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Electromagnetic (EM) metamaterials represent a cutting-edge field that achieves anomalously macroscopic 
properties through artificial design and arrangement of microstructure arrays to freely manipulate EM fields 
and waves in desired ways. The unit cell of a microstructure array is also called a meta-atom, which can 
construct effective medium parameters that do not exist in traditional materials or are difficult to realize with 
traditional technologies. By deep integration with digital information, the meta-atom is evolved to a digital 
meta-atom, leading to the emergence of information metamaterials. Information metamaterials break the 
inherent barriers between the EM and digital domains, providing a physical platform for controlling EM 
waves and modulating digital information simultaneously. The concepts of meta-atoms and metamaterials 
are also introduced to high-frequency integrated circuit designs to address issues that cannot be solved 
by traditional methods, since lumped-parameter models become unsustainable at microscopic scales. By 
incorporating several meta-atoms to form a metachip, precise manipulation of the EM field distribution can 
be achieved at microscopic scales. In this perspective, we summarize the physical connotations and main 
classifications of meta-atoms and briefly discuss their future development trends. Through this article, 
we hope to draw more research attention to explore the potential values of meta-atoms, thereby opening 
up a broader stage for the in-depth development of metamaterials.

   Metamaterials broadly refer to the creation of a material-like sys-
tem with anomalously macroscopic electromagnetic (EM) proper-
ties through artificially designed microstructures. They represent 
a new material construction paradigm that has emerged in the 
scientific community in recent years and has garnered wide-
spread attention in engineering applications. By designing the 
unit cells of a microstructure array, which are also called meta-
atoms, and their distributions, a metamaterial enables abnormal 
EM constitutive parameters, such as negative permittivity, nega-
tive permeability, and zero refractive index, that are difficult 
to realize by traditional technologies or do not even exist in nature. 
Metamaterials can flexibly manipulate the characteristics of 
EM fields and waves through meta-atoms and array structures, 
enabling novel physical phenomena such as negative refraction, 
zero refraction, perfect cloaking, and superresolution lenses [  1 –  3 ]. 
Subsequently, by integrating with switching components such as 
diodes, digital meta-atoms are proposed, which possess the ability 
to directly represent and manipulate EM waves using digital cod-
ing sequences, pushing to establish a new area of information 
metamaterials [  4 –  6 ]. Information metamaterials have become an 
important breakthrough in fusing EM physics and digital infor-
mation, transitioning metamaterials from structural materials to 
dynamic information processing systems. They have pioneered 
the appearance of reconfigurable intelligent surfaces for 6th-
generation/beyond-6th-generation mobile communication, which 
is recognized as one of the potential key technologies for 6th-
generation communications [  7 ]. This provides a novel approach 
for the intersection of metamaterials with various other fields.

   In recent years, metamaterials have gradually evolved from 
low frequencies to high frequencies and from macroscales to 
microscales (centimeter to nanometer scales). Notably, their 
development in the fields of millimeter-wave and terahertz-
frequency chips has been particularly remarkable. Relevant 
research has found that introducing artificial microstructural 
units or arrays (meta-atoms) into millimeter-wave/terahertz 
chip circuits can finely regulate the EM field distribution in 
the chip circuits at the microscopic scale. This approach is 
expected to address some bottlenecks in physics arising from 
size and wavelength-scale effects in high-frequency chips [  8 –  10 ], 
enabling effective suppression of parasitic modes, reduction of 
adjacent crosstalk, and enhancement of interactions [  11 –  20 ]. 
Therefore, a system combining these meta-atoms with chip 
circuits is referred to as a metachip ( Figure ). Metachips also 
represent an expansion in the field of metamaterials, shifting 
the operating mode of metamaterials and metasurfaces from 
inter-unit coupling and collective interaction within arrays to 
intra-unit and unit–circuit interaction on the chip. The issues 
involved in metachips are different from those in research on 
3-dimensional and 2-dimensional arrays of macroscopic meta-
materials and metasurfaces. Compared with traditional meta-
materials, metachips belong to research in the microscopic 
domain of individual microstructures, focusing on the local 
behavior (microscopic distribution) of meta-atoms in regulat-
ing the local EM field distribution at the microscopic level. 
Stronger field localization can reduce the EM interaction area; 
thus, the fields can be controlled by just several meta-atoms. 
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Typically, the number of meta-atoms used in metachips is often 
less than 10.        

   Based on the objects of integration, metachips can be broadly 
classified into 3 categories. The first category includes dispersive 
transmission-type metachips, exemplified by spoof plasmonic 
metachips [ 11 –  13 ]. This type of metachip is achieved by inte-
grating 1-dimensional periodically arranged meta-atoms with 
signal transmission pathways. By employing the quasi-uniform 
collective EM response of the meta-atom, transmission modes 
with high confinement factors and low dispersion are estab-
lished. These transmission modes, such as spoof surface plas-
mon polaritons, can replace the traditional quasi-transverse 
electromagnetic mode transmission. This replacement effec-
tively suppresses the level of adjacent crosstalk in on-chip chan-
nels and dramatically increases the bandwidth density for 
parallel transmissions. The second category includes resonant-
type metachips based on field distribution mode construction, 
exemplified by microstructure resonance metachips [  14 –  17 ]. 

This type of metachip is realized by integrating transistors with 
meta-atoms through joint design. By leveraging the locally 
enhanced on-chip field distribution created by the micro-
structure resonance mode, it enhances the interaction with the 
transistors and suppresses parasitic parameters generated by 
higher-order modes. This approach increases the modulation 
depth and enables high-speed modulations. The third category 
includes metadevices based on carrier distribution construction 
[  18 – 20 ]. For example, metadevices can combine customized 
meta-atoms with transistor electrodes. By using meta-atoms to 
finely manipulate the fields in the active region at deep sub-
wavelength scales, they reduce the parasitic capacitance, thereby 
increasing the operating frequency of switching-type metade-
vices. Additionally, they adjust the carrier distribution to enhance 
the power handling capability of the devices.

   From above discussions, we note that metachips have aban-
doned the traditional integrated circuit design approach 
that solely relies on circuits based on lumped parameters. 

Figure. Classification diagram of metamaterials and metachips [1–6,11,15,20].
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By introducing microscopic meta-atoms, we achieved precise 
EM field manipulation capabilities in chip scenarios, thereby 
possessing potential performance advantages such as higher 
integration and lower power consumption. Similar to the 
early development of metamaterials, the current metachips are 
primarily focused on the regulation of EM properties in the 
analog domain. Based on the development trajectory of meta-
materials, it can be foreseen that the deep digitization of meta-
atoms will further extend to microscopic metachips, giving 
rise to digital metachips. In the future, digital metachips will 
directly build a bridge between the digital coding domain and 
the EM physical domain, extending the key technologies of 
digital meta-atoms to chip scenarios. This is not merely a simple 
scaling of physical size but rather a marked advancement that 
endows chip circuits at the microscopic scale with the ability 
to digitally regulate EM field distributions, making them a vital 
candidate for achieving deep integration between the digital 
and EM domains in future microscopic scenarios.

   Through decades of efforts by peers, metamaterials have 
undergone multiple expansions in scope and concept and have 
penetrated into the microscopic realm (meta-atoms). In the 
future, while further deepening theoretical innovations, meta-
atoms will place a greater emphasis on breakthroughs at the 
system level that combine macroscopic and microscopic per-
spectives. This benefits not only from the increasingly sophis-
ticated research on metamaterials at the macroscopic level over 
the years but also from the gradual breakthroughs made in 
metachips at the microscopic level. Therefore, it will become an 
important trend to break the inherent barriers between macro-
scopic metamaterials and microscopic metachips and realize a 
fully integrated meta-system with deep fusion of macrosystems 
and micro-meta-atoms at a higher level. This meta-system will 
provide a platform solution with more powerful EM control 
capabilities; deconstruct the traditional hierarchical architecture 
of information systems, namely, components–subassemblies–
systems; and replace it with a complete functional system directly 
constructed from meta-atoms of various scales. This delayered 
and fully meta-architecture leverages the powerful EM control 
capabilities of meta-atoms across macroscopic and microscopic 
scales. It is expected to directly customize the design of various 
types of meta-atoms based on the functional requirements of 
the target system, thereby enabling on-demand design of any 
EM functionality. This meta-system architecture has the ability 
of deep digital–analog integration and can directly manipulate 
digital information in the EM domain, effectively solving the 
inherent problems of traditional information system architec-
tures, such as the small bandwidth of analog-to-digital conversion, 
poor confidentiality, low efficiency of digital signal processing, 
high system costs, and high complexity.

   In summary, the new meta-system architecture is expected 
to directly use EM functional requirements as the customized 
design criterion, meta-atoms across all scales as the core tech-
nology, and higher degrees of freedom in EM manipulation as 
the main advantage. Ultimately, it aims to construct EM sys-
tems with complete information functionality in the form of 
fully integrated meta-atoms, in order to adapt to continuous 
pursuit of complexity, intelligence, and integration in informa-
tion technology. This innovative underlying design approach is 
likely to trigger disruptive effects and become one of the impor-
tant driving forces behind a new round of technological revolu-
tion. Furthermore, it has the potential to become a sustained 
driving force for transforming EM information technology 

and influencing the rules governing the construction of the 
EM world.  
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