric hopping. The back-
ward and forwardward hopping amplitudes between the sk-th
and sk+1-th sites are ¢ & (—1)7 X, which are asymmetric.

2.2 H[E'E IPR(directional, IPR)
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Fig. 2. The eigenenergy spectra of the 1D non-Hermitian dimerized lattices with different mosaic modulations. The upper panel

shows the real parts of the spectra while the lower panel shows the imaginary parts, the colorbar indicates the dIPR value of the ei-

genstate, the lattice size is L = 120.
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Fig. 3. The eigenenergy spectra of the 1D non-Hermitian mosaic dimerized lattices under periodic boundary conditions.
dIPR <0
&
= =
S
—4 -2 0 2 4
Site A
4 HA AR FRBRAT B9 — i S ik 20 R AL AR R A AR JE R RO (a) FEIFIL AR ARAE T, HAIEZR B9 dIPR > O(dIPR < 0)

B, 25K R R AE — 4 JR GE I A7 3 (ZE3); () FREEMY AMIPR {BL7E A [7] fr) B i 008t J) 39 °F 1) 22
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dMIPR for the systems with different mosaic modulation.
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when k = 1, the eigenstates are extended. When « = 2 and 4, there are topological zero-energy edge modes in the system. In addi-

tion, in the systems with x = 3 and 4, there are also edge states with energies |E| =1 and |E| = 1.414, respectively.
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SPECIAL TOPIC—Frontiers in non-Hermitian physics

Non-Hermitian mosaic dimerized lattices”

Hou Bo  Zeng Qi-Bof

(Department of Physics, Capital Normal University, Beijing 100048, China)

( Received 6 May 2022; revised manuscript received 30 May 2022 )

Abstract

Non-Hermitian systems have attracted much attention during the past few years, both theoretically and
experimentally. The existence of non-Hermiticity can induce multiple exotic phenomena that cannot be
observed in Hermitian systems. In this work, we introduce a new non-Hermitian system called the non-
Hermitian mosaic dimerized lattice. Unlike the regular nonreciprocal lattices where asymmetric hoppings are
imposed on every hopping term, here in the mosaic dimerized lattices the staggered asymmetric hoppings are
only added to the nearest-neighboring hopping terms with equally spaced sites. By investigating the energy
spectra, the non-Hermitian skin effect (NHSE), and the topological phases in such lattice models, we find that
the period of the mosaic asymmetric hopping can influence the system’s properties significantly. For a system
with real system parameters, we find that as the strength of asymmetric hopping increases, the energy spectra
of the system under open boundary conditions will undergo a real-imaginary or real-complex transition. As to
the NHSE, we find that when the period is odd, there appears no NHSE in the system and the spectra under
open boundary conditions (OBCs) and periodic boundary conditions (PBCs) are the same (except for the
topological edge modes under OBCs). If the period of the mosaic asymmetric hopping is even, the NHSE will
emerge and the spectra under different boundary conditions exhibit distinctive structures. The PBC spectra
form loop structures, indicating the existence of point gaps that are absent in the spectra under OBCs. The
point gap in the PBC spectrum is shown to be the topological origin of the NHSE under OBCs, which also
explains the NHSE in our mosaic dimerized lattices. To distinguish whether the bulk states of the system under
OBCs are shifted to the left or right end of the one-dimensional lattice due to the NHSE, we define a new
variable called the directional inverse participation ratio (dIPR). The positive dIPR indicates that the state is
localized at the right end while the negative dIPR corresponds to the states localized at the left end of the one-
dimensional lattice. We further study the topological zero-energy edge modes and characterize them by
calculating the Berry phases based on the generalized Bloch Hamiltonian method. In addition, we also find that
the topological edge modes with nonzero but constant energy can exist in the system. Our work provides a new
non-Hermitian lattice model and unveils the exotic effect of mosaic asymmetric hopping on the properties of

non-Hermitian systems.

Keywords: non-Hermitian systems, mosaic asymmetric hopping, non-Hermitian skin effect, topological zero-

energy edge modes

PACS: 03.65.V{, 03.65.Yz, 68.65.Cd, 71.23.An DOI: 10.7498 /aps.71.20220890
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Fig. 1. Eigenvalues and eigenstates near a high-order exceptional point: (a) The real part and (b) imaginary part of the eigenvalues

of Hamiltonian FJ versus the perturbation J/J. Here, solid lines are numerical results obtained by direct diagonalization, and

dashed lines are those from perturbation. (¢) Trace distance between [¢1) and |¢2) (red), |[¢3) (yellow), |¢4) (purple).
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Fig. 2. (a) The evolution of |}1J2) state population with J;/J = 0.1 (red, top) and Jz/J = 0.01 (black, bottom). The gray lines
on the top are the approximate results up to the second order. (b) The evolution of normalized spin product state population
|oc102) and the corresponding unnormalized populations (inset) with initial state |12). From top to bottom, the four lines repres-
ent results for states [l1l2) (purple dotted), |T1d2) (red solid), |L172) (yellow dashed), and |[t112) (blue dot-dashed), respect-
ively. (c¢) The real part and (d) the imaginary part of all density matrix elements at tJ = 10. For panels (a)—(d), the coupling

strength of Ising interaction is J/J = 0.1.
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Fig. 3. Experimental scheme: (a) The energy level of 171Yb™ and dissipation process; (b) realization of Ising interaction; (c) realiza-

tion of PT symmetric Hamiltonian and Ising interaction in a two-ion system: we can use microwave (yellow color) to achieve spin

state inversion, shine a 370 nm laser (blue color) to realize dissipation of the spin-up state, and apply Raman laser (purple color)

operation for MS gates to implement Ising interaction.
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Fig. Al. (a) The real and (b) imaginary parts of eigenvalues of a non-interacting two-qubit system as functions of coupling strength

JJT.
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Abstract

As one of the essential features in non-Hermitian systems coupled with environment, the exceptional point

has attracted much attention in many physical fields. The phenomena that eigenvalues and eigenvectors of the

system simultaneously coalesce at the exceptional point are also one of the important properties to distinguish

from Hermitian systems. In non-Hermitian systems with parity-time reversal symmetry, the eigenvalues can be

continuously adjusted in parameter space from all real spectra to pairs of complex-conjugate values by crossing

the phase transition from the parity-time reversal symmetry preserving phase to the broken phase. The phase
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transition point is called an exceptional point of the system, which occurs in company with the spontaneous
symmetry broken and many novel physical phenomena, such as sensitivity-enhanced measurement and loss
induced transparency or lasing. Here, we focus on a two-qubit quantum system with parity-time reversal
symmetry and construct an experimental scheme, prove and verify the features at its third-order exceptional
point, including high-order energy response induced by perturbation and the coalescence of eigenvectors.

We first theoretically study a two-qubit non-Hermitian system with parity-time reversal symmetry,
calculate the properties of eigenvalues and eigenvectors, and prove the existence of a third-order exceptional
point. Then, in order to study the energy response of the system induced by perturbation, we introduce an
Ising-type interaction as perturbation and quantitatively demonstrate the response of eigenvalues. In
logarithmic coordinates, three of the eigenvalues are indeed in the cubic root relationship with perturbation
strength, while the fourth one is a linear function. Moreover, we study the eigenvectors around exceptional
point and show the coalescence phenomenon as the perturbation strength becomes smaller.

The characterization of the response of eigenvalues at high-order exceptional points is a quite difficult task
as it is in general difficult to directly measure eigenenergies in a quantum system composed of a few qubits. In
practice, the time evolution of occupation on a particular state is used to indirectly fit the eigenvalues. In order
to make the fitting of experimental data more reliable, we want to determine an accurate enough expressions for
the eigenvalues and eigenstates. To this aim, we employ a perturbation treatment and show good agreement
with the numerical results of states occupation obtained by direct evolution. Moreover, we find that after the
system evolves for a long enough time, it will end up to one of the eigenstates, which gives us a way to
demonstrate eigenvector coalescence by measuring the density matrix via tomography and parity-time reversal
transformation.

To show our scheme is experimentally applicable, we propose an implementation using trapped '7'Yb*
ions. We can map the parity-time reversal symmetric Hamiltonian to a purely dissipative two-ion system: use
microwave to achieve spin state inversion, shine a 370 nm laser to realize dissipation of spin-up state, and apply
Raman operation for Mglmer-Sgrensen gates to implement Ising interaction. By adjusting the corresponding
microwave and laser intensity, the spin coupling strength, the dissipation rate and the perturbation strength
can be well controlled. We can record the probability distribution of the four product states of the two ions and

measure the density matrix by detecting the fluorescence of each ion on different Pauli basis.

Keywords: non-Hermitian system, exceptional point, parity-time reversal symmetry, ion trap

PACS: 03.65.Yz, 05.30.Rt, 03.65.Aa DOI: 10.7498/aps.70.20220716
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Fig. 1. Schematic diagram of Mach-Zehnder interferometer.
a, b are incident end; e, g are output end;U; is the beam-
splitting mirrors; Ug is the beam-closing mirrors. After the
incident light a and b pass through the first beam division
mirror Uy, the resulting light field is linearly mapping to
the two paths ¢ and d, then phase accumulation and then
beam together to achieve coherent state superposition, and

the final output detection fields are e and g.
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J 5 (4 B AR RO W) W RS U Ty bR — S A B 0.
DL T, RVAT 241 0 22

Fig. 2. Sequences of the Ramsey interferometer are illus-
trated with the Bloch sphere: (a) First beam corresponds to
a m/2rotation of the quantumstate around the J; axis, and
he input state is a CSS pointing toward the north pole; (b)
free evolution picks up a phase difference 6, which corres-
ponds to a rotation around the J, by an angle of 6; (c)
second beam splitter again revolve around J, axis of m/2;
(d) overall effect for the Ramsey sequence is a rotation of
the initial state by an angle 6 along the J, axis. By meas-

uring the J, can read 0022,
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B0 z o
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2 | 2E
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) R N Y Mo 3
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Fig. 3. Detection results of LIGO detector, red line com-
pression light observation noise, black line for no compres-

sion light observation noise.
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Fig. 4. (a)A coherent spin state along the z axis in the rota-

1

—20 —-10 O 10 20

(=)

tion of the Bloch sphere; (b) spin probability Py (m) =

[(my|®)|? along the y direction!7.
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Fig. 5. Schematic diagram of the nonlinear interferometer.
The beam-splitting mirrors and beam-closing mirrors are
produced by squeezing to the Hamiltonian with a nonlinear
Hamiltonian, Up is the beam-splitting mirrors, Uz is the
beam-closing mirrors. After the same compression mechan-
ism is inversely compressed into a vacuum state, the signal

is amplified.
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Fig. 6. Quantum noise spectra at different additional
squeezing angles: (a) 7° (b)24° (c) 46°. Each dataset is
plotted with the classical noise subtraction, The correspond-
ing quantum noise model curve (copper line) with the injec-
ted compressed state and the uninjected compressed state
model (blue line) are also plotted for comparison. The res-
ults show that, the quantum radiation pressure noise contri-
bution can be increased and decreased as the injected state

is varied!s!,
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Fig. 7. Principle diagram of the nonlinear interferometer.
OPA1-2, optical parametric amplifier; HD1-2, setup of bal-
anced homodyne detection, ao is signal light field, 130 is
idle frequency light field; G;, g, G,, ¢» are parametric amp-
lifier amplitude gain coefficient. The coherent state |a) light
field and vacuum state |0) light field simultaneously input
in OPA1 for nonphase sensitive amplification, using the en-
tanglement of idle frequency light field and signal light field
as detection light field, the measured signal on the en-
tangled light, and then carry the two light of the measured
signal simultaneously input OPA2 for phase sensitive ampli-
fication!9].
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Fig. 8. Setup of balanced homodyne detection P%. The in-
put light fields a and b light fields to be measured are
combined through a 50:50 beam splitter. After the beam
combined, the two output light fields cand d are detected
by photodetector, and then let the detection signal subtrac-
tion. The result is the orthogonal component value of the

light field to be measured.
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Fig. 9. Rotation of different quantum states (left), spin
probability Py () = |(my|¥)|* along the y direction of
different quantum states (right): (a) Spin-squeezed state.
(b) twin-Fock state. Comconsists of indistinguishable Bos-
eonic particles, with equal atomic numbers for |1) and
| 4). The quantum projection noise along the latitude direc-
tion is zero and the uncertainty is zero, but the distribu-

tion along the longitude direction is completely uncertain.
(c) NOON state 7.
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Fig. 10. Schematic for the weak-value amplification, the g is the coupling strength, the A is the observable of the quantum system,

and the P is the observance of the measured instrumental state, |1;) is the joint state of the measurement instrument and the

quantum system, & (¢t — to) indicates the instantaneous interaction of this Hamiltonian at time ¢o, |¢) is Instrument state, |¢f) is

the successfully post selective measurement instrument statel™.
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Fig. 11. Experimental setup for showing how weak values
can be obtained: (a) Light emitted from a single mode fiber
is Gaussian distribution, which is collimated by a len and is
preselected by an initial polarization state constructed by a
quarter-wave plate (QWP) and a half-wave plate(HWP). A
polarizer plays an role of postselection and the following
CCD then measure the intensity dependent position inform-
ation. (b) real weak value realization setup. (c) imaginary

weak value realization setup!.


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 13 (2022) 130701

YRR SEBRAT, 5 RO T-0r B 12 v i o0 Af
(z|¥) = (2m0”) % exp (— - ) , (40)

402
B HR I R RS A e
_ e —e?V)

X Y S R IR SRR A
lof) = cosg|H> + sin§|V>, 0= g - 0.2, (42)

Bl 12(a) 2 1R B4R I HE 2 (o) | =
0.012. YA E fE L (& 11(b)), FHEIES
FE D 45 25 0 7 P 7 5 e 45 2 T 25 )L I
SR e, R e TR 4315 A 11(a)
oS R, HG R B X I < TG B 1 A 4
1. TESSAHIAEFIOUR T, SRR, o 6
NIRRT, 7533

P. N
—= — 1=~ 27ImH,, = 2¢ [ReA,ImP, + ImA,ReP,],

P
(43)

P./10-3 PP
7.0
€ =0.50 €=0.50 40
3.5 30
o 20
g 10 -
1 ~td { S 1 x 1 n — = 1 L
—10 -5 5 10 -10--=% | 5 10

12 S5 A5 R BE T (a)“Hizh” (324k) A TGk
(ML) TEARTR e 100 F ERMAE S LA (b) 58 4 B8
BUT Ry (JE4R) FI—B 85 (E (B LK) TEAR e 100 T Ay LLEL,
TE e /NI, Z3F i

Fig. 12. (a) Comparisons between perturbed situation (sol-
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(b) diagram between exact ratio of P:/p (solid curve) and
the first order approximation in weak measurement linear
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Fig. 13. Experimentally obtained precision showing Heisen-
berg scaling. shown as a green line, obtained by fitting
these points. The red line is a bound on the precision for

mixed statel7.
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Fig. 14. (a) Without measurement: unitary evolution; (b)
continuous evolution under the weak measurements*’l. The
results show that with the evolution of time, a unitary evol-
ution occurs when no measurements or transitions are
made, forming a relatively smooth figure, if projected to the
subspace or weak measurement, forming a figure with signi-
ficant jump amplitude, that is, the final expression of the

non-Hermitian Hamiltonian.
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Fig. 15. (a) Logic diagram of the construction of PT-symmetric system. (b) Experimental setup. Both the diagram and setup are di-

vided into 6 modules: (1) system preparation and dilation; (2) preselection state preparation; (3) pointer state preparation; (4)

coupling of the pointer and dilated system in which the PT-symmetric system is embedded; (5) postselection; (6) weak value

readout. HWP, half-wave plate; QWP, quarter-waveplate; BS, beam splitter; PBS, polarizing beam splitter; PP, phase plate; BD,

beam displacer; ppKTP, periodically poled potassium titanyl phosphate; BF, band-pass filter; SPAD, single-photon avalanche diode 8!,
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Fig. 17. Bloch vectors of the three generators. Quantum
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bloch direction of the three parameters, eventually reach-

ing the measurement accuracy in the Heisenberg limit(®2.,
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Fig. 18. (a) Classical independent measurement; (b) entangled independent measurement; (c) entangled simultaneous measurement
are divided into three groups and use a set of resources to estimate one of the parameters. The difference between (a) and (b) is
that (a) only uses separable probe states and separable measurements, while (b) allows the use of entangled probe states and col-
lective measurements in each set of resources. The simultaneous measurement of entanglement in (c¢) does not divide the N-copy
unitary operators into three groups, but uses them together to estimate all three parameters simultaneously!s?
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Fig. 20. Mean-square errors of estimating the real and ima-
ginary parts of a complex number o encoded in a coherent
state. The regions below the curves are forbidden by the
corresponding inequalities. The black solid curve stands for
the regret trade-off relation, the red dashed curve stands for
the right logarithmic derivative-based geometric-mean
quantum Cramér-Rao bound, the blue dash-dotted curve
stands for the right logarithmic derivative -based arithmet-
ic mean quantum Cramér-Rao bound, and the green dotted
curve stands for the symmetric logarithmic derivative-based

harmonic-mean quantum Cramér-Rao bound[®3!,
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SPECIAL TOPIC—Frontiers in non-Hermitian physics

Research progress in quantum precision measurements based
° . . *
on linear and nonlinear interferometers

Sun Si-Tong# Ding Ying-Xing# Liu Wu-Ming '
(Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)
( Received 9 March 2022; revised manuscript received 1 April 2022 )
Abstract

Quantum precision measurement is based on the basic principle of quantum mechanics by using the
interaction between light, atoms and magnetism to measure physical quantities, also known as precision
measurements based on microscopic particle systems and their quantum states. As an important means of
quantum precision measurement, interferometer precision measurement technology has great application value
in quantum communication. The linear interferometer measures the magnitude of the physical quantity by
using the phase change obtained from the measurements, but measurement accuracy is limited and unable to
meet the requirements of today's scientific problems for the precision measurement of some physical quantities.
On this basis, nonlinear interferometer is able to take advantage of the quantum entangled state, that is, using
the two light fields of quantum correlation characteristics to realize quantum enhanced precision measurement,
thus greatly improving the measurement sensitivity, Therefore, the scope of application is wider, but the
preparation of quantum entangled states has many limitations in practical manipulation. With the maturity of
experimental conditions and technology, how to use both of these interferometers to further improve the
measurement accuracy of the phase signal so as to break the limitation to shot noise, breaking the standard
quantum limit and even approaching to the Heisenberg limit has become a frontier research topic . In this
paper, we introduce several methods to improve the accuracy of parameter evaluation in the measurement
process by using linear (including an atomic/photon interferometer) and nonlinear interferometer to call
quantum resources at different stages. High-precision measurement can be achieved by inputting non-classical
states into the interferometer, such as compressed state, bi-fock state, and NOON state. And we also introduce
the weak measurement developed for the direct observation of quantum states and its application to non-
Hermitian systems, and the multiparameter measurement proposed to eliminate the accuracy balance between
parameters. Compared with the first two measurement methods, weak measurement method is based on the
weak value amplification principle of an indirect measurement. Measurements are performed virtually without
perturbing the quantum system, which does not lead the wave function to collapse, the weak value of the real
and virtual part have different physical significance, The combination of weak measurement theory and non-
Hermitian system also further improves the measurement sensitivity. Multi-parameter measurement uses
quantum entanglement, quantum control and other quantum resources to make the measurement progress reach
the Heisenberg limit, which is the current research hotspot in the field of precision measurement. Furthermore,
we present a conjecture whether there will be multi-atomic mixing measurements based on atomic spin effects
or ultra-high sensitivity measurement instruments with precision of fT or even aT by using other particles
detection. Finally, several measurement methods are analyzed and compared with each other, and the
development prospect of quantum precision measurement is forecasted.

Keywords: quantum precision measurement, interferometer, Heisenberg limit, standard quantum limit, non-

Hermitian system

PACS: 07.60.Ly, 42.50.Dv DOI: 10.7498/aps.71.20220425
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two coupled resonant atoms with near-field coupling.
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Fig. 2. The Riemannian surface of the (a) real part and (b)imaginary part of the eigenfrequency of the non-Hermitian system in the

parameter space composed of the coupling coefficient x and the intrinsic loss factor Ia.
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Fig. 3. The coupling of the split-ring resonator under different relative rotation angles: (a) The negative coupling when the relative

rotation angle of the split-ring resonators is # = 180°; (b) the positive coupling when the relative rotation angle of the split-ring

resonators is 6 = 0°.
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Fig. 4. Sample photos of the non-Hermitian system with relative rotation angle between split-ring resonators is (a) # = 180° and (b)

0 = 0°; The corresponding transmittance spectrum of the non-Hermitian system with (¢) @ = 180°and (d) 6 = 0°as a function of

lumped resistance Ra.
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Fig. 5. Experimental measured the eigenfrequeies of the non-Hermitian system as a function of I'> when the relative rotation angle

between split-ring resonators is (a) 6 = 180°and(b) # = 0°. The upper and lower rows denote the real part and imaginary part, re-

spectively.
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Fig. 6. Measured phase difference between two resonant
atoms Ap = p1 — 2 for different intrinsic loss factor I
in the non-Hermitian systems exhibiting the intrinsic chiral-
ity of EP. The upper and lower figures denote the relative
rotation angle between split-ring resonators is 6 = 180°
and 6 = 0°, respectively.
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tation angle between split-ring resonators is (a)@ = 180°
and (b) @ = 0°.
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SPECIAL TOPIC—Frontiers in non-Hermitian physics

Experimental observation of chiral inversion at exceptional
points of non-Hermitian systems”

Zhu Ke-JiaV?  Guo Zhi-Wei?? Chen Hong?

1) (Department of Electrical Engineering, Tongji University, Shanghai 200092, China)
2) (Key Laboratory of Advanced Micro-structured Materials, Ministry of Education, School of Physics

Sciences and Engineering, Tongji University, Shanghai 200092, China)
( Received 28 April 2022; revised manuscript received 28 May 2022 )

Abstract

Based on the quantum mechanics, the physical observables are represented by Hermitian linear operators.
Derived from the conservation of energy, these Hermitian operators exhibit real eigenvalues. However, when a
closed system described by an effective Hamiltonian is coupled with the surrounding environment, the dynamics
of the system itself becomes non-Hermitian dynamic. In general, the eigenvalues of an open optical non-
Hermitian system are complex. Parity-time symmetric structure is the system composed of complex potentials,
which is neither parity symmetric nor time reversal symmetric alone but is symmetric after operations of parity
inversion and time reversal have been combined. The eigenvalue of the parity-time symmetric Hamiltonian can
be found to be real, despite the non-Hermitian nature of the system. One of the most attractive properties of
non-Hermitian system is the exceptional point, which is degenerate at which two or more eigenvalues and
eigenstates of a non-Hermitian physical system coalesce. The unique topological features of EPs, forming a self-
intersecting Riemann surface, have given rise to several exotic physical properties. As a kind of phase
singularity in a physical system, exceptional point of non-Hermitian system gives rise to a plethora of
counterintuitive phenomenon, such as the loss-induced transmission enhancement, unidirectional reflection and
asymmetric state transfer. Especially, the eigenvectors of exceptional point are self-orthogonal and an inherent
chirality can be determined because of the missing dimension. Chirality lies at the heart of the most fascinating
and fundamental phenomena in modern physics, and how to impose a strong chirality and a switchable
direction of light propagation in an optical system by steering it to an exceptional point is an interesting
research topic. In this work, a non-Hermitian system is constructed based on the special metamaterial resonator
of split-ring resonator, in which the sign of coupling coefficient can be flexibly controlled. Especially, the chiral
inversion at an exceptional point of non-Hermitian system is observed experimentally. This sign of coupling
coefficient controlled exceptional point not only paves a new way for studying the fundamental non-Hermitian
physics in an open system, but also holds great potential in the applied photonic devices such as the efficient

chiral mode converter and chiral antennas.

Keywords: non-Hermitian system, metamaterial resonator, exceptional point, chirality
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Fig. 1. Level diagram and excitation scheme of the Rydberg-EIT, possible setting, and spatial distributions of the nonlinear res-
ponse function. Energy levels |1), |2), and [3) constitute a A-type EIT configuration, where the probe laser field FEj couples the
transition |1) <+ |2) and the control laser field E. couples the transition [2) <> |3). A; are detunings and I7j; are the spontan-
eous-emission decay rate from |I) to |7). The A-type EIT is dressed by a high-lying Rydberg state |4), which is far-off-resonantly
coupled to state |3) through an assistant laser field E,. An incoherent pumping (with the pumping rate I1) is introduced to
pump the atoms from [I) to |2). The interaction between two Rydberg atoms is described by the van der Waals potential Vigy
(given in the text). (b) Possible setting of the Rydberg-EIT system. (c) Spatial distributions of the real and imaginary parts of the
nonlinear response function, Re (W) (the red solid line) and Im (W) (the blue dashed line), as functions of & = z/wo.
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Fig. 2. Spatial distributions of the optical potential and the control and assistant fields: (a) Real and imaginary parts of the optical
potential, Re (V') (solid red line) and Im (V) (blue dashed line), as functions of & = x/wg; (b) half Rabi frequencies of the control

and assistant fields, (2 (red solid line) and (2, (blue dashed line), as functions of & = xz/wg. In all panels, Vi = Vo =0.01.

Other system parameters are given in the text.
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Fig. 3. Propagation of probe laser field with different input amplitude: (a) A =0.1 (Py =0.02); (b) A =1 (Py =2). Other sys-
tem parameters are chosen as Vo =0, K =1, and o = 0. Panel (al) and panel (bl) show propagation results corresponding to
panel (a) and panel (b), respectively. The vertical white dashed lines in panel (al) and panel (bl) represent the EIG regions.
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Fig. 4. Deflection of the probe soliton due to the increase of gain/loss coefficient of the EIG: (a) Vo = 0.5, the deflection angle

0 =~ arctan0.4; (b) V2 =1, the deflection angle 6 = arctan0.7; (¢) Va2 = 1.5, the deflection angle 6 = arctan0.9. Other system

parameters are chosen as K =1 and o = 0. Panels (al)—(cl) show propagation results corresponding to panel (a)—(c), respect-

ively. The vertical white dashed lines in panels (al)—(cl) represent the EIG regions.
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Fig. 5. Deflection of the probe soliton due to the change of the EIG period: (a) EIG period is 4n (K = 0.5), the deflection angle
0 =~ arctan0.2; (b) EIG period is n( K = 2), the deflection angle 6 ~ arctan1.3; (c¢) EIG period is n/4 (K = 8), the deflection

angle 6 =~ 0. Other system parameters are chosen as Vo =1 and o = 0. Panels (al)—(cl) show propagation results corresponding
to panels (a)—(c), respectively. The vertical white dashed lines in panels (al)—(cl) represent the EIG regions.
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Fig. 6. Deflection of the probe soliton due to the change of nonlocality degree of the Kerr nonlinearity: (a) o = 1(weak nonlocality),
the deflection angle 6 ~ arctan0.7 ; (b) o = 10 (strong nonlocality), the deflection angle is the same. Other system parameters are

chosen as Vo =1 and K = 0. Panels (al) and (b1) show propagation results corresponding to panels (a) and (b), respectively. The
vertical white dashed lines in panels (al) and (b1) represent the EIG regions.
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Fig. 7. Deflection angle versus the gain/loss coefficient and period of the EIG: (a) The deflection angle 6 as a function of the

gain/loss coefficient Va. Other system parameters are chosen as K =1 and o = 0. (b) 6 as a function of the period 2n/K . Oth-

er system parameters are chosen as Vo =1 and o = 0. The solid red circles in panels (a) and (b) represent the numerical result

while the blue dashed lines are the fit ones.
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Deflection and manipulation of weak optical solitons
by non-Hermitian electromagnetically induced
gratings in Rydberg atoms”
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Abstract

Based on a Rydberg-electromagnetically-induced-transparency (Rydberg-EIT) system, an electromagne-
tically induced grating (EIG) with parity-time (P7 ) symmetry is realized. The formation of solitons before the
probe laser field reaching the EIG as well as its deflection when passing through the EIG are both investigated.
It is found that due to the enhanced nonlinear optical effect of the Rydberg-EIT system, stable optical soliton
can be formed with a very weak input light energy. In addition, it is found that by changing the
gain/absorption coefficient of EIG, the period of EIG, and the nonlocality degree of optical Kerr nonlinear of
the system, the deflection degree of the optical soliton can be effectively changed and manipulated. The research
results of this work can provide a theoretical basis for the future applications of PT -symmetric EIG and may
be useful in the fields of all-optical manipulation and optical information processing.

Keywords: Rydberg atoms, parity-time symmetry, optical solitons, light deflection
PACS: 32.80.Ee, 42.50.Gy, 42.65.Tg DOI: 10.7498/aps.71.20220456
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JETE K £k 14 Mo oz 28 3 e E Ry

i

(THRERFEREHFVIEBE, JLat 100084)

(2022 4E 5 A 2 FIkE]; 2022 4F 6 H 19 BYEIENH)

2P ) 13 PR R 2 A B L 0 R B 2 D e S A RS SRR, OO SR K ) B R SRR
PR B, R R GEAE R 52 40l i 114 G H b Kok 221 o 4y T UL py g iz A 2 At 20 DO, BT E P T
FRGER LA P BRI A B A S RS TR ORRY . BEE Y T SRR ARt 5 RS AR
B 447 7 THT A RO PE %, 3T 4P 00 R JEE V8 I 7 SE 30 L 2 B s WH R RE B T 2 IR R ey 260, B o Ay 2
BRAES I )2 AR TS, A5 [ N AMIESE 5 0 1 IR S8 S AR TR Wy B B 7 5 HR Y. ST o, 3.

A T — >3 IR G i 2 i 7 B8

FRTEOK Lk mig 13 BHE . 32 BHIE K FE B SR 1 AR JE K 5

R AR S A TR I i AR RN 1 AR S P B, R S 6 UL R Y 5 i AL 5 R R 2 I s R A i
F14 SRR R B 1 pR R &R 1R, SR B T IX O IE W WIS M A S A 00— FROR T B, IS B AE R S kv
JET R G R S5 R W AR SO A T AR JE R A e 1 BRI, RIS B TE T 2R R G DL BT I

T3] Sz 38 X AR 119 31 R 40 TP A .

KA ARk, RPN NI EE, B 2R RGE, I A SR AR

PACS: 03.65.Yz, 03.65.Vf, 05.70.Jk, 31.15.xp

1 5 =

ARP A S BOC R AR P A 3 22 2y B
FHHEMEAANZNIEEE 8T RGP A
PISCHLR AR 3 ) 22 ad A — SR B R G
B 2y, R R AR R GA E AR
WS iR BB SR sh F 22 AL 7 — ISR
SRR E TR 5, IR R AR — S
HEE A AR R BT RS TR 8 5
AL, S5 ESYHAR, &1 2R REhRAEF
rah Sy A I 38 e R GETA B, X f
P T AR B ) 2 O 2 A W B v i —
RPOERL. AR, 15 45 T8 I SE NG 2 i 4
A GIETFBOT R EEL, SRR R TSR e
S B4 T E M RERTT R G AEF- A 3l )

DOI: 10.7498/aps.71.20220862

SRR, IFRIL TR 2 I, ¥R+
G820 R AR VA B 77 2 O TR S I BLAR P
B 0100 45 it AR R SR JE KR Wy A i JLAR
Kz B [E N M 5T A Bk 2 g S o e 2,
AN S R GG AR IR, 25 AR
WS T2 mFIP RS, JHaE T LR Ay
Ei 5 enI DA K | o T WAL AR
AL TH ML A PR AL . 2020 4, ¥k AL 0E
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RSN (a0 (1) AR iR,
e = R | e SUE A Th = e i u N E SR
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J

H 010, %75 ZG % HHERL (7, > 0 HFER
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VTR I EHZ JTHE A (Langevin noise)ls), i /& LA

&1 (t')> = 2;0;00(t — 1),
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= (§0&w)

g =(gw)
- <gj (t)>noise - 0, (7)
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P95 ] A RELIELE M X 5 56 R B0 . X FAE R ]
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t/ms

El 1 2 Bose-Hubbard #% #IFE i 5l J; 2% 52 56 131 A6
XFLCIE () 7E B 58 G il A% S5 BF B BE T 1 3t 43 A1 Y 05 (.
T8 BE B B ] B 028, S22 BE A AU A S5 2 (b) 78
AN TR D' A% S BE I R T 194 S e 0 I I ) A AR (B
Snp=0(0) N HAAL). TELJE BRI A AU A 45 0L, 4 1 imi i 7
5 2% I 0 LA (5] 8 1 54 5 , G o iR 2 ok U T A v
B 1R 25 (95% [ 8 X [8]). PIAN i Sk AR T 19 53] S
FEHF v = 181y = 2198 Ji-Mott 48 2% 74 % 75 (19 Ik 1.
A B2 IR e (LR 1 250 ) K S 3 SRR 1

Fig. 1. Experimental data reported in Ref. [13] versus theory
on dissipative two-dimensional Bose-Hubbard Model: (a) Two
sets of data dng—o(t) and §(k2)(t) perfectly coincide with
each other by a properly chosen scaling factor. Solid line is
fitting with our theory. (b) Fit experimental data of
ong—o(t) (scaled by dng—g(0)) at different lattice depths
with our theory, which yields n for different lattice depths
shown in the inset where the error bar comes from the
standard fitting error (95% confidence interval). Two ar-
rows label the critical value for superfluid-Mott insulator
transition for filling number » = 1 and p = 2, respectively.

All experimental data are taken from Ref. [13].
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R B BE 4 B AT LAE a0 T A S0 & i
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2 2nK
Horp I W Bl 17 5 AT o KR AR Y B X 5 5
Z; K Moy 23510 Luttinger Z80MIRHE, ZIH 1 £
GRRE K P BR T A947 R, AR Luttinger 4
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A
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A
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1
lﬁ]ﬂa‘?ﬁ&%/ldxg(x) — X\ —H % BA F K

y 7 =} N E
i S BT 49 0 0 09 9 i () =

~ 1

(3) [ avatorer v sobty s e % it
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TAEZK = LKL, o Luttinger S48

K= T . (34)
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\/:m) — o2y 25t Y
FH IR 4B S S £ B A3 W 2
2 (25), ITITAHEISH LA A2 f SR Y
HORE RSN J) 0. ERERR A BA Jr LT,
TR R GeAE A 1 (R £ 0. 754 1 A
FIHE, T RLAIRE R T T

(@)= (1-5Vi+0m). 11 @)

W] Luttinger ZECRANIG A8 208 114 2
1

=\ "2
K~ ™ (1-YT) 2
AT
Vi, A
~1-— —_— 1.
n i Tl TS (36)

s EHER A EAEHIRBR (Tonks-Giradeau #FR) T
4 12 o -
Luttinger ZHUANIG A H8E G e 2%

4 3 1

4 3
7oA 47 7 o

BEF AT L& BE, #E Tonks-Giradeau %R T, R4t
FE PR FERET %) 8l & 0 A0 23 DA pRBOY 2XBE RS
[] i

ne(t) = ng(0)e V™ 4 7 (1 _ e_m) . (39)

I L Y OISR B T . S — 2, A
Sfefig BA 7L, T LA SIS A A A X ) s
SE, WL 2 R PR S I S WA A P
BT SR, AT 3/4.

dnk(t) /ni(0)

10-2 101 100 10!
t/ms

2 —4ER AR B E SR (Luttinger YAA) /Y 3 &
I3 A S () N 55 FH EL AR AR B (W £ ) ) 38 AH B4 AR BR
(L1 %) 19 2 B b % 330 T . 3 HL T AT A it £k 38 B
70 = 1.0 ms . 3 K1 3RIR 12 6 S48 50 n BEAH ELAE TS8R B 1Y
A

Fig. 2. Prediction of dng(t) for a one-dimensional Bose gas
(Luttinger liquid) from the weakly interacting limit (blue
line) to the Tonks limit (red line). Here 79 = 1.0ms is
fixed for all plots. The inset shows how 7 changes with the

one-dimensional interaction parameter g/n .

K 2 45T A AASTRIAE BAE RS T ) 3h i
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T AT LK A O A 2 i 7 B8 07 FH T — 4k 9%
KA X TFIE A e s AT SU(2) XFFRPER
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FEEHEFR IR (K =1/2), n="7/8, i R50H
S e /7 B FEA Ak ~ 373 BT
B, XA 6] T3 0 AR A FEEOT LA SE 80 50 UE
K RGFER SN 1 1 UE S
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F g, W] LU IR e AR e N B AR
Mo e 1L, bR T PR EE TS
LIRS 5y A3, AL B AL T AR IE 3 i
TR AT DL BUAR SR B RE RS 1A AT 0,
Luttinger A, AR PORMBASE. FATHIARE KL
M 17 B fi T 52 B — LE BB HF I 1 OC T, IR Rl
RN AR BB, RN TG T AR R K
Luttinger {AAFAR LK E TR BIEAYTFE 11,
LA, 3 — i 17 S b R A A 15 R 2k
,ﬁéi%i [42,43].

4 BFE REAHRMERIPFHET RS

XIFRPE SR 20 Py ll2e p) ez —, F%E
FEACY B2~ 125Gk, ARTEE 24 1) Noether &
LR () REAESRFRYE, W —E A A
Xof O A SE V. SRR PEAE B P R T
BRI T, REFRIE D E A EAE T, X RRbE B &
B SR C AN, FERERSY R X FRME:
TEAHFIARAE th e 3 824 (0. ARYE Landau 28,
Y AR T LU RS)T SRR, I REY S &
MWE (ToIFA) ZRNHEE (AP HH) WX R T RS0
XA AT B AmE. K, B Erl LU FE
IXFPRIER X A AN [ I AH. H5ARS R4 AH 2 (8] AH
A2 ) Ginzburg-Landau ¥ i %] #H F1 A A8 59 H i
TG, 5 RGERFREA I, AR T
TOULAG AR . 3% — S s T XS FRER B R R ).

FATVAETE T 15, IR — 1 RE R AR
FRXTFRAE, B4 RGN RER AT S A T IE. andk
T B ST B e X B S B e L T T,
TR F R G B B[R] SO0 FR M S 308 Kramers
i JF 4. AERXS RGN — AR, Bt b A
A PRI XIRAE, I8 ARRHATY 2 R IT 1Y,
AN A BA X FP XS FRPE (T FRPETAR), IBAHH
IV Y BB 2K A B S o R . X —FE AR B = SOk R
T Schur 5| M G S — A XFRERAE B 5 MR OR
5 HEAS 2 IERER BT A B E T B AS W] 24 38 7 B A 6T
5y, ML FE— 5 1F LT B A .

g S22 ) Wigner 2, & F RGN
RIPRASHAT WIS, —FIE L IEXTFR, 5 —F R 4
TEXHR. XTI L IERTFR, A AR AY Schur 5 [ FE1H9):

WR—ANJEK B S A L BRI A BT
A FRoRFE RO 5y, IS 202 B — 2 I L T ERAL
FE . LU, X TR L T R S B T T
(fnsk ] Rz e X FRPE S 20 Kramers {8 3F), (2R 6E
W IABIMMAICBE RS, By T 2R A
PRI Z INE T EAAI AT AE K. B2
B, L IEXFRYES ZIEXTPRE R — 22 007
M E2sr BRI (X — S /e i McGinley
F1 Cooper TECHK [46] H1HEH).

AT LA O BERE IR AN A BAE A NS
S, AR TEK et g L B 1 HH T HLAT B[] sz 78
XIFRPE (S L IEXTPRTE) B9 RG24,

41 EEREEMEELERTERER
S90S Y Kz

TEALGE R BER YD, Y@ v 32 sl
AR TR H— 2R e MR AT ie, H
TORAAFIARAE BRI FR MBI S . 7 20 #4280 4F
RZA, XA BISILTHE T A R BER S
HISCHE B, W BT i AH S H 3 25 FT DL B Ginzburg-
Landau S AR, SR H 80 0GR, FEREE AL
B IRV | 43 EE AR RARUNE | AR A iR
R, ATRGEZE R T — &R Landau 15
KW E TP, X7 5705 Y8 BORHA
PRt A X FRPER B Ak, AN REE A R S R
Z\ ). GRS TR AR AN T Y B AL S B
RS M, 25 IR L S A — SRR 3
Ty — DRI, RGBT KA X RV R Bk, Tt
PR AN . MR A AR SRS R
B O H , DR T R L o B B B, A
SIWHPRIRI  BRFESE R RN, BEJS, 7E 1988 4,
Haldanel & T —75 M AAg 7 (Haldane 15
), TEBA SMEES I G0 T o T DL & AR R
RONE, BIVi S R IR RN . 5 R A R IR RN
— A, B SRR IR RN I B [RIAERBR 1IN ] s
TEOOP PR T PSP ] S 380 PR 2 S B0 S P B
A, AE 2005 4F Fil 2006 4F-, Kane FlI Melel! L J
Bernevig 5K 8 & ) #F—252 18 A EPLER A AL
7, A7 AR TSI R AR AU AR A
T H e R AN A %) S 52 B I [E]
XIFREER R BSOS R, 7RI W P4 o 55

@© FEit T J12%# 2 I Noether 2 BEA] BB KRR, 1 BUSFIEHGEEIR R BALHIFRN “it 7 /)E” (quantum abnormal).
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B IR ) B X AR R LA I 1 R, SRR A
e S Al A RE S UL 3] [ i SRR Y T
R S 6. SR, I m A BSR4
B K] IS AE HeTe BB P il 8 209 H e
JRHL A B0 n LU R AR T RS
I B R B 2 B & P AR B (G = 2¢e/h?),
FRUE SRR B TR Al B R i R R, MiAT]
HIE, 7R 20 20 80 AFAR S RE A AR 5 v B Hb
S 381 TR R RN Y AL S T, HOR TR
KT LR TZ2EZR, SRR R E T H
TERE IR B AL S (B R s B R
IR ARG RE) , 3 fBIF-a 1 T —A~ B, A5l
JAFEIE E SR sk — SE kPG P LR A

— 2
@ 70016” ) R ST E————
7L F=2e2
10 i 15 F G .17/17
F10F
106 T=30 mK D§ o s K
g g
B 0 N
= 5L —-1.0-05 0 05 1.0
& 10 G (e
10% ¢ / I\//( \ G =2e2/h
103 L L L L L
—-1.0 -0.5 0 0.5 1.0 1.5 2.0

(Vg* ‘/thr)/v

P03 S 2 ) Do s A BEL I ) Al A A il e (O B
). A7 D LAk AR A 1] R B STHK [50]

Fig. 3. The longitudinal four-terminal resistance as a func-
tion of the gate voltage. The inset shows as a linear scale.
The figure is copied from the Ref. [50].

T, TR pE, 5 R A R Y

S, T A BERE IR RN (AR F A 2 A2 B ] S5 i %o R

P47 1Y Kramers {8 25, 00 ] B2 38 0] R84 /2
RLIERY, X — SR R AR R OCHE.

T LA 24 ) Kane-Mele F588 k5154 15 I 1

F IR R Y A A 28 A 55, Kane-

Mele FER1EE SUAE —HEIe S s+ AR 2 i i 1490:

Hyw=J Y & ejatidso D vijél 0206

(i,5),s ((4,4)),8,8'

+1iAR Z 6178(0' X dij)isléj’s/

(i,5),8,8"
JO
+ A Z 51'01'7501',57 (40)

Hofri, jR s s, S IRE [EIE R o =
(0r 0y, 02) 3277 Pauli H . Wt o5 — T

T AR (BRI SR EE N J); 5 IR UG LR
1) H BEPUE RS I (SREE R Aso), Horfru, = £1;
5 =IO A8 ) Rashba FAT0 (SRR Ar ), He
o d e DN g AR A R S ) R i e U
S (HREE R A, XTI FA% & = £1). 4
THE IR R SR IR Y, AT RG2S
X RRERAE AR AR M S T, FFBR s
G TR S S X RS & IE XA, (A5 RES Y 1 I F
PRSI ] SRR

SR, TR —ANJEAS TR () R, Pl B ] 2 0 FR £
PEFFNES (BOE— B Kramers i J-485) 724N
FERRYSZ I TR AR 7 53], i 550
FRIREE A RS B9 FR ST B A I ] S 8
PR, T8 B s 18] 52 3800 RO AP PR F NS R 1A
IR, BRAEME G AT AR B AN P HAT I 18] S 0]
PRk, em)ihid, HETESss FR B AR RIA R
GE I 1] SUE AR VERY R (MG | wEYEAR o
Z5), IR 2 52 30 30 O U 3] 87 I 4 4 A e iy 4 B
zER.

SR T 2B B, 3k — TR BT i 25
WX T L XM TR I A AL R G2 3
HPFEREERYFER, $5 BRI A i, HAR LK IS 2%
i iy

H = Hyy + Hys, (41)
Horf Hgig, J& Kane-Mele P50, Hyi = Yo (=1Ym
01,00+ O} + 1,0, ). WL, 1y 7T
SRR AR TR 2 05 [ BOT R R )
WRGAEN T 132 B IR RE e ™= A FEHE, RIFEHGH
BEAT O T o J7 M B b, W 4 s, fn
Hrrad, i 525 R AR ) I 0, ROFEHGI G AT
HR AR B[] BB FR Y. AN — e, e P2 Al
A S SR I A: 2 m BT, O, 2 MU i
(1ink) (i jm)
0,, = Zc*cjm (42)

Hrp i, ZBRBAE W BFAE v, =Ny yi, =
m, jm AR FRIA Tz, = Ny, yj, =m+ 1.
Mo RN, O, i XM iy [

D = S il ol
Om - Zcim,sgss’cimys” (43)
s,s’

Xy, SR LW B T2, = Ny 4i,, = m + 1.
H G R FESEAF O, S I 1) ST X R
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Bl 4 SEss A% T LAY Kane-Mele #E8L, Horp o 7 [ IUOT I FLA A, o J5 1) EBUS A F 0. REERST R N x Ny . FERGR S 55

P5 O ST AT, 25085 53 B A 32 B ks o83 L

Fig. 4. Honeycomb lattice of the tight-binding Kane-Mele model with open boundary condition along z-axis and with periodical

boundary condition along y-axis. The sample size is Nz X Ny . The coupling operators O, are located on the right edge, which

are defined on links for odd m and defined on sites for even m .

AT LA e SO R, BIVE RS SN
B A A [i] S JHO0 AR FEAT, Ak [ S 8% AR PR
A RN S W IR ATRER), DLITE =S5 RiE
R FFATRENE.

411 =E=THTHGEX

TR F R GEAE I ] SR FR AP NS 1Y
F25 0] (Kramers 25 [[]) AT ASCHFIH von
Neumann 4 ZI| 1) 5525 [6] PUAH T A2 1L, it

T AR G B R W B A SChrédingel“

>

—~
—

N
1l

(P(1)) e = (Uesr()po(U(1))

RN, WA S I AL

p(t) = Uer(t) po (1)U (1), (44)

b Oialt) = Tenp |1 [ Hua ()0, Tzt
LT (anti-time-ordered operator), po(t) = e—iHot
(0)etHot £, 22 0 W S W ek 1L 14 8 BE LR, ik L
B2 45 (14 0 5 0 il Kane-Mele WS %5 1 & Ho =
Hyy. 5% 2 TR, B H i VE R AR R T I %
Langevin M= {725 J5 w459 By

noise

= < (1 + Z(_l)nl et ﬁdiss(tl) e ﬁdiss(tn)dtl e dtn) ﬁO(t)

- (1 £30r / H{(ta) - H]

n=1 <<t

~io(t) = [ 32, {010 (0). b0

(t1)dt --- dtn> >
noise

b2 [ 4S50, ) 00,0, (15)

R P 285 5 4 A IR N 6 p(t) = p(t) — po(t), 1] L3 von Neumann % B9 2846, LA e Z1 i AH P 4 2 2%
W 5% 4 B 355 3] Krammers {7 3 7 23 18] K py(t) = Hxp(t) k. (pox(t) = Hxpo(t) Iy ), Hor I Ky
Krammers %5 [B [ E F. WIS RS BEFE RGN K 28 [BIp 2G2S, WIAHR P von Neumann f5A8 46

Pox(t) + 0pk(t)

05y (t) = Sy(t) = Son(t) = —Tr [Tr

(Pox(t) +0px(t))

( Pox(t) + 0pk(t)
Tr

(Pox(t) + 5[)1((t)))] +Tr[pox () log pox (t)]

= Tr [pox (1) log pox (1) — (3P0 (1)/ Tropox () log ok (1)] Tropox (v) (46)
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AT LIS A Y, 2 0pk (1) o< pox(t) (BI dpk(t) =
Pox (t) tropy ()i, WIAT 65, (t) = 0. fHi2—H.5pk (1)
% pox(t), von Neumann i 48 1k A %, H
68y (t) # 0. FHm 2 B AR PR i A X, VEFHTES
HEME RS AFAT 30 11O, I, 11O, Iy Fi
ﬁK@jné) I . *ETE&ZEEHE’J Schur 5| #, %} F
FEEKRFELF O, (O ) B AT 2 R8BS
1 BE TR AE R, B I10,, IT % ITx (HKOmHK
o I ). HEFBOp (1) ok pox(t). WRLIEVE, BT
FERUE AT O, TEAR T 1R 23 0] (K23 10]) A IE I
F AR, 30T von Neumann i 19 2AE, U\ﬁ'ﬁ‘

gy = —ie) ({&w.&'0}) . g
ﬂZym/ dt1<i OO (1) O, (t

_QIZ%/ at (0, (1) A0, (1) (0

—Q}mldnﬁr@dwéﬁm>

R GEAIGRSRERART, Q& 5(a) 7R,
4.1.2 AR

FATEE R, i 1] S O FRPE B0 Kram-
ers 25 14 7 I 14 1 22 gl F I 52 358 b R 1) 5 445 O
IR 28 SCHER RS bR R AL

Gis (t.0) = —io(t) ({a(t). ¢} (0)}> . )

HrfrO(t) N Heaviside W EkediL, ¢ (&) FnyEH
TEARGEZS @) (|W:)) b=t (K 54F, é(t) =
eiH'te,e—iHt )y Heisenberg 22 5t N [0 & Bl i fk. 5
HTA 2R, XARbR R U e T, 7T 4%

>+1§hm/dm<‘Wmmf@odm%Wm>
) =1 [t (& @ O () 0L (1))
Ol ) +2 [ (41001 )00, (),

(48)

He o, (¢ ( )= eiHUt@ me Ol FR B AR Kane-Melel& 5t F (O3 fL. 2 T #% Kramers W3 FHEIBIR,

KEGO,,, O, 0,0, LRI B K2

S[a] R

”h”EJM{/dﬁ (1) |10y, (1) O, (1) 1] &1 (0)

-

+ /O 'ty <[17Kc’)§;f (1) O (1) f_rK] A (0)> -

! AL A o bt A1 . ' AL :
—/0 an (&7 0)&(1) [0} (1) 0, (tl)HKD—/O an (&7 (0) [11x0))]

2 [[an ([110] 1) ] 0 [110, (1) 10 & )

)

(1) O, (1) ] &4(1))

+2 /Ot <é§’T (0) |:1ATK(;)17: (t1) ﬁK} (1) {HKO,” (t1) IAYK} > } (19)

HIFGRTIA, T O, 5 O, FUAT i) S 86 B A
TR TEKEAE, AR L IFRER Schur 3138, 7720
OO My o I, IO iy o T, 1O Ty
o My . 3% 2 G851 R B B 2L 4
K ane-Mele 45760 ARG R 70 O A WR B B S i
(LA g T 45

1

W= The o0

Horh &y 2o iR (23 MU 1T 2% S0k [51)).
14 G (w) Xk

g>\1 (w) 0
) %N»>%, 6

SR X RHAN) =~ Im [0y, ()], Ax(w) =

fhmwm>}ﬁ§ KL, FERE T R
T, RGAE Kramers 75 [H] {9 {8 3% R 5 B T 8%

S, 5(b) B, g vk, i A E) S E X RO

PR T R

113 BHESEHA

BR 7 IR R 2 R I R REIR Z Ah,

Gw) =U," <
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FATENGE B, FERIR BT 11 82 /R 000 1) B e
() — AR —— B, R AA AT H
I, BIMEFERCEATATI SRS I 18] S PR

R E A RS Kramers fif 725 2 (8] 1 5
[Z5TH

Vii(t) = (| V() |9;) (52)
AR R ITHXT Langevin M 73 f5 ml 15

/ dtq Z’ym

x [ @] O3 ()0, (t) V(1) 195)

Vij(t) = (| V(1)

+ (0 V()0 (t1)O, unw>
~ LT

23] O, (t)V'(1)O,, (1) 7)) ] (53)

HHTIW), |@;) & RBEAE Kramers filf I 25 [8] (Y AR

&, WAL AR T AR (7| V() |[95) =
Vodij, Hert Vo S 44 BTam L. X TAERGH R 8 1E
i, i F OO I o I, 24 R TE A A [
Kramersf& 3 25 Z [0 7= A JEZH BT, WK 5(c)
Ji.

V () VO 1% / dtlz’ym

x [ @il [0, (1), (1) V' (8) Tk |1)

+ (] TV ()0, (4)O,, (0) T |7;)

— 2] IO, (t)V' ()0, (1) ITk ;) | (54)
K 45 et 2 MR 1 B RO T T PR
SPSTEARA, B IS, S50
WA B S A P B T .

BB AE IS T AT B b S

Hegge = vk|4)(+] — vk|=)(~|, (55

Hohv=0B(k)/0kEL B MHERE, [+), |-)1C
KM ZNERIE (helical channels). T % [& il
AR, AR F AV, 4 Lippmann-
Schwinger J7 2, B M XN Heage + V,

1) = lg) + Go(B)V[4), (56)

Hirfr Go(E) J9 A IR R PR %L Go(E) =
01) =1 KR (56) BRNARARRS T

(E - ﬁedge+

Y(z,0) = %eikxéffﬂr + Yse(2, 0), (57)

Hortt o(,0) = %8, o VI WIS A IEREL, L
HRGRS, (. 0) = (2,0|Go(B)V [v) Jy T
PR FE—BTE LT,

(a)
0.3 F _
s T
< 0.2f - 7
% T
01} e
e
0 i I I
0.2 0.4 0.6
yt
(b)
1.5
3
= 1.0
0.5F
1 1 1
—0.4 —0.2 0
w/J
3
(c)
0.10
o"..‘
T o2f 8 --""....
=} |
— —
>~
S 0.03 1 1 1
g 1k 40 80 120 160
ol N,
0 4 = = — T o -
0.2 0.4 0.6
yt

Kl 5 (a) von Neumann 4 Fifi B [8] 19 25 £k, = Z% th £k 53 5
XA R AR RS S B EH . M =20 (JE4k), M =16
(HBZk) M1 M = 12 (HEZR); (b) Kramers fiij 725 i) o (3%
PREL; () 2% BTy AEXT A IT Vi (¢) BERT ] 9 A8 1, Sk 4
TR S TR, R AR TTER (M = 20).
Pl o S 3R BB it RO 78 Ak FEHBCGRE ~ K/ 0.2 BY
Fig. 5. (a) The von Neumann entropy Sy(t) as a function
of time. Here we choose the number of coupling operators
as M = 20 (solid line), M = 16 (dashed line), and M = 12
(dotted dashed line), respectively. (b) The spectral func-
tion A(w) for two Kramers degenerate states with dissipa-
tion, with M = 20. (¢) Time evolution of the matrix ele-
ment of the impurity potential Via(t) between two degen-
erate edge states with. The solid line includes contributions
from all states and the dashed line only includes contribu-
tions from edge states. The inset shows the transmission
coefficient as a function of IV, . The dissipation strength -~
is taken as 0.2J B,
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wsc(maa) -
—iei’””g<k,+|‘7|k,+>, o=+, ©— L/2,
. iefikx£<—k;7 —|V‘k7—|—>, o=—, v — —L/2.

v

(58)

W] 2 55 2%y

L. . 2

R = ’—v1<—kz,—’V k:+>’ : (59)

UL AT AE S R T =1 - R. K |Vi; (8)| A9 JB X
(54) RAVA (=&, = |V [k, +) I3 24 JF S HF- 2, ik
REFTHEI SR ST,

TRAREN], FEFERUNTERTT, 2 a2
FUEWHUS (BHREALET 1), WA 5(c) H A
FI7s . AL, SO 3R R/ M 23 Bl R 58 R
AR ARAL, 45 R W R GURE A B RHBOR, RS
OB X4 R Bl A S UL B Y 45 R P2 g
PELIEAT AR, SR Al 6 B, BSREE RF Ry
FERZ W R AR, RSP IBI{EZ7 100 nm.
XFFARE TR RS, Z AT G EEE I T A R
VRLBE N AR S I 5501 DA K i M P S B B
i R S e PO T F M BRI BT A4S
AR AL 45 Aty 4 A R S 0025657 25 1 T
— MR R B RS, Y PERGE R AN ]
FISN PRGN, Xof T 1] B PR P PR i
TRGORUL, RIMESPREERE S A5 BAT I 8] S

ARy(h/e?)

0.2

160 10.00
Length/nm

6 SEHLTE WTeo HE dh il et ) R 45 A 38 FiL BHLBE L

RAFRgAE Ak 10 B SR [52]

Fig. 6. Length dependence of the undoped-channel resistance
in WTe, sample. The figure is copied from the Ref. [52].

TS PRI, BORR B Z IERSFRIE R 9 4 B S AN AR
SE R, TE AR X R (15 b 19 e 2Rk T Y
FRULP AN, S E0E S IO,

4.2 FEEAREZ %N B SR BEE R AT
S HIR A

B TR LASR, AT AR B Sk
M 7 FH 10 >R A 9 EL A I () S T8OV A AR
PN RS E P ) . FRATTHNE , % Mermin-
Wagner & B B8 %P FHEBUNTET AN RS,
AEEA BRIRE R AR, B2 IR Frik A &
k. an—4E K 8 Heisenberg F57:

H=7Y S-S, (60)

Tt A RERCE AT UL A, REMIESERBA K
TR0 . {12, Haldanel* % 7£ 1983 4F & Bi,
S TR SRR Heisenberg R 7 () 18 &k 1% 5
B E E R B, BI2750 F e k15 e
TJCREBR Y, T EE B E T POk TSR RE B Y
(Haldane gap). M\ th &, Haldane $ 58k
ik A s AR RE AT AU E RS R IEH 1 O(3) AE Lk
P oA (O(3) nonlinear o-model) #43 So[n] 5
FHNI Siop 1] (0 -term) FRHFZH:
5[] = Sofr] + Sop ]
= % /dea: <1 (0:m)% + vg (8Tn)2>

+ i9/d7'dxn~ (Ozm x Orm) (61)

Hritx=4/5, 0=5/2. v R KPR T A BEdk
PR BB, T So[n] &y, FEFE R, &
R IMARBEECA 2 ICREBR Y 2. T 1tk 7K iU i
R O A TS BLRE B X T 3 Fh
Stop 0], AT A X —IRAIFEIE , FATHFIE 73 PR £
(2 = [ Dnexp(=Sn])) 5o FRAVE A

z = Z /‘Dnvve?niSWefso['n,w]7 (62)
Wez

o W R 7R 9 2640 (winding number), ny {83

© WIE 7 GE R & HOFE ST AF 2 JEORSEAF, A — i B PR R AR E 1k AR W LR A JE RS s th — A SR B4
710102 + 120201 (HTEAMRET, 1 # Vo), MFELFE Kramers RIS MR, A —Fski B ni A seiisitae, IR

G HR G — AR 24T R KRBT

0? 02
@ EVHGHIEMT, n = ¢ (¢ Whiht), I T So[nla s sh ifi i 5 ¢ — v2 ——¢ = 0, LI R 500 %& R T AR Y

(e(p) ~ vs|p))-

ot? S Ox2
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Fig. 7. A schematic diagram for groundstate of the AKLT
model. The spin S =1 (green oval shape) at each site is
split into two spin-half (blue dots), and two blue dots con-
nected by black line represents the spin singlet formed by
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resents free spin-half.
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Fig. 8. (a) The von Neumann entropy as a function of time
in the AKLT model; (b) the spectral function in ground-

state subspace.
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SPECIAL TOPIC—Frontiers in non-Hermitian physics

Non-Hermitian linear response theory and its applications”
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Abstract

Linear response theory is the theoretical foundation of modern experiments. In particular, it plays a vital
role in measuring quantum matters. Its main idea is to take the external probe signal of the physical system as
a perturbation and use the correlation function in the unperturbed equilibrium state to depict the response to
the observable in system. In recent half century, the linear response theory for the closed quantum system has
achieved great success in experiments on quantum matters. In recent years, with the tremendous progress of the
precise manipulation of the light-matter interaction, the ultracold atom experiments can precisely control
dissipative quantum many-body systems. With the discovery of many novel phenomena, dissipative quantum
systems and non-Hermitian physics have attracted extensive attention in theory and experiment. We developed
a linear response theory, named non-Hermitian linear response theory, to deal with open quantum systems. This
theory takes the non-Hermitian term and quantum noise, which are induced by dissipation, as an external
perturbative input, to detect the properties of the quantum system, and relates the time evolution of the
observable with the correlation function in the unperturbed state of the system. The non-Hermitian linear
response theory provides a new method for distinguishing the exotic quantum phase from the normal phase.
The theoretical predictions are highly consistent with the recent experimental results of cold atom systems. This
paper will review the non-Hermitian linear response theory and discuss its applications in quantum many-body

and time-reversal symmetric quantum systems.

Keywords: non-Hermitian, linear response theory, quantum many-body systems, time-reversal symmetry
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Fig. 1. Illustration of single-band lattice model under domain-wall configuration. The hopping distance is m at most.
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Fig. 5. (a)—(c) Contour plots of absolute values of the energy-spectrum minimum on the t{-¢} plane. Here, we take N = 40. We
also take v = 0 for (a), v = 0.67 t2 for (b) and v = 1.33 t2 for (c). The black solid lines are given by tf = ¢}, where the domain-
wall configuration is reduced to single homogeneous bulk with a periodic boundary condition. The magenta dashed lines are given
by t} = —t&. The red dashed-dotted line in panels (a)—(c) correspond to parameters we use in panels (d)—(f) with ¢} =1.5¢5.
(d)—(f) The absolute values of the energy spectrum (upper panels) and various winding numbers (lower panels). In the lower panel,
we show the Bloch winding numbers for the left bulk vy (magenta dashed lines) and the right bulk v (black dashed lines), as well
as non-Bloch winding numbers for the left bulk 7 (red solid lines) and the right bulk #g (blue solid lines)*.
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Fig. 6. Quantum walks with non-Hermitian skin effect: (a) Schematic illustration of the domain-wall configuration. (b) Spatial dis-

tribution of the projected norms of bulk (black) and edge (red) states, with t+ () = | ({

| @ (£) [4)]. Here, |£) = (|0) £11))/v2

are eigenstates of the chiral-symmetry operator. (¢) Generalized Brillouin zones for left (right) bulk BLwr),i» ¢ = 1,2 indicates two

solutions of 3. Whereas the standard Brillouin zones are indicated by unit circles (solid black line).
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Fig. 7. Black solid line represents quasienergy spectrum.
Red solid line and blue solid line represents zero-mode and
n-mode topological invariant difference, respectively. Grey
dashed line and orange dashed line represents zero-mode
and m-mode topological invariant difference, respectively.
The blue dot indicates the parameter for Fig. 8. Parameters:
0r =9n/16, 0% =n/4, 05 =3n/4, and ~=0.274617.
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Fig. 8. (a)—-(c) Experimentally measured ®¢ ,(x) after the seventh step with different initial states; (d)—(f) simulated @ 4 (x) com-
pared with experimental result. We also show the scaled norms of the edge state with € = n by diagonalizing a domain-wall sys-
tem with N = 15. Norms of the edge states from diagonalization are scaled to fit the central peak of the numerically-simulated @y, (z).

Other parameters are as same as Fig. 7117,
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Non-Hermitian skin effect in a domain-wall system
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Abstract

The non-Hermitian skin effect is one of the most striking features in non-Hermitian physics. It reveals a
novel phenomenon in a non-Hermitian system that the bulk wave function and energy spectrum are sensitively
dependent on the boundary conditions. The concept of generalized Brillouin zones has been proposed to
characterize bulk wave functions in such systems . Based on generalized Brillouin zones, non-Bloch topological
invariants can reconstruct the non-Hermitian bulk-edge correspondence. Previous discussion of the non-
Hermitian skin effect mainly focused on open boundary conditions, and the calculation of generalized Brillouin
zones needs to be reconsidered under domain-wall boundary conditions. The paper introduces the related
researches of the non-Hermitian skin effect in domain-wall systems, including the general form of the generalized
Brillouin zone equation in a one-dimensional single-band model, non-Bloch topological invariants in non-
Hermitian SSH (Su-Schieffer-Heeger) model, and the experimental realization of the non-Hermitian skin effect in

one-dimensional quantum walk system.

Keywords: domain-wall system, non-Hermitian skin effect, non-Bloch band theory, non-Hermitian bulk-edge
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Fig. 1. Schematic diagram of PT -symmetric system (a)
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H5PT MRAGH L, PT RAHEAGEMAEE
KIS WA H U 2 AR SO 2 G AR
{PT,H} =0, (9)
B
PTH(PT) '=PH*P'=-H. (10)

DL RES (B=X) R Ge hB, anlEl 1(b) Fraw, FHN
BIPT SR FRIG S i Ry

—0 +iT ik
H = . . ) (11)
ik o+ ir

Horbr, WA BESR AL 2050 0 —0 A1 6, 3 4 ml
HFEBIER | 7, AR RS RO i

3 HE RGP PT X
I T EF R S B T R E ST

FeZ B B, AR T A HE S N 5L
BPT XFRFA T 58 614581 filhn, LI F iy

171101-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 71, No. 17 (2022)

171101

LT
8E (r,2) 1 0%E(x,2)
0z * 2k a2

+ ko [nr (z) + ing (2)] E (z,2) = 0. (12)
Hr, B (z,2) A58 R RIG, & = konoly
P BPIBR, ko = 21/ Mo W ELASHP TR, Ao K
FASTPRBR, no A BTE R (RGPS 31
AR no +ng (x) +ing (2)). I (12) ST REE
P T EATM R B
Fijlﬁ (2, ) KA, BT EL, 1 kLT BT
V () AABERREL XF LU AR RIS N SC R N
E(x,2) ¢ (x,t),2 ¢tk < p/h,
ko [ng () 4+ ing (z)] <> =V (z) /A.
A1 T35 2o A 5 5 2 B S RE R o A X
N, HIJ5RR (7) HhPT X PR 2R GE 1 FRE I JL 119 OC
FT LG, PT XFROGS: R G R T 2T A
B 2 PRV RIS, TSR 38 1) KB S Ry A s o 119 T PR
ng (z) = ng (=), (14)

n (z) = —ng (—x). (15)

2010 4F, Riiter &5 U1 $&H T PT XFRITHES
S RGITFHAT TSI, A 2 iR, RS0
WSl R e, Horh— N TP RS EA R
Hy IRFEREL, X0 — NS T R, iR

(a) Conventional coupled system

ih =0. (13)

PT-symmetric coupled system

A MR

ni

x

PT-symmetric supermodes at threshold

K2 M PT MBRMEICERGE (o) EITHHRB M (nr , LLL) FUEHR (a1, £RE) T340 (

(b) Supermodes of conventional system

S Y

PT-symmetric supermodes below threshold

SHIEIRAF RN R v I B 25 R, MM i
TR PT XRRIE TS 3504 Sl f SR
2%, TSR A I S B3 8 0T U R T
Rk

—— —ilE 4+ kE, =

ldz 12 1+ KBy =0,

dE; vy

— 4+ i=-F FE = 1
i3 +12 2+ kE; =0, (16)

Horb Ex M B 03 B3R 0T 1 AT 2 iy
BRAE, ~ PR BRI & R 8 RG]
AR A ST i

il —K
H = ( 2 ~ ) . (17)
—K —15

My <260, RGAT PT XFRH, REIANME R

A+ = tcosb, (18)

Sofrsing = /2 . MBS (00 0 2, 52
FREFRL, RN FAEZS Hy

1
P = ( +exp (£i6) > . (19)

AR, AT PT XFRAHA N L | B | = |Faf, X3
WK AN S 2R BE AR PN S X 50 4 A, R A
K& T VA3 2 AEFE, S ECLATEA ) 7
R WAL, BEE v/2k N O 3ERE] 1, 0 P\ 0 B TS
KEn/2.

Conventional system

PT-symmetric system below threshold

PT-symmetric system above threshold

o

b) f£4EF1 PT X FR 2 48108 n

&5 (o) X TG PT MRS, BRI 1 80EE 2 AL N BOEBE R o ¥

Fig. 2. Conventional and P7T -symmetric optical systems: (a) The distribution of real part (ng, red line) and imaginary part (n;

green line) of the complex refractive index; (b) superposition state of conventional and PT-symmetric systems; (c) light wave

propagation when the system is excited at channel 1 or channel 2 I,
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Fig. 3. (a) Schematic diagram of realizing P7 symmetry in cold atom system®; (b) schematic diagram of energy levels of ytterbi-

um ion 171YbT for realizing P7T symmetry in a single trapped ion system®; (c) system density matrix measurement diagram[;

(d) the phase diagram of the system]. The red and yellow areas correspond to the P7 -symmetric phase, and the blue area corres-

ponds to the P7T -symmetry-broken phase.
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Fig. 4. (a) Schematic diagram of coupled waveguide; (b) cross section diagram of coupled waveguide, the red part of waveguide ¢ in-

dicates large dissipation; (c), (d) characteristics of waveguide eigenmodes; (e) property of waveguide field strength. Data points are

finite element simulation results, and solid lines are theoretical calculation results/!.
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Fig. 5. Evolution diagram of light field in the waveguides?!: (a) (b) The propagation characteristics of P7T -symmetric phase and
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ult of theoretical calculation; (¢) comparison diagram of light field distribution between traditional Hermitian system and anti-PT-

symmetric system; (d) the dependence of beam splitting ratio on wavelength, the red line is the anti- P7T -symmetric system, and

the blue line is the traditional Hermitian system.
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Research progress of parity-time symmetry
and anti-symmetry”
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Abstract

In standard quantum mechanics, the Hamiltonian describing the physical system is generally Hermitian, so
as to ensure that the system has real energy spectra and that the system’s evolution is unitary. In recent years,
it has been found that non-Hermitian Hamiltonians with parity-time (77 ) symmetry also have real energy
spectra, and there is a novel non-Hermitian exceptional point between PT -symmetric phase and PT -
symmetry-broken phase, which is unique to non-Hermitian systems. Recently, people have realized PT
symmetric and anti-P7 symmetric non-Hermitian Hamiltonians in various physical systems and demonstrated
novel quantum phenomena, which not only deepened our understanding of the basic laws of quantum physics,
but also promoted the breakthrough of application technology. This review will introduce the basic physical
principles of PT symmetry and anti-P7 symmetry, summarize the schemes to realize P7 symmetry and anti-
PT symmetry in optical and atomic systems systematically, including the observation of PT -symmetry
transitions by engineering time-periodic dissipation and coupling in ultracold atoms and single trapped ion, the
realization of anti-P7 symmetry in dissipative optical system by indirect coupling, and realizing anti-PT -
symmetry through fast atomic coherent transmission in flying atoms. Finally, we review the research on
precision sensing using non-Hermitian exceptional points of P7T -symmetric systems. Near the exceptional
points, the eigenfrequency splitting follows an e¢N-dependence, where the e is the perturbation and N is the
order of the exceptional point. We review the PT -symmetric system composed of three equidistant micro-ring
cavities and enhanced sensitivity at third-order exceptional points. In addition, we also review the debate on
whether exceptional-point sensors can improve the signal-to-noise ratio when considering noise, and the current

development of exceptional-point sensors, which is still an open and challenging question.

Keywords: parity-time symmetry, anti-parity-time symmetry, non-Hermitian, exceptional point
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Fig. 1. Schematics of spins subjected to (a) a local complex
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field, (b) a global complex field, and (c¢) a local complex
field and interaction. The complex magnetic field is shaded
green. The couplings between different spins are denoted by
different colors representing inhomogeneous coupling J;; .
Two states coalesce in panel (a) and N states coalesce in
panels (b) and (c). Local complex field only affects local
spin without interaction, but can affect globally with inter-
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Fig. 2. Hysteresis loops for the initial state | (0)) in (a) and |¥ (0)) in (b), (c). The critical local complex field g1 is 0.02 in
panels (a) and (b), and 0.1 in panel (c). The relaxation time is tf =2 x 103J71 in panels (a) and (b), and ;=3 x 103J~! in

panel (c).
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Fig. 3. (a) Phase diagram detected from the Loschmidt echoes in this work. (b) Phase diagram studied in term of correlation func-
tion in the work of Sachdev et al.. Here B~ is the temperature and g; is the quantum critical point. (c) Spectrum of the low-ly-
ing states for a finite quantum Ising chain as a function of g, obtained numerically through exact diagonalization. Eg is the ground-
state energy. System parameters: N = 50 and J = 1. The energy gap closes at a quasicritical point, indicated by the boundary of

the two shaded areas. Notably, all energy levels become twofold degeneracy simultaneously at one point, protected by the sym-

metry of the quasi-zero-mode operator D.
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Fig. 4. Loschmidt echoes of different g values. The lines and
dots represent the Loschmidt echoes for 8 =5 and 8 = 10,
respectively. Other parameters: N =10, «=0.1, and
J = 1. The profiles of the Loschmidt echoes in the two re-
gions are distinct, independent of the temperature of the
initial thermal states, and converge to 1.0 and 0.5, re-

spectively.
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Fig. 5. Schematics for the system and process of quantum mold casting: (a) The system consists of two parts, central system H.
and source system Hs. The target state is the ground state of H., which can be topologically non-trivial or not. Hj is a topologic-
ally trivial system, providing the supply of fermions. Both H, and H are Hermitian, while Hj, is non-Hermitian, representing the
connection between H¢ and Hs, and taking the role to transport fermions unidirectionally from Hs to Hc. (b) A tight-binding
model for the scheme, which contains three sets, A, B, and D. Lattices A and B (red and blue filled circles) embedded in the shad-
ow area is topological insulator, while lattice D (yellow filled circle) is a flat-band (hopping-free) system but with oscillating chemic-
al potential. Green arrows represent unidirectional hopping from D to B lattices. The aim of this work is to realize the following
process via time evolution. Initially, D lattice is fully filled, while A and B are empty. The final state is expected to a half-filled
ground state of Hc. (c) The underlying mechanism of the dynamic process. At instant ¢, the chemical potential and energy levels
of H. are resonant, leading to exceptional points. The corresponding (EP) dynamics allows a complete transfer of fermions between
the degenerate energy levels. In the long-time limit, such dynamics occurs at each k sector again and again. The band color of H,
illustrates the band inversion, indicating that the energy band can be topological insulating band. It is expected the lower band of

H, can be completely filled.
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bard model. The initial state is prepared in vacuum state |Vyac) of Hp with interaction U = 2J , and then it is driven by the sys-
tem with the local imaginary field g1 =g =0.2J for panels (a) and (c), and homogeneous dissipation g; =g = 0.2J
(j=1,---,N) for panels (b) and (d), respectively. Notice that Hj is at EP such that A\/y = 1. (e), (f) The correlation values of
steady state for different relative distance ((¥ (t¢) [n;"n; |¥ (t¢))) at relaxation time t; = 400/.J for panel (e) and ¢ =100/J for
panel (f). It is shown that (¥ (t¢) [n n; |¥ (t)) = 1/4 for i# j and (¥ () |0, n; |¥ (t)) = 1/2 for i=j, which confirms the

understanding in the main text.

174501-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 17 (2022)

174501

Al o340, REESATAE— 2N + L A9 BIAN S, A1
N A ISR

@) = (;)N;§§%\/05¢10VUVJ» 61

RS 1P i EE, 4RI R = 10k
SCEAERL, 4 A = R R 2 R O AT
BWID (0) =D e (0) [N, Ar), IABALL IR
em ()T LAZER K

. )
(szz“ﬁﬂﬁgw—mq@.@m
l i

Zo5d — 2 TR I ]

tr=—(fo—1)"2
f 7 (fc )

Horr fo = (0.99) /2N 01 WAL A A A TS | D)
(4nrE 6 FrzR ). ATLANERA n B4R B R BCh
1/4, i # j,
{1/2, i=].
U I B 2 BT AL R A L S X B B TE e A AR
SRR, LT LA R GAbTERaE 1k T
A

P B A i B HUE— AN 3l 2 AL
(45 5L, ORI T4 B O BRAE. 55— 7T
P75 RER RS HAT SO4) X FRE, X Tl 54
Sl | R AR E B RS LR
R BE T IR DA AR, SRl
TESZH 114 n XS IE 92 IR B 3R - S A
Pt TR AR TR I S 1

; (53)

(Pe|nn; |Pe) = (54)

4 Aé‘%%%%

ARICLEAR T ARIEAK I 3 1 A AR e R 224K
ARG BN AR, bR T AR R K T A A
PRI — Bl 2 U LAS, I B e 1 ] T80 &
IR A FITARL N TIORGOS B0 ) il
SCrPl JE K R SR I TS W4 T g R A
BIAN S AR AR B WU I 7 7. AR ER RS
AEFHISN R, B R R R T — 2
BB RE P 3, AR MO T B b A B R 7R
24P KB T 25 6], AR R RIS TR v
JURIA—L TR L 2 RS &I, FIHEEE
ORIy R (93X — I S Bl J =i, il A

Ji Z G LSS 2 T Rl o i s S 19 8l 2 AL
155 Tsing BEAY B4 FRIBARE | HoO- R R G0
f 55 LA K 3% oK Hubbard A58 il 5417 fie
75 ARV S AR S — RSB ar i 3 1A B4R
Pl sl 2 ARG, AU T 3 oA
Pt TSI FB, ORI IR GE P AR i 1
SR G IR U e S i I S S 2 3 A €5
ARUL B BT B BRI A Sl 22 S BFTE AT
TEZ R R G NSRS AR, A TIIRAS
SCH B AR R R IR AL 27 AN [ B T i -1k
F MR, IEAR Y 3 LR
S . T HAT MR AR R 5, AR O K
Frah Sy xt TR AR A A B B R B 2R AR
J1 B S alh A HT Y ).

] Gamow G 1928 Z. Phys. 51 204
] Siegert A J F 1939 Phys. Rev. 56 750
| Majorana E 2006 EJTP 3 293
] Feshbach H 1958 Ann. Phys. 5 357
| Feshbach H 1958 Ann. Phys. 19 287
] Schrodinger E 1926 Ann. Phys. 384 489
| Ashida Y, Gong Z P, Ueda M 2020 Adv. Phys. 69 249
] Cohen-Tannoudji C, Dupnot-Roc J, Grynberg G 1998 Atom-
photon  Interactions: Basic Processes and Applications
(Berlin: Wiley-VCH)
| Anderson P W 1972 Science 177 393
| Lee T D, Yang C N 1952 Phys. Rev. 87 410
] ZhouY H, Shen H Z, Yi X X 2018 Phys. Rev. A 97 043819
[12] Song F, Yao S'Y, Wang Z 2019 Phys. Rev. Lett. 123 170401
| Pan L, Chen X, Chen Y, Zhai H 2020 Nat. Phys. 1 6
] Longhi S 2020 Phys. Rev. B 102 201103
[15] Liu T, He J J, Yoshida T, Xiang Z L, Nori F 2020 Phys. Rev.
B 102 235151
[16] Xu Z H, Chen S 2020 Phys. Rev. B 102 035153
[17] Tang L Z, Zhang G Q, Zhang L F, Zhang D W 2021 Phys.
Rev. A 103 033325
[18] Mao L, Deng T S, Zhang P F 2021 Phys. Rev. B 104 125435
[19] LiJ X, XuL, Zhao Y H, He Z, Wang Q 2021 Laser Phys. 31
075202
[20] Ohlsson T, Zhou S 2021 Phys. Rev. A 103 022218
[21] Pan J S, Li L H, Gong JB 2021 Phys. Rev. B 103 205425
[22] Xue W T, Hu Y M, Song F, Wang Z 2022 Phys. Rev. Lett.
128 120401
[23] Barontini G, Labouvie R, Stubenrauch F, Vogler A, Guarrera
V, Ott H 2013 Phys. Rev. Lett. 110 035302
[24] Beige A, Braun D, Tregenna B, Knight P L 2000 Phys. Rev.
Lett. 85 1762
[25] Zanardi P, Campos Venuti L 2014 Phys. Rev. Lett. 113
240406
[26] Militello B, Napoli A 2020 Phys. Lett. A 384 126355
[27) Gong Z, Yoshioka N, Shibata N, Hamazaki R 2020 Phys. Rev.
A 101 052122
[28] Ashida Y, Furukawa S, Ueda M 2016 Phys. Rev. A 94 053615

174501-11


http://doi.org/10.1007/BF01343196
http://doi.org/10.1007/BF01343196
http://doi.org/10.1007/BF01343196
http://doi.org/10.1007/BF01343196
http://doi.org/10.1007/BF01343196
http://doi.org/10.1103/PhysRev.56.750
http://doi.org/10.1103/PhysRev.56.750
http://doi.org/10.1103/PhysRev.56.750
http://doi.org/10.1103/PhysRev.56.750
http://doi.org/10.1103/PhysRev.56.750
http://doi.org/10.1016/0003-4916(58)90007-1
http://doi.org/10.1016/0003-4916(58)90007-1
http://doi.org/10.1016/0003-4916(58)90007-1
http://doi.org/10.1016/0003-4916(58)90007-1
http://doi.org/10.1016/0003-4916(58)90007-1
http://doi.org/10.1002/andp.19263840602
http://doi.org/10.1002/andp.19263840602
http://doi.org/10.1002/andp.19263840602
http://doi.org/10.1002/andp.19263840602
http://doi.org/10.1002/andp.19263840602
http://doi.org/10.1126/science.177.4047.393
http://doi.org/10.1126/science.177.4047.393
http://doi.org/10.1126/science.177.4047.393
http://doi.org/10.1126/science.177.4047.393
http://doi.org/10.1126/science.177.4047.393
http://doi.org/10.1103/PhysRev.87.410
http://doi.org/10.1103/PhysRev.87.410
http://doi.org/10.1103/PhysRev.87.410
http://doi.org/10.1103/PhysRev.87.410
http://doi.org/10.1103/PhysRev.87.410
http://doi.org/10.1103/PhysRevA.97.043819
http://doi.org/10.1103/PhysRevA.97.043819
http://doi.org/10.1103/PhysRevA.97.043819
http://doi.org/10.1103/PhysRevA.97.043819
http://doi.org/10.1103/PhysRevA.97.043819
http://doi.org/10.1103/PhysRevLett.123.170401
http://doi.org/10.1103/PhysRevLett.123.170401
http://doi.org/10.1103/PhysRevLett.123.170401
http://doi.org/10.1103/PhysRevLett.123.170401
http://doi.org/10.1103/PhysRevLett.123.170401
http://doi.org/10.1103/PhysRevB.102.201103
http://doi.org/10.1103/PhysRevB.102.201103
http://doi.org/10.1103/PhysRevB.102.201103
http://doi.org/10.1103/PhysRevB.102.201103
http://doi.org/10.1103/PhysRevB.102.201103
http://doi.org/10.1103/PhysRevB.102.235151
http://doi.org/10.1103/PhysRevB.102.235151
http://doi.org/10.1103/PhysRevB.102.235151
http://doi.org/10.1103/PhysRevB.102.235151
http://doi.org/10.1103/PhysRevB.102.235151
http://doi.org/10.1103/PhysRevB.102.035153
http://doi.org/10.1103/PhysRevB.102.035153
http://doi.org/10.1103/PhysRevB.102.035153
http://doi.org/10.1103/PhysRevB.102.035153
http://doi.org/10.1103/PhysRevB.102.035153
http://doi.org/10.1103/PhysRevA.103.033325
http://doi.org/10.1103/PhysRevA.103.033325
http://doi.org/10.1103/PhysRevA.103.033325
http://doi.org/10.1103/PhysRevA.103.033325
http://doi.org/10.1103/PhysRevA.103.033325
http://doi.org/10.1103/PhysRevB.104.125435
http://doi.org/10.1103/PhysRevB.104.125435
http://doi.org/10.1103/PhysRevB.104.125435
http://doi.org/10.1103/PhysRevB.104.125435
http://doi.org/10.1103/PhysRevB.104.125435
http://doi.org/10.1088/1555-6611/ac089d
http://doi.org/10.1088/1555-6611/ac089d
http://doi.org/10.1088/1555-6611/ac089d
http://doi.org/10.1088/1555-6611/ac089d
http://doi.org/10.1103/PhysRevA.103.022218
http://doi.org/10.1103/PhysRevA.103.022218
http://doi.org/10.1103/PhysRevA.103.022218
http://doi.org/10.1103/PhysRevA.103.022218
http://doi.org/10.1103/PhysRevA.103.022218
http://doi.org/10.1103/PhysRevB.103.205425
http://doi.org/10.1103/PhysRevB.103.205425
http://doi.org/10.1103/PhysRevB.103.205425
http://doi.org/10.1103/PhysRevB.103.205425
http://doi.org/10.1103/PhysRevB.103.205425
http://doi.org/10.1103/PhysRevLett.128.120401
http://doi.org/10.1103/PhysRevLett.128.120401
http://doi.org/10.1103/PhysRevLett.128.120401
http://doi.org/10.1103/PhysRevLett.128.120401
http://doi.org/10.1103/PhysRevLett.110.035302
http://doi.org/10.1103/PhysRevLett.110.035302
http://doi.org/10.1103/PhysRevLett.110.035302
http://doi.org/10.1103/PhysRevLett.110.035302
http://doi.org/10.1103/PhysRevLett.110.035302
http://doi.org/10.1103/PhysRevLett.85.1762
http://doi.org/10.1103/PhysRevLett.85.1762
http://doi.org/10.1103/PhysRevLett.85.1762
http://doi.org/10.1103/PhysRevLett.85.1762
http://doi.org/10.1103/PhysRevLett.85.1762
http://doi.org/10.1103/PhysRevLett.113.240406
http://doi.org/10.1103/PhysRevLett.113.240406
http://doi.org/10.1103/PhysRevLett.113.240406
http://doi.org/10.1103/PhysRevLett.113.240406
http://doi.org/10.1016/j.physleta.2020.126355
http://doi.org/10.1016/j.physleta.2020.126355
http://doi.org/10.1016/j.physleta.2020.126355
http://doi.org/10.1016/j.physleta.2020.126355
http://doi.org/10.1016/j.physleta.2020.126355
http://doi.org/10.1103/PhysRevA.101.052122
http://doi.org/10.1103/PhysRevA.101.052122
http://doi.org/10.1103/PhysRevA.101.052122
http://doi.org/10.1103/PhysRevA.101.052122
http://doi.org/10.1103/PhysRevA.101.052122
http://doi.org/10.1103/PhysRevA.94.053615
http://doi.org/10.1103/PhysRevA.94.053615
http://doi.org/10.1103/PhysRevA.94.053615
http://doi.org/10.1103/PhysRevA.94.053615
http://doi.org/10.1103/PhysRevA.94.053615
http://doi.org/10.1007/BF01343196
http://doi.org/10.1007/BF01343196
http://doi.org/10.1007/BF01343196
http://doi.org/10.1007/BF01343196
http://doi.org/10.1007/BF01343196
http://doi.org/10.1103/PhysRev.56.750
http://doi.org/10.1103/PhysRev.56.750
http://doi.org/10.1103/PhysRev.56.750
http://doi.org/10.1103/PhysRev.56.750
http://doi.org/10.1103/PhysRev.56.750
http://doi.org/10.1016/0003-4916(58)90007-1
http://doi.org/10.1016/0003-4916(58)90007-1
http://doi.org/10.1016/0003-4916(58)90007-1
http://doi.org/10.1016/0003-4916(58)90007-1
http://doi.org/10.1016/0003-4916(58)90007-1
http://doi.org/10.1002/andp.19263840602
http://doi.org/10.1002/andp.19263840602
http://doi.org/10.1002/andp.19263840602
http://doi.org/10.1002/andp.19263840602
http://doi.org/10.1002/andp.19263840602
http://doi.org/10.1126/science.177.4047.393
http://doi.org/10.1126/science.177.4047.393
http://doi.org/10.1126/science.177.4047.393
http://doi.org/10.1126/science.177.4047.393
http://doi.org/10.1126/science.177.4047.393
http://doi.org/10.1103/PhysRev.87.410
http://doi.org/10.1103/PhysRev.87.410
http://doi.org/10.1103/PhysRev.87.410
http://doi.org/10.1103/PhysRev.87.410
http://doi.org/10.1103/PhysRev.87.410
http://doi.org/10.1103/PhysRevA.97.043819
http://doi.org/10.1103/PhysRevA.97.043819
http://doi.org/10.1103/PhysRevA.97.043819
http://doi.org/10.1103/PhysRevA.97.043819
http://doi.org/10.1103/PhysRevA.97.043819
http://doi.org/10.1103/PhysRevLett.123.170401
http://doi.org/10.1103/PhysRevLett.123.170401
http://doi.org/10.1103/PhysRevLett.123.170401
http://doi.org/10.1103/PhysRevLett.123.170401
http://doi.org/10.1103/PhysRevLett.123.170401
http://doi.org/10.1103/PhysRevB.102.201103
http://doi.org/10.1103/PhysRevB.102.201103
http://doi.org/10.1103/PhysRevB.102.201103
http://doi.org/10.1103/PhysRevB.102.201103
http://doi.org/10.1103/PhysRevB.102.201103
http://doi.org/10.1103/PhysRevB.102.235151
http://doi.org/10.1103/PhysRevB.102.235151
http://doi.org/10.1103/PhysRevB.102.235151
http://doi.org/10.1103/PhysRevB.102.235151
http://doi.org/10.1103/PhysRevB.102.235151
http://doi.org/10.1103/PhysRevB.102.035153
http://doi.org/10.1103/PhysRevB.102.035153
http://doi.org/10.1103/PhysRevB.102.035153
http://doi.org/10.1103/PhysRevB.102.035153
http://doi.org/10.1103/PhysRevB.102.035153
http://doi.org/10.1103/PhysRevA.103.033325
http://doi.org/10.1103/PhysRevA.103.033325
http://doi.org/10.1103/PhysRevA.103.033325
http://doi.org/10.1103/PhysRevA.103.033325
http://doi.org/10.1103/PhysRevA.103.033325
http://doi.org/10.1103/PhysRevB.104.125435
http://doi.org/10.1103/PhysRevB.104.125435
http://doi.org/10.1103/PhysRevB.104.125435
http://doi.org/10.1103/PhysRevB.104.125435
http://doi.org/10.1103/PhysRevB.104.125435
http://doi.org/10.1088/1555-6611/ac089d
http://doi.org/10.1088/1555-6611/ac089d
http://doi.org/10.1088/1555-6611/ac089d
http://doi.org/10.1088/1555-6611/ac089d
http://doi.org/10.1103/PhysRevA.103.022218
http://doi.org/10.1103/PhysRevA.103.022218
http://doi.org/10.1103/PhysRevA.103.022218
http://doi.org/10.1103/PhysRevA.103.022218
http://doi.org/10.1103/PhysRevA.103.022218
http://doi.org/10.1103/PhysRevB.103.205425
http://doi.org/10.1103/PhysRevB.103.205425
http://doi.org/10.1103/PhysRevB.103.205425
http://doi.org/10.1103/PhysRevB.103.205425
http://doi.org/10.1103/PhysRevB.103.205425
http://doi.org/10.1103/PhysRevLett.128.120401
http://doi.org/10.1103/PhysRevLett.128.120401
http://doi.org/10.1103/PhysRevLett.128.120401
http://doi.org/10.1103/PhysRevLett.128.120401
http://doi.org/10.1103/PhysRevLett.110.035302
http://doi.org/10.1103/PhysRevLett.110.035302
http://doi.org/10.1103/PhysRevLett.110.035302
http://doi.org/10.1103/PhysRevLett.110.035302
http://doi.org/10.1103/PhysRevLett.110.035302
http://doi.org/10.1103/PhysRevLett.85.1762
http://doi.org/10.1103/PhysRevLett.85.1762
http://doi.org/10.1103/PhysRevLett.85.1762
http://doi.org/10.1103/PhysRevLett.85.1762
http://doi.org/10.1103/PhysRevLett.85.1762
http://doi.org/10.1103/PhysRevLett.113.240406
http://doi.org/10.1103/PhysRevLett.113.240406
http://doi.org/10.1103/PhysRevLett.113.240406
http://doi.org/10.1103/PhysRevLett.113.240406
http://doi.org/10.1016/j.physleta.2020.126355
http://doi.org/10.1016/j.physleta.2020.126355
http://doi.org/10.1016/j.physleta.2020.126355
http://doi.org/10.1016/j.physleta.2020.126355
http://doi.org/10.1016/j.physleta.2020.126355
http://doi.org/10.1103/PhysRevA.101.052122
http://doi.org/10.1103/PhysRevA.101.052122
http://doi.org/10.1103/PhysRevA.101.052122
http://doi.org/10.1103/PhysRevA.101.052122
http://doi.org/10.1103/PhysRevA.101.052122
http://doi.org/10.1103/PhysRevA.94.053615
http://doi.org/10.1103/PhysRevA.94.053615
http://doi.org/10.1103/PhysRevA.94.053615
http://doi.org/10.1103/PhysRevA.94.053615
http://doi.org/10.1103/PhysRevA.94.053615
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 17 (2022)

174501

29]
(30]

31]

34]

Tomita T, Nakajima S, Danshita I, Takasu Y, Takahashi Y
2017 Sci. Adv. 3 1701513

Yan B, Moses A S, Gadway B, Covey J P, Hazzard K R, Rey
A M, Jin DS, Ye J 2013 Nature 501 521

Zhu B, Gadway B, Foss-Feig M, Schachenmayer J, Wall M
L, Hazzard K R A, Yan B, Moses S A, Covey J P, Jin D S,
Ye J, Holland M, Rey A M 2014 Phys. Rev. Lett. 112 070404
Daley A J, Taylor J M, Diehl S, Baranov M, Zoller P 2009
Phys. Rev. Lett. 102 040402

Paredes B, Keilmann T, Cirac J I 2007 Phys. Rev. A 75
053611

Diehl S, Baranov M, Daley A J, Zoller P 2010 Phys. Rev.
Lett. 104 165301

Moroz S, Schmidt R 2010 Ann. Phys. 325 491

Zhou Z, Wang Z, Zhong H, Luo Y, Chen H, Tan J 2020 Phys.
Lett. A 384 126197

Nakagawa M, Tsuji N, Kawakami N, Ueda M 2020 Phys.
Rev. Lett. 124 147203

Buca B, Booker C, Medenjak M, Jaksch D 2020 New J. Phys.
22 123040

Pan L, Wang X, Cui X, Chen S 2020 Phys. Rev. A 102
023306

Berry M V 2004 Czech. J. Phys. 54 1039

Rotter 12009 J. Phys. A: Math. Theor. 42 153001

Zhang X Z, Jin L, Song Z 2012 Phys. Rev. A 85 042116
Mostafazadeh A 2009 Phys. Rev. Lett. 102 220402

Longhi S 2010 Phys. Rev. A 81 022102

Guo C X, Wang X R, Wang C, Kou S P 2020 Phys. Rev. B

46
47
4
49

S === e =2

174501-12

101 144439

Sun G Y, Tang J C, Kou S P 2022 Front. Phys. 17 33502
Heiss W D 2012 J. Phys. A: Math. Theor. 45 444016

Jin L, Song Z 2009 Phys. Rev. A 81 032109

Jin L, Song Z 2009 Phys. Rev. A 80 052107

Jin L, Song Z 2013 Ann. Phys. 330 142

Jin L 2018 Phys. Rev. A 97 012121

Zhang S M, Zhang X Z, Jin L, Song Z 2020 Phys. Rev. A 101
033820

Jin L, Wang P, Song Z 2017 Sci. Rep. 7 5903

Lin S, Jin L, Song Z 2019 Phys. Rev. B 99 165148

Zhang X Z, Jin L, Song Z 2012 Phys. Rev. A 85 012106
Wang P, Jin L, Zhang G, Song Z 2016 Phys. Rev. A 94
012106

Daley A J 2014 Adv. Phys. 6 3

Zhang X Z, Jin L, Song Z 2020 Phys. Rev. B 101 224301
Zhang K L, Song Z 2021 Phys. Rev. Lett. 126 116401

Yang X M, Song Z 2021 Phys. Rev. B 103 094307

Zhang X Z, Song Z 2020 Phys. Rev. B 102 174303
Mostafazadeh A 2009 J. Phys. A: Math. Theor. 42 125303
Wang P, Zhang K L, Song Z 2021 Phys. Rev. B 104 245406
Eismann U, Khaykovich L, Laurent S, Ferrier-Barbut I, Rem
B S, Grier A T, Delehaye M, Chevy F, Salomon C, Ha L. C,
Chin C 2016 Phys. Rev. X 6 021025

Patil Y S, Chakram S, Vengalattore M 2015 Phys. Rev. Lett.
115 140402

Kitaev A Y 2001 Phys. Usp. 44 131

Zhang X Z, Jin L, Song Z 2017 Phys. Rev. A 95 052122


http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1038/nature12483
http://doi.org/10.1038/nature12483
http://doi.org/10.1038/nature12483
http://doi.org/10.1038/nature12483
http://doi.org/10.1038/nature12483
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.102.040402
http://doi.org/10.1103/PhysRevLett.102.040402
http://doi.org/10.1103/PhysRevLett.102.040402
http://doi.org/10.1103/PhysRevLett.102.040402
http://doi.org/10.1103/PhysRevA.75.053611
http://doi.org/10.1103/PhysRevA.75.053611
http://doi.org/10.1103/PhysRevA.75.053611
http://doi.org/10.1103/PhysRevA.75.053611
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1088/1367-2630/abd124
http://doi.org/10.1088/1367-2630/abd124
http://doi.org/10.1088/1367-2630/abd124
http://doi.org/10.1088/1367-2630/abd124
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevB.101.144439
http://doi.org/10.1103/PhysRevB.101.144439
http://doi.org/10.1103/PhysRevB.101.144439
http://doi.org/10.1103/PhysRevB.101.144439
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.101.033820
http://doi.org/10.1103/PhysRevA.101.033820
http://doi.org/10.1103/PhysRevA.101.033820
http://doi.org/10.1103/PhysRevA.101.033820
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.94.012106
http://doi.org/10.1103/PhysRevA.94.012106
http://doi.org/10.1103/PhysRevA.94.012106
http://doi.org/10.1103/PhysRevA.94.012106
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1103/PhysRevLett.115.140402
http://doi.org/10.1103/PhysRevLett.115.140402
http://doi.org/10.1103/PhysRevLett.115.140402
http://doi.org/10.1103/PhysRevLett.115.140402
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1103/PhysRevA.95.052122
http://doi.org/10.1103/PhysRevA.95.052122
http://doi.org/10.1103/PhysRevA.95.052122
http://doi.org/10.1103/PhysRevA.95.052122
http://doi.org/10.1103/PhysRevA.95.052122
http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1038/nature12483
http://doi.org/10.1038/nature12483
http://doi.org/10.1038/nature12483
http://doi.org/10.1038/nature12483
http://doi.org/10.1038/nature12483
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.102.040402
http://doi.org/10.1103/PhysRevLett.102.040402
http://doi.org/10.1103/PhysRevLett.102.040402
http://doi.org/10.1103/PhysRevLett.102.040402
http://doi.org/10.1103/PhysRevA.75.053611
http://doi.org/10.1103/PhysRevA.75.053611
http://doi.org/10.1103/PhysRevA.75.053611
http://doi.org/10.1103/PhysRevA.75.053611
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1088/1367-2630/abd124
http://doi.org/10.1088/1367-2630/abd124
http://doi.org/10.1088/1367-2630/abd124
http://doi.org/10.1088/1367-2630/abd124
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevB.101.144439
http://doi.org/10.1103/PhysRevB.101.144439
http://doi.org/10.1103/PhysRevB.101.144439
http://doi.org/10.1103/PhysRevB.101.144439
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.101.033820
http://doi.org/10.1103/PhysRevA.101.033820
http://doi.org/10.1103/PhysRevA.101.033820
http://doi.org/10.1103/PhysRevA.101.033820
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.94.012106
http://doi.org/10.1103/PhysRevA.94.012106
http://doi.org/10.1103/PhysRevA.94.012106
http://doi.org/10.1103/PhysRevA.94.012106
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1103/PhysRevLett.115.140402
http://doi.org/10.1103/PhysRevLett.115.140402
http://doi.org/10.1103/PhysRevLett.115.140402
http://doi.org/10.1103/PhysRevLett.115.140402
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1103/PhysRevA.95.052122
http://doi.org/10.1103/PhysRevA.95.052122
http://doi.org/10.1103/PhysRevA.95.052122
http://doi.org/10.1103/PhysRevA.95.052122
http://doi.org/10.1103/PhysRevA.95.052122
http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1126/sciadv.1701513
http://doi.org/10.1038/nature12483
http://doi.org/10.1038/nature12483
http://doi.org/10.1038/nature12483
http://doi.org/10.1038/nature12483
http://doi.org/10.1038/nature12483
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.112.070404
http://doi.org/10.1103/PhysRevLett.102.040402
http://doi.org/10.1103/PhysRevLett.102.040402
http://doi.org/10.1103/PhysRevLett.102.040402
http://doi.org/10.1103/PhysRevLett.102.040402
http://doi.org/10.1103/PhysRevA.75.053611
http://doi.org/10.1103/PhysRevA.75.053611
http://doi.org/10.1103/PhysRevA.75.053611
http://doi.org/10.1103/PhysRevA.75.053611
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1103/PhysRevLett.104.165301
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.aop.2009.10.002
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1016/j.physleta.2019.126197
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1103/PhysRevLett.124.147203
http://doi.org/10.1088/1367-2630/abd124
http://doi.org/10.1088/1367-2630/abd124
http://doi.org/10.1088/1367-2630/abd124
http://doi.org/10.1088/1367-2630/abd124
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1023/B:CJOP.0000044002.05657.04
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1088/1751-8113/42/15/153001
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.85.042116
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevA.81.022102
http://doi.org/10.1103/PhysRevB.101.144439
http://doi.org/10.1103/PhysRevB.101.144439
http://doi.org/10.1103/PhysRevB.101.144439
http://doi.org/10.1103/PhysRevB.101.144439
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1088/1751-8113/45/44/444016
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.80.052107
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.97.012121
http://doi.org/10.1103/PhysRevA.101.033820
http://doi.org/10.1103/PhysRevA.101.033820
http://doi.org/10.1103/PhysRevA.101.033820
http://doi.org/10.1103/PhysRevA.101.033820
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1038/s41598-017-06198-9
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevB.99.165148
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.85.012106
http://doi.org/10.1103/PhysRevA.94.012106
http://doi.org/10.1103/PhysRevA.94.012106
http://doi.org/10.1103/PhysRevA.94.012106
http://doi.org/10.1103/PhysRevA.94.012106
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevB.101.224301
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevLett.126.116401
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1103/PhysRevB.102.174303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1088/1751-8113/42/12/125303
http://doi.org/10.1103/PhysRevLett.115.140402
http://doi.org/10.1103/PhysRevLett.115.140402
http://doi.org/10.1103/PhysRevLett.115.140402
http://doi.org/10.1103/PhysRevLett.115.140402
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1070/1063-7869/44/10S/S29
http://doi.org/10.1103/PhysRevA.95.052122
http://doi.org/10.1103/PhysRevA.95.052122
http://doi.org/10.1103/PhysRevA.95.052122
http://doi.org/10.1103/PhysRevA.95.052122
http://doi.org/10.1103/PhysRevA.95.052122
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 71, No. 17 (2022) 174501

SPECIAL TOPIC—Frontiers in non-Hermitian physics

Non-Hermitian critical dynamics and its application to
quantum many-body systems”

Zhang Xi-Zheng!  Wang Peng®  Zhang Kun-Liang?
Yang Xue-Min?®  Song Zhi?*
1) (College of Physics and Materials Science, Tianjin Normal University, Tiangin 300387, China)
2) (School of Physics, Nankai University, Tianjin 300071, China)
3) (School of Science, Chongqing University of Posts and Telecommunications, Chongging 400065, China)
4) (Graduate School of China Academy of Engineering Physics, Beijing 100193, China)

( Received 10 May 2022; revised manuscript received 6 July 2022 )

Abstract

In recent years, two independent research fields, i.e. non-Hermitian and strongly correlated systems have
been merged, forming an important research field in physics. The progress of relevant theories and experiments
has reshaped our understanding of matter. In this field, the research object is not limited to the influence of
non-Hermiticity on the energy spectrum and the eigenstate properties of many-body systems. Researchers have
paid more attention to the manipulation of quantum states. It is universally received that the exceptional point
is the most significant featurethat distinguishes non-Hermitian quantum mechanics from Hermitian quantum
mechanics. In addition to the recent advances in non-Hermitian topological band theory and quantum sensing
around the exceptional points, this paper concentrates on the non-Hermitian critical dynamical phenomenon
and its application to the quantum many-body system. When the system has an exceptional point, an arbitrary
initial state belonging to the coalescent subspace will be projected on the coalescent state. Based on the
directionality of the evolved quantum state, this paper reviews our several representative researches in recent
years, including local-field-induced dynamical magnetization, quantum phase transition in transverse field, Ising
model at mnon-zero temperature, quantum mold casting in the center-environment system, as well as
superconducting state preparation in the non-Hermitian strongly correlated system. We also focus on the new

preparation methods and detection schemes of non-equilibrium quantum states related to exception points.

Keywords: non-Hermitian system, quantum many-body system, exceptional point
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2) (R T AR, A(F B SHAR B D505, I 430205)
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Fig. 2. Complex energy spectra under periodic (blue solid circles) and open boundary conditions (red hollow circles): (a)—(c) Energy

spectra for Hermitian cases (h = 0) with ¢ = 0, 0.57, w, respectively; (d)—(f) energy spectra for non-Hermitian cases (h = 0.6) with

@ = 0, 0.5m, m, respectively.

174201-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 17 (2022) 174201

17
i (8)
.. Numerical
13 _.,‘.';‘ —— Fitting
£ oo
=
5 -
1t )
0 0.6 1.2

(h)

~~~~~ Numerical

13k —— Fitting

0 0.6 1.2

B 3 ARSHTFHAMEEER DA M MPR AL (a)—(c) ¢ = 0F, h B0, 0.6, 1.2 AR i (d)—(f) ¢ = it b
B0, 0.6, 1.2 I B ARAERE R 734 5 (g) BEAEEY o = 0 i MPR Bl A 8401 OL; (h) BEAEHA © = n I MPR B A 25 (0 0 ; 35 (1R 3%

Py SR RN AT AR R =L N CIN S B O

Fig. 3. The distribution of eigenmodes and the variation of MPR via h under different parameters: (a)—(c) the distributions of eigen-

modes with ¢ = 0 as h = 0, 0.6, and 1.2, respectively; (d)—(f) the distributions of eigenmodes with ¢ = m as h = 0, 0.6, and 1.2, re-

spectively; (g) MPR as a function of h for ¢ = 0; (h) MPR as a function of h for ¢ = n. The blue dots indicate the result of numer-

ical calculation and the red solid lines indicate the result of regression.
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Fig. 4. Time-dependent wave dynamics for single-site injection with different parameters: (a)—(c) For ¢ = 0 with A = 0, 0.6, —0.6,

respectively; (d)—(f) for ¢ = n with h = 0, 0.6, 0.6, respectively.
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Fig. 5. The variation of the output field distribution with
the gauge potential ¢ after a period of evolution under
single-site excitation (Time is 20). The total number of site
N = 31. The field is incident from the middle A site of the
structure (n = 16), the skin strength is fixed at h = 0.6,
and the intensity of the field is normalized.
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Fig. 6. Schematic diagram of microring coupling characteristics: (a) Schematic diagram of the 1D array of ring resonators to demon-

strate the principle of the transmission matrix method; (b) implementation of different types of coupling using link rings.
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Fig. 7. Simulation results based on coupled resonator ar-
rays: (a) Geometry of non-Hermitian quasi 1D rhombic
chain with ring resonator arrays; (b)—(g) the spatial intensity
(|EJ?) distributions of light with different values of gauge
potential ¢ and the imaginary index 7 used to introduce
gain and loss; (h) the trend of S21 with ¢.
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Abstract

The application of energy band theory in optics provides an effective approach to modulating the flow of
light. The recent discovery of non-Hermitian skin effect promotes the development of traditional energy band
theory, which further enables an alternative way to realize light localization and unidirectional propagation.
However, how to effectively generate and steer the non-Hermitian skin effect is still an important topic,
especially in integrated optical systems. Here, we investigate the non-Hermitian skin effect in quasi-one-
dimensional rhombic optical lattice with synthetic gauge potential. By calculating the eigenenergy spectra,
spectral winding number, and wave dynamics, the gauge potential can be utilized to effectively tune the
localization strength of skin modes. In particular, the skin effect is completely suppressed when the gauge
potential in each plaquette is equal to m, while the flat-band localization caused by Aharonov-Bohm caging
effect is dominant. By utilizing the indirectly coupled micro ring resonator array, the gauge potential and
asymmetric coupling can be generated at the same time, which provides a potential experimental scheme to
explore the competition between Aharonov-Bohm cage and skin effect. The present study provides an
alternative way to steer the skin effect, which offers an approach to achieving the on-chip non-magnetic

unidirectional optical devices.

Keywords: non-Hermitian skin effect, Aharonov-Bohm cage, synthetic gauge potential, ring resonator array
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Fig. 1. Schematic diagram of the non-Hermitian spin-orbit
SSH model. A and B represent two kinds of lattices, and
purple-up and green-down arrows represent imaginary po-
tentials iy and —i7y, respectively. Light-green and black
lines denote intracell hopping v and intercell hopping w,
and the blue and pink lines describe the intracell spin-orbit
coupling A, and the intercell spin-orbit coupling A, .
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Fig. 2. (a), (b) The energy spectra of system in the momentum space under the Hermitian condition with A =0.3: (a) § = 0.4;

(b) 6 =2.5. (c) Phase diagram in the momentum space, where yellow region corresponds to Z = 2m, green region corresponds to

Z =z, and purple corresponds to Z = 0. (d) Energy spectrum with the change of dimerization parameter 9.
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Blue region corresponds to the topologically non-trivial
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0.32. The other parameters are A = 0.3 and v = v/7/5.
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the real part of energy, and the right corresponds to the imaginary part. Other parameters are A = 0.3. The red lines describe the

real and imaginary parts of zero energy states, respectively.
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SPECIAL TOPIC—Frontiers in non-Hermitian physics

Topological properties of the one-dimensional
PT -symmetric non-Hermitian spin-orbit-coupled
Su-Schrieffer-Heeger model

Li Jia-Rui  Wang Zi-An  Xu Tong-Tong'
Zhang Lian-Lian = Gong Wei-Jiang

(College of Sciences, Northeastern University, Shenyang 110819, China)

( Received 24 April 2022; revised manuscript received 31 May 2022 )

Abstract

The topological property and the energy property of one-dimensional non-Hermitian spin-orbit-coupled Su-
Schrieffer-Heeger (SSH) model are investigated theoretically, by introducing spin-dependent imaginary
potentials with gain and loss effects. It is found that the imaginary potential leads the imaginary energy spectra
to appera in the topologically nontrivial region of this system, and the P7 phase transition to happen in the
topologically trivial region. In addition, the imaginary potential energy and spin-orbit coupling work together to
make the topological phase transition occur in the topologically trivial region, and the topological non-trivial
region becomes wider. The energy spectrum results show that the imaginary potential energy and the spin-orbit
coupling can obviously control the zero-energy states of the system, which mainly lies in the presence of four
zero-energy states with four different localities and numbers. This shows the special adjustment effect of
imaginary potential energy and spin-orbit coupling on the energy band structure of the system. It is believed
that these results are helpful in understanding the topological phase transition behavior of P7T -symmetric non-

Hermitian system.

Keywords: P7 symmetry, topological phase transition, Su-Schrieffer-Heeger lattice, spin-orbit coupling
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Fig. 2. Resonant absorbing metasurfaces. (a) Left: Illustration of the metasurface unit cell; Right: Simulated absorption spectrum!!!!.
(b) An optical absorbing metasurface unit cell with an array of metallic disks on the top'?. (¢) An optical absorbing metasurface
unit cell with an array of rectangular metallic particles on the top('®. (d) The equivalent single-port resonator model based on
coupled mode theory!"'¥. (e) Composite metasurface unit cell consisting of horizontally arranged resonators of different sizes!!!.
(f) Composite metasurface unit cell consisting of vertically arranged resonators of different sizes!''%l. (g) Fractal unit cell exhibiting

three resonant frequencies(!.
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Fig. 4. Coupling model of non-Hermitian electromagnetic metasurfaces. (a) Left: A generic two-level system consisting of two

coupled resonators; Right: The evolution of its eigenvalues. (b) Left: A generic two-level system consisting of two perpendicular di-

poles; Right: The evolution of its eigenvalues.
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Fig. 5. Non-Hermitian electromagnetic metasurfaces. (a) Left: A non-Hermitian metasurfaces consisting of an array of orthogonally

oriented split ring resonators; Right: The transmission of circularly polarized waves on this metasurfacel'”. (b) Left: Schematic of

the metasurface unit cell; Right: The evolution of the eigenstates in parameter space as the EP is encircled!™"d.
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SPECIAL TOPIC—Frontiers in non-Hermitian physics

Research progress of non-Hermitian electromagnetic
metasurfaces

Fan Hui-Ying Luo Jie'
(School of Physical Science and Technology, Soochow University, Suzhou 215006, China)
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Abstract

Electromagnetic metasurface, as a type of planar electromagnetic material consisting of single-layer or
multilayer subwavelength artificial micro-structure, can efficiently control the polarization, amplitude and phase
of electromagnetic wave on a subwavelength scale. However, confining electromagnetic waves to a deep-
subwavelength scale generally is at the cost of a large loss, such as radiation loss, Ohmic loss. Interestingly, non-
Hermitian physics provides us a new way to transform the disadvantage of loss into a new degree of freedom in
metasurface design, paving the way to expanding the functionalities of metasurfaces. In recent years, the
extraordinary effects in the non-Hermitian electromagnetic metasurfaces have attracted a lot of attention. In
this review, we discuss the perfect absorption, exceptional points and surfaces waves of non-Hermitian

electromagnetic metasurfaces, and point out the challenges and potentials in this field.
Keywords: metasurface, non-Hermitian physics, perfect absorption, exceptional point
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