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Abstract — Electromagnetic (EM) metamaterials are artificially engineered materials with extraordinary EM properties beyond the limit of existing nat-
ural materials; thus, they have been widely used to manipulate the amplitude, phase, polarization, frequency, wave vector, waveform, and other degrees
of freedom of EM waves in many practical applications. In this review, we will summarize recent advances in this flourishing field of EM metamateri-
als, first from the perspectives of the classical regime and then the quantum regime. More specifically, in the classical regime, traditional EM metamate-
rials are based on effective medium theory, and they have limitations of fixed functionalities and an inability to control EM waves in real time. To over-
come these restrictions, information metamaterials, including digital coding and field-programmable metamaterials, have recently been proposed to en-
able real-time manipulation of EM waves based on the theory of information science. By taking advantage of information metamaterials and artificial in-
telligence, another crucial milestone of intelligent metamaterials has been achieved in the development of classical metamaterials. After overviewing EM
metamaterials in the classical regime, we discuss cutting-edge studies of EM metamaterials in the quantum regime, namely, topological metamaterials
and quantum metamaterials. These nonclassical metamaterials show excellent ability to flexibly manipulate the quantum states, and they extend the clas-
sical information metamaterials into the field of quantum information science. At the end of this review, we will give some conclusions and perspectives
on this fast-evolving field.
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 I. Introduction
Due  to  the  physical  limitations  of  atom  arrangements,  the
electromagnetic (EM) properties of natural materials are not
flexible enough to precisely manipulate EM waves [1]–[3].
Therefore, EM  metamaterials  have  been  developed  in  re-
cent years, and their development has attracted a wide vari-
ety of interest from researchers in the fields of fundamental
science and advanced engineering, such as physics, materi-
als, and information engineering. EM metamaterials are ar-
tificial structures with extraordinary physical properties be-
yond  the  limits  of  natural  materials  [4].  Generally,  EM
metamaterials  are  constructed  by  periodic  or  quasiperiodic
unit cells  in  a  specific  arrangement.  By  changing  the  geo-
metrical  shape,  size  and  spatial  arrangement  of  the  unit
cells,  the  EM  response  of  such  an  artificial  EM  structure
can be adjusted, leading to on-demand manipulation of the
radiation, scattering, and propagation of EM waves.

The anomalous responses of metamaterials were theo-
retically discussed for the first time by Veselago [5] in 1968,
and the corresponding physical structures were constructed

by John Pendry [6]–[8] in 1996 based on effective medium
theory. In  2000,  David  Smith  set  up  a  microwave  experi-
ment to demonstrate the anomalous EM responses of meta-
materials composed of an array of wires and metal split ring
resonators [9]. Since then, based on effective medium theo-
ry, the study of metamaterials has been extended across the
microwave regime to the optical  regime [10]–[20].  Due to
the  exotic  EM response  of  metamaterials,  many promising
applications  have  been  developed,  including  invisibility
cloaks  [21]–[23],  novel  antennas  [24],  [25],  perfect  lenses
as well as superlenses [26], [27], broadband absorbers, des-
ignable filters and polarization converters [28]–[30]. Addi-
tionally, classical metamaterials also play an important role
in  the  field  of  vacuum  electronics,  such  as  in  reversed
Cherenkov radiation [31], novel terahertz Cherenkov radia-
tion [32], [33] and integrated Cherenkov radiation without a
velocity threshold [34]. Here, we should note that the con-
cept of classical metamaterials in this paper refers to meta-
materials  working  in  the  classical  electrodynamic  regime.
Since  there  are  already  many  excellent  review  papers  and
books  published  that  detail  the  history  of  and  progress  in
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classical  metamaterials  [4],  [18] –[20],  [35],  [36],  we  will
focus more on two types of emerging classical metamateri-
als,  namely,  information  metamaterials  and  intelligent
metamaterials, in this paper.

EM  metamaterials  designed  based  on  the  effective
medium model provide a high degree of freedom to manip-
ulate EM waves [35], [36]. However, limited to fixed geo-
metrical and  material  parameters,  realizing  real-time  con-
trol of EM waves with traditional metamaterials is challeng-
ing.  As  a  result,  the  development  of  digital  metamaterials
has recently attracted much attention.  In 2014, the concept
of  digital  metamaterials  [37],  [38] was  independently  pro-
posed  by  Engheta  and  Tie  Jun  Cui.  Engheta  constructed  a
digital metamaterial by using binary-bit metamaterials [37].
More  specifically,  the  binary  metamaterial  bit  is  defined
based on  two  metamaterial  units  with  different  permittivi-
ties  (such  as  positive  and  negative  permittivities),  and  a
metamaterial byte includes a specific spatial arrangement of
these  metamaterial  bits.  Therefore,  a  desired  effective  EM
parameter can be achieved by manipulating these metama-
terial bytes.

Different from the idea of discretizing the EM parame-
ters based on the constitutive parameters (e.g.,  permittivity
and permeability), Cui et al. developed the concepts of digi-
tal metamaterials  and  coding  metamaterials  from  the  per-
spective  of  information  science  [38].  Similarly,  the  digital
metamaterial is described by binary codes. However, the es-
sential difference is that the coding of a digital metamateri-
al unit is assigned according to its phase response (or ampli-
tude response) rather than permittivity, so the EM response
of the coding metamaterial can be directly and convenient-
ly  manipulated  by  changing  its  spatial  arrangement  (i.e.,
coding sequence).  Compared  with  traditional  metamateri-
als, digitally encoded metamaterials offer a higher degree of
freedom  to  precisely  manipulate  EM  waves,  especially  in
the case of multibit coding metamaterials.

The development of digital metamaterials plays a criti-
cal  role  in  bridging  the  physical  and  digital  worlds,  as  it
paves a new way to manipulate the digital information car-
ried by EM waves. Since some digital metamaterials can be
directly  used  to  process,  perceive,  understand,  remember
and learn  digital  information,  they  were  later  renamed  in-
formation metamaterials,  providing  a  new  physical  plat-
form for more flexible, real-time, and even intelligent con-
trol of digital information. Based on information metamate-
rials,  we  can  combine  electromagnetism  and  information
science  to  explore  new  disciplines  and  inspire  a  series  of
high-performance information systems in a novel paradigm.
These  metamaterials  also  have  great  application  value  and
pave a new way for developing next-generation wireless in-
formation systems.

Recently, with extensive investigations to obtain phys-
ical  insight  into  metamaterials,  metamaterials  have  found
broad applications not only in the classical EM regime but
also in  the  nonclassical  EM  regime.  Presently,  most  non-
classical  EM  devices  have  relatively  fixed  functions  and

can only  demonstrate  some  simple  nonclassical  EM  phe-
nomena, and the degrees of freedom in manipulating quan-
tum states are quite limited. In contrast, metamaterials have
shown an excellent ability to flexibly control the degrees of
freedom in the classical EM field.

The  great  superiorities  of  metamaterials  endow  them
with  promising  potential  in  both  fundamental  science  and
engineering  applications  in  the  nonclassical  EM field.  The
nonclassical EM  field  plays  a  vital  role  in  quantum  infor-
mation science.  Quantum  information  science  is  a  revolu-
tionary  discipline  bridging  the  fields  of  quantum  physics
and information science, and it has been rapidly developed.
Due to its superiorities in the areas of information commu-
nication, measurement, computing, and other aspects, quan-
tum information  science  is  expected  to  revolutionize  cur-
rent science  and  technology.  For  instance,  quantum  com-
munication  can  ensure  information  security  based  on  the
laws of  quantum  physics.  Meanwhile,  quantum  computa-
tion can offer a more powerful computing capacity beyond
that of traditional computers, leading to a revolution in ma-
terials,  chemistry,  and  biomedical  science.  In  addition,  the
technology of quantum sensing and measurement has revo-
lutionized the performance of  traditional  sensing and mea-
surement systems. Recent studies have shown that all these
remarkable developments inspired by quantum information
science can be further promoted and advanced by using EM
metamaterials, leading to the emergence of quantum meta-
materials. Quantum metamaterials have become an extend-
ed breakthrough of the classical metamaterial  concept,  and
they  provide  an  essential  research  platform for  generating,
manipulating, and detecting nonclassical EM waves.

Among  all  kinds  of  metamaterials,  near-zero-index
metamaterials are important physical platforms of quantum
metamaterials that  have  rich  new  physics  and  play  impor-
tant roles  in  manipulating  quantum  properties  when  inter-
acting with EM waves. In this field, Prof. Nader Engheta’s
group  has  performed  many  studies  on  near-zero-index
metamaterials  in  both  the  classical  and  quantum  regimes
[39]–[42]. For instance, they proposed the use of multiport
devices,  namely,  an  epsilon-and-mu-near-zero  waveguide
hub and a nonreciprocal circulator, to excite N-qubit subra-
diant states [41]. This study bridged the design of quantum
devices and  classical  communication  network  methodolo-
gies. Moreover, they have also used circuit theory to modu-
larize the simulation of quantum optical systems.

This review is structured as follows. In Section II, we
will  first  discuss  some basic  concepts  and  typical  types  of
information  metamaterials,  including  digitally  encoded
metamaterials and programmable metamaterials. In Section
III, we will introduce intelligent metamaterials and focus on
their  advanced  applications,  such  as  sensors,  diffractive
deep neural networks, and holograms. In addition to classi-
cal EM metamaterials, we will also detail two types of non-
classical  EM  metamaterials:  quantum  metamaterials  and
analog quantum metamaterials. Specifically, in Section IV,
we  will  demonstrate  the  widely  studied  analog  quantum

  0010051-2 Electromagnetic Science, vol. 1, no. 1



EL
EC

TR
O
M
A
G
N
ET

IC
 S

C
IE

N
C
E

metamaterials, namely,  topological  metamaterials,  includ-
ing quantum Hall,  quantum spin  Hall,  and quantum valley
Hall  metamaterials,  and  topological  circuits.  In  Section  V,
the basic concepts and physical platforms of quantum meta-
materials  will  be  discussed.  Subsequently,  we  will  detail
their  promising  applications  in  quantum  sources,  quantum
state manipulation, quantum sensing, quantum imaging, and
quantum  information  coding.  Finally,  we  will  conclude  in
Section VI and give some prospects of the flourishing EM
metamaterials.

 II. Information Metamaterials
Traditional  EM  metamaterials  are  based  on  continuous  or
quasi-continuous regulation of constitutive parameters (e.g.,
permittivity,  permeability,  polarizability,  conductivity,
impedance,  amplitude,  and  phase),  which  can  be  regarded
as  analog  metamaterials.  They  have  the  disadvantages  of
complex  design  and  fabrication,  limited  functions,  and  an
inability  to  control  EM  waves  in  real  time.  Analogous  to
analog and digital circuits, the concept of digital coding and
programmable  metamaterials  was  originally  proposed  by
Cui et  al.  in 2014 [38], who innovatively used binary cod-
ing to characterize the parameters of metamaterials,  allow-
ing real-time manipulation  of  EM waves  by  means  of  dis-
crete  coding  sequences.  More  importantly,  digital  coding
metamaterials build a bridge from the physical world to the
digital world,  enabling  researchers  to  explore  metamateri-
als  from  the  perspective  of  information  science.  In  2017,
Cui et  al.  further  summarized  the  research  on  information
metamaterials  [43],  which  can  not  only  modulate  EM
waves  at  the  physical  level  but  also  play  the  role  of  direct
information processors at the digital level.

Digital  coding endows metamaterials  with  a  real-time
programmable property,  which  greatly  enriches  the  abili-
ties of  metamaterials  and  opens  up  new directions  for  fur-
ther  development  of  metamaterial  technology.  Information
metamaterials  enable  real-time  manipulation  of  EM waves
and direct digital information processing and further realize
information  perception,  understanding,  memory,  learning,
and  even  cognition.  At  the  same time,  they  also  provide  a
new physical  platform  to  achieve  more  flexible,  real-time,
and intelligent EM wave manipulation [44].
 1. Digital coding metamaterials
Coding metamaterials  generally  contain  a  finite  number  of
elements  and  manipulate  EM  waves  by  virtue  of  discrete
coding sequences.  The  initial  coding  metamaterial  consist-
ed of  two  basic  elements  with  different  structural  dimen-
sions  [38],  corresponding  to  the  coding  states  “0 ”  and
“1” with a 180° phase difference, as shown in Figure 1(a).
This  digital  coding  concept  can  be  extended  from  1-bit  to
multibit. For example, a 2-bit coding metamaterial is com-
posed of four coding elements, “00”, “01”, “10”, and “11”,
which correspond to 0°, 90°, 180°, and 270° phase respons-
es, respectively, and higher numbers of bits are encoded in
a similar way.

The digital representation of coding metamaterials pro-
vides a way to discretize the parameters of basic coding ele-
ments, which can greatly simplify the design and optimiza-
tion process  and  facilitate  the  combination  of  metamateri-
als physics with intelligent algorithms and information pro-
cessing theory,  yielding a rich variety of applications [43],
[44]. The coding metamaterials first proposed in 2014 were
only encoded for the reflection phase, but other EM param-
eters of the elements can also be encoded, such as the trans-
mission phase,  transmission/reflection  amplitude,  polariza-
tion, frequency, and orbital angular momentum [44].

The working principle of a digital coding metamateri-
al  is  explained below. The upper  right  inset  in Figure 1(b)
shows the structure of a coding element, which mainly con-
sists  of  a  square  metal  patch  on  the  top  layer,  a  dielectric
substrate in the middle layer,  and a metal  ground plane on
the bottom layer. By adjusting the structural parameters, the
coding  element  can  exhibit  different  phase  responses.  The
blue  dashed  line  in Figure  1(b)  shows the  reflection  phase
versus  frequency  when  the  coding  state  is  “0 ”,  while  the
solid black  line  indicates  the  reflection  phase  versus  fre-
quency when the coding state is “1”.

The phase difference between coding states “0” and “1”
is shown as the red dashed line in Figure 1(b), which indi-
cates that the phase difference of the 1-bit coding is 180° at
8.7 GHz and 11.5 GHz. When a normally incident wave il-
luminates  the  coding  metamaterial,  the  far-field  scattered
beam will change with different coding patterns. For exam-
ple, when the coding pattern is all “0” or all “1”, a single re-
flected beam will be generated at the broadside. If the cod-
ing pattern is set as “010101…/ 010101…”, then two sym-
metrically reflected beams will be generated, as conceptual-
ly  shown  in Figure  1(c).  Four  symmetrically  reflected
beams  will  be  generated  if  the  coding  pattern  is  set  as  the
checkerboard-type  distribution  “010101 …/101010 … ”,  as
conceptually shown in Figure 1(d).

The  simulated  and  theoretical  results  of  the  coding
metamaterial  with  different  coding  patterns  of  000000 …/
000000…, 010101…/010101…, and 010101…/ 101010…
are  depicted  in Figure  2.  The  first  row  of Figure  2 shows
the near-field distributions on the observation plane normal
to the metamaterial. The theoretical and simulated results of
the scattered beams are in good agreement, as shown in the
second and third rows of Figure 2. By arranging the coding
elements in  a  two-dimensional  plane  according  to  a  pre-
designed coding  pattern,  the  coding  metamaterial  can  ma-
nipulate EM waves simply and efficiently.
 2. Programmable metamaterials
As mentioned above, the digital  representation of a coding
metamaterial is very suitable for integrating active semicon-
ductor devices or other tunable materials with the coding el-
ement, such as positive-intrinsic-negative (PIN) diodes and
varactors in the microwave region, further forming the con-
cept  of  programmable  metamaterials  [38]. Traditional  tun-
able or reconfigurable active metamaterials have functional
limitations,  and  their  adjustment  methods  can  only  switch
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between  limited  functions.  These  metamaterials  cannot
achieve  real-time  and  intelligent  control  of  EM  waves.  In
contrast,  the  combination  of  a  programmable  metamaterial
and a field-programmable gate array (FPGA) has more real-
time adjustability.  When  combined  with  software  algo-

rithms, a  programmable  metamaterial  can  realize  intelli-
gent perception and real-time processing of EM waves and
digital information.  The  state  of  each  programmable  ele-
ment can  be  independently  controlled,  and  different  func-
tions can be switched between in real time by changing the
prestored coding sequence in the FPGA control module.

One  1-bit  programmable  element  integrated  with  a
PIN diode is demonstrated in Figure 3(a). Due to its special
topology design,  the  reflection  phases  for  the  pro-
grammable element in the “ON” and “OFF” states have a
clear  difference.  As  shown  in Figure  3(b),  the  reflection
phase difference for the element in the two switching states
is approximately 180 around the frequency of 8.6 GHz.

The flow chart of the programmable metamaterial un-
der  the  control  of  an  FPGA  module  is  given  in Figure  4.
First, the predesigned coding sequence is stored in the FP-
GA module, and the coding sequence in the FPGA module
is  used  as  the  control  signal  to  drive  the  programmable
metamaterial.  Thus,  different  EM  functions  can  finally  be
realized and switched between in real time through the FP-
GA. Figure 5 shows the simulated far-field scattered beams
for  the  programmable  metamaterial  under  different  coding
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sequences. The programmable metamaterial  is  normally il-
luminated by  a  plane  wave.  The  scattering  patterns  corre-
sponding to coding sequences “000000” and “111111” are
both a single pencil beam at the broadside. Under the cod-
ing sequence  “010101 ”,  the  corresponding  scattering  pat-
tern features  two  symmetric  pencil  beams.  Under  the  cod-
ing sequence “001011”, multiple beams are scattered by the
programmable  metamaterial  with  low  radar  cross  section
(RCS) values.  Thus,  different  scattering  patterns  are  real-
ized by switching the coding sequence in real time.

 
Triggers FPGA

Coding
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Case 0

Case 1

Case 2

Case 3

Programmable Metamaterial

 

Figure 4  Flow  chart  of  the  1-bit  programmable  metamaterial  under  the
control of an FPGA control module [38].

Since  2014,  digital  coding  and  field-programmable
metamaterials have  been  rapidly  developed  and  been  ex-
panded from microwaves to terahertz [45] as well as acous-
tic [46] waves. They have been successfully applied to scat-
tering  reduction  [38],  [45], reflective  and  transmissive  ar-
rays [47], antenna design [48], imaging [49], dynamic holo-
grams [50], self-adaptive metamaterials [51], wireless com-
munication  [52],  [53],  space-time  modulation  [54] –[56],
and so on. The digital representation of metamaterials links
the physical and digital worlds, enabling researchers to ex-
plore  metamaterials  from  the  perspective  of  information
science  and  facilitating  integration  with  related  theories  in
digital signal processing. For example, with the help of in-
formation entropy theory, the relationship between the geo-
metric entropy  of  the  coding  pattern  and  the  physical  en-
tropy of the far-field scattering pattern was established [57].
In addition,  the  convolution  theorem  of  the  Fourier  trans-
form  has  also  been  applied  to  achieve  almost  undistorted
spatial shifting  of  the  scattering  pattern,  which  further  en-
ables  beam  scanning  at  almost  arbitrary  angles  in  free
space.

In the  last  several  years,  many  system-level  applica-
tions  have  been  realized  using  information  metamaterials
[44], such  as  reprogrammable  holographic  imaging  sys-
tems  [50],  intelligent  microwave  imagers  and  recognizers
[58], [59], and far-field and near-field wireless communica-
tion systems [60]–[62]. Information metamaterials have al-
so attracted the attention of researchers in the field of wire-
less communication. As a promising application of informa-
tion  metamaterials,  reconfigurable  intelligent  surfaces
(RISs) have been considered one of the key candidates for
future  6G  communications  [63] –[65].  Deploying  RISs  in
communication  scenarios  can  significantly  improve  the
wireless channels  and  enhance  the  communication  perfor-
mance  between  devices.  RISs  can  realize  the  function  of
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wireless relaying  with  advantages  of  low power  consump-
tion and low cost, having substantial potential in next-gen-
eration wireless communication networks.

 III. Intelligent Metamaterials
With the rapid evolution of information metamaterials, digi-
tal and  intelligent  design  of  EM  metamaterials  has  in-
evitably  become  one  of  the  important  research  directions
for  EM  metamaterials  [66] –[68]. As  a  key  link  to  intelli-
gent hardware, how to combine perception with metamate-
rials  has  become  an  important  topic  [58]. In  addition,  re-
search on  intelligent  computing  hardware  based  on  physi-
cal  EM waves  has  recently  become  a  hot  topic  [69]–[71].
Artificial  intelligence  (AI)  has  been  vigorously  developed
and widely used in various fields, including image recogni-
tion [72],  [73],  machine translation [74],  [75],  autonomous
driving  [70],  [76],  and  assisted  medical  care  [77],  [78].  In
recent  years,  breakthroughs  have  been  made  in  coding
metamaterials,  and  their  combination  with  AI  has  also
spawned many  novel  applications,  such  as  inverse  scatter-
ing imaging [79], gesture recognition [80], [81], and breath-
ing state detection [80]. At the same time, AI has also been
gradually applied to efficient design of coding metamateri-
als. Some breakthroughs have been made in unit design [82],
[83] and coding design [84].
 1. Intelligent metamaterials with sensors

In the past decades, several programmable metamateri-
als have been proposed, which still require human beings to
give instructions or produce pre-designs to perform specif-

ic functions. Smart metamaterials, which can sense the sur-
rounding information in real time and actively make adjust-
ments  themselves,  have  become the  main  target  of  current
research.  Based  on  this  idea,  Ma et  al.  proposed  a  smart
metamaterial that can sense changes in the external environ-
ment  through  sensing  elements  and  realize  autonomous
judgment  and  active  adaptation  via  a  feedback  loop.  The
structure of  this  smart  metamaterial  consisting  of  two  lay-
ers  is  shown in Figure  6(b).  The  first  layer  has  a  structure
similar  to  that  of  ordinary  programmable  metamaterials,
and  the  second  layer  forms  the  main  part  of  the  feedback
loop [58], which is composed of various sensors to monitor
different  physical  quantities  and  a  microcontroller  unit
(MCU)  preloaded  with  a  feedback  algorithm  to  guide  the
FPGA  to  regulate  the  metamaterial.  Based  on  the  closed-
loop system realized by sensing-and-feedback components,
the metamaterial can adjust itself to changes in the environ-
ment without human participation.

A  scenario  in  which  an  aircraft  equipped  with  the
smart metamaterial  communicates  with  a  satellite  is  illus-
trated  in Figure  6(a).  In  this  example,  when  the  integrated
sensor, a gyroscope sensor, detects changes in the flight sta-
tus of the aircraft,  which is  represented by the rotation an-
gle of  the  metamaterial,  it  instantly  transmits  the  informa-
tion to the MCU. Then, the MCU instructs the FPGA to au-
tomatically calculate the digital coding pattern according to
the preloaded  feedback  algorithm,  ensuring  that  the  radia-
tion beam always focuses on the target object in real time.
Under the control of the feedback loop, the smart metama-
terial  can  react  to  the  surrounding  variations  in  real  time
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Figure 6  Schematic of an intelligent metamaterial. (a) Illustration of the smart metamaterial with the function of self-adaption without manual instruction;
(b) Feedback loop system of the intelligent metamaterial, which is composed of a digital coding metamaterial, an FPGA, a sensor, and an MCU loaded
with the fast feedback algorithm[51].
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and realize several beam modulations, such as single-beam
and multibeam modulations. In addition, by integrating dif-
ferent kinds of sensor components, the metamaterial can al-
so monitor other physical quantities, including light, humid-
ity,  height,  and  heat,  enabling  it  to  have  a  wider  range  of
applications.

However, the  limitation  of  the  metamaterial  men-
tioned  above  is  that  it  has  to  convert  the  variations  into
electrical signals through sensors separated from the meta-
material,  making  direct  operation  on  EM  waves  by  the
metamaterial  difficult.  Hence,  Ma et  al.  proposed a further
structure [58] that can sense and manipulate incident waves
in real time based on the specific polarization, realizing in-
telligent sensing and phase control in wave space.

As displayed in Figure 7, the structure of the metama-
terial is composed of two parts: the sensing unit and execut-
ing unit.  In  addition  to  providing  the  function  of  au-
tonomous perception, the sensing unit can also act as an ex-
ecuting  unit  to  complete  regulation  of  EM  waves  together
with  other  ordinary  sensing  units.  When  incident  waves
with  different  polarizations  pass  through  the  metamaterial,
the sensing unit can recognize the various polarizations and
detect the power levels of the incident waves with the assis-
tance  of  integrated  radio  frequency  (RF)  power  detectors
and PIN diodes. Then, the collected data are transmitted to
the MCU, which also functions as an analog-to-digital con-
verter (ADC) to convert the detected energy into the corre-
sponding digital signal. Following the preloaded algorithm,
the  MCU  can  quickly  calculate  the  corresponding  coding
mode and transmit it to the FPGA. Then, the FPGA drives
the  executing  units  to  realize  various  scattering  fields,
which  are  generated  by  diverse  digital  coding  patterns.
Therefore,  simultaneous  sensing  and  manipulation  of  the
microwave  scattering  fields  in  dual-polarization  mode  are
achieved by the proposed metamaterial. Different beam reg-
ulations based on the detection of dual polarization and the
magnitude of the energy can be customized to achieve more
functions.

 2. Physical AI hardware
In addition to sensing applications, intelligent metama-

terials are also a feasible physical platform for the applica-
tions of  smart  image  recognition  and  intelligent  computa-
tion.  In  recent  years,  many  excellent  research  teams  have
proposed rich theories and hardware designs in the field of
diffractive  neural  networks.  In  2018,  Professor  Ozcan’s
group proposed  an  all-optical  diffractive  deep  neural  net-
work  (D2NN)  architecture  [70].  The  neural  network  is
physically formed by multiple layers of diffractive surfaces
and can perform various functions,  such as image recogni-
tion. However, once the network is processed, the function
is fixed. Moreover, the cost of processing and testing is rel-
atively  high  due  to  the  complex  photoelectric  conversion
and detection  equipment,  which  makes  scale  up  challeng-
ing. In addition, the training of the above diffractive neural
network is  still  based  on  electronic  computers,  and  the  er-
ror between the real structure and the theoretical equivalent
model will be constantly amplified in the computer training
process, leading to large experimental errors.  To solve this
problem,  Professor  Dai’s  group  proposed  optical  error
backpropagation for  in  situ  training of  a  diffractive optical
neural  network  (ONN)  [85],  which  can  effectively  reduce
the risk  caused  by  errors  between  practical  tests  and  theo-
retical simulations and significantly improve the training ef-
ficiency.  As  the  diffractive  ONNs  need  to  be  stacked  in
physical space, this brings practical challenges for the fabri-
cation and alignment of these diffractive systems to realize
accurate optical inference. To solve this problem, Professor
Ozcan’s group  proposed  a  misalignment-resilient  diffrac-
tive  optical  network  [76], which  introduced  random  mis-
alignments during the training phase,  significantly increas-
ing the robustness of diffractive networks in physical imple-
mentation.

Based on  hybrid  optical-electronic  convolutional  neu-
ral  networks,  Professor  Wetzstein’s  group  incorporated  an
optical  computing  layer  before  electronic  computing,  thus
reducing  certain  computational  costs  and  ensuring  better
performance [86].  Additionally,  Professor  Yu’s group pro-
posed a planar diffractive neural network [87]. When opti-
cal waves pass through a nanophotonic medium, the propa-
gation behavior is similar to signal transmission in the neu-
ral  network.  The  researchers  took  a  handwritten  image
dataset as an example for training and obtained an accuracy
of approximately 84% for the test. In 2020, Professor Lin’s
group proposed a D2NN at visible wavelengths [88] due to
material  losses  in  the  terahertz  regime.  Based  on  multiple
layers of diffractive surfaces, a numerically blind testing ac-
curacy of 91.57% was achieved in the recognition of hand-
written images.  Moreover,  Professor Dai’s  group proposed
a reconfigurable diffractive processing unit [69]. They used
a series of optical devices, such as digital optical micromir-
ror  elements,  spatial  light  modulators,  and  complementary
metal-oxide-semiconductor  (CMOS)  optical  sensors,  to
form  a  layer  of  a  programmable  optical  network.  This
scheme successfully  verifies  the  programmability  of  large-
scale  diffractive  ONNs.  However,  this  programmable

 

x-polarization

incidence

y-polarization

incidence

Executing

unit

FPGA

modulation

on PIN diodes

Sensing

unit

Sensing data

MCU

FPGA

0011001010...

Figure 7  Schematic  of  the  proposed  smart  sensing  metamaterial.  The
sensing units can recognize the incident power levels and transmit the data
to the MCU, which then controls the FPGA to realize specific coding pat-
terns [58].
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diffraction regulation scheme is still limited by its complex
and expensive system construction, and there are still many
challenges to its popularization and application.

Currently,  the  functionality  of  most  wave-based
D2NNs [70] is fixed once they are fabricated. While a tun-
able D2NN based on a one-layer programmable optical net-
work and  a  multilayer  ONN  connected  to  electronic  cir-
cuits,  which  causes  a  time  delay  in  the  calculation,  have
been developed, neither of them can simultaneously achieve
a  multilayer  neural  network  and  a  light-speed  calculation
capability. Liu et al. proposed a programmable artificial in-
telligence  machine  (PAIM)  to  address  these  issues  [71],
which consists  of an array of information metamaterials  to
directly  control  EM waves  in  free  space  and  complete  the
calculation task in wave space with light-speed computing.

PAIM simulates the working process of neurons when
people  make  decisions  through  meta-atoms.  In  addition  to
the ability of the intelligent metamaterial to manipulate EM
waves,  PAIM  takes  advantage  of  cascaded  information
metamaterials to act as a neural network and uses the propa-
gation  of  EM  waves  to  simulate  the  connection  between
neurons. As illustrated in Figure 8, the prototype comprises
five  layers  of  information  metamaterials.  Each  meta-atom
integrated  with  amplifiers  functions  as  a  neuron  node,
which  can  independently  operate  on  EM  waves  according
to the gain factor under the control of the bias voltage guid-
ed by the FPGA to achieve a particular weight distribution.
Then, the waves radiated by the artificial neurons in the for-
mer layer combine to serve as an incident wave on the next
layer,  making  PAIM  a  fully  connected  network.  Based  on
the powerful capabilities of PAIM, it can be applied to im-
age  classification,  wireless  communication,  and  automatic
beam focusing.
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Figure 8  Reprogrammable  D2NN platform.  PAIM  is  a  real-time  and  re-
trainable intelligent machine composed of an array of programmable meta-
materials  installed  with  several  FPGAs to  control  the  gain  factor  of  each
artificial neuron [71].
 

Figure  9 demonstrates  the  landscape  and  portrait
recognition  experiments  implemented  with  PAIM.  After
obtaining  the  data  of  the  pre-grayed  and  reshaped  image
corresponding to the image pixels one by one, the first lay-
er,  which  works  like  a  digital-to-analog  converter  (DAC),
modulates the information into the amplitude distribution of

the EM  wave.  Therefore,  when  the  EM  wave  carrying  in-
formation reaches the output layer, the receiver can classify
the picture in accordance with the energy distribution.
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Figure 9  Simulation results of image recognition. The original images are
grayed  and  reshaped  to  pixels  (corresponding  to  the  size  of  the
metamaterial). The output energy represents the level of possibility that the
input image has been classified [71].
 

In addition to image classification, the performance of
PAIM in wireless  communication has also been evaluated.
A  code-division  multiple  access  scheme  based  on  PAIM
was  provided.  The  first  layer  is  regarded  as  an  encoder  to
transmit  four  kinds  of  user  codes,  and  the  other  layers  are
decoders.  Antennas  corresponding  to  relevant  users  on  the
receiving plane will recognize which user code is transmit-
ted by the energy level. To reduce the intersymbol interfer-
ence caused by the close energy of four inputs, multiple us-
er codes  in  this  scheme  are  transmitted  with  low  interfer-
ence in a very small space. By integrating an ADC and an
FPGA,  the  receiver,  a  patch  antenna  array,  can  detect  the
energy  value  of  the  electric  field,  which  is  modulated  in
amplitude. Specifically, in the current clock interval, the bi-
nary information transmitted by a particular user is “1” on-
ly  when  the  corresponding  antenna  receives  a  high  level;
otherwise, it is “0”. Since four user codes can be simultane-
ously transmitted in a single channel, the transmission effi-
ciency is  quadrupled if  each user  code is  allowed to trans-
mit  different  parts  of  the  same  picture.  The  time  delay  in
wireless  communication  based  on  PAIM  is  reduced  by  its
powerful ability to process space EM waves. The aforemen-
tioned PAIM is an unprecedented system that achieves pro-
grammable processing while maintaining the speed-of-light
computing performance, making it an indispensable tool in
future AI and wireless communication.

In addition to the traditional tasks that AI can perform,
such as  image recognition,  diffractive  neural  networks  can
also  be  used  to  build  logic  devices.  Conventional  logic
gates  strongly  depend  on  accurate  control  of  input  light,
which  is  not  conducive  to  miniaturization  of  optical  logic
gates. In addition, the inherent instability caused by the dif-
ficulty and complexity of accomplishing precise control al-
so degrades  the  performance  of  these  logic  gates.  Conse-
quently,  Qian et  al.  proposed  a  general  structure  that  can
perform complete logic functions in compact photonic sys-
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tems  without  the  requirement  of  precisely  controlling  the
properties of input light [89]. As shown in Figure 10, the in-
put layer, composed of an ordinary optical mask, is divided
into several regions, each of which is designed to have two
different states according to the light transmittance. There-
fore, the input layer can encode the incident plane wave in
space according to the specific logic operation. The hidden
layer,  which  functions  as  a  diffractive  neural  network,  is
implemented by a compound Huygens’ metamaterial to fur-
ther decode the encoded input light. Then, the result is im-
aged  at  the  output  plane  by  scattering  the  encoded  input
light  into  one  of  two  small  regions,  which  correspond  to
two different states of the switch. The general model can be
used  to  realize  chip-scale  elements  by  facilitating  optical
logic gates with other platforms. In the future, it is expect-
ed to be applied to a broader range of fields.
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Figure 10  Schematic diagrams of optical logic operations by a diffractive
neural network. At the input layer, a specific logic operator or an input log-
ic state is assigned to each region, which has two different states for light
transmittance. The hidden layers  decode the encoded input  light  and pro-
duce an output optical logic state [89].
 

In  the  field  of  dynamic  target  recognition,  diffractive
neural networks  can  also  play  a  unique  role.  Taking  tradi-
tional object  recognition  as  an  example,  two  steps  are  re-
quired to complete the task: capturing the image sequences
with a  camera  and processing  the  data  with  a  digital  com-
puter.  However,  the structure proposed by Qian et al. real-
ized  integration  of  the  two  functionalities  by  neuro-meta-
materials  composed  of  a  dense  array  of  subwavelength
meta-atoms,  making  direct  and  dynamic  three-dimensional
(3D) object recognition a reality [86]. As shown in Figure 11,
when  a  transverse  electric  plane  wave  illuminates  a  rabbit
freely playing in front of the neuro-metamaterials, the neu-
ro-metamaterials focus the waves scattered by the rabbit to
the correct regions according to the training results. Differ-
ent  regions  on  the  output  plane  are  designed  to  represent
three postures.  With various changes in the rabbit,  such as
its  size,  posture,  rotation  angle,  and  distance  to  the  neuro-
metamaterials, the  results  are  given  by  the  respondent  sin-
gle-pixel detector with a higher signal than the other detec-
tors.  Furthermore,  the  optical  mirage  mechanism proposed
in this study converted a sequence of rabbit movements in-
to a mirage of a giraffe. This scheme, which is more conve-
nient for practical implementation, can operate for dynamic
objects and  may  enrich  optical  holograms.  This  work  im-
proves  the  understanding  of  the  facilitation  brought  by
metamaterials and  may  promote  other  ingenious  architec-
tures in wireless communication or information processing.
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Figure 11  Diagram of recognition of the rabbit posture with neuro-meta-
materials. The neuro-metamaterial with a special design is placed behind a
freely  playing  rabbit.  The  scattered  waves  of  the  neuro-metamaterial  are
focused on various predefined pixels [86].
 

The subwavelength  structure  improving  the  diffrac-
tion efficiency and spectral engineering capability of meta-
materials enables  cascaded  metamaterials,  termed  a  meta-
system, to  realize  wavelength-selective  pattern  classifica-
tion at telecommunication wavelengths. Figure 12 shows an
example of the letter recognition tasks accomplished by an
integrated  two-layer  metasystem  [90].  For  different  input
letter patterns of “X”, “Y”, and “Z”, the classification re-
sults are shown by the light intensity distribution. Each let-
ter  pattern  corresponds  to  the  waveguides  placed  apart  on
the  output  plane  to  represent  three  channels  of  the  results.
As  shown in Figure  12(a),  when  the  input  pattern  is  “X”,
the light intensity of channel 1 is the highest. This metasys-
tem  can  achieve  a  classification  accuracy  of  nearly  90%
when the  input  is  single-shot  ultrafast  pulsed  light,  as  dis-
played  in Figure  12(e).  Benefiting  from  the  dense  phase
shifts  and  the  high  diffraction  efficiency,  the  miniaturized
metasystem implements  high  throughput.  It  shows  a  com-
puting  capability,  making  the  metasystem  an  alternative
machine learning architecture for various applications such
as hyperspectral imaging, machine vision, and hardware ac-
celerators.
 3. Metamaterial-based holograms with deep learning

In AI applications, massive datasets must be collected
and produced in advance to allow neural networks to be ful-
ly trained, which dramatically increases the cost of using AI
and limits its practical application. Recently, Liu et al. pro-
posed intelligent digital coding metamaterial holograms via
physics-assisted unsupervised  generative  adversarial  net-
works  [91]. The  goal  of  this  paper  was  to  use  AI  to  auto-
matically  design  the  cell  phase  distribution  required  for
holographic  imaging  and  greatly  reduce  the  cost  of  using
AI.

The Gerchberg-Saxton (GS) algorithm is an algorithm
often used in the design of the traditional holographic imag-
ing phase  distribution.  This  algorithm  is  a  local  optimiza-
tion algorithm. Each time the GS algorithm is run, a differ-
ent phase  distribution  will  be  optimized.  If  the  GS  algo-
rithm is directly used to create the dataset required for train-
ing the neural network (the dataset consists of a pair of tar-
get  images  and  their  corresponding  phase  distributions),
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then the  corresponding  relationship  will  be  unstable  be-
cause similar target  images may correspond to very differ-
ent  phase  distributions,  causing  convergence  difficulties  in
the  subsequent  training  process.  Additionally,  because  the
dataset is built from the results of the GS algorithm, the per-
formance  of  the  trained  neural  network  will  not  be  better
than that of the GS algorithm. Under this circumstance, the
application of  AI  technology  will  contribute,  to  some  ex-
tent, to the loss of its advantages. Finally, the production of
massive  paired  datasets  consumes  considerable  time  and
computing  power,  immensely  increasing  the  cost  of  AI
technology.

In [91], a priori information is provided to neural net-
works by  introducing  the  physical  mechanism  of  holo-
graphic  imaging and constructing an autoencoder  structure
with  an  input  equal  to  the  output.  This  is  an  unsupervised
learning structure  that  completely  avoids  the  dataset  pro-
duction process.  The specific  method is  as  follows:  first,  a
deep neural network is constructed, in which the input is the
target image  and  the  output  is  the  metamaterial  code;  sec-
ond, the forward propagation process from the metamateri-
al  code  to  the  target  image  is  deduced  by  using  Green’s
function;  and  finally,  the  neural  network  and  this  forward
propagation  process  are  docked  to  form  an  autoencoder
structure  whose  input  and  output  are  both  target  images.
The autoencoder structure is shown in Figure 13. The mean
square error between the input image and the output image
is used as the objective function to train the autoencoder so
that the output of the generator after the training is complet-
ed  is  the  required  metamaterial  code.  During  the  actual
training,  since  the  image  was  used  as  the  target,  the  mean

square error was found to be unable to fully reflect the simi-
larity  of  the  image  to  the  human  visual  senses.  Therefore,
the discrimination  error  of  the  generative  adversarial  net-
work  (GAN)  was  also  introduced  into  the  error  function,
which made the visual semantic features of the output holo-
graphic image clearer.

During  training,  a  handwritten  digit  dataset  was  used
for the target images, the total number of training iterations
was 3000, and the training time was approximately 1 hour.
Due to the unsupervised structure, there is almost no dataset
production cost for this training, and any public dataset can
be directly used for training.  After  the training is  complet-
ed, obtaining the required encoding only takes tens of mil-
liseconds  after  inputting  a  target  image.  The  researchers
used  a  1-bit  programmable  metamaterial  as  a  platform  to
test  the  actual  performance  of  the  AI  holographic  imaging
design  in  a  microwave  anechoic  chamber.  The  test  also
used a  handwritten  letter  image different  from the  training
dataset to  test  the  generalization  ability  of  the  neural  net-
work.  The  test  results  are  shown  in Figure  14.  After  that,
the  image  formed  by  the  proposed  method  was  compared
with that from the GS algorithm and showed better perfor-
mance  in  terms  of  quantitative  indexes  and  visual  effects.
This work is the first time that a physical mechanism is ap-
plied  to  the  design  of  neural  network  holograms,  which
avoids the  disadvantages  of  using  AI  technology  men-
tioned above and achieves ideal results [91]. The approach
uses a combination of neural  networks,  metamaterials,  and
computational  EM modeling and is  expected to be used in
the fields  of  array  design  of  metamaterials,  antenna  opti-
mization in wireless communication, etc.
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Figure 12  Spatial pattern classification. (a) Optical field intensity distribution with the “X” input image; (b) Comparison of measured optical intensities
(dots with error bars) and the simulated optical distribution (gray curve); (c) Confusion matrix for the numerical simulation; (d) Results measured under
continuous wave (CW) excitation; (e) Results measured under 90 femtosecond pulsed light [90].
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 IV. Topological Metamaterials

Different from classical metamaterials, topological metama-
terials [92]–[94] are typical analog quantum metamaterials
and  the  counterpart  of  electronic  topological  insulators  in
the  classical  EM field,  showing many counterintuitive  EM
phenomena that  cannot  be  observed in  classical  EM meta-
materials, such  as  unidirectional  propagation  and  propaga-
tion  robust  against  disorder  and  defects.  Generally,  EM
topological  metamaterials  can  be  mainly  classified  into
three categories. The first type is EM topological metamate-
rials  developed  by  breaking  the  time-inversion  symmetry,

such as analog quantum Hall (QH) topological metamateri-
als,  whose  topological  invariant  is  described  by  the  Chern
number.  A  zero  Chern  number  indicates  a  trivial  state,
whereas  a  nonzero  Chern  number  implies  that  there  are
nontrivial topological  states.  The  second  type  is  EM topo-
logical metamaterials that maintain the time-inversion sym-
metry but break the space-inversion symmetry, such as the
analog quantum spin Hall  (QSH) and analog quantum val-
ley Hall (QVH) topological metamaterials, whose topologi-
cal  invariants  are described by the spin Chern number and
the  valley  Chern  number,  respectively.  The  third  type  is
Floquet  EM  topological  metamaterials  implemented  by
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Figure 14  Measured results of the hologram designed by the neural network. Random target holographic images were selected from the MNIST dataset
for testing purposes [91].
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temporal or spatial modulation. Since the topological phas-
es of these three types of topological metamaterials are sim-
ilar in some cases, their physical properties may overlap.

In  addition  to  the  aforementioned  three  types  of  EM
topological  metamaterials,  metamaterials  can  also  be  used
to  explore  other  exotic  topological  physics,  such  as  Weyl
points.  In  2018,  Yang et  al.  experimentally  observed  ideal
Weyl points in a metamaterial semimetal consisting of peri-
odic saddle-shaped metallic coils buried in a dielectric sub-
strate [95]. All four Weyl nodes symmetrically reside at the
same energy with a significant momentum separation from
each other and the bulk bands. There have been many other
metamaterial implementations of various photonic topologi-
cal  semimetals,  such  as  those  with  nodal  lines  [96] –[98],
Dirac  points  [99] –[101],  and  Yang  monopoles  [102],  all
showing the great potential of metamaterials in engineering
exotic topological systems.
 1. QH topological metamaterials

Topological  theory  was  first  introduced  into  the  EM
field  by  Haldane  and Raghu in  2005 [103].  In  their  paper,
they  theoretically  proved  that  analog  QH  effects  could  be
achieved  in  nonreciprocal  photonic  crystals,  where  EM
waves would unidirectionally propagate. This finding was a
significant  milestone  in  the  development  of  topological
photonics. However, the nonreciprocity of most natural ma-
terials  is  usually  very  weak,  so  this  theoretical  scheme  is
not easy  to  implement  and  promote  in  practical  applica-
tions.

In  2008,  another  feasible  scheme was  proposed by Z.
Wang,  Y.  Chong and Marin et  al.  to  break the  time-inver-
sion symmetry [104]. As shown in Figure 15(a), a nonrecip-
rocal interaction  of  a  gyromagnetic  material  with  an  ap-
plied  magnetic  field  is  used  to  break  the  time-inversion
symmetry.  Specifically,  a  magnetic  photonic  crystal  with
tetragonal lattices is constructed to imitate the QH effect by
applying  an  external  static  magnetic  field.  The  theoretical
model  was  verified  in  a  microwave  experiment,  where  the
unidirectional propagation  and  robust  propagation  charac-
teristics of topologically protected boundary states were ex-
perimentally observed.

Meanwhile,  the  propagation  of  topological  photonic
states  has  also  been  experimentally  measured  in  a  straight
waveguide composed of  yttrium-iron-garnet  tetragonal  and
aluminum-oxide  honeycomb  lattices  [105].  The  measured
results show  that  topological  photonic  states  can  unidirec-
tionally propagate along the boundary of the magneto-opti-
cal photonic  crystal  and  have  highly  robust  EM  propaga-
tion,  even  if  there  are  metal  obstacles  or  defects  at  the
boundary. In addition to gyromagnetic bulk materials, two-
dimensional (2D) materials (such as graphene) can be used
to  construct  analog  QH  EM  metamaterials.  Due  to  their
strong magneto-optical  and  nonlinear  properties,  topologi-
cally  protected  nonlinear  optics  [106] have  also  been  ex-
plored, as shown in Figure 15(b).

In  addition  to  magneto-optic  materials  under  external
static  magnetic  fields,  nonmagnetic  materials  can  also  be

used  to  construct  analog  QH topological  metamaterials.  In
this case, a so-called equivalent magnetic field effect should
be  introduced,  which  can  be  achieved  by  periodic  time  or
space  modulation.  As  a  result,  Floquet  EM  topological
metamaterials can  be  constructed.  The  concept  of  an  opti-
cal Floquet topological metamaterial [107] was proposed in
2012, and it was theoretically noted that an equivalent mag-
netic  field  could  be  generated  by  dynamically  modulating
the phase change between each optical lattice, and then, the
time-inversion  symmetry  could  be  broken.  Thus,  analog
QH  topological  metamaterials  with  nonmagnetic  materials
can be implemented, which are also known as Floquet topo-
logical metamaterials.

The  EM  topological  metamaterial  shown  in Figure
15(c) is  composed  of  square  lattices,  each  of  which  con-
tains two  EM  resonators  with  different  resonant  frequen-
cies.  We assume that  each  resonator  is  only  coupled  to  its
neighbors, and the coupling strength and the phase between
adjacent  resonators  can  be  periodically  modulated.  If  the
modulation  process  is  properly  designed  to  accumulate  a
nonzero  effective  gauge  potential  in  each  square  lattice,
then an equivalent magnetic field can be generated. There-
fore, when photons propagate in such a system, we can ob-
serve an analog QH effect intimating electrons rotating un-
der an external static magnetic field.

However, the  dynamic  modulation  of  the  EM  cou-
pling  requires  a  very  complicated  external  control  system,
so it  is  challenging to  implement  in  experiments.  To over-
come this challenge, a new approach of spatial modulation
along  light  propagation  routes  in  optical  waveguides  was
proposed in 2013 to mimic periodic time modulation. Since
spatial modulation  is  far  more  easily  achieved  in  experi-
ments  than  time  modulation,  topological  bands  were  first
measured in a spatially modulated Floquet EM topological
metamaterial  [108].  More  specifically,  it  was  fabricated
from spiral  optical  waveguides  along the light  propagation
direction.  In  such  spatially  modulated  Floquet  topological
metamaterials, the propagation of photons is similar to that
of electrons rotating periodically in a lattice. When the spi-
ral radius is zero, the spiral waveguides become a standard
graphene-lattice  structure,  whose energy band diagram has
a Dirac cone. When the spiral radius is not zero, the Dirac
cone can be opened to form a topological bandgap. The ex-
perimental results show that the boundary states in the topo-
logical  bandgap  have  typical  topological  features  such  as
unidirectional propagation  and  robust  propagation.  More-
over, based on spatial modulation, anomalous Floquet topo-
logical metamaterials can also be realized [109]. As shown
in Figure  15(d),  four  different  coupling  modes  have  been
introduced into one optical propagation period. In this way,
each  coupling  mode  propagates  in  one  spatial  modulation
period,  corresponding  to  a  time  modulation  period.  Thus,
each  time modulation  period  has  only  one  coupling  mode,
and each spatial period of the spiral waveguide is only cou-
pled to its most adjacent spatial period. By properly design-
ing the  spatial  period,  topological  states  have  been  experi-
mentally observed.
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 2. QSH topological metamaterials
The finding  of  analog  QH  topological  metamaterials  in-
spired  the  study  of  other  analog  quantum  effects.  In  the
field of condensed matter physics, the spin of electrons can
also be used to construct  QSH topological  insulators  with-
out breaking  the  time-inversion  symmetry.  However,  un-
like electrons, the spin value of a photon is 1; thus, a pho-
ton has no intrinsic spin degree of freedom. To realize ana-
log  QSH  topological  metamaterials  in  the  EM  field,  we
should  take  advantage  of  metamaterials  to  manipulate  EM
waves to construct a so-called “pseudospin” of photons. To
date,  there  are  three  popular  ways  to  construct  a  “pseu-
dospin.”

K
K

The first way to construct a pseudospin is based on the
polarization  property  of  EM  waves.  In  2013,  pseudospin-
based band degeneracy was realized for the first time by us-
ing bianisotropic EM metamaterials [110]. By introducing a
spin-orbit  interaction  at  the  point  in  the  Brillouin  zone,
the  degeneracy  at  the  point  can  be  opened to  realize  an
analog  QSH  metamaterial.  Later,  another  analog  QSH

metamaterial with square lattices was proposed, and it was
composed  of  piezoelectric  and  piezomagnetic  materials
[111]. In this case, the pseudospin up and down of photons
were  characterized  by  the  left-hand  circular  polarization
and right-hand  circular  polarization  of  EM  waves,  respec-
tively. Additionally, as shown in Figure 16(a), the degener-
ate  guiding  modes  (transverse  electric  (TE)  and  transverse
magnetic  (TM)  modes)  in  a  parallel  metal  waveguide  can
also be  used  to  mimic  the  spin  up  and  spin  down of  elec-
trons [112]. The analog QSH effect was observed in corre-
sponding experiments.  Meanwhile,  a  reconfigurable  func-
tion  of  topological  propagation  routes  was  realized  in  this
mechanically tunable QSH metamaterial.

The second way to construct a pseudospin is based on
the band-reversal property of EM waves. In 2015, a photon-
ic crystal with dielectric honeycomb lattices was construct-
ed to achieve a fourfold degenerate Dirac point in the cen-
ter  of  the  Brillouin  zone  [113].  By  increasing  or  reducing
the distance from the dielectric cylinders to the center of the
unit cell, one fourfold degenerate band would split into two
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doubly degenerate bands. Since the upper and lower energy
bands  are  reversed  in  this  phase  transition  process,  the
Dirac  point  would  open  to  form  a  topological  bandgap.
Moreover,  a  topological  band  with  spin-locked  properties
can be  generated  inside  this  topological  bandgap  by  con-
structing  a  specific  interface  with  two  different  photonic
crystals,  namely,  one  composed  of  large-distance  lattices
and the other composed of small-distance lattices. Based on
this band-reversal theory, an analog QSH EM metamaterial
was experimentally demonstrated by parallel metal waveg-
uides  [114]  in  2018,  as  shown  in Figure  16(b).  Compared
with  analog  QSH  metamaterials  based  on  the  polarization
properties  of  EM  waves,  the  fabrication  of  analog  QSH
metamaterials  based  on  band-reversal  properties  is  much
easier; thus,  these metamaterials  show much more promis-
ing potential in practical applications.

The third way to construct pseudospin is based on the
clockwise  and  counterclockwise  propagation  property  of
EM waves  in  coupled  ring  resonators,  as  shown  in Figure
16(c). In  2011,  a  2D  guided  wave  system  with  a  synthe-
sized magnetic field was constructed based on coupled res-
onator  optical  waveguides  [115].  In  this  system,  each  ring
resonator  supports  two  degenerate  modes,  namely,  one
clockwise  propagating  mode  and  one  counterclockwise
propagating mode. These two degenerate modes are used to
imitate the pseudospin up and pseudospin down of photons,
respectively. By  precisely  designing  the  coupling  coeffi-
cients  of  adjacent  ring  resonators,  a  pseudospin-dependent
magnetic  field  can be synthesized in  the  vertical  direction,
resulting in an analog QSH topological metamaterial. Since
then, analog QSH topological metamaterials have been real-
ized in different EM materials and physical platforms based
on similar schemes, and they have been widely used in the
design  of  highly  robust  devices,  including  topological
lasers.
 3. QVH topological metamaterials
To design an analog QSH topological metamaterial,  a spe-

cific  pseudospin  degree  of  freedom of  EM waves  must  be
constructed.  New  degrees  of  freedom  of  EM  waves  have
been  explored  to  further  reduce  the  external  limitations  of
topological phase transitions and make them much easier to
apply  in  practical  applications.  Recently,  the  topological
properties  of  EM metamaterials  were found to be not  only
determined  by  the  topological  invariants  of  overall  energy
bands but also affected by the topological  invariants of lo-
cal energy bands. Therefore, a valley degree of freedom has
been introduced into the design of topological  metamateri-
als.

Here, the valley of bands refers to the extreme point of
some energy bands in the Brillouin zone. Because the signs
of the Berry curvatures at the valleys of two adjacent ener-
gy bands are opposite, the overall integral value (i.e., Chern
number) of these two adjacent bands is zero. However, the
local integral value of these two valleys is not zero, and this
nonzero value is generally defined as the valley Chern num-
ber.  According  to  the  bulk-edge  correspondence  principle
[116],  [117],  there  must  be  QVH  topological  bands  inside
the valley bandgap if  the valley Chern number is  nonzero.
In condensed matter physics, the valley has been defined as
the  third  intrinsic  degree  of  freedom of  electrons,  and it  is
sometimes referred to as the pseudospin of electrons. Simi-
lar to the concept of valleytronics, the valley can be used as
a  new  degree  of  freedom of  EM waves  to  develop  analog
QVH topological metamaterials.

In 2017, an analog QVH topological metamaterial was
theoretically studied  by  breaking  the  space-inversion  sym-
metry  [118], and  its  pseudospin  properties  were  character-
ized  by  the  phase  difference  between  the  EM  components
Ez and  Hz.  More  specifically,  the  photon  pseudospin  is  up
when  they  are  in  phase.  When  they  are  out  of  phase,  the
photon  pseudospin  is  down.  To  break  the  space-inversion
symmetry,  bianisotropic  structures  were  introduced  into
honeycomb lattices in a staggered arrangement. Simulation
results  show  that  two  degenerate  pseudospin  modes  will
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split  at  the  valley  points  in  the  Brillouin  zone.  Moreover,
the pseudospin directions of EM modes at two adjacent val-
ley points are opposite, namely, one EM mode at the  val-
ley point is pseudospin down, and the other at the  valley
point  is  pseudospin  up.  Since  each  valley  is  locked  with  a
specific  pseudospin,  if  we sequentially  pump two opposite
pseudospin EM waves at the same coordinates and the same
frequency, then these two EM waves will separately propa-
gate in opposite directions.

K K′

Meanwhile, artificial surface plasmons and printed cir-
cuit technology have  been  used  to  further  simplify  the  de-
sign and fabrication of analog QVH topological metamate-
rials [119]. More specifically, to construct a nonzero valley
Chern number, two identical artificial surface plasmon crys-
tals  have  been  assembled  together  to  form  a  domain-wall
interface  with  special  EM  propagation  properties.  In  real
space, one of surface plasmon crystals is rotated 60 degrees
relative to  the  other  crystal.  In  the  corresponding  momen-
tum space,  and  valleys are distributed on the two sides
of  the  domain-wall  interface,  leading  to  a  nonzero  valley
Chern number. In this case, EM waves will only propagate
along the  domain-wall  interface,  and  such  robust  propaga-
tion is topologically protected. There are two major advan-
tages of this type of analog QVH topological metamaterial.
First,  due to the plasmon-induced field confinement effect,
the guided waves can be strongly confined to the topologi-
cal domain-wall interface. Second, the loss of EM waves at
the microwave frequency is very low. Taking advantage of
these superiorities, we can develop an ultrathin topological
metamaterial.

Initially, studies of analog QVH topological metamate-
rials  were  mostly  concentrated  on  microwave  frequencies
because  some  extraordinary  permittivity  and  permeability
can  only  be  implemented  in  the  microwave  regime,  where
we can design and fabricate highly complex EM metamate-
rials. However,  with  the development  of  topological  meta-
materials,  the  exploration  of  interactions  between  analog
QVH metamaterials  and  EM  waves  has  been  further  ex-
tended to higher frequencies, such as the infrared regime or
even the visible light regime.

In  2019,  an  analog  QVH  metamaterial  working  at  a
wavelength  of 1550  nm  was  fabricated  on  a  silicon  wafer
with a 270 nm thickness [120]. This topological metamate-
rial is composed of honeycomb lattices, each of which con-
tains two  hollow  equilateral  triangles  with  opposite  direc-
tions.  When the sizes of  these two equilateral  triangles are
the same, a Dirac cone will be formed in the corresponding
band  diagram,  and  it  is  topologically  protected  due  to  the
space-inversion  symmetry.  However,  when  their  sizes  are
different, the space-inversion symmetry will be broken, and
the Dirac cone will open to form a bandgap. Using the same
approach mentioned  above  to  construct  a  domain-wall  in-
terface,  a  topologically  protected  edge  band  is  obtained  in
the bandgap. As a result, an analog QVH metamaterial can
be realized at optical communication frequencies.

Additionally, a similar analog QVH metamaterial was
also implemented in the same year [121], as shown in Fig-

ure  17(a).  Different  from  the  previous  equilateral  triangle
lattices,  each  honeycomb lattice  contains  two air  cylinders
with different radii.  Moreover, a feasible light power split-
ter  has  also  been  designed  based  on  the  proposed  QVH
metamaterials,  which  enriches  the  practical  applications  of
QVH  metamaterials.  To  realize  miniaturization,  a  widely
used  approach  is  to  increase  the  operating  frequency  of
QVH  metamaterials,  as  we  introduced  above.  However,  if
the 3D  bulk  materials  in  QVH  metamaterials  can  be  re-
placed by 2D materials  with  atomic thickness,  then minia-
turization of QVH metamaterials can also be achieved. Re-
cently,  a  deep-subwavelength QVH metamaterial  based on
graphene has been explored [122].
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Figure 17  QVH topological metamaterials.  (a) Schematic of the oblique-
view scanning electron microscope image of the fabricated valley photon-
ic crystal  (VPC) [121]; (b) Reprogrammable plasmonic topological meta-
materials with ultrafast control [123].
 

In addition  to  static  topological  metamaterials,  a  dy-
namic  QVH  metamaterial  with  reconfigurable  topological
routes has also been recently proposed. As shown in Figure
17(b), by taking advantage of the flexible tunability of pro-
grammable  metamaterials  and  the  robust  light  propagation
property  of  topological  metamaterials,  a  reprogrammable
topological EM metamaterial with ultrafast control was the-
oretically  studied  and  experimentally  demonstrated  [123].
To  realize  electrical  control  of  the  programmable  light
propagation  routes,  each  honeycomb  lattice  contains  six
electrically controlled diodes with C6 spatial symmetry. By
controlling  the  switching  state  of  each  diode,  the  spatial
symmetry of each lattice can be manipulated; thus, dynam-
ic control of the topological bands can be realized.

Different from the previous reconfigurable topological
metamaterials,  this  novel  reprogrammable  topological
metamaterial  has  two  great  superiorities.  First,  compared
with temperature-controlled  or  mechanically  controlled  re-
configurable topological metamaterials, each unit cell of the
reprogrammable topological  metamaterial  can  be  indepen-
dently controlled by electrical diodes, so the coding accura-
cy  and  switching  speed  are  far  beyond those  of  traditional
reconfigurable topological  metamaterials.  Second,  the  re-
programmable  topological  metamaterial  can  be  relatively
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easily  fabricated  by  the  widely  used  printed-circuit-board
(PCB)  technology,  so  it  can  be  seamlessly  integrated  with
current  optoelectronic  integrated  circuits  to  achieve  a  high
level  of  integration  that  cannot  be  achieved  by  traditional
reconfigurable topological metamaterials. These revolution-
ary  advantages  will  play  a  crucial  role  in  the  development
of multifunctional and intelligent topological devices in the
future.
 4. Topological circuits
In  addition  to  high-frequency  topological  metamaterials,
exotic  topological  effects  have  also  been emulated  in  low-
frequency  topological  metamaterials,  such  as  topological
circuits  [124]–[128]. The  abundant  selection  of  circuit  de-
vices allows direct transfer of tight-binding models to elec-
trical circuits to realize many novel topological systems that
are challenging  to  implement  in  quantum  electronic  sys-
tems. Research on topological circuits [125] began in 2015,
but  they  have  experienced  rapid  development  in  recent
years, covering a wide variety of topological metamaterials

and  semimetals  with  non-Hermitian,  nonlinear,  and  non-
abelian effects.

As  shown  in Figure  18,  a  2D  Su-Schrieffer-Heeger
(SSH) model circuit hosts nontrivial edge states around the
edges  [129]. The  circuit  diagram of  each  unit  cell  is  com-
posed of four grounded capacitors connected through alter-
nating inductors in the x and y directions (see Figure 18(a)).
Figure 18(b) shows the band structure of the circuit with a
closed  boundary  condition  along  the  x-axis  and  an  open
boundary  condition  (OBC)  along  the y-axis.  Two  isolated
curves residing in the bulk bandgaps represent the nontriv-
ial  edge  states,  and they  are  characterized  by the  extended
Zak phase (π,π). By measuring the reflection coefficient S11
at every circuit  node of the sample using a vector network
analyzer  (VNA),  the  researchers  experimentally  observed
the topological edge state, which was manifested by a pro-
nounced  absorption  at  the  circuit  boundary  (see Figure
18(c) and (d)). The topological edge state showed excellent
robustness  in  the  experiment  to  different  levels  of  circuit
disorder and defects.
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Figure 18  2D  SSH  model  circuit  hosting  a  topological  edge  state  at  the  circuit  boundary.  (a)  Circuit  diagram  of  a  unit  cell;  (b)  Bulk  band  structure;
(c) Sample; (d) Experimentally measured absorptance distribution showing the topological edge state [129].
 

Recently,  higher-order  topological  insulators  (HOTIs)
have attracted growing interest because they host topologi-
cal  boundary states with dimensions lower than that  of the
bulk  by  more  than  1  [130].  These  quantized  higher-order

multipole  corner  states  are  localized  at  the  intersection  of
edges  of  a  square  (2D,  quadrupole  moment)  or  cubic  (3D,
octupole moment) lattice and are protected by specially de-
signed spatial symmetries. In 2020, Liu et al. proposed a 3D
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topological circuit  with a zero-dimensional  corner state re-
siding  at  one  of  the  cubic  corners,  which  was  achieved
through dimerized coupling along three axes, with each pla-
quette having  an  opposite  sign  to  the  other  three,  as  illus-
trated in Figure 19(a)  [131].  The corner state is  essentially
induced by  the  nontrivial  octupole  moment  of  the  3D  cir-
cuit  and is  topologically  protected by three anticommuting

2.5×2.5×2.5
reflection symmetries  of  the  bulk  lattice.  A  sample  com-
posed  of  unit  cells  was  fabricated  using  five
layers  of  a  circuit  board  (see Figure  19(b)).  By  measuring
the  sample,  the  researchers  observed  the  octupole  corner
state  as  a  distinct  peak in  the  impedance spectra  measured
between every adjacent circuit node using a VNA (see Fig-
ure 19(d)).
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Figure 19  3D topological circuit with a corner state topology protected by the octupole moment of the bulk. (a) Circuit diagram of a unit cell; (b) Sample;
(c) Experimentally measured impedance spectra at all circuit nodes; (d) Impedance distribution at the corner mode frequency [131].
 

Non-Hermitian topological  systems  have  also  attract-
ed  increasing  attention  due  to  the  breakdown  of  the  bulk-
boundary  correspondence  [132],  [133]  and  the  resulting
novel topological  phases.  Non-Hermitian  systems  involv-
ing  gain/loss  and  nonreciprocity  require  new  topological
classifications  of  bands  [134] and  new  topological  invari-
ants  [135].  Due  to  the  difficulties  in  introducing  balanced
gain and loss into cold atom and photonic systems, experi-
ments on  non-Hermitian  topological  systems  are  challeng-
ing to implement.

Based on the theoretical work proposed by Takata [132],
Liu et  al.  presented  an  experimental  realization  of  a  non-
Hermitian electrical circuit with a nontrivial topological cir-
cuit  induced  by  gain  and  loss  [136]. The  circuit  is  com-

LC
R1 R2

−R1 −R2

LC

posed of a 1D array of   resonators coupled through iden-
tical capacitors, with ordinary resistors   and   and nega-
tive  resistors   and   connected  in  parallel  with  each 
resonator, as shown in Figure 20(a). With different combi-
nations of  the  gain  and  loss  configurations,  the  circuit  ex-
hibits four distinct phases, which are identified by the cross-
ings among the four bulk bands (see Figure 20(b)). To guar-
antee a real-valued edge state and provide a stable working
state for the operational amplifier, the researchers added an
additional  ordinary  resistor  to  all   resonators,  which
functioned  as  a  global  loss  term.  They  observed  the  edge
states  at  the  circuit  boundary  and  interface  state  between
two chains configured in different phases in the experiment,
which  showed  pronounced  impedance  peaks  at  the  edge
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mode frequency, as depicted in Figure 20(c).
Non-Hermitian systems  also  lead  to  some  strange  ef-

fects on topological phase changes. In 2018, Yao et al. dis-
covered  breaking  of  the  bulk-edge  correspondence  in  non-
Hermitian systems with nonreciprocity [133]. Later, in 2021,
Liu et al. experimentally confirmed the non-Hermitian skin
effect in a variation of the SSH topological circuit with non-
reciprocity  [137]  using  the  unidirectional  coupling  feature
of  a  voltage  follower  module,  as  plotted  in Figure  21(a).
They  experimentally  measured  the  admittance  matrix  (cir-
cuit Laplacian)  by  measuring  the  N-port  S-parameter  ma-
trix using a  two-port  VNA, followed by a  matrix  transfor-
mation. The breakdown of the conventional bulk-boundary
correspondence was confirmed by comparing the eigenval-
ue  spectra  of  the  circuit  Laplacian  between  the  periodic
boundary condition (PBC) and OBC. All the eigenstates os-
cillated  in  the  entire  chain  with  almost  identical  intensity
under the PBC (see Figure 21(b)) while decaying exponen-
tially  from  the  circuit  edge  under  the  OBC  (see Figure
21(c)).

A few more works have been reported on the simula-
tion  of  non-Hermitian  topological  circuits,  including  the
generation  of  higher-order  corner  states  in  a  nonreciprocal
circuit  implemented  with  diodes  [138],  bulk  Fermi-arc
states connecting the exceptional points and bulk drumhead
states bounded by the exceptional lines in 2D and 3D non-

Hermitian honeycomb topological circuits [139], and chiral
edge  states  in  a  non-Hermitian  Haldane  model  realized  by
voltage follower modules [140].

 V. Quantum Metamaterials
EM metamaterials  have  shown  very  high  degrees  of  free-
dom  to  control  classical  EM  waves.  Such  a  flexible  and
powerful manipulation capacity can also be used to signifi-
cantly promote  the  development  of  the  fundamental  sci-
ence  and  engineering  technology  in  the  nonclassical  EM
regime, especially in the field of  quantum information sci-
ence. In recent years, quantum information science has been
rapidly developed, and its superiorities in information com-
munication,  measurement,  sensing,  computing,  and  other
aspects  are  expected  to  revolutionize  current  science  and
technology. These innovative quantum technologies can be
further advanced by using EM metamaterials, leading to the
emergence  of  quantum  metamaterials.  To  date,  quantum
metamaterials have become a revolutionary extension of the
classical  EM  metamaterial  concept  and  have  provided  an
important physical  platform  for  the  generation,  manipula-
tion and detection of quantum information.
 1. Platform
Quantum metamaterials  are  a  new  concept  bridging  tradi-
tional  metamaterials  and  quantum  technologies,  and  they
are  also  a  new  type  of  artificial  atom.  Their  coded  units
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(i.e.,  qubits)  have  typical  physical  properties  of  quantum
states,  such as  quantum coherence,  and the quantum states
of these units can be externally controlled. Meanwhile, the
system of  these  artificial  atoms  can  maintain  quantum  co-
herence  on  the  time  scale  of  the  EM  pulse  propagation
across it. In general, quantum metamaterials include super-
conductor  quantum  metamaterials,  nonlinear  quantum
metamaterials,  space-time  quantum  metamaterials,  and  so
on.

Due  to  their  low  loss,  compact  structure,  and  strong
nonlinear  properties,  superconductors  have  become  one  of
the most widely used platforms for quantum metamaterials.
At  present,  superconductor  quantum  metamaterials  have
broad application  prospects  in  the  fields  of  single  mi-
crowave  photon  detection,  quantum  birefringence,  and
phase  transition  of  quantum superradiance  [141],  [142],  as
shown in Figure 22(a). Different from natural atoms, super-
conductor  qubits  have  very  strong  coupling  with  external
EM fields  via  effective  dipoles,  and  such  superiority  pro-
vides an  excellent  opportunity  to  artificially  design  quan-
tum  structures  composed  of  superatoms.  Currently,  the
main challenge in the development of quantum metamateri-

als is to make the qubits as identical as possible.
Superconductor circuits  provide  a  completely  differ-

ent platform to  study the  EM-matter  interaction  in  the  mi-
crowave  regime,  and  the  development  of  quantum circuits
has enabled the generation of tunable qubits with a long co-
herence  time.  In  addition,  due  to  the  deep  subwavelength
transverse  confinement  of  light  in  microwave  waveguides
as  well  as  the  large  electrical  dipoles  of  superconductor
qubits,  strong  coupling  can  be  more  easily  obtained  in  a
coplanar transmission line. Another advantage of the copla-
nar transmission line is that a highly dispersive microwave
waveguide can be readily implemented by adjusting the pe-
riodicity  of  the  geometrical  structures.  However,  to  satisfy
the Bragg condition, the lattice constant of such a coplanar
transmission line should usually be comparable to the order
of  the  pump wavelength.  This  restriction greatly  limits  the
scalability of this approach. Another way to manipulate dis-
persion is to use the concept of metamaterials,  which have
achieved  subwavelength  and  even  deep  subwavelength
structures  in  the  classical  EM  field.  For  this  reason,  they
have promising potential in quantum optics applications, es-
pecially  for  the  design  of  compact  superconductor  circuit
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Figure 21  Non-Hermitian topological  circuit  with nonreciprocity.  (a)  Circuit  diagram and sample of  a  unit  cell;  (b)  Eigenstates of  all  modes under the
PBC; (c) Eigenstates of all modes under the OBC [137].
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components  in  quantum  circuits.  Meanwhile,  the  low  loss
of  superconductor  quantum  circuits  also  provides  new
prospects for the application of microwave metamaterials in
the field of quantum physics.

Recently,  a  compact  bandgap  waveguide  with  deep
subwavelengths  has  been  designed  by  using  an  array  of
coupling  microwave  superconductor  resonators  based  on
the concept  of  metamaterials  [143].  Its  lattice is  composed
of  capacitively  coupled  microwave  resonators,  each  of
which consists of microwave resonators, a coupling capaci-
tor,  a waveguide central conductor and a ground plane. To
protect the symmetry of the waveguide structure, two iden-
tical  resonant  coupling  structures  are  placed  on  the  two
sides  of  the  waveguide  central  conductor.  As  shown  in
Figure  22(b),  a  transmission  line  based  on  superconductor
quantum metamaterials  includes  nine  periods  of  supercon-
ductor  microwave  resonators  (gray),  and  its  input  port  is
connected  to  the  readout  port  of  a  reflective  coplanar
waveguide  (red  area)  via  capacitive  coupling.  The  output
port  of  the  transmission  line  is  capacitively  coupled  to  a
transmon qubit  (yellow).  In addition to being compact,  the
waveguide can be used to construct a highly nonlinear dis-
persive energy band surrounding the bandgap so that the lo-
calized  intragap  photon  states  can  be  firmly  bound.  This
work  detailed  the  resulting  waveguide  dispersion  and
bandgap properties via interaction with a tunable supercon-
ducting  transmon  qubit.  Moreover,  the  researchers  also
measured the Lamb shift and qubit lifetime in the bandgap

and  its  vicinity.  The  corresponding  measured  results  show
an anomalous Lamb shift  of the qubit  transition and selec-
tive inhibition and enhancement of spontaneous radiation.

The  current  implementation  of  most  superconductor
quantum metamaterials is based on weak coupling between
the  microwave  resonators  and  an  array  of  superconductor
qubits.  As  a  result,  the  variations  in  the  corresponding
transmission coefficients  are  usually  quite  small  and limit-
ed to a narrow frequency range. Recently, a new type of su-
perconductor  quantum  metamaterial  has  been  proposed.
Compared  to  previous  works,  it  can  achieve  tunable  EM
properties  of  the  medium  over  a  much  broader  frequency
range [144]. As shown in Figure 22(c), the superconductor
quantum metamaterial consists of an array of 15 twin qubits
embedded in a coplanar waveguide. Each qubit  consists of
two  superconducting  loops  sharing  one  central  Josephson
junction  and  four  identical  Josephson  junctions  located  on
the outer parts of the loops. The central Josephson junction
allows the magnetic flux to tunnel between the loops. Thus,
strong coupling between qubits and propagating EM waves
can be constructed. One unique property of this twin qubit
structure is the field-induced phase transition of the Joseph-
son  junction,  which  can  abruptly  suppress  the  microwave
transmission  coefficient  over  a  broad  frequency  range.
Meanwhile,  a  significant  enhancement  of  the  microwave
transmission coefficient can be achieved over a narrow fre-
quency range,  and  such  resonant  transparency  can  be  tai-
lored by an external magnetic field.
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Figure 22  Superconductor quantum metamaterials. (a) Woodcut superconductor quantum realization [141]; (b) Disorder effects and qubit-waveguide cou-
pling [143]; (c) Quantum metamaterial composed of twin flux qubits [144]; (d) Main idea for the concept of quantum metamaterials: Coupling artificial
atoms to the mode of an EM field [145].
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Due to the extremely low ohmic loss and the ability to
tune the  resonant  frequencies  by  using  Josephson  induc-
tance,  quantum metamaterials  have  attracted  much interest
in  the field  of  quantum information science.  In  addition to
linear properties,  the  nonlinear  properties  of  Josephson  in-
ductance  enable  the  construction  of  truly  artificial  meta-
atoms.  Generally,  atoms  in  natural  materials  interact  with
EM  waves  as  a  quantum  two-level  system.  In  the  case  of
quantum metamaterials, we can also build artificial two-lev-
el systems.

For  example,  an  artificial  quantum  two-level  system
has been experimentally demonstrated with superconductor
nonlinear resonators by cooling to their ground state [145].
As  shown  in Figure  22(d),  twenty  superconductor  flux
qubits are  situated  on  the  two  sides  of  a  niobium  mi-
crowave  transmission  line.  The  qubit-qubit  nearest-neigh-
bor  coupling  is  designed  to  be  negligibly  small,  and  the
coupling  of  each  qubit  to  the  resonator  is  designed  to  be
small  enough that  only  collective  resonance  effects  can  be
observed. When the energy level spacing of qubits is equal
to the resonant energy of the resonator, the degeneracy be-
tween  their  states  is  lifted,  which  can  be  demonstrated  by
measuring  the  amplitude  and  phase  of  the  microwaves
transmitted at the resonator frequency. Moreover, a disper-
sive shift  of  the  resonator  frequency  and  collective  reso-
nant coupling of eight qubits can also be observed in such a
quantum metamaterial. This physical model provides a fun-
damental implementation platform of quantum metamateri-
als,  in  which  many  artificial  meta-atoms  are  collectively
coupled  to  the  quantized  mode  of  photons.  This  type  of

quantum metamaterial can be used to detect and count indi-
vidual photons  at  microwave  frequencies  and  has  applica-
tions  in  quantum  birefringence  and  superradiance  phase
transitions.

The quantum state of correlated photon pairs is the ba-
sis of photon entanglement, and it can result in many quan-
tum applications, such as cybersecurity and quantum infor-
mation  processing.  Currently,  spontaneous  parametric
downconversion  (SPDC)  is  one  of  the  most  widely  used
techniques to generate correlated photon pairs. For instance,
generation  of  quantum  light  by  nonlinear  nanoresonators
that can act  as  quantum sources  as  well  as  emitting anten-
nas has been reported to be feasible. Such nanoscale multi-
photon quantum sources can be used to explore the practi-
cal applications of highly indistinguishable and spatially re-
configurable quantum states.

As shown in Figure 23(a), a nonlinear quantum meta-
material was experimentally demonstrated to realize SPDC
[146]. The unit cell of the quantum metamaterial consists of
a Mie-type resonant nanoantenna (AlGaAs disk). Due to the
noncentrosymmetric lattice arrangement of atoms, the natu-
ral  AlGaAs  material  has  a  very  strong  intrinsic  quadratic
susceptibility. Since AlGaAs has a direct electron bandgap,
it  can  exhibit  high  transparency  over  a  wide  frequency
range; thus, we can neglect the one-photon and two-photon
absorption at telecommunication wavelengths. Based on the
SPDC nonlinear process, the Mie-type resonant nanoanten-
na  is  illuminated  by  a  pump beam with  linear  polarization
in  the  near-infrared  spectrum  to  generate  signal  and  idler
photons at different frequencies.
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Figure 23  Nonlinear quantum metamaterials. (a) Spontaneous photon-pair generation from a dielectric nonlinear metamaterial through the SPDC process
[146]; (b) Generation of entangled photons in an ultrathin nonlinear metamaterial without momentum conservation [147]; (c) Photonic entanglement based
on a nonlinear metamaterial through parametric downconversion [148].
 

To  obtain  high  nonlinear  conversion  efficiency,  most
nonlinear  metamaterials  need  to  meet  the  phase  matching
condition. Recently,  an SPDC nonlinear quantum metama-
terial with  a  phase-matching-free  feature  has  been  pro-
posed  [147],  as  demonstrated  in Figure  23(b). The  corre-
sponding measured  results  show  that  the  operating  band-
width of such a new SPDC quantum metamaterial is an or-
der  of  magnitude  broader  than  that  of  phase-matched
SPDC.  Furthermore,  the  nonlinear  interaction  of  photons

can be steered by flexibly tuning the unit  cell  of the quan-
tum metamaterial so that the spatial properties of the gener-
ated photonic states can be controlled on demand [148]. As
shown  in Figure  23(c), the  introduction  of  a  vortex  struc-
ture into the second-order nonlinearity facilitates the gener-
ation  of  orbital  angular  momentum  (OAM)  entanglement.
This theoretical  framework is  based on the nonlinear Huy-
gens-Fresnel principle, and it can be used to reduce the loss
of quantum systems.
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Recently, a  multitude  of  metamaterials  has  been  ap-
plied  to  quantum  photonics,  providing  a  more  compact
physical platform to manipulate quantum light on microme-
ter or  nanometer  scales.  To  take  advantage  of  metamateri-
als at the quantum level, the ability of metamaterials to con-
tinuously  regulate  coherent  light-matter  interactions  in
space and time must be developed. To this end, the concept
of  space-time  quantum  metamaterials  has  recently  been
proposed to control the spatial, spin, and spectral properties
of quantum light. Based on such space-time compact meta-
materials,  the  quantum entanglement  among all  degrees  of
freedom  of  a  single  photon  can  be  controlled  on  demand.
Meanwhile, space-time quantum metamaterials can also be
used to implement many unique functions, such as the gen-
eration  of  reconfigurable  hyperentanglement  for  high-ca-
pacity quantum information communications.

In  the  classical  EM  field,  space-time  metamaterials
have been proven to offer much higher degrees of freedom
of EM manipulation by dynamically modulating the analog
or digital  units.  Taking  advantage  of  classical  metamateri-
als,  the  concept  of  space-time  quantum  metamaterials
(STQMs) has  recently  been  proposed  to  enable  spatiotem-
poral control  of  quantum light.  To  manipulate  the  interac-
tion  of  quantum  light  with  a  dynamic  metamaterial,  each
unit of the quantum metamaterial is modulated in space and
time. In summary, typical STQMs include modulated quan-
tum metamaterials driven by laser pulses and hybrid classi-
cal-quantum metamaterials.

In terms  of  dielectric  STQMs,  the  entanglement  dy-
namics of a single photon passing through a dielectric meta-
material have been studied [149], and the permittivity of the
dielectric  metamaterial  can  be  spatiotemporally  modulated
under pump light. The unit cell of the dielectric metamateri-
al  is  composed  of  a  dielectric  with  a  high  refractive  index
and  low  loss.  As  shown  in Figure  24(a),  the  geometry  of
each  unit  is  exactly  the  same,  and  the  unit  is  made  of
anisotropic  materials.  To  implement  a  spatial  modulation

feature, a  particular  geometric  rotation  is  generated  be-
tween  adjacent  units.  Due  to  the  characteristics  of
anisotropy and  rotation,  circular  cross-polarization  conver-
sion  and  a  spin-dependent  Pancharatnam-Berry  geometric
phase distribution can be generated. The space-time modu-
lation can be considered a harmonic perturbation of the di-
electric  constant,  and  two  slightly  detuned  near-infrared
pump beams have recently been used to illuminate an amor-
phous silicon metamaterial to demonstrate this novel space-
time modulation scheme. In this demonstration, the nonlin-
ear Kerr effect in amorphous silicon is used to achieve per-
mittivity modulation.

In addition, as shown in Figure 24(b), STQMs can al-
so be  used  to  stir  a  quantum  vacuum  and  generate  entan-
gled vortex pairs. To this end, a spinning phase needs to be
synthesized  first.  The  space-time-modulated  metamaterial
can be used to generate  photon pairs  carrying angular  mo-
menta that  meet  the  rule  of  angular  momentum  conserva-
tion, and the correlation of entangled photons can be mea-
sured by sorting the angular momenta and using photon co-
incidence  detection.  The  development  of  STQMs  has
opened a new way to study nanophotonics and quantum in-
formation and resulted in novel functionalities and applica-
tions, including steered single-photon emitters for quantum
sources,  spatiotemporally  modulated  quantum  states  for
sensing  and  imaging,  reconfigurable  entanglement  for
quantum information communications, and so on.
 2. Applications

 1) Quantum sources
With the rapid development of quantum information, many
critical emerging quantum circuits and devices require reli-
able and efficient quantum sources of indistinguishable and
single  photons.  However,  current  lasers  have  difficulty
meeting  the  latest  need  of  emerging  quantum technologies
to  flexibly  manufacture  single  photons.  The  ideal  single-
photon source must be compact,  miniaturized, high perfor-
mance,  controllable,  and  easy  to  use.  These  application
needs are well suited to the current booming EM metamate-
rials. For example, EM metamaterials can work at subwave-
lengths  or  even  deep  subwavelengths,  with  the  advantages
of  compactness  and  miniaturization.  At  the  same  time,
many theories and experiments have proven that EM meta-
materials have a powerful function of regulating EM waves
and have good artificial controllability. Therefore, the com-
bination of quantum light sources and EM metamaterials is
an important research direction in current related fields. At
present, many related excellent works have been reported.

The  traditional  approach  to  achieving  a  single-photon
source  is  to  utilize  the  spontaneous  emission  of  a  single
two-level  system  emitting  one  photon  at  a  time,  the  so-
called quantum emitter. The advantage of this emitter is that
it has a source of single photons with a well-defined wave-
length,  which  is  very  important  for  single-photon  sources.
In addition,  several  other  novel  effects,  including coopera-
tive and many-body effects, can be studied based on single-
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Figure 24  STQMs. (a) All-optical refractive index modulation of a dielec-
tric STQM; (b) Electro-optical modulation of a graphene disk STQM [149].
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photon sources,  which  facilitates  emitter-photon  and  emit-
ter-emitter  quantum  entanglement  analyses.  However,  the
radiation  life  of  existing  quantum  emitters  is  often  on  the
order of 10 ns, so they cannot meet the high-speed process-
ing requirements  of  optical  communication  and  informa-
tion processing systems. To increase the spontaneous radia-
tion rate of the emitter,  the quantum emitter  can be placed
in an  EM  environment  with  a  localized  density  enhance-
ment.

As  shown  in Figure  25(a),  a  metamaterial  can  easily
form such an EM environment, thus providing an ideal plat-
form for quantum light manipulation and control [150]. 2D
materials such as graphene, hexagonal boron nitride (hBN),
and  transition  metal  dichalcogenides  can  also  be  used  as
single-photon sources [151].  These 2D materials are easier
to integrate  with  photonic  metamaterials  than semiconduc-
tor  quantum  dots,  and  this  integration  advantage  can  be

used  to  achieve  Purcell  enhancement  effects.  As  shown in
Figure 25(b), the quantum emitter in 2D hBN can form ef-
fective coupling with the plasmon nanocavity array, and the
Purcell  enhancement  achieved  in  the  weak  coupling  state
can significantly increase the emission rate of the quantum
emitter and shorten the fluorescence lifetime. Moreover, in
this case, the statistical properties of a single photon can be
largely  preserved.  According  to  the  demonstration  of  a
large-scale  array  of  quantum  emitters  with  atomic  layer
thickness  at  low  temperatures,  the  single-photon  emission
of defective hBN at room temperature can not only be am-
plified by coupling with the integrated metamaterial but al-
so  induce  the  single-photon  emission  defect  of  the  single-
photon  emitter  itself  [152].  As  shown  in Figure  25(c),  the
metamaterial  of  a  silicon  column  array  coupled  with  2D
hBN  forms  an  efficient  room-temperature  single-photon
source array.
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Figure 25  Quantum sources based on metamaterials. (a) Purcell effect induced by the interaction between a single quantum emitter and metamaterial scat-
terers  [150];  (b)  Deterministic  coupling  of  quantum  emitters  in  a  hBN  disk  to  plasmonic  nanocavity  arrays  [151];  (c)  Near-deterministic  activation  of
room-temperature  quantum emitters  in  a  hBN cylinder  [152];  (d)  High-dimensional  and multiphoton quantum source  based on a  metalens  array  [153];
(e) A central atom (red) controls multiple photonic qubits by scattering from a quantum metamaterial with atom arrays [155].
 

Quantum  entanglement  is  a  physical  phenomenon  of
nonclassical  physics  and  is  one  of  the  crucial  features  that
distinguishes  classical  physics  from  quantum  physics.
Quantum entanglement mainly occurs in the process of gen-
eration, interaction,  etc.  of  a  group of  particles.  The  quan-
tum state of each particle in the group cannot be described
separately  from  the  quantum  state  of  the  other  particles,
even if the particles are very far apart from each other. For
example,  for  a  pair  of  entangled  particles,  their  physical
properties, such as position, spin, momentum, and polariza-
tion, are completely correlated. Since their total spin is zero,
if the spin of one particle rotates clockwise, then the spin of
the  other  entangled  particle  must  rotate  counterclockwise.
At present, all theoretical experiments have proven that the
mutual  information  between  entangled  particles  can  be
used, but any information transmission beyond the speed of

light is impossible. Quantum entanglement has been experi-
mentally demonstrated for photons, neutrinos, electrons and
other platforms and has been widely used in frontier fields
such as quantum communication, quantum computing, and
quantum measurement. Currently, a common method of en-
tangled photon generation is  to  take advantage of  the non-
linear process between light and matter. However, the non-
linear effects of natural optical materials are generally very
weak, and the nonlinear conversion efficiency is  very low.
To enhance the nonlinear interaction process between light
and matter  and  improve  the  nonlinear  conversion  efficien-
cy,  combining  quantum  entanglement  sources  with  EM
metamaterials is an effective and important solution.

The  generation  of  photon  pairs  in  nonlinear  materials
can produce nonclassical  entangled photon states.  By inte-
grating a metamaterial lens with a nonlinear barium borate
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(BBO) crystal [153], as shown in Figure 25(d), a multipath
photon pair source based on SPDC can be achieved.

10×10

This  has  important  implications  for  high-dimensional
entanglement and multiphoton state  generation.  Specifical-
ly,  the metamaterial  lens consists  of  a  metalens ar-
ray.  This  metamaterial-based  quantum  entanglement  light
source is compact and stable. It  can be easily switched be-
tween  various  high-dimensional  entangled  quantum  states,
providing  a  promising  new  platform  for  the  integration  of
quantum  photonic  devices.  In  addition,  an  experimentally
feasible nanophotonic  platform  has  been  proposed  to  ex-
plore many-body physics in topological quantum optics [154].

Currently, the research on metamaterials mainly focus-
es on the manipulation of light, and the next step to be stud-
ied is  how  to  achieve  manipulation  of  many-body  entan-
gled photonic states based on the interaction between atom-
ic metamaterials and nonclassical light.  This kind of quan-
tum metamaterial can be achieved by regulating the entan-
gled  state  of  atomic  reflectors  and  their  scattering  light,
building an entirely new platform that can manipulate both
classical  and  quantum  electromagnetism.  As  shown  in
Figure  25(e),  a  quantum  metamaterial  can  be  achieved  by
entanglement of the macroscopic response of a thin array of
atoms  to  light  [155]. The  system can  realize  physical  pro-
cesses  such  as  entanglement  between  atoms  and  photons
and quantum processing  in  parallel  between  multiple  bod-
ies, as well as generate high-dimensional entangled photon
states suitable for quantum information processing.
 2) Quantum manipulation
To  date,  many  experimental  results  have  proven  that  EM
metamaterials have  a  very  outstanding  ability  to  manipu-
late EM waves, so these superiorities can be applied in the

quantum regime to manipulate the quantum state of light by
using quantum metamaterials. The initial quantum metama-
terials  were  designed  based  on  plasmonic  nanostructures
[156],  [157],  and  they  have  been  used  to  develop  many
quantum devices  for  manipulation of  quantum light.  How-
ever,  due  to  the  strong  loss  of  such  metallic  plasmonic
metamaterials,  maintaining  long-term  manipulation  of
quantum states is difficult. To reduce the intrinsic loss, all-
dielectric  metamaterials  were  subsequently  developed  to
more efficiently manipulate quantum states. These metama-
terials  can  flexibly  manipulate  the  phase,  polarization,  etc.
of light, which plays an important role in the reconstruction
of  multiphoton  quantum states.  As  shown in Figure  26(a),
multiple  metamaterial  meta-units  are  nested  in  a  single
metamaterial, and the interference process of several multi-
ple  photons  can  be  simultaneously  implemented  [158].
With this metamaterial, multiphoton polarization states can
be projected  in  parallel  onto  pairs  of  elliptical  polarization
states  and  decomposed  into  different  spatial  channels.  The
multiphoton  state  can  then  be  accurately  reconstructed  by
associative  measurements  and  calculations  of  photons  in
other channels. The input N-photon state is decomposed in-
to M different ports after being modulated by the metamate-
rial, and each port corresponds to a different elliptical polar-
ization  state.  The  input  quantum  state  is  projected  into M
multiphoton  Hilbert  space,  and  the  input N-photon quan-
tum  density  matrix  can  be  completely  reconstructed  by
measuring the conformity with the signals of the M output
ports.  Compared  with  traditional  methods,  this  parallel
quantum state reconstruction method is conducive to reduc-
ing the measurement time and the perturbations introduced
by the reconstruction process.
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Figure 26  Manipulation of quantum states. (a) An input N-photon polarization state is imaged as an M-spot image based on a quantum metamaterial [158];
(b) Entanglement between spin angular momentum and OAM of a single photon [159]; (c) Continuous control of quantum photon-photon interactions with
a nonunitary metamaterial [160]; (d) Macroscopic and remote quantum interference based on a quantum metamaterial [161]; (e) Engineering quantum cor-
relations by interfacing entangled qubits with a metamaterial [162].
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Photons can be entangled and transformed through dif-
ferent  degrees  of  freedom,  such  as  polarization,  path,  and
OAM. The entanglement between different degrees of free-
dom of photons can improve the entanglement dimension of
photons  and  enrich  the  control  means  of  quantum  states,
which  is  very  important  for  expansion  of  quantum  optical
information  systems.  Classical  photon  spin-orbit  coupling
can be achieved through a metamaterial. Recently, spin-or-
bit conversion and entanglement for a photon has been fur-
ther  realized  through  metamaterials.  In  the  schematic  of
Figure  26(b), entanglement  between  the  spin  angular  mo-
mentum and  the  OAM  is  achieved  when  a  linearly  polar-
ized  photon  passes  through a  metamaterial  designed  based
on the geometric phase [159]. The interaction between spin
angular momentum and OAM is realized when one photon
in the entangled photon pair passes through the metamateri-
al sample, and the other photon is directly collected and de-
tected  by  a  single-photon  detector.  The  measurements
found that the OAM was acquired by photons on the meta-
material and  became  entangled  with  the  spin  angular  mo-
mentum,  and  further  Bell  state  measurements  showed  that
the  OAM  of  one  photon  was  entangled  with  the  OAM  of
another photon, and vice versa.

Although  there  are  already  different  ways  to  achieve
quantum state  manipulation  of  individual  photons,  achiev-
ing effective interaction between photons is challenging. To
this end, an anisotropic metamaterial was designed to intro-
duce a new degree of freedom for quantum optics, thus eq-
uitably enabling arbitrary manipulation of quantum interac-
tions between photons. As shown in Figure 26(c), quantum
interactions  between  two  photons  can  be  represented  as
equivalent to boson-boson interactions, fermion-fermion in-
teractions, or any state in between by rotating the metama-
terial  or  changing  the  polarization  of  photons,  beyond  the
inherent  bosonic  nature  of  photons  [160]. This  work  pro-
vides new ideas for the design of devices and systems such
as quantum logic gates.

By  regulating  the  EM  field  environment  around  a
quantum emitter, the radiation rate of the quantum emitter,
as well  as  the  nonradiation  rate,  can  be  suppressed  or  en-
hanced.  Based on this  principle,  researchers have designed
structures with small pattern volumes and high Q values to
enhance the interaction between quantum emitters and opti-
cal  structures  in  space  and  time,  respectively.  In  a  weak
coupling field,  the  fluorescence  lifetime  of  quantum  emit-
ters is modulated. In a strong coupling field, the energy lev-
els of the quantum emitter and the optical structure are hy-
bridized, and Rabi splitting can be observed in the absorp-
tion,  scattering  or  fluorescence  spectrum.  These  works  are
on the radiation of quantum emitters in the near-field range
of optical structures. Lack of precise control of the position
of the quantum emitter, the quantum emitter not being close
to  a  metal  micro-nanostructure  and  other  factors  limit  its
development. To  solve  these  problems,  achieving  modula-
tion  of  the  radiation  of  quantum  emitters  in  the  far-field
range of  optical  structures  is  particularly  important.  Meta-
materials can achieve this due to their excellent phase con-

trol capabilities.
Recently,  quantum  vacuum  regulation  of  quantum

light based on metamaterials  has  been systematically  stud-
ied  [161].  As  shown  in Figure  26(d),  the  metamaterial
breaks the isotropy of the quantum vacuum, causing quan-
tum  interference  to  occur  at  multiple  energy  levels  of  the
quantum light, which is forbidden in free space. By appro-
priately designing the metamaterial, its response to the elec-
tric dipole  radiation  from  the  point  source  has  a  polariza-
tion  dependence.  In  other  words,  the  EM field  radiated  by
the  electric  dipole  in  the x direction  can  return  along  the
original path and focus on the point source. The maximum
efficiency  is  81%.  The  EM  field  radiated  by  the  electric
dipole in the y direction does not undergo this effect. From
the  perspective  of  quantum  mechanics,  the  metamaterial
with this function breaks the quantum vacuum symmetry of
the quantum light so that different energy levels of the mul-
tilevel quantum light can undergo quantum interference.

Furthermore,  when  considering  two  quantum  light
beams, as shown in Figure 26(e), the EM field of the source
qubit  dipole  radiation  can  be  directed  by  the  metamaterial
to focus on the position of the target qubit with an efficien-
cy  of  up  to  82%  so  that  the  two  quantum  light  beams  are
entangled  [162].  Generally,  the  concurrence  indicates  the
intensity  of  the  entanglement  of  the  two  quantum  light
beams.  The  results  show  that  the  concurrence  of  the  two
quantum  light  beams  interacting  with  the  metamaterial  is
two orders of magnitude stronger than that of the two quan-
tum light beams without interaction with the metamaterial.
As the  distance  between  the  two  quantum  light  beams  in-
creases,  the  concurrence  quickly  decreases  if  there  is  no
metamaterial. When there is a metamaterial, they still main-
tain excellent concurrence over a long distance.
 3) Quantum sensing and imaging
Quantum  detection  is  an  emerging  sensing  measurement
method that uses the quantum properties of matter (such as
quantum  entanglement  and  quantum  interference)  to
achieve breakthroughs  in  classical  measurement  perfor-
mance based on the basic principles of quantum mechanics.
Most of the problems in quantum detection research are the
measurement and detection of weak signals, and metamate-
rials  have  shown  extraordinary  capabilities  in  weak  signal
enhancement.  Therefore,  the combination of  metamaterials
and quantum detection technology is an inevitable trend in
quantum detection research. Quantum weak measurement is
generally divided into three basic steps. First, the measured
system is placed in the initial quantum state. Second, an ob-
servable  weak  coupling  is  introduced  into  the  system
through  a  detector.  Finally,  the  final  quantum  state  of  the
system is measured. Of the above three steps, the introduc-
tion of weak coupling to make the system under test almost
undisturbed  is  a  crucial  link.  Based  on  the  extraordinary
EM regulation  and  control  capabilities  of  EM metamateri-
als, the  required  coupling  strength  can  be  obtained  by  ad-
justing  the  shape  and  size  of  EM  metamaterial  elements.
For this reason, this approach has vast application prospects
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in the field of quantum detection.
Currently, researchers have used metamaterials to per-

form quantum entanglement  and quantum disentanglement
operations  on  two-photon  spin  states  [163].  As  shown  in
Figure 27(a),  in  the process  of  entanglement,  when single-
photon  pairs  with  orthogonal  linear  polarization  pass
through a metamaterial medium with a geometric phase, the
two photons will  be remodulated into left-  or  right-handed
circularly polarized light and form a two-photon state with
path  entanglement.  Here,  the  metamaterial  has  an  effect
similar to a high-sensitivity quantum interferometer, and the
interference of this new design idea has significant applica-

tion value for  quantum sensing and measurement.  In  addi-
tion,  researchers  have  also  used  phase  gradient  medium
metamaterials to build a low interference detection system,
which  can  significantly  simplify  the  operation  process  of
quantum weak signal detection [164]. Researchers have al-
so enhanced the absorption mechanism of metamaterials to
multiphoton  absorption  [165].  Multiphoton  pair  absorption
has more nonlinear properties than single-photon linear ab-
sorption  processes.  Related  research  helps  provide  a  more
in-depth  understanding  of  the  coherent  absorption  process
in such aspects as quantum optical detection, which has im-
portant application value for sensors.
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Figure 27  Quantum sensing and imaging based on quantum metamaterials. (a) Spatial entanglement and disentanglement of a two-photon state at a quan-
tum metamaterial to develop quantum sensors [163]; (b) Imaging of two overlaid patterns based on a quantum metamaterial. The triangle pattern transmits
only horizontally polarized light, and the star transmits only vertically polarized light [166]; (c) Quantum edge detection. A superposition of a regular “sol-
id cat” and an edge-enhanced “outlined cat” can be separated by switching the OFF and ON states [167].
 

Quantum  imaging  is  a  multidisciplinary  cross-cutting
field  of  research  that  promises  to  enable  efficient  imaging
in extreme  spectral  ranges  and  ultralow light  intensity  mi-
croscopy. At present, the area has expanded from early aca-
demic research to practical engineering applications, and it
is widely used in imaging and microscopy technology per-
formance  improvement.  Quantum  imaging  has  shown  two
unique features:  i)  the ability to reproduce “ghost” images
in  a  “nonlocal”  way  and  ii)  significantly  enhanced  spatial
resolution of imaging beyond the diffraction limit. Specifi-
cally, overcoming  the  limitations  of  existing  imaging  sys-
tems  is  what  many  researchers  are  trying  to  achieve,  and
harnessing  the  quantum  properties  of  light  is  an  effective
way to  overcome  these  limitations.  In  this  process,  quan-
tum entanglement plays a central role. The momentum, en-
ergy, and position correlation of entangled photon pairs can
be  used  for  spectroscopy  and  imaging  in  spectral  ranges
where efficient  detection is  not  possible or  even with light
that  does  not  interact  with  the  sample.  In  addition,  using
certain quantum states of light and their photon count statis-

tics, sensing and imaging can be performed beyond the lim-
its of the classical methods. Metamaterials have enabled re-
markable applications in classical optical imaging and in re-
cent  years  have  proven  to  be  an  up-and-coming  hardware
platform for imaging nonclassical light.

In recent years, an optical imaging protocol that relies
solely  on  quantum  entanglement  has  been  demonstrated:
only when entangled photons are used can two polarization
patterns superimposed on the metamaterial be imaged sepa-
rately, and unentangled light cannot distinguish the two su-
perimposed patterns [166]. Specifically, as shown in Figure
27(b), a polarization-sensitive metamaterial overlay is print-
ed with two different patterns (stars and triangles), each of
which only allows light with one of two different polariza-
tions to pass through. When performing optical imaging us-
ing  entangled  photon  pairs,  experimental  measurements
show  that  only  when  one  photon  in  the  entangled  photon
pair is measured can the other photon in the entangled pho-
ton pair  produce a  separate  clear  image (stars  or  triangles)
as  it  passes  through  the  metamaterial.  In  the  absence  of
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quantum  entanglement,  regardless  of  the  manipulation  of
the  incident  light,  only  the  composite  image  (the  sum  of
stars and triangles) can be observed. In addition, as the de-
gree of entanglement (Bell parameter S) gradually increas-
es, so does the independent visibility of the pattern.

In addition, the polarization correlation of quantum en-
tanglement has  been  used  to  propose  a  nonlocally  posi-
tioned  switch  for  switchable  edge  detection  without  any
changes to the imaging system of the dielectric metamateri-
al  [167].  Experiments  have  shown  that  if  the  appropriate
polarization state is selected in the heralding arm of the en-
tangled photon source, then a normal image or edge image
can be obtained, which can be regarded as an entanglement-
assisted  remote  switch  for  edge  detection.  Specifically,  as
shown  in Figure  27(c), in  classical  edge  detection  tech-
niques, when  an  incident  photon  has  a  horizontally  polar-
ized state, the illuminated “Schrödinger’s cat” image pass-
es through the designed metamaterial and separates into im-
ages with left- and right-handed circular polarizations. The
overlapping left-handed and right-handed circular polariza-
tion components  will  pass  through  an  analyzer  with  hori-
zontal  polarization,  forming  a  complete  “solid  cat. ”  If  the
incident photons  are  vertically  polarized,  then the  overlap-
ping  left-handed  and  right-handed  circular  polarization
components  will  be  recombined  into  linear  polarization
components and completely blocked by the analyzer,  leav-
ing only the edges of the image, thus forming an “outlined
cat. ”  In  quantum  edge  detection  techniques,  the  incident
photon pairs  have  polarization  entanglement,  the  transmit-
ted  light  beams  are  entangled  together  without  knowing
their  polarization  state,  and  the  resulting  image  is  in  the
quantum  superposition  state  of  “solid  cat ”  and  “outlined
cat.” However, if the polarization state of the incident pho-
ton  is  set  by  an  external  trigger  (the  question  mark  in  the
figure indicates  that  the  choice  of  polarization  state  is  un-
known), then the regular mode of the solid cat and the edge
detection mode of the outlined cat can be switched between.

Quantum edge detection schemes have a higher signal-
to-noise ratio than when using classical light sources. In ad-
dition, the technology could provide an entirely new line of
thought  for  secure  image  communication,  including  image
encryption and steganography. Specific image modes (edge
mode  or  regular  mode)  can  only  be  extracted  from  mixed
image  modes  by  correctly  manipulating  remote  switches
and external triggers, which is not possible with traditional
light sources. This result enriches the study of metamateri-
als and quantum optics and indicates a direction for the de-
velopment of  quantum  edge  detection  and  image  process-
ing technology with a high signal-to-noise ratio.
 4) Quantum information
In recent  years,  quantum  information  has  been  a  flourish-
ing field of information science, and it is an emerging inter-
disciplinary  field  of  quantum  physics,  computer  science,
communication  engineering,  and  information  science.  The
finding of the qubit was a crucial milestone in the develop-
ment of quantum information. Unlike the traditional digital

bit,  which  can  only  be  switched  between  the  deterministic
states of digital 0 and 1, one qubit can characterize any su-
perposition between 0 and 1. In addition, entanglement be-
tween  qubits  enables  highly  secure  quantum  information
communication.  Moreover,  the  digital  bit  characterized  by
an encoded metamaterial is also different from that charac-
terized  by  traditional  circuits,  and  it  has  high  degrees  of
freedom to realize many controllable functionalities of EM
waves. Any two-state quantum system can be used to con-
struct qubits,  and  one  of  the  most  popular  two-state  quan-
tum systems is constructed by the two spin states of an elec-
tron or photon.

As  mentioned  in  Section  IV,  classical  metamaterials
can be used to study the analog QSH effect. Therefore, they
can  also  be  used  to  construct  a  two-state  spin  system  and
characterize the superposition of two spin states. Currently,
most  studies  on  classical  entanglement  are  based  on  the
nonseparable states of EM waves, and one typical nonsepa-
rable state  is  the  classical  entanglement  between  polariza-
tion  and  spatial  position.  Classical  entanglement  has  some
similar characteristics  to  quantum  entanglement  in  mathe-
matical  expressions  and  physical  laws.  Imitating  quantum
entanglement with  nonseparable  classical  degrees  of  free-
dom has become a promising method to investigate the fun-
damental  science  and  engineering  applications  of  quantum
information.

Taking advantage  of  the  flexible  coding  characteris-
tics of an encoded information metamaterial, a coding tech-
nology for quantum information has been developed based
on  the  encoded  information  metamaterial  to  manipulate
quantum information [168]. As shown in Figure 28, the EM
response of the metamaterial can be analogous to that gov-
erned by the Schrödinger equation in a specific case. More-
over,  by  controlling  the  amplitude  and  phase  response  of
the  unit  of  this  metamaterial,  arbitrary  polarization  on  the
Poincaré sphere can be achieved.
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Figure 28  Quantum  information  with  metamaterials.  A  two-level  spin
system is imitated by the unit cell of a coding metamaterial, whose phase
response depends on the geometric parameters of the paths. Due to the in-
teraction between the spin waves and the coding metamaterial, a weighted
superposition of two spin states can be scanned on the Poincaré sphere [168].
 

In  addition to  characterizing the superposition of  spin
states, this metamaterial can also be used to realize flexible
phase coding. In the field of digitally encoded metamateri-
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als,  the  1-bit  encoding  state  is  usually  based  on  two  units
with a phase difference of 180°. In general,  this phase dif-
ference is  obtained  under  a  particular  polarization  condi-
tion. Since the phase factor of spin up and spin down only
depends  on  the  independent  path  parameters  of  the  units,
phase reversal of two spin states with a separated structure
can be realized by simply setting the path parameter of one
spin at  the  beginning  of  its  arc  trajectory  and  the  path  pa-
rameter of the other spin at the end of its arc trajectory [168].
To imitate qubits, the arc trajectory for the spin up is fixed
at  the  beginning,  and  the  arc  trajectory  for  the  spin  down
evolves  from  the  beginning  to  the  end  of  the  path.  In  this
way,  the phase difference between the two spin states  will
vary  from  0°  to  180°,  resulting  in  a  phase  coding  state  to
model the superposition of “0” and “1”. The use of geomet-
ric  phase  units  to  imitate  quantum coding  information  can
significantly prompt the exploration of the common proper-
ties between classical and quantum coding.

 VI. Conclusions
In  this  review,  we have introduced recent  advances in  EM
metamaterials  from  the  classical  regime  to  the  quantum
regime. In  the  classical  regime,  there  are  at  least  two  re-
markable  breakthroughs  in  EM metamaterials:  information
metamaterials  and  intelligent  metamaterials.  Information
metamaterials  have  bridged  the  gap  between  the  physical
world and the digital world and offer a high degree of free-
dom  to  dynamically  manipulate  EM  waves.  Intelligent
metamaterials  include  the  advantages  of  both  information
metamaterials  and  AI.  In  the  quantum  regime,  two  of  the
most  exciting  advances  are  the  recent  rise  of  topological
metamaterials  and  quantum  metamaterials.  Topological
metamaterials enrich the manipulation approaches in tradi-
tional metamaterials to control EM waves.  Quantum meta-
materials  are  a  revolutionary  extension  of  classical  EM
metamaterials,  which,  in  turn,  have  become  an  essential
physical  platform  to  generate  and  manipulate  quantum
states.

Since EM metamaterials are a fast-evolving field, there
are still some challenges. Regarding classical EM metama-
terials, the  finding  of  information  metamaterials  has  chal-
lenged the  conventional  Shannon  information  theory.  De-
veloping  a  novel  EM  information  theory  to  incorporate
Shannon  information  theory  and  EM  theory  would  be  a
valuable research topic. Much faster and more general intel-
ligent  design  methods  are  greatly  needed  for  intelligent
metamaterials as  the number of  unit  cells  increases.  More-
over, physics-driven intelligent approaches should be devel-
oped  to  relieve  the  dependence  on  databases  in  the  design
or optimization of metamaterials.

Regarding topological metamaterials, analog QH topo-
logical metamaterials  are  most  commonly  realized  at  mi-
crowave frequencies, and implementing them at higher fre-
quencies  remains  a  challenge  due  to  their  weak  magnetic-
optical responses.  Meanwhile,  the  robustness  limit  of  ana-
log QSH and QVH topological metamaterials should be fur-

ther investigated.  To date,  Floquet  topological  metamateri-
als based on dynamic modulation have not been experimen-
tally demonstrated; thus, more efforts should be devoted to
advanced experimental  technologies.  Most  quantum  meta-
materials are designed based on passive EM metamaterials;
thus, introducing active devices to further improve the ma-
nipulation  degrees  of  freedom  of  quantum  metamaterials
would be promising. Moreover, the current studies of quan-
tum information  metamaterials  are  mostly  limited  to  theo-
retical demonstrations.  Developing  feasible  physical  plat-
forms to  implement  quantum information metamaterials  in
experiments would be an exciting leap.
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