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Abstract Sections
Diffusion and wave propagation are both fundamental transport Introduction
mechanisms, but they have intrinsically different dynamics, govern- Thermal conduction

ing equations, and applications. Over the past decade, studies have
emerged that use the transformation principle and metamaterials to
control diffusion. Such research has led to new discoveries and excit-
ing applications for manipulating the transport of mass (for exam- Transformation particle
ple, particles and plasmas) and energy (such as heat). This Review

introduces the basic principles, materials advances and applications
of metamaterials that modulate the diffusion of heat, particles and
plasmas. The theory begins with the application of the transformation
principle to the diffusion equations. This approachis then generalized
toincorporate non-Hermiticity, topology, non-reciprocity and spa-
tiotemporal modulation, thus going beyond the conventional scope
of metamaterials. Finally, we analyse the primary challenges associ-
ated with the design and fabrication of diffusion metamaterials and
suggest several future directions, such asresearch into topological
diffusion and machine-learning-assisted materials design.
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Key points

o Metamaterials can control the diffusion of heat, particles and plasma
to enable the cloaking, rotating or converging of the respective fields.

o The transformation principle can be used to control processes
with governing equations that are form-invariant under coordinate
transformations, enabling the control of diffusion processes by
changing material parameters such as conductivity.

e The unique properties of diffusion metamaterials make them useful
tools for studying new physical concepts such as non-Hermitian
topology, non-reciprocity and spatiotemporal modulation.

e Some potential engineering applications of these devices include
thermal camouflage, heat harvesting, particle separation and
plasma-based wound healing.

o Future work in the field of diffusion metamaterials may include the
development of devices to control topological diffusion or the use of
machine learning to help with the design of new metamaterials.

Introduction

In 2006, several studies'* inspired by curiosity about cloaking and
invisibility proposed the theory of transformation optics and designed
devices for optical cloaking. These studies led to a surge of research
interestin metamaterials, transformation optics and related topics*™®.
The underlying physics is general because transformation theories
can be regarded as the equivalence principle, which states that the
transformation of spatial coordinates is equivalent to the spatial modu-
lation of the relevant material parameters. The spatial modulation of
material parameters is usually complex and can be inaccessible when
using natural materials but canbe achieved with artificially structured
materials, such as metamaterials. Driven by the value of the potential
applications, advanced methods such as scattering cancellation® "
and numerical algorithms ™ (for example, the covariance matrix
adaptationevolution strategy and particle swarm optimization) were
developed for designing metamaterials and metadevices with various
functions” %, including negative-refractive-index metamaterials* .
Metamaterials thus became an interdisciplinary field” ' that attracts
tremendous research interestin unconventional structural materials
and their applications®,

The fundamental science of metamaterials has also developed
in other intriguing ways over the past decade. First, the concept of
metamaterials was extended to various types of diffusion, includ-
ing heat diffusion, which helped to drive research on metamaterials
beyond wave-based systems. The proposal of transformation ther-
motics in 2008 (refs. ***°) and its experimental verification in 2012
(ref.*") were also notable developments in the field of thermal meta-
materials***". Moreover, metamaterials were generalized to particle
diffusion. Although the Fick equation does not perfectly meet the
requirements of transformation theory, it was confirmed in 2013 that
particle-diffusion cloaking can still be achieved under low-diffusivity
conditions'®. This work inspired the development of the diffusive-
light cloak in 2014, which treated light propagation as photon diffu-
sion*® and considerably increased the attention on particle-diffusion
metamaterials*~>*. Plasma diffusion®’ can also be manipulated by

transformed parameters®’, inspiring advanced plasma technologies

based on transformation theory and metamaterials. Second, owing
to the unique properties of diffusion metamaterials, it is natural (and
exciting) to use them to study non-Hermitian effects and other intrigu-
ing concepts. For example, the dissipative nature of diffusion is closely
tied to non-Hermitian physics. As a result, anti-parity-time symme-
try was first demonstrated in diffusion systems. Additionally, heat
transport in a spatiotemporal lattice has non-Hermitian topological
band structures. Therefore, diffusion metamaterials have become a
prosperous frontier for fundamental research.

Inthis Review, we provide a unified summary of diffusion metama-
terials and the emerging physicsin diffusion systems, mainly emphasiz-
ing materials, applications, and new concepts such as non-Hermiticity,
topology, non-reciprocity and spatiotemporal modulation. Although
the underlying physics is not limited to diffusion metamaterials, the
nature of diffusion metamaterials makes them a unique platform for
emergent fundamental phenomena and applications in cutting-edge
technologies.

Thermal conduction

Theory

In 2007, it was shown that transformation theory (Box 1) and meta-
materials can be used in the zero-frequency limit of electromagnetic
waves, for example for electrostatic and magnetostatic fields®"*%
Subsequently, the cloaking of electrostatic fields®®>, magnetostatic
fields®* and direct current fields®>“® was theoretically predicted and
experimentally demonstrated. Researchinterests then turned to heat
conduction, whichis described by the Laplace equation at the steady
state, similar to electrostatics.

Thermal cloaking inspired by transformation optics was then
discussed***°, opening a pathway towards transformation thermotics
and its extended theories. Before 2012, transformed thermal media
were mainly applied to steady-state heat transfer, which limited the
applications of transformation thermotics. Transformation thermot-
ics was then extended from the steady state to the transient state by
considering the time-dependent term in the conduction equation®.
Based onthis generalized theory, thermal cloaking and concentrating
suitable for transient heat transport were designed. In general, heat
conduction with a heat sourceis described by

pC%%+V—(—KVT):S, 0

where tistime, p, C, Tand k are the density, heat capacity, temperature
and thermal conductivity of the system, and S is the power density
generated by the external heat source. Under a 2D coordinate
transformation from (x,y) to(x’, y’), this equation becomes

ar

P o

+V-(-k'VT)=5, 2)

where p’C’=pC/det/, k’=JxJ"/det/, and S’=S/det/, where J is the
Jacobian transformation matrix. Therefore, equation (1) is form-invariant.

Transformationthermotics faces various challenges: forexample,
materials with singular and anisotropic thermal conductivities are
needed, which do not often exist naturally. Thus, a method that can
experimentally achieve transformed parametersis urgently required.
Thermal metamaterials, the thermal counterpart of electromagnetic
metamaterials, make transformation theory applicable in practice.
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As a type of macroscopic composite, the properties of thermal
metamaterials can be predicted using effective medium theory. The
Maxwell-Garnett theory and the Bruggeman formula are two basic
theoretical tools. An early experiment on thermal metamaterials*
was performed using an ABAB layered structure to achieve anisotropic
thermal conductivity. This study experimentally demonstrated that
the structure was capable of cloaking a steady heat flux. Subsequent
experiments on thermal metamaterials extended this approach to
transient cases®®.

Applications

Many proposals and designs targeting various applications have
emerged toenrich and develop transformation thermotics. Intelligent
and multifunctional thermal metamaterials have been proposed to
explore new applications. Advanced methods using effective medium
theories and numerical algorithms guided by the theory of transfor-
mation thermotics have achieved unprecedented phenomena and
applications, such as intelligent thermal metamaterials that adapt
their responses and functions to the environment. Additionally, smart
thermal devices, such as chameleon-like concentrators® and rotators’,
have been investigated. Based on transformation-invariant thermal
metamaterials” with highly anisotropic thermal conductivities, these
chameleon-like devices work even when the properties of the sur-
roundings change. Thermal-null media have also been presented”* 7
these devices have highly anisotropic thermal conductivities that
are homogeneous and independent of the geometry of the device. In
other words, the conductivity does not have to be recalculated when
the shape changes. The principle of extreme anisotropy is similar to
that of chameleon-like devices. Nevertheless, these devices still face
challenges because materials with extreme anisotropy do not exist
naturally. Fortunately, artificial materials such as multilayer graphene
or van der Waals thin films may provide alternatives”™ ",

Thermal metamaterials with multiple functions are also desirable.
Such metamaterials are achieved by transforming multiple physical
fields and therelevant material parameters. Simultaneously managing
heatand electric currentsis one of the key topics’.In 2010, a cloak for
electricand heat currents was proposed’, showing that it could be pos-
sible to constructbifunctional devices based on transformation theory.
Abifunctional cloak was experimentally demonstrated in 2014 (ref. ).
Coupled thermoelectric transport, where heat and electric currents
influence each other, was also considered®, leading to the development
ofathermoelectric cloak thatshields both electric and thermal fields.
Other multifunctional devices such as thermo-hydrodynamic cloaks®
and thermoelastic cloaks® have also been proposed.

The scattering cancellation method, which was initially used for
cloaking electromagnetic fields, has also been widely applied to the
design of thermal metamaterials®*. Here, for brevity, thermal invis-
ibility and illusion are collectively treated as thermal camouflage.
In 2014 one study demonstrated a 2D bilayer thermal cloak made of
bulk isotropic materials that was designed by calculating the thermal
conductivity of each layer by directly solving the heat-conduction
equation'. Based on this bilayer structure, a camouflage device was
reported that can transform the thermal scattering signature of a hid-
den objectinto another fake signature*. Although this device worked
well for steady-state cases, the performance under transient conditions
was unsatisfactory because the scattering cancellation method only
considers the steady state. Later, an improved scattering cancella-
tion method, which is suitable for transient cases, was proposed®.
Therefore, the scattering cancellation method can solve the problem

Box 1

Transformation theory

The transformation principle originates from transformation

optics but is not limited to optics. It plays a vital role in controlling
physical processes with governing equations that are form-
invariant under coordinate transformations, such as acoustics®’2%,
elastodynamics®°?*, particle dynamics, thermotics*? and plasma
physics. Transformation theory aims to achieve the same effect

as a spatial transformation by instead transforming material
parameters (see top of the figure). In the figure, the background
colours represent the properties of the material (such as the thermal
conductivity), the grids represent space, and the arrows denote
diffusion flow.

In a virtual space (x,y), the energy or mass flow can be twisted by
warping the space. However, it is challenging and even impossible
to bend a real space. According to the transformation principle,
the same twisting of the energy or mass flow can be achieved by
modulating the spatial distribution of the material parameters. The
transformation from virtual space (x,y) to physical space (x’, y’) is
described by the Jacobian transformation matrix J = dx;//0x;. The
effect of a spatial transformation on a uniform material parameter
(A) in the virtual space can be effectively achieved by replacing A
with the spatial distribution of the material parameter A’ = JAJ /detJ,
where J'is the transpose of J, and detJ is the determinant of J.

In some applications, the desired function (for example, cloaking,
or concentration) can be achieved in physical space through
the transformed spatial distribution of material parameters as
determined by the coordinate transformation (see the bottom of
the figure).

Virtual space Physical space

Transformation
—

Homogeneous medium & Inhomogeneous medium

Cloak | ™~ e~ Concentrator

-

|
Mass or .
energy flow

Nature Reviews Physics | Volume 5 | April 2023 | 218-235

220


http://www.nature.com/natrevphys

Review article

Glossary

Bulk-edge correspondence
Atopological phenomenon that means
that the topological properties of

the bulk of the system determine the
character of the edge modes.

Concentrator

A structure that creates a larger flow
(for example, heat flow) inside a device
without disturbing the external fields
(for example, temperature distribution)
in the surrounding area.

Geometric phase

The phase difference obtained when
a system completes one cycle of an
adiabatic process, which is caused
by the geometrical properties of the
Hamiltonian parameter space.

Reynolds number

A dimensionless quantity that is used to
classify the flow type as laminar (values
less than 1) or turbulent (values more
than1).

Cloak

A structure that provides a zero gradient
(for example, temperature gradient)
inside a device without disturbing the
external fields (for example, temperature
distribution) in the surrounding area.

Darcy'’s law

An equation to describe slow and
viscous fluid flow. This equation is
usually applied to describe fluids in
porous media.

Rotator

A structure that changes the transport
direction of the flow (for example,
heat flow) inside a device without
disturbing the external fields (for
example, temperature distribution) in
the surrounding area.

Scattering cancellation

An approach that designs coatings that
can be applied to objects to cancel the
scattering, making the object invisible

to observers.

Diffusive Fizeau drag

The observation that wavelike
temperature fields propagate at
different speeds in opposite directions
when an orthogonal advection is
applied. It is analogous to the Fizeau
drag observed in electromagnetic fields
moving through flowing water.

of extreme parameters introduced by transformation theory and aid
the design of new thermal metamaterials.

The other primary application of thermal metamaterials is heat
management in fields ranging fromelectronics to biology. For example,
withtherapid development of nanoelectronics, conventional thermal
management approaches, such as through-silicon-via optimization and
thermal pipes, face many challenges that could be addressed by thermal
metamaterials®*®, Unlike conventional methods, thermal metamateri-
als can dissipate heat at will and avoid thermal crosstalk and local hot
spots. Additionally, thermal memory and computing could be imple-
mented by defining binary states of heat flux using preset alternating
sequences of concentrating and cloaking states®. Thermal encoding has
been proposed as a possible scheme for encoding optical or electronic
information®. Personal thermal managementis another exciting appli-
cation. Forexample, aJanus layered textile was developed that works as
a heating or cooling device®. The textile could increase (or decrease)
the temperature of a skin simulator by 8.1 °C (or 6 °C) under sunlight.

Numerical optimization algorithms can also help the design and
fabrication of thermal metamaterials. In 2014, topology optimiza-
tion was used to design thermal-composite structures for heat flux

manipulation, including shielding, focusing and rotating the heat
flux®. The anisotropic thermal composite consists of elliptical inclu-
sionsembedded inthe surrounding matrix. To simplify the structures,
acovariance matrix adaption evolution strategy, apowerful stochastic
method, was used to tackle nonlinear optimization problems and
design a thermal cloak composed of natural materials®. Construct-
ing such a thermal cloak involves two steps. First, the background
temperature distribution must be preset without the obstacle pre-
sent. Second, the undisturbed temperature field must be reproduced
using a thermal cloak designed by topology optimization. Printable
freeform thermal metamaterials have been proposed by directly cre-
ating functional cells™ (Fig. 1a). The thermal conductivity tensor is
calculated according to transformation thermotics and realized using
local microstructures composed of die steel and polydimethylsiloxane.
This approach solves challenges such as the limited shape adaptabil-
ity of thermal metadevices and the need for prior knowledge of the
background temperatures. Numerical methods have now become
advanced and powerful for designing feasible thermal metamaterials
withvarious applications suchas invisible sensors'*’*??, not to mention
the emerging machine-learning techniques”**.

Inadditionto achieving abundant conventional functions, meta-
materials can also be used to study counterintuitive physical phe-
nomena. We refer to such phenomena as ‘new physics’, among which
topology is a typical example. In the following sections, we focus on
non-Hermitian topological phenomena such as thermal topology,
inaddition to introducing other new phenomena.

New physics

Nonlinear thermal diffusion, that is, temperature-dependent thermal
diffusion, isanintriguing topic that involves unconventional phenomena
andapplications®™°*. In thermal metamaterials, one can exploitaphase
transitiondriven by temperature change to greatly modify the material
parameters. A dual-functional thermal metamaterial based on nonlinear
thermal diffusion was proposed'”, which automatically switched froma
concentrator toacloak whenthe environmental temperature changed.
Alater study proposed an energy-free thermostat composed of asym-
metric phase-transition materials with thermally responsive thermal
conductivities'”. Insuch adevice, the temperature is kept approximately
constantinthe central region. Based on these concepts, atheory of non-
linear thermal metamaterials was developed to describe nonlinear effects
in thermal metamaterials and functional devices'”.

Another intriguing topic is topological phenomena in thermal
metamaterials. The study of topological phenomena has revolution-
ized our understanding of phases of matter, leading to the discovery
of quantum Hall effects and topological insulators. Using the analogy
between quantum mechanics and classical wave dynamics, the study
oftopological phenomenahas been extended to other types of systems
including photonic, acoustic and mechanical systems'* ", However,
extending topological phenomenato diffusion systems is challenging
because of their incoherent nature and the lack of oscillatory dynam-
ics. Nevertheless, with insight from non-Hermitian physics and non-
Hermitian topology, the most fundamental topological phenomenon,
thatis, bulk-edge correspondence, has been established in diffusion
metamaterials. In particular, the Su-Schrieffer-Heeger (SSH) model —
a 1D lattice model with dimerized couplings — has been realized in
thermal metamaterials"* ", These achievements are based on the map-
ping of the imaginary damping eigenvalues of the diffusion equation
of alattice to the real frequency eigenvalues of the wave equation on
the same lattice. In this case, the real values form the band structure of
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min

Fig.1| Thermal metamaterials for manipulating heat conduction. a, A3D-printed
cloak (top) and a colour map of its experimentally measured temperature field
(bottom), where T, and T, are the maximum and minimum temperature,
respectively. The arrow indicates the direction of heat flow. There is a minimal
temperature gradient inside the object, and the temperature field outside the
objectis only slightly disturbed, indicating that the metamaterial is an effective
cloak. b, Top: amodel of a thermal lattice with periodically varying thermal
conductivities between sites. Intercell and intracell heat conduction is
represented by the blue and red rods, respectively. ais the unit length of the cell,
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and b, and b, are the lengths of the intracell and intercell rods, respectively.
Bottom: 1D theoretical calculations and 3D simulations of the effect of changing
the spacing between sites on the band structure of the system, where kand A

are the wave vector and frequency, respectively. Parameter c= (b, - b;)/2isa
length used to characterize the spacing in the structure. When ¢ = 0, the two
bands are degenerate at k = +1/a, and when|c| > 0,abandgap opens at k = +1/a.
These results demonstrate the bulk-edge correspondence in this system. Parta
adapted from ref.* under a Creative Commons licence CC BY 4.0. Part b adapted
with permission fromref. ™, Wiley.

the wave dynamics of the lattice and the imaginary values form the
damping band structure of the diffusion. As the damping modes can
also have geometric phases, the topology of the damping band structure
canbe defined, and topological phenomena can be derived (Fig. 1b).

High-dimensional topological insulators can bring about a
greater number of unexpected boundary states than 1D topological
insulators. A zigzag or anarmchair edge can be realized inhoneycomb
lattice thermal metamaterials'’. A high-dimensional thermal-diffusion
model based on the sphere-rod structure was used to reveal diffusive
second-order topological insulators with zero-dimensional corner
states and 1D edge states"®. Additionally, the quadrupole topologi-
cal phase of a non-Hermitian thermal system can be observed in a
2D diffusion system using quantized bulk quadrupole moments™’.
Theseresults suggest that topological phases canbe applied generally
to diffusion systems.

Thermal convection

Theory

Besides conduction, convection is also a fundamental heat transport
mechanism, which can beinduced by moving fluids or solids. Because
thermal convectionis always accompanied by conduction, itis critical
to explore whether these two mechanisms can be manipulated simul-
taneously. Transformation theory was first applied to fluid-flow control
in the case when Darcy's law, v=—n/uVP, is valid?’, where v, n, u and P
are the convective velocity, permeability, dynamic viscosity and pres-
sure, respectively. Darcy’s law requires that the Reynolds numberisless
than 1, meaning that the fluid flow is laminar. Transformation theory
was then adapted to the thermal conduction-convection equation®.
Although the thermal conduction-convection equation is form-
invariant under coordinate transformations, practical methods for

producing metamaterials toachieve the required velocity field remained
elusive. Later, atransformation theory for thermal convection was pro-
posed for porous materials filled with fluids'®. In the case of porous
materialsfilled withincompressible fluids, the conduction-convection
equation and the continuity equation are

(pC)e%—I+V~(—KeVT+ (PO)svT)=0 (3a)

V-v=0 (3b)
where (pC), and k. are the effective product of the mass density and
heat capacity, and the effective thermal conductivity, respectively. The
average volume method equates the physical parameters of a mixture
consisting of homogeneous components to the average of the physical
parameters of each component weighted by the volume fraction. This
approach is used to calculate the effective properties of the system:
(PC)e =p(PC)¢ + (1- @) (pC), and k.= gk + (1- P)k,, where ¢ is the
porosity, and the subscript s (or f) denotes solid (or fluid) components.
Darcy’s law, the conduction-convection equation and the continuity
equationareall form-invariant under coordinate transformations, and
the transformation rules are

(PO)e — P(PO)¢
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Fig.2| Thermal metamaterials for manipulating heat conduction and
convection. a, Top: the experimental set-up used to create a thermal zero-index
cloak by circulating water around the object from hot and cold water tanks to
create a stable temperature field. Bottom: the temperature profile of the object
and its surroundings measured with an infrared (IR) camera when the water
iscirculating around the object. The homogeneous temperature field in the
object shows that there is no heat flow, which demonstrates the cloaking effect
of the bilayer device. b, Top: aschematic of awater-filled angular-momentum-
biased ring. By applying high pressure to port 1and low pressure to ports 2and 3,
avolume force (f) isimposed on the ring in the anticlockwise direction. The
arrows show the forbidden and allowed directions of travel for the thermal wave.

Bottom: the average temperature measured at port 2 (red dots) and port 3
(blue stars) when f=2 N m™, showing that the thermal wave at port 3 is isolated.
¢, Fizeaudrag of light (top) and heat (middle). The red arrows indicate the
propagation of the fields in the positive and negative x directions and contain
information about the wavenumber and amplitude. Bottom: the results of
simulationsin 2D and 3D three-layer pipes to demonstrate the Fizeau drag

of heat. The density (p) and thermal conductivity (k) are spatially periodic,

as shown by the colour bar. The layers rotate with angular velocity () to provide
the surface advection to the central layer. Part aadapted from ref.*, Springer
Nature Limited. Part b adapted with permission from ref. >*, AIP. Part c adapted
with permission fromref. ", APS.

where (pC); = (pC)./det/and k! =jl<ejT/detj. Inthis way, solid metama-
terials can be designed, instead of needing to change the parameters
of afluid, which are difficult to adjust.

Experimental demonstrations of transformed thermal convection
arerare, owingto the difficulty in controlling fluid flow. Hydrodynamic
metamaterials have been fabricated for controlling the Stokes flow,
with promising experimental results'2. The flow is controlled by con-
structing microstructures to achieve anisotropic viscosity. This work
implies that transforming viscosity has the same effect as transform-
ing permeability in porous media. Thus, combining the fluid method
with the transformed thermal conductivity is a promising approach
for fabricating thermal-convection metamaterials. Moreover, this
methodology can be used in Hele-Shaw flows, which have flow depths
that are much smaller than the other dimensions'>"'%, The situation
is more complicated for fluid flows with large Reynolds numbers,
aregime that has not yet been explored.

Applications

Many interesting physical properties and phenomenahave been discov-
eredin hybrid conduction-convection systems because the heat flow
canbe controlled through the conduction component or the convec-
tioncomponent, giving these systems more freedom for manipulating

heat transport than conduction systems. Such discoveries include
zero-index thermal metamaterials, thermal wave control, thermal
non-reciprocity and thermal topology.

Based onthesimilarity between zerorefractive index in the Max-
well equations and infinite thermal conductivity in the Fourier law, a
thermal analogue of zero-index metamaterials was used to construct
abilayer cloak with an integrated convective element'* (Fig. 2a). The
device behaves like a conventional thermal bilayer cloak by rotating
the fluid in the inner layer. The integrated convective element cre-
ates an extremely high effective thermal conductivity in the rotating
fluid layer. It has previously been challenging to design a thermal
cloak toworkin environments with very large thermal conductivities
because the scattering cancellation method requires that the thermal
conductivity of the outer layer is larger than that of the surrounding
environment, and natural materials have a narrow range of conduc-
tivities. Therefore, this work solves this problem and provides a new
route for manipulating thermal convection. Additionally, inspired
by this work, adaptive metadevices with rotating solid layers were
subsequently reported”'?%,

Conventional thermal waves triggered by thermal relaxation'”” are
usually hard to study, owing to the short relaxation time and rapid dis-
sipation. Hence, thermal metamaterials for controlling thermal waves

129
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were proposed based on a complex thermal conductivity'. The real

and imaginary parts of the complex thermal conductivity are related
to conduction and convection, respectively. The study proved that
the complex conduction equation that dominates the conduction-
convection process of thermal wavesis form-invariant under a coordi-
nate transformation. Accordingly, functional devices such as cloaking,
concentrating and rotating devices were also designed using this
theory™°. The complex conduction equation is the conduction-
convection equation with a mathematical substitution. Hence,
the corresponding transformation rules should be the same as
equations (4a—c). This type of thermal wave can be manipulated using
conventional transformation theory, whichled to a proposed thermal
waveguide with graded parameters™'*,

New physics

With the inclusion of convection in thermal metamaterials, some
unprecedented properties emerge: for example, thermal diffusion
non-reciprocity (thatis, directional dependence of the transport prop-
erties of heat). Inspired by the Zeeman effect, an angular-momentum
bias induced by the application of a volume force was used to gener-
ate non-reciprocal thermal waves in a three-port ring (Fig. 2b, top).
By modulating the volume force applied along the anticlockwise direc-
tion, the propagation behaviour of the thermal waves can be manipu-
lated. When the optimal volume force is applied, the amplitude of the
temperature oscillations at port 3 is reduced to zero, whereas these
oscillations are still present at port 2 (Fig. 2b, bottom). The maximized
thermal non-reciprocity indicates that the temperature propagation
atport3isfullyisolated. Another study proposed astructurein which
multiple three-portring systems are arranged inagraphene-like array
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Fig. 3| Topology and non-Hermitian physics in thermal metamaterials.

a,3D model (left) and simplified 2D model (right) for investigating the geometric
phase of two counter-rotating rings (with velocity v) that are coupled through
anintermediate layer. The Gaussian profiles show the locations of the maximum
temperatures within the two rings. b,c, Initial (b) and final (c) states of the
temperature of the counter-rotating rings when their rotation speed increases from
zerotoavalue above the exceptional point and back to zero. The location of the
maximum temperature (indicated by the markers) moves from one side of the ring
to the other, demonstrating a geometric phase of . d, Top: aschematic diagram of a
four-ring system coupled with two orthogonal pairs of counter-moving advection

T Zl_x/.\

to produce thermal edge states, meaning that thermal waves can only
betransportedinthe edges of the array™*. Diffusive Fizeau dragwas also
demonstrated using spatiotemporal modulation' (Fig. 2c). The verti-
caladvection and periodicinhomogeneity of the density and thermal
conductivity cause the temperature field to travel with different veloci-
ties in the positive and negative x directions. These studies pave the
way to a new technique for controlling non-equilibrium heat transfer
and are suitable for mass diffusion systems.

Topological phenomena emerge not only in thermal conduction
systems but also in thermal conduction—convection systems"$36141,
Anti-parity-time symmetry*?*° was also discovered in thermal-
diffusion systems''. Such symmetry was demonstrated using two
rings rotating with the same speed (v) but in opposite directions that
are thermally connected through an intermediate layer™* (Fig. 3).
The wavelike temperature fields in this system allow the heat transfer
problem to be reduced to an eigenvalue problem characterized by a
2 x2non-Hermitian matrix

| -i(k*D+ h) + ko ih
A= (5)
ih -i(k’De+ h) - kv

where kis the wavenumber of the wavelike temperature fields, D, is the

thermal diffusivity of therings, and h describes the heat exchange rate
between the rings. The eigenvalue of H is

wi:—i(kth+hix/h2—k2u2) ©6)

where w is the frequency of the wavelike temperature fields.
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components. The green rings rotate in opposite directions in the r-6 plane witha
speed of v,yand awavenumber of k4. The blue rings move in opposite directions
along the zaxis with a speed of v,and a wavenumber of k,. The multicoloured
band shows the temperature profile of the central medium. Bottom: the real part
of the complex spectrum of the eigenvalue of the thermal system (E,) in the
synthetic parameter space with the exceptional points (EPs) showninred, where
Kot Ustr = 4 (k,@u,g)2 + (kzuz)2 . Topological phase transitions can be achieved with
this system by changing the number of EPs encircled in this parameter space.

Partsa, band cadapted with permission fromref. *, Elsevier. Part d adapted with
permission from ref. >, APS.
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Asvincreases fromzero, w changes fromapurely imaginary num-
ber to a complex number with a real part. The exceptional point of
U=Up= \/W plays a crucial role. When v < vy, @ is purely imaginary,
indicating that the wavelike temperature field does not propagate and
only decays with time. This case preserves the anti-parity-time sym-
metry. Whenv = v, thetwo eigenstates (w,) are degenerate; therefore,
Ugp SErves as an exceptional point. When v > v, the real part of w is
non-zero, so the temperature fields start moving, corresponding to
anti-parity-time symmetry breaking'>>">*,

Interestingly, topological phenomena in thermal metamaterials
were established using the non-Hermitian approach owing to the
diffusive nature of the metamaterials. In fact, the first topological
invariant of heat diffusion systems to be discovered was the geometric
phaseinadiffusion-convection system with a pair of coupled rotating
rings">. When vevolves on a‘closed path’ (meaning that the initial and
final velocities are the same), the geometric phase can be calculated
based on the eigenvectors. The phase is O when the path does not
contain the exceptional point,and ttwhenit does. Accordingly, if the
geometric phaseis 1, the location of the maximum temperature point
will rotate by m radians instead of returning to its original position.
Ifthe geometric phaseis O, the location of the maximum temperature
will returntoitsinitial position after the rotation speed has completed
aclosed evolutionloop (Fig. 3a-c).

After that, the parameter space was extended to diffusion sys-
tems, revealing rich topological properties. Two pairs of rings coupled
through a centralmedium were designed to demonstrate a configurable
non-Hermitian topological phase transitionina 2D parametric space™”
(Fig. 3d, top). Viewing the system in cylindrical coordinates, v,y and v,
formanorthogonal parameter space, similar to k,and k,inmomentum
space. In such a parameter space, there is a pair of exceptional points
(Fig. 3d, bottom). Closed paths in this parameter space that encircle
different numbers of exceptional points are in different geometric
phases. Thus, topological phase transitions can be achieved by chang-
ing the number of encircled exceptional points. This study shows that
geometric phases are effective topological invariants. Additionally,
eigenstate winding number and eigenvalue vorticity™®, which describe
the exceptional point encircling behaviour of the complex eigenvec-
tor and eigenvalue respectively, can also be calculated and serve as
topological invariants. For example, when two exceptional points are
enclosed, ageometric phase of +11, aninteger eigenstate winding num-
ber and an integer eigenvalue vorticity are achieved. In this case, the
system exhibits adynamic-equilibrium temperature distribution thatis
topologically non-trivial. When only one exceptional pointis encircled,
the system has ageometric phase of +1, a half-integer winding number
eigenstate, and a half-integer vorticity eigenvalue. Inthis case, the tem-
perature profile has a step-like t-phase transition thatis also topologi-
cally non-trivial. Meanwhile, the SSH-like thermal conduction chain is
also topological and s the anti-Hermitian counterpart of the original
SSH model™, owing to the anti-Hermitian nature of heat conduction.
These discoveries unveil intriguing and unprecedented physics at the
interface of topological physics and non-Hermitian physics.

Thermal radiation

Theory

Thermal radiation — another essential form of heat transport — is ubiq-
uitous and crucialinmany fields, forexample in the harvesting of solar
radiation for energy applications. Metamaterials for manipulating
thermal radiation have attracted tremendous researchinterestin the
pastdecade. Transformation multithermotics theory was established to

enable the simultaneous control of thermal radiation and conduction®®,

The Rosseland diffusion approximation, a perturbation of blackbody
radiation that describes thermal radiation as the diffusion of photons,
was developed to handle the thermal coupling between radiation and
conduction. Based on this approximation, the dominant equation of
multithermoticsis

pca—T +V- {—KVT+ (—Ey’anUﬂVTﬂ =0, 7)
ot 3

where the first termin the square brackets represents conductive flux,
and the second represents radiative flux. p, C and k have been men-
tioned previously, whiley, nand o are the Rosseland mean attenuation
coefficient, relative refractive index and Stefan-Boltzmann constant,
respectively. The coordinate transformation of these parameters is
described by

,_ O
PO =4or ; (8a)
y'=J""y  det) (8b)
,_JkJT
k= det)’ (8¢)

indicatingthat the transformed equation is form-invariant, which sug-
gests that it could be possible to simultaneously manipulate thermal
radiation and conduction. Using these coordinate transformations,
prototype functional devices for multithermotics, such as cloaks, con-
centrators and expanders, have been proposed™®. The temperature
dependence of thermal radiation also makes it possible to extend the
theory tononlinear cases. In other words, applications using thermally
responsive metamaterials could be possible.

In a more general scenario, thermal conduction, convection and
radiation always appear together. However, owing to their distinct
mechanisms, it is challenging to unify these three modes within the
framework of transformation theory. Amethod that uses transformation
omnithermotics to manipulate the three basic modes of heat transfer
was deduced by adding a convective flux term to equation (7) (ref. ™).
In pure fluids, the heat transfer involving conduction, convection and
radiationis governed by

16

or
prfE +V- {—KfVT+prfvT+ (— 3

¥ 'nfoT?v Tﬂ =0, 9)

inwhich p;, G, k;, v, yrand n;are the density, heat capacity, thermal
conductivity, velocity, Rosseland mean attenuation coefficient and
relative refractive index of the fluid, respectively. The transformation
rules for these parameters are
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v'=Jv, (10d)
which show that the total heat flux can be modulated by adjusting p:C;,
Ve Krand v.

The parameters derived from transformation multithermotics are
also anisotropic, whichis a property that is rarely observed in natural
materials. Such material parameters have been achieved using alayered
structure design and effective media theory™®. Alternatively, scatter-
ing cancellation theory can also achieve the same effect’. Functional
devices with isotropic parameters could be directly obtained by solving
equation (9).

Applications

Thermal metamaterials for manipulating radiation are primarily used
inthermal visionand energy applications, such as thermal camouflage
and radiative cooling. Various methods for overcoming the complexity
of the transformed parameters have been reported.

The simplest application is camouflage (or thermalillusion) that
produces heat signatures that are closely related to the actual scenario.
Inaddition to hiding targets from external detectors, thermalillusion
devices could exhibit fake signals to achieve a misleading effect. For
example, a system was developed that cloaks one object by trans-
forming its heat signature so thatit is detected as a different object*.
Another study used the regionalization transformation method to
create thermalillusions and even achieve encrypted thermal printing,
which hidesinformationso thatitis only visible when the correct heat
sourceisapplied™. Subsequently, the concept of 3D illusion thermot-
icswas proposed to overcome the drawbacks of imperfect separation
in 2D illusions'**'*3, Approaches to achieving camouflage for multiple
physicalfields have alsobeeninvestigated. For example, amultispectral
camouflage deviceforinfrared, visible, laser and microwave bands has

Device

Temperature

T e R

Temperature

Fig. 4| Metamaterials for manipulating heat conduction, convectionand
radiation. a, Top: an object covered by a fabricated 3D meta-helmet. Bottom:
athermograph of the object camouflaged by the helmet acquired with aninfrared
cameraat normalincidence to the device, where T,,,, and T, are the maximum
and minimum temperature, respectively. The circle indicates the location

ofthe device. b, Finite-element simulations of heat signatures of the entire
alphabet composed of individual basic strokes made by adjusting the thermal
conductivity of the regions. The colour bar shows the temperature of the regions.
¢, Top: schematic diagrams demonstrating the effective emissivity principle
whereby the surface of a unit made from a material with emissivity &, containing

been proposed'**. We anticipate that combining multiple disciplines
and reducing the thickness of the devices will be future trends in the
field of thermal camouflage.

Thermal-radiation patterns can also be controlled by thermal
conduction, thereby simultaneously manipulating thermal radiation
and conduction'. In 2018, a 2D structured thermal surface for radia-
tive camouflage was developed based on transformation thermotics'®®.
The camouflage surface was designed using a two-fold transformation
and exhibited asmall, cloaked region on the surface of the device inwhich
anobject canbehidden fromthermal-radiation detection. The fabricated
device canadjust thetemperature profile of the surface regardless of the
background thermal conductivity. The thermal camouflage surface was
later extended to the 3D case'””. The thermograph of the system demon-
strates that the measured temperature profile of an object covered by the
deviceisalmost the same as the temperature profile of pure background
(Fig. 4a). Another study used regionalization transformation theory to
construct thermal metamaterial strokes that function as infrared signa-
tures™ (Fig.4b). Heatat onelocation is used to create a heat signature of
onebasicstroke by adjusting the thermal conductivities of the rectangu-
lar regions. These individual strokes can then be combined to recreate
thewholealphabet; therefore, thisapproach could be used for thermally
encoding information so thatitis only visible inaninfrared image.

Different methods for regulating omnithermal fields have been
explored toremove sophisticated parameters. For example, an omnith-
ermal restructurable metasurface was designed to create infrared-
light illusions with devices that look the same under visible light's,
This study considered three basic modes of heat transfer for tuning
the surface temperature and adopted the radiation-cavity effect to
fabricate metasurfaces. This approach was used to create a device
with tunable surface temperature and emissivity. The effective emis-
sivity of asurface with a cavity (g;) is equivalent to that of aflat surface

g,=0.2 e, =06 d Roof
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acavity (left) has the same surface emissivity &, as a unit made from a material
with different properties without a cavity (right). Bottom: thermograph showing
theillusion of a human shape, made by constructing an array of components with
and without cavities to control the emissivity of the surface. d, Top: schematic of
aradiative cooler device. Bottom: the measured emissivity and absorptivity
ofthe device over mid-infrared wavelengths, where the shaded region is the
atmospheric transmittance window. Part a adapted with permission fromref. ',
Wiley. Part b adapted with permission from ref. *, Wiley. Part c adapted with
permission fromref.'*®, APS. Part d adapted fromref. ', Springer Nature Limited.

Nature Reviews Physics | Volume 5 | April 2023 | 218-235

226


http://www.nature.com/natrevphys

Review article

made from a material with a different emissivity (&,,); therefore, by
combining unit components with or without cavities an image can
be encoded into the heat signature of the surface to form the desired
pattern. This technique was used to create anillusion of the outline of
ahuman (Fig. 4c), demonstrating the validity of this theory.

The consideration of omnithermalfieldsis vital for energy applica-
tions. For instance, daytime radiative cooling, a passive process that
does not require any energy input, has great potential for renewable
energy research and for meeting the demand for air conditioning'®’.
Theidea of promoting radiative cooling by constructing a white paint
from TiO, was proposed as early as 1978 (ref."’°). However, this work did
notdraw muchattentionatthetime.In2014, a photonic approachwas
used to fabricate a radiative cooler”. The main principle is to design
adevice that reflects solar radiation with selective thermal emission
in the mid-infrared range. A multilayered structure of HfO, and SiO,
was used to obtain this particular property (Fig. 4d). The device was
designed withawell-sealed air pocket to minimize the heating of exter-
nal surfaces and air adjacent to the radiative cooler. The measured
emissivity of the cooler confirmed that the device selectively emits
radiation at wavelengths within the atmospheric transparency window
(8-13 um), allowing the infrared radiation to be transmitted to outer
space. Another study fabricated hybrid metamaterials for daytime
radiative cooling by embedding SiO, microspheres randomly within
a polymeric matrix'”%. The fast and simple fabrication process of this
device could enable it to be produced industrially.

Alternatively, thermal diodes designed using nonlinear theory
or spatiotemporal modulation”>"® are of great value for harvesting
heat energy because they are natural tools for ensuring that there is
only asingle path of heat flow'. A thermal trapping mechanism based
on graded heat-conduction metadevices was proposed, inspired by
black holes, which trap light within their event horizons. This mecha-
nism has potential applications in waste heat recovery and provides
insights into the combination of transformation thermotics and
cosmology'®’. Additionally, nanoscale heat transport is essential to
manipulate heat energy in energy-harvesting applications'®*.

106

New physics

The freedom offered by the multiple components of the heat flow of
omnithermalfields (thatis, thermal conduction, convectionand radia-
tion, inclusively) is encouraging. It could lead to unprecedented thermal
control and introduce new physics. Unlike thermal conduction, radia-
tive heat flow is quadratic with temperature according to the Stefan-
Boltzmann law, leading to strong nonlinearity™’. This feature may bring
newideas to the study of thermal topology. Loading nonlinearitiesinto
classical topological models could enable many new functions'®7%,
such as self-induced transitions from trivial to non-trivial topological
states?**?", In a topological thermal-radiation system, nonlinearity
can be achieved by transferring the higher-order dependence to the
radiation coefficient. Topological thermal-radiation systems have
the potential to achieve functions that linear thermal systems cannot,
for example topological phase transitions. Moreover, thermal radia-
tion with strong nonlinearity could reveal unprecedented topological
phasesin thermal higher-order topological insulators.

Inadditionto far-field thermal radiation, near-field thermal radia-
tionwith new properties has also been studied. Owing to the enhanced
near-field coupling of evanescent waves on the surface, near-field radia-
tion can overcome the far-field limitimposed by the Stefan-Boltzmann
law, which affects various thermal technologies. One study developed
metasurfaces composed of 2D periodic arrays of holes to enhance

near-field radiative heat transfer’®. This work relies on the ability to

control the bandwidth of surface-plasmon polaritons. Another study
performed a quantitative measurement of near-field heat transfer
between two hyperbolic metamaterials®®. This measurement vali-
dated the effective medium theory in near-field radiative metamate-
rials under a classical gap-period condition, providing quantitative
experimental evidence for the enhanced radiation.

Transformation particle diffusion

Theory

As aubiquitous phenomenon, particle diffusion described by the Fick
equations hasbeeninvestigated in various situations. Without external
particle sources or sinks, Fick’s second law is

a—C=V-(DVc—vc)

a (11)

wherec, Dand v are the particle concentration, diffusivity and advec-
tion velocity, respectively. Following a coordinate transformation,
this equation becomes

L% v prve-vre

det/ ot 12)

with D”=JDJ7/det/ and v”=Jv/det/. In contrast to equation (11),
an additional metric term emerges on the left side of equation (12),
causing the breakdown of transformation invariance. Consequently,
cloaking or concentrating transient particle diffusion is not perfect.

Despite this change in the form of Fick’s second law following
the coordinate transformation, a particle-diffusion cloak made
using the low-diffusivity approximation was computationally demon-
strated'® (Fig. 5a). This pioneering study inspired tremendous work on
transformation particle diffusion.

Moreover, Fick’s law can be used to describe light propagation in
disordered media.In 2014, awater-based invisibility cloak was produced
by using diffusive-light propagation*®. This cloak was designed using
the scattering cancellation method and made of polydimethylsiloxane
doped with melamine-resin microparticles (Fig. 5b). When tested in
transient illumination conditions, the experimental results demon-
strated that the cloak worked in static and quasistatic regimes®. In
systems that contain many randomly distributed scattering centres,
such as clouds, fog, milk and frosted glass, light propagation behaves
like photon diffusion rather than a ballistic beam. This diffusive-light
cloaking approachworks forabroad bandwidth; therefore, it overcomes
one of the limitations of conventional electromagnetic cloaking**.

Alternatively, an optimized theory of transformation mass transfer
was proposed to control transient particle diffusionand overcome the
breakdown of transformation invariance®®. This study considered
Fick’ssecond lawinthetransient state and transformed the equation as

9¢ =V -(D'V'c-v’c)

ot 13

withD’=JDJTandv’=/v.Inthisway, equation (13) approximately keeps
the same form as equation (11) when the diffusivity and velocity are
small. This approach was used to design theoretical devices for separat-
ing, cloaking, concentrating and rotating chemical waves (Fig. 5¢).
Computer simulations of these devices demonstrated that the devices
could be used to manipulate chemical waves and confirmed the
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Fig. 5| Transformation diffusion and metamaterials. a, Top: 3D view of a
simulated particle-diffusion cloak, where the colour bar shows the particle
concentration and the particles are diffusing from right to left. Bottom: 2D slice
fromthe top plot. b, Top: the experimental set-up used to create a light-diffusion
cloak that conceals the cylindrical obstacle (inset). The tank s filled with a
mixture of deionized water and white paint. Middle and bottom: photographs

of the light coming from the tank with (middle) and without (bottom) the

(]

Concentrating

cloak around the obstacle. The solid black curves show the normalized light
intensity at the location indicated by the dashed line. ¢, Simulated chemical-
wave concentration profiles after passing through concentrating (top) and
rotating (bottom) devices, which were designed using the optimized theory of
transformation mass transfer. The arrow shows the direction of propagation

of the chemical wave. Part aadapted fromref. '8, CC BY 4.0. Part b adapted with
permission fromref. *5, AAAS. Part c adapted with permission from ref.?*, Wiley.

excellent performance of particle-diffusion metamaterials based on
this theory.

Applications
Achieving cloaking with particle diffusion is particularly valuable
for drug delivery, for example using concentric liposomes as a par-
ticle cloak to protect water-soluble drugs during transportation’s.
A series of techniques have been proposed for concentrating and
cloaking particle diffusion®°®?”, As different types of particles have
different diffusivities within the same media, particle separation can
be achieved by cloaking one type of particle while concentrating the
other. Hence, a bilayer metadevice?® was proposed for separating O,
and N,. This device achieves cloaking (or concentrating) of O, (or N,)
in the central region, offering a potential application for separating
mixed gases (Fig. 6a). This work uses two natural materialsto designa
bifunctional metadevice based onthescattering cancellation method,
whichsimplifies the fabrication process. Additionally,ametamaterial
membrane was proposed to separate two particle types into different
locations?***°*?'° (Fig. 6b). Simulations demonstrated that the two dif-
ferent particles diffused to different positions after flowing through
the membrane, suggesting that this metamaterial membraneisagood
candidate for separating mixed particles.

Particle-diffusion metamaterials are also valuable for other applica-
tions: forexample, one application used suchametamaterial to produce

anelectrical cloak*. The nearly flat electrical potential observed behind
the deviceindicates the near-perfect cloaking effect (Fig. 6¢). Inreality,
diffusion metamaterials are challenging to produce experimentally.
Numerical algorithms are often used to design optimized devices
that are experimentally feasible*’, particularly devices for general
applications such as those involving diffusion and chemical reactions™.

New physics

One of the most exciting developments in particle-diffusion metama-
terialsis from the fundamental aspect: the synergy with non-Hermitian
physics and topology. One study reported that geometric phases could
appear in particle-diffusion metamaterials when looping around an
exceptional point®? The set-up (Fig. 6d) involves two rotating rings
coupled through an intermediate layer with the rotation velocity (u)
controlling the dynamics of the particle concentrations, similar to the
approach described previously that was used to explore geometric
phasein thermal-diffusion systems. A non-Hermitian Hamiltonian can
be used to describe the particle-diffusion dynamics in such a system.
The eigenvalues of the non-Hermitian Hamiltonian (that s, w) are com-
plexnumbers with real and imaginary parts that describe the propaga-
tion velocity and temporal decay rate of the particle concentration,
respectively. The relationship between w and u contains exceptional
points (Fig. 6d). It was found that when the velocity path encircles an
exceptional point, a phase difference of m can be accumulated.
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Fig. 6 | Manipulating particle diffusion with metamaterials. a, A bilayer
metadevice that cloaks O, (top) and concentrates N, (bottom) in the centre of
the device. The concentration of O, is almost constant across region 0, showing
that nearly no O, flows into the region, and the concentration gradient of N, in
region O is bigger than that of the contrast case, demonstrating the converging
effect of the device. The concentrations were measured along the whitey =0
line shownin theinset. The vertical linesindicate the locations of regions 0,1and 2
shownintheinsets. Insets show schematics of the samples. b, Simulations of the
performance of ametamaterial membrane to separate different particle types
by transient diffusion. The colour maps show the concentration distribution

of the two particle types at the start and end of the process, where C,,,, and C,i,
are the maximum and minimum concentration, respectively. The solid black
lines indicate the location of the membrane, and the white arrows show the
diffusion direction. ¢, Top: photograph of a fabricated alumina plate on asilver
plate, which functions as an electrical cloak. The arrow shows the direction of
electron flow, and the black lines show the locations at which measurements were

u(pms?)

performed to test the cloaking. Bottom: the measured (triangles and stars)

and simulated (lines) voltages along the back line, with and without the cloak.
d, Asystem comprising two rings that rotate in opposite directions with velocity u,
separated by a permeable layer (top inset), is used to study geometric phase

in particle diffusion. Top: the change in the concentration profiles in the rings
(shown by the Gaussian profiles) when u maps a cyclic path in velocity space
crossing the velocity exceptional point (ug) different numbers of times. When

u > ugp, the concentration profiles in the rings begin to move. Depending on the
number of times u crosses ug,, the particle concentration returns to the initial
state with or without a t phase shift. Bottom: the negative imaginary (imag)

and real parts of the complex frequency w as a function of u. The eigenstates are
shown by blue stars. When u < ug, the system is in an anti-parity-time symmetric
region. When u > ug,, the real part of the eigenvalue appears, owing to the
breaking of anti-parity-time symmetry. Part aadapted with permission from ref. >,
Elsevier. Part b adapted with permission from ref. 2°°, IOP. Part c adapted with
permission fromref. "', Wiley. Part d adapted with permission from ref. *%, APS.

The discovery of the geometric phase in particle diffusion unveils
the possibility that new topological phenomena could be present in
diffusion metamaterials. This understanding naturally leads to the
development of topological diffusion metamaterials. A 1D particle-
diffusion lattice with alternating high and low diffusivities can be
used to mimic the SSHmodel. In such aset-up, bulk-edge correspond-
ence can appear in particle diffusion, and new edge states could

be uncovered, as has already been confirmed in heat-conduction
metamaterials'’.

Transformation plasma transport

Theory

Plasma, the fourth state of matter, is a gaseous mixture of unbound
ions, electrons and reactive radicals, and is highly conductive. Unlike
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general diffusion systems, plasma transport is affected by particle
collisions and by the local electromagnetic field generated by local
charge concentrations, and thus exhibits collective behaviours. As
aresult, plasma transportis also a unique diffusion system. Plasma
canbe artificially produced by charging gases with direct or alternat-
ing currents, radio-frequency waves or microwave sources®>. The
rich components of plasma give it unique properties such as high
chemical activity. Therefore, studying plasmais both necessary and
valuable.

Despite many theoretical and experimental studies, manipulat-
ing plasma transport still faces critical challenges. For example, it is
difficult to obtain an analytical solution of the motion tracks or the
dynamic details of the ionized species, because the strong coupling
between charged particles and electromagnetic fields makes plasma
transport a nonlinear process®* >, Therefore, researchers often use
numerical simulation methods (such as the particle-in-cell or Monte
Carlo collision models) to analyse plasma transport*”*5,

Transformationtheory wasintroduced to plasma physics by using
adiffusion-migration model to describe plasma transport®’. This study
designed three conceptual devices to control plasma diffusion based
on transformation theory. First, several assumptions were made: for
example, the effects of convection and magnetic fields were ignored,
and the temperature of the charged particles was considered to be
constant. Thetransport of positiveions in plasma can then be described
by adiffusion-migrationequation. Using the Einstein relation to define
mobility in terms of diffusivity, the diffusion-migration equation can
be writtenas

(14)

on; DE) |_
B V-(DVny)+V {[ﬂjni} =0

where n;, D, Eand T;are the density, diffusivity, electric field and reduced
temperature, respectively (T;= Tky/q, where Tis the temperature, kg
is the Boltzmann constant and g is the unit charge). Equation (14) can
then be transformed into an approximate form under a coordinate
transformation,

% -Vv. (Dlv/ni) +V - {(D’E/Jni} “o

ot T (15)

withD’=/DJ" andE’=/ T E. Equation (15) suggests that plasma flows
couldbe guided by modulating Dand E. To test this theory, three devices
were designed for cloaking, concentrating and rotating plasma flows.
By assuming that the plasma density fluctuates in a plane-wave form,
the transformed parameters can be calculated according to the
transformation rules.

Using a harmonic profile of plasma density, boundary conditions
were applied to excite a wavelike density oscillation in the plasma.
Simulations of the plasma cloak, concentrator and rotator show that
the devices perform well for manipulating plasma transport (Fig. 7a).
The decrease inthe concentration amplitude of the plasma asit travels
through the medium is caused by the dissipative nature of diffusion.
Thedispersionrelation for this system can be deduced by substituting
aplane-wave solution into equation (14).
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Fig.7|Plasma transport and metamaterials. a,
Simulated plasma density profiles of cloaking (left),
concentrating (middle) and rotating (right) devices.

The arrows indicate the direction of plasma flow. The
parameters for these simulations were chosen to produce
appropriate decay rates and wave numbers to make these
results clear and intuitive. b, Plasma applications for
etching, cloaking healthy skin when healing wounds, and
deposition. Partaadapted with permission fromref.°°, CPS.
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Applications
Plasmatechnology is crucial for practical fields, such as micro- and nano-
electronics, chemistry, biomedicine, aerospace and materials science™
(Fig.7b). Plasmais full of high-energy particle species that can uniquely
modify the surfaces of materials. Thus, plasma-based technologies can
be used for sputter-deposit processing, etchingintegrated circuits, and
welding. The highly reactive radicals in plasma can induce chemical
reactions at the plasma-matter interface that are usually difficult to
achieve under normal conditions. Such techniques have alsobeenused
for catalyst preparation and greenhouse gas conversion*’. Additionally,
many diseases, such as infected wounds and cancers, can be treated
with cold plasma®. Inthe aerospace industry, plasmas are used to break
high-carbon chains of molecules in the fuel into low-carbon chains,
whichimproves the ignition and combustion performance of aerospace
engines®. The new approaches to manipulating plasmas introduced
above could help to furtherimprove plasma technologies®®. The larger
the plasma flow, the more beneficial it is to the etching or combustion
process. Plasma concentrators can increase the plasma flow in some
areas (Fig. 7b) toimprove plasma etching. Similarly, concentrators can
also increase the efficiency of catalysts and plasma-assisted engines.
Plasma cloaks canbe used to protect healthy tissue exposed to plasmas
when curinginfected wounds. Appropriate coordinate transformations
canbe used to separate or guide plasmas for directional deposition.
The transformed diffusivity and electric field are generally chal-
lenging to achieve. However, it is possible to produce the same effect
through other methods. For example, a bilayer diffusive cloak could
be fabricated using two homogeneous materials based on the scatter-
ing cancellation method®*®. Moreover, the static electric cloak could
inspire the manipulation of electric fields?’; thatis, ametamaterial-based
method for controlling plasma transport may trigger a new trend in
plasma physics. Note that the term ‘plasma metamaterials’ has already
been used to describe plasma-based metamaterials for manipulating
electromagnetic waves™°?**, In detail, plasma metamaterials refers to
devices that use a medium composed of plasma with a periodic struc-
ture, which can control the transmission of electromagnetic waves by
changingthe dielectric constant and susceptibility of the plasma. Hence,
plasma metamaterials could be regarded as a kind of electromagnetic
metamaterial. However, the work highlighted in this Review emphasizes
that plasmatransport characteristics can be regulated by modifying the
diffusion rate and electric field*® to control the transmission of plasma
particles. New mechanisms for developing amore detailed and accurate
model of plasma transport should be explored despite the inevitable
challenges: for example, generalizing the simplified model toinclude the
influence of magneticfields and gas-phase reactionsin plasma, oradding
anadvectiontermto provide additional freedom for regulating plasmas.
Inshort, further studies of transformation plasma physics arerequired.

Summary and outlook

Transformation optics has been extended to many fields throughout
the past decade. Establishing the transformation principle in diffusion
systems canlead to the discovery of unconventional diffusion proper-
ties and phenomena as well as enabling basic control of diffusion. In
this Review, we systematically report the development of transfor-
mation theory and metamaterials in diffusion systems, especially for
manipulating particle dynamics, heat diffusion and plasma physics. By
presenting the basic principles, typical examples and exciting progress
inthese fields, we provide an overview of the development of various
diffusion metamaterials that could give access to new phenomena and
applications. Diffusion metamaterials are a growing field, and they

solve the problem of the limited working bandwidth of wave systems,
owing to the frequency independence of diffusion properties. This
property alone could make diffusion metamaterials appealing for many
practical applications.

However, some challenges remain to be solved. For wave and
diffusion systems, the complexity and singularity of the transformed
parameters are inherent problems of using transformation theory.
Extremely high thermal conductivity cannot be found in natural or
artificially fabricated materials, which inevitably affects the perfor-
mance of designed devices. Additionally, most metadevices have only
asingle functionand are often limited to specific operating conditions.
Fortunately, opportunities arising from nonlinearity and multiphysical
effects indiffusion systems allow the tuning of many parameters such
aselectrical conductivity and permeability. Studies of transformation
theory on a microscale are still scarce. It is possible that studies of
phonon diffusion could be used to fill this gap?**??°. Additionally, the
interfacial thermal resistance between different media, neglected in
mostresearch’”,isaproblemworthy of further exploration. For mass
diffusion, the main challenge lies in the imperfect manipulation of
transient flows.

Many functional devices proposed in thermal systems, such as
invisible sensors***??°, canbe transplanted into particle-diffusion sys-
tems. A promising future for diffusion metamaterials can be foreseen.
Topological wave metamaterials could inspire the development of
topological thermal metamaterials*°**, Diffusion systems have unique
advantages and are convenient platforms for hosting various phenom-
enainnon-Hermitian physics'®® (such as anti-parity-time symmetry),
nonlinear physics (such as temperature-dependent thermal transport)
and multiphysical fields (such as the thermoelectric effect). Combining
these phenomena with topological effects in diffusion systems may
leadto discoveries beyond wave systems. In addition, machine-learning
techniques havebeenvaluable for studying topological effectsinwave
systems***#**; such techniques are also expected to be helpful for
studying topological diffusion metamaterials. These studies would not
only fill a conceptual gap in topological physics but also provide new
avenues for controlling diffusion. Beyond that, diffusion metamaterials
couldbeused for many applications, such as materials separation, heat
control, crystal growth control** and radiative cooling®®. Thus, from
both fundamental and application aspects, there are many intriguing
topics to be explored in these metamaterials.
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