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Abstract

The cognition and utilization of materials constitute the foundation
for the development of human civilization. The rise of quantum matter
is an inevitable result of human cognition of materials to the microscale.
In this frontier, which originates from condensed-matter physics, the
structures of complex material systems comprising many (micro)
particles and the basic law of collective excitation behavior of these
particles are adopted as research objects. Notably, the field of quantum
matter continuously overlaps with other branches of physics (particularly
the atomic and molecular physics and optics), chemistry, material
science, information science, microelectronics, biology, and medicine,
and it has become the frontier field of material science. Quantum matter
research is a basic leading science that proffers solutions to practical
application-based needs. On the one hand, the study of quantum matter
expands our understanding of materials to an unprecedented level in the
directions of both complexity and microscopic scale, naturally guiding
the design of new material structures, discovery of novel states of matter,
and fabrication of advanced quantum devices. On the other hand, due
to its distinctive leading characteristics, this research field presents
indispensable material foundation and principle support for developing

highly advanced and cutting-edge science and technology industries, and
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it is expected to play a leading role in the next industrial revolution. As
a relatively new research frontier, quantum matter and its applications
are developing rapidly, and its connotation and specific research content
have expanded in the past decade. Therefore, it is meaningful to compile
a strategic development plan for reviewing and summarizing the progress
in the field of quantum matter in China, which encompasses an in-depth
analysis of different subfields, examination of their development trend,
evaluation of the challenges and opportunities faced, and determination
of high-priority development directions. Additionally, forward-looking
perspectives and reference for relevant scientific researchers, governments
at all levels, and science and technology management departments in

China are provided.

0.1 Scientific significance and strategic value of the frontier
field of quantum matter and its application

Quantum matter, as the name implies, involves applying quantum
mechanics to material science. The emergence of quantum matter not
only significantly improves our cognition of the micro-world, but also
fundamentally changes the original theoretical framework and research
and development (R&D) mode of the three modern scientific and
technological pillars: energy, information, and materials. With applying
quantum theory to material science, the scientific connotation of quantum
matter is considerably broad. Based on the careful consideration of
the discipline’s historical development law and future development
trends, the main research objects of quantum matter include material
systems with significant electronic-correlation interaction or some types
of electronic orders (such as superconductivity and magnetic order),
systems exhibiting peculiar electronic characteristics because of the

geometric phase of the wave function, and other systems (e.g., ultracold
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atomic systems) whose macroscopic collective properties are controlled
by quantum behaviors. A universal feature of quantum matter is that
complex systems composed of many individual units show “emergent”
phenomena, i.e., the overall behavior of a complex system composed
of many individual units cannot be simply extrapolated based on the
properties of individual particles. Instead, at different complex levels,
new physical concepts, laws, and principles emerge, and the overall
properties are far beyond the physical laws of individual units.

The research on the frontier filed of quantum matter constantly
changes our cognition of the material world and promotes our
understanding of individual particles and the various basic laws of
collective excitation in materials. Using the band theory of solids
based on single-electron approximation and Landau’s Fermi-liquid
theory, researchers have achieved significant success in distinguishing
insulators, semiconductors, and metals, in addition to explaining their
physical properties. These achievements have facilitated the invention
of transistors and the development of the microelectronic industry,
launching human society into the information age. With the establishment
of the microscopic quantum theory of magnetism, humans obtained a
deep understanding of the origin of magnetism and its related physical
properties. Many new magnetic phenomena have been discovered, such
as the giant magnetoresistance , which has facilitated the development
of magnetic recording and high-speed information reading and writing.
Today, these phenomena are widely utilized in the electronic information
industry and our daily life. In the frontier field of quantum-matter,
there are often close couplings among micro degrees of freedom, such
as charge, spin, orbit, and crystalline lattice, in the research objects.
Slight changes in external stimuli may lead to phase transitions between

different quantum states, resulting in significant changes in the physical
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properties. The continuous discovery of new material systems has led
to the continuous discovery of many novel and evolutionary physical
phenomena, as well as new physical concepts, such as the (fractional)
quantum Hall effect, quantum spin Hall effect, high-temperature
superconductivity, Kondo effect, Majorana quasiparticle, Skyrmion,
and quantum spin liquid, which are beyond the scope of the existing
band theory and Landau’s Fermi-liquid theory. The emergence of new
materials, new phenomena, and new physics in the frontier of quantum
matter, will inspire breakthrough in physical understanding, promote
major changes in science, and provide a scientific basis for the long-term
development in the fields of information, materials, and energy. Thus, the

field of quantum matter is of high strategic significance.

0.2 Development law and development trend in the frontier
field of quantum matter and its application

A distinctive feature of the frontier field of quantum matter
is its close relation to practical application-based needs. Thus, this
field fundamentally promotes technological progress and industrial
transformation. The new materials and new phenomena emerging in
the field of quantum matter provide theoretical support for developing
various new technologies and materials for the development of new
and high technologies. Each leap and breakthrough will facilitate the
emergence of several emerging industries. In the last century, the rapid
development of semiconductor electronic technology following Moore’s
law led to the progress and development of science and technology, the
economic market, and social standards worldwide. Today, the size of
devices in semiconductor-integrated circuits is approaching the physical
limit, and the performance of and manufacturing engineering for

semiconductor devices based on traditional materials are approaching the
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limit. In this background , low-power information storage, in-memory
computing, and neuromorphic computing based on the quantum matter
are developing rapidly, and these new computing architectures are
expected to better meet the computing needs of big data and artificial
intelligence. Moreover, the research on quantum computing based
on quantum superposition and entanglement has recorded significant
progress in recent years, and this field is expected to have a revolutionary
impact on our production and lifestyle in the future. The research in
the field of quantum matter plays a leading role in achieving major
innovation in material science, providing a scientific basis for the long-
term development of energy and information technology. For example,
the peculiar electromagnetic properties of superconducting materials,
such as zero resistance, Meissner effect, and flux quantization, have been
widely exploited in electric power, medical treatment, communication,
military, and scientific research applications. In the near future, the large-
scale application of superconductivity-related technologies is anticipated
in energy, transportation, and quantum computing fields.

In recent years, the development of the quantum matter field has
shown a strong trend in depth and breadth. The research boundaries are
constantly expanded, and the research objects are becoming more in-
depth and extensive. The continuous advancement in this frontier will
enable the achievement of new material structures and forms in various
extreme situations. Meanwhile, the in-depth study of these new material
structures and forms will also broaden our cognitive level constantly.
The development and improvement of experimental techniques will
promote the in-depth research of quantum states from the macro level
of statistical average to the spatial scale of single atoms and the time
scale of attosecond, thus enabling the emergence of numerous quantum
phenomena. With the research advancement, the research objects in the

field of quantum matter have also expanded from fermion systems, such
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as electrons in the early stage, to bosonic systems such as photons and
cold atoms, as well as composite quasiparticle systems. The research
objects have also expanded from three-dimensional bulk materials to low-
dimensional and interface systems with significant quantum effects. The
diversity and synergy of the means of phase manipulation are improving,
and the quantum state and properties can be regulated by adjusting the
pressure, magnetic field, electric field, strain, moiré stacking, etc. The
control of material-synthesis procedures is continuously improving.
Film growth and heterostructure engineering enable the achievement of
“bottom-up” function-oriented atomic manufacturing technologies, as
well as the construction, building, and manipulation of quantum matter
systems at the atomic scale to directly manufacture functional devices.
With the advancement in quantum matter research, the complexity
of material systems is increasing, and the evolution of the material world
based only on experimental observation will be met with significant
limitations. Therefore, the efficient combination of theory, calculation,
and experimental observation is strongly desired. The research on
correlated states of matter has facilitated the advancement of the research
on the numerical calculation method of the quantum many-body system,
with many new numerical algorithms being proposed, such as the new
quantum Monte-Carlo method, dynamic mean field method theory,
density matrix renormalization group method, and various types of
cluster approximation methods, which continuously improve our ability
to calculate and manage complex material systems. The establishment
of a universal low-energy effective model beyond Landau’s framework
is not only the objective of quantum matter research, but also the most
important embodiment of its basic research value. In the field of quantum
matter, , the role of cutting-edge precision-measurement technology and
large-scale scientific facilities is becoming increasingly important. The

development history of material science shows that the advancements
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in key characterization technology can significantly promote our
understanding of scientific principles and the application of materials. The
international competition in cutting-edge material science research, as it
were, largely depends on whether leading and innovative characterization
technologies can be developed and mastered, and breakthroughs in
advanced characterization technologies can promote the development
of cutting-edge applied science and technology. Preferably, large-
scale scientific facilities are the basis for strategic, basic, and forward-
looking scientific research, and they provide important support for the
realization of high-level scientific and technological breakthroughs and
integrated innovation. Furthermore, they play a significant catalytic role
in promoting the original innovation abilities of countries, improving the
building of professional talent team, strengthening international exchange
and cooperation, and driving the development of high-tech industries.
As important supporting platforms in the field of quantum matter,
synchrotron radiation light sources, neutron sources, static/pulsed strong
magnetic fields, and other large-scale scientific facilities significantly
promote the exploration and study of quantum states.

China has created strategic plans to research various branches
of quantum matter and has provided long-term support, and it has
reached the global standard in terms of research team size, measurement
equipment conditions, theoretical cognition depth, and so on. Thus far,
China has achieved extensive coverage of the major branches of quantum
matter and has recorded research achievements that have attracted
consielerable attention from international peers in many fields. In some
branches, it has even reached the global forefront, playing a leading
role in discipline development for a period. Over the last ten years, a
series of internationally remarkable research achievements have been
recorded by China in the field of quantum matter. The representative

work includes iron-based high temperature superconductivity, quantum
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anomalous Hall effect, Weyl semimetal, topological material databases,
and the discovery of two-dimensional materials. In the application field
of quantum matter, China has developed 10kV/2.5kA and 35kV/2.2kA
three-phase coaxial high-temperature superconducting cables, which have
been employed in high-load-density power-supply areas in Shenzhen and
Shanghai, respectively. These are the first practical application in urban
core areas globally. China has successfully built a 62-bit programmable
superconducting quantum computing prototype, “Zu Chongzhi”, based on
its self-developed two- dimensional superconducting quantum bit chip,
which has realized quantum superiority and has laid a foundation for the
research on quantum computing with significant practical value.
Generally, China has made breakthroughs in the “quantity” of
research in the frontier field of quantum matter and application, and
has played a leading role in some branch fields. However, it has not
yet established a large-scale leading edge in the mainstream directions
and is not prominent enough in iconic original works. This is mainly
attributed to the following. There are not many deep-seated and long-
term systematic research works, and original works on the independent
discovery of new material systems, phenomena, and laws are lacking.
The collaboration between theoretical calculation and experimental
observation is insufficient. The ability to independently develop
novel experimental technologies and new computing methods still
requires improvement. The study of material technology and simple
characterization are prioritized, while upstream new concepts and new
theories are underemphasized. China focuses on the basic research of
laboratory applications, whereas downstream practical applications are
relatively trivialized. The next step in development requires effort in
originality to achieve more breakthroughs, and to build a scientific and
technological powerhouse in the frontier field of quantum materials and

applications. In the next fifteen years, we should strengthen the overall
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planning of the field, improve the macro layout, gradually reduce some
repetitive research, encourage deep, long-term and systematic original
research; fully function the large scientific facilities, and improve the
construction of professional talent teams; encourage the development of
new computing methods and software, independently develop cutting-
edge experimental equipment, and enhance the ability to conduct

pioneering research.

0.3 Key scientific issues, development ideas, and important
research directions in the frontier field of quantum matter and
application

Established for exploring the basic laws in the “micro” world of matter,
the quantum matter and application frontier focuses on the practical
application of advanced functional materials, quantum phenomena,
and devices. This scientific field is strong in terms of foundation and
applicability. To date, the global study of quantum matter is still in the
stage of comprehensive development of basic research and cultivation
of industrial applications; multiple breakthroughs are expected in the
coming decade. When planning for the future, it is necessary to pursue a
balance between application-oriented research and long-term exploratory
research. We should emphasize not only the exploration of new physics,
new phenomena, new materials, and new state regulation means, but also
the leading role of this frontier in the fields of materials, information, and
energy, so that the fundamental research can become one of the driving
forces in the economic and social development. In the choice of research
directions, we should strive to achieve an overall balance between free
exploration and national strategy-oriented research while optimizing the
organizational structure of the research team.

According to the characteristics of its physical laws and the integration
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with different application fields, the quantum matter and application
frontier can be divided into six branches: superconductivity and strong-
correlation systems, topological quantum matter systems, low-dimension
quantum systems, strongly-coupled quantum systems with multiple
degrees of freedom, novel quantum state of matter under extreme
conditions, and quantum matter exploration and synthesis. The overall
plan should have different emphases, which should not only maintain
the research characteristics of the branches but also promote the cross
integration among branches and the rapid and sustainable development of
the quantum matter field in China.

The most important scientific directions in the fields of
superconductivity and strong-correlation systems includes the realization
of a high superconducting transition temperature and even room-
temperature superconductivity, the mechanism of high-temperature
superconductivity, and the low-cost and large-scale applications of
superconducting materials. If the electrons have a strong superconducting
pairing potential and the lattice is not unstable, it is possible to achieve
superconductivity with higher critical temperature. Exploring the
formation of Cooper pairs with a strong pairing potential within strong-
correlation picture and understanding the abnormal physical properties
accompanying superconductivity are the key contents of the research on
the high-temperature superconducting mechanism. The establishment
of a universal low-energy effective theory that goes beyond the Landau
framework is not only a request for the study of high-temperature
superconductivity, but also leads to a major breakthrough in physics. For
this reason, it is necessary to develop many-body numerical calculation
methods to obtain accurate, key information of ground states, excited
states, and phase transitions in strongly correlated systems. In terms of
superconducting applications, on the one hand, it is necessary to enhance

the cost-performance ratio of high-temperature superconductors to
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achieve a value close to that of traditional electric conducting materials
and realize the reliability and stability of long-term operation of low-
temperature refrigeration systems. On the other hand, superconducting
integrated circuits, new material electronic technology, and new
principles of quantum technology will also become the frontiers and
international competition hotspots in the field of electronic information
technology. Among them, superconducting quantum computing has
developed rapidly in the past two decades, from the initial basic research
to understand the quantum characteristics of macro circuits to a research
stage that may breed new transformative technologies.

With the establishment of high-throughput calculation methods for
topological materials and non-magnetic topological electronic material
databases, the classification and prediction of topological materials have
been basically achieved. The prediction, discovery, and regulation of
new topological materials and topological quantum states have become
the new research objectives in the field of topological quantum states.
“New” can be reflected in the following aspects. The first is that the
hunting for topological insulators and topological semimetals with more
ideal physical properties compared to the existing materials that can
provide a material basis for the development of topological electronics
devices. The second is that topological materials coexisting with
magnetism and superconductivity. They not only provide platforms to
realize novel quantum states worth deeply exploring, but also presents an
important outlet for the application of topological physics. For example,
magnetic topological materials are expected to become ideal platform
for physical effects such as topological spintronics, topological circuit
interconnection, high-temperature quantum anomalous Hall effect, and
have enormous application potential in information sensing, information
transmission, logic operations, high-density storage, and catalysis.

Topological superconductors, as the carrier of Majorana quasi-particles,
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are expected to be used to develop topological quantum computing. The
third is that new topological quantum states that break the traditional
“bulk-boundary correspondence”, such as higher-order topological states
and non-Hermitian topological systems. Exploiting the novel topological
properties, namely non-dissipative charge and spin transport, globally
stable high fault tolerance, and non-local electrical, magnetic, optical,
and thermal regulation, Majorana zero mode for topological quantum
computing, can promote the exploration of prototype topological devices.
Conversely, light and sound are two other information carriers and
media besides electrons, which play irreplaceable roles in the generation,
transmission, processing, and display of information. The corresponding
topological Bosonic system is robust, and new applications and devices
suitable for the regulation of light and sound waves are expected to be
developed.

Generally, the research on low-dimensional quantum systems is still
in the basic research stage, with material system research approaching
the cultivation stage for industrial application. Taking together the
national needs and field development prospects, currently, there are huge
opportunities for original discovery in the following four directions of the
field of low-dimensional quantum systems: (1) the discovery of new low-
dimensional quantum systems and the recombination of multiple low-
dimensional quantum states; (2) phase manipulation of low-dimensional
quantum systems, and the research and development of primitive device
based on the regulation of low-dimensional quantum systems type;
(3) large-scale preparation of low-dimensional quantum materials and
their industrial application; (4) advanced characterization methods for
low-dimensional quantum systems and its localization. We should aim to
first expand the research scope of low-dimensional materials, and predict
and prepare more new materials. Thereafter, through the structure and

performance characterization at the single-atom, single-electron, and
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single-spin levels, the research efforts can be devoted to understanding the
origin of the novel physical properties and achieving accurate regulation.
Thus, research works should focus on exploring the application of two-
dimensional quantum materials in future-oriented information functional
devices; developing relevant technologies and techniques compatible
with semiconductor processes; and realizing high-sensitivity, high-speed,
and low-power spin logic devices and memory devices. Meanwhile, it is
necessary to develop effective sample growth and transfer technologies to
realize the preparation and transfer processing of high-quality and large-
area low-dimensional materials; encourage the independent research and
development of scientific research equipment, strengthen the cooperation
between cutting-edge experimental technologies and enterprises, and
promote common core experimental technologies and promising cutting-
edge characterization technologies.

In strongly-coupled quantum systems with multi-degrees of
freedom, according to the national demand and field development
prospects, the following research fields should be prioritized for fields:
spintronics, focusing on the development of ultrahigh-density, large-
capacity, non-volatile magnetic storage and logic in-memory-computing
devices compatible with semiconductor microelectronic technologies;
new thermoelectric materials, focusing on developing new concepts
and new methods to coordinate and control electron-phonon transport
and new concept devices integrating thermal management and energy
conversion; ferroelectric and multiferroic materials, focusing on the
development of quantum theory and multifunctional design, as well
as the promotion of the R&D of intelligent materials and devices,
electrically controlled magnetic storage, and new types of ferroelectric
quantum devices; and memristor materials, promoting the research and
exploration of in- memory-computing neural morphology, simulation,

digital logic, stochastic computing, and so on, beyond the traditional von
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Neumann architecture. Strongly-coupled quantum systems with multi-
degrees of freedom are often accompanied by multiple energy minimum
in the thermodynamic phase space, and spatial phase separation is
difficult to avoid. The study of basic laws and evolutionary effects of
phase separation not only has important basic scientific value, but also
guides the development of more new functional devices. To overcome
the difficulties of the separation of storage and calculation in the current
framework, research efforts should be devoted to the development
of neural-network systems with brain-like computing capabilities, in-
memory-computing capabilities, and deep-learning functions based on
high-performance quantum materials.

Extreme experimental conditions constitute the boundary between
the known and the unknown. Although the exploration of novel quantum
states under extreme conditions is difficult and time-intensive, it is
definitely a feasible research direction that is expected to provide insights
into unknown physical phenomena. Clear results have been obtained in
the research on novel quantum states under extreme conditions, and a
relatively concentrated research direction has been established targeting
some key scientific problems. With the development of strong magnetic
field scientific facility, the regulation of the state of matter using magnetic
field has become an important research direction in the frontier field of
quantum matter. In the fields of intense field laser and ultrafast optics,
there are also a series of cutting-edge hot issues (such as light-induced
high-temperature superconductivity, light-induced ultrafast phase
transition and regulation, regulation of magnetic materials by strong-
field laser, regulation of topological materials by strong-field laser, strong
coupling effect of strong light field and micro-nano structure, etc.).
Ultracold atomic (molecular) systems can be used to simulate complex

quantum many-body models and to study their physical properties using
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microscopy, for the understanding of outstanding physics problems in
condensed matter physics and quantum field theory, and to provide high-
precision quantum technologies for precision measurement and quantum
computing.

The exploration and synthesis of new quantum materials are often
correct routes for achieving breakthroughs, and they play decisive roles
in related science and technology . The identification of scientifically
valuable quantum materials in the database of crystal structures of
inorganic compound and the determination of elements that constitute
undiscovered quantum materials are two of the fundamental problems in
the field of quantum matter. The latest concept in material research and
development is the material genome, which narrows the research scope
by high-throughput calculations, accelerates the experimental process
through the methods of parallel and combinatorial thoughts, identifies
the hidden laws in massive databases through machine learning, and
subsequently modifies the theoretical model to guide material design. In
the future, the following topics should be prioritized: the construction of
novel heterogeneous interfaces, multistate regulation based on electron
energy bands, micro-nano-scale low-power and high-performance
devices, and artificial bandgap material. In recent years, a variety of novel
quantum states have been realized in moiré superlattice systems such as
twisted angle graphene, and twist-angle method has also become a new

and effective means for artificial regulation of quantum state of matter.

0.4 Policy suggestions on the development of the quantum
matter frontier and its applications

Based on the research characteristics, development status, and
national needs in the field of quantum matter, the following suggestions

are put forward to ensure that China continues its development and
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emerges as the global leader in this field in the next 15 years. (1) Establish
a more active interdisciplinary communication network, encourage in-
depth cooperation among different domestic research groups, establish
joint research teams with different disciplinary backgrounds, define
achievement contribution manifestation forms and evaluation mechanisms
suitable for development under the interdisciplinary cooperation mode,
and foster long-term and in-depth cooperation among researchers
on major basic issues. (2) Encourage and adhere to the principles of
independent innovation in basic research and application development,
provide long-term stable support in terms of scientific research funds,
improve the allocation and usage efficiency of scientific research funds,
and introduce preferential policies to encourage eligible enterprises to
invest or independently carry out basic scientific research. (3) Attach
importance to basic education and the structured cultivation of talents,
optimize the curriculum of the educational system for various disciplines,
and establish support and promotion mechanisms for technicians.
(4) Strengthen the cooperation among enterprises, research institutes,
and universities, prioritize the connection between cutting-edge basic
research and industrial circles, and promote technological innovation
capabilities and the product transformation of innovative technologies.
(5) Encourage the independent R&D of scientific research equipment
and the performance of various instrument-development projects.
(6) Strengthen international academic exchange and cooperation in the

new international environment.
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