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Invisible devices with natural materials designed by evolutionary optimization
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It is a longstanding dream to put on a cloak and escape from sight. Transformation optics (TO) and artificial
metamaterials turn this circumstance into reality, but the requirements for inhomogeneous and anisotropic
materials make it almost impossible in practical realization. Furthermore, invisibility can only be constructed
at a narrow frequency regime in previous studies and depends critically on the inescapable material losses.
Here, the authors propose the multifrequency isotropic invisible devices and natural hyperbolic invisible devices
using realistic materials, such as microwave materials and van der Waals (vdW) materials. The inherent
material losses are taken into account in the optimization process, bringing the concept of invisibility closer
to realistic conditions. To verify the stability of the proposed method, full-wave numerical simulations and
analytical calculations are performed, and both obtained excellent invisibility performance. Due to the combined
advantages of the simple two-layer core-shell configuration and natural materials, our work provides a promising
platform for fabricating invisible devices at low cost and paves the way for new implementations of intelligent

photonics beyond the limitations of TO.
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I. INTRODUCTION

Invisibility refers to making an object invisible to the hu-
man eye or electromagnetic (EM) detector, which is of prime
significance for fundamental scientific investigations, such as
in spacecraft components, military defense, and electronic
shielding [1]. From a physical point of view, a cloak essen-
tially aims to tailor the interaction of electromagnetic wave
with the object to make the wavefronts remain undisturbed
in the surrounding medium, as if there were no object. A
common route to realize invisibility is based on TO [2-4],
which is a significant tool in controlling light rays and waves
arbitrarily. With the development of metamaterials, many
devices designed by TO have been implemented, such as
invisibility cloaks [4], carpet cloaks [5-8], optical illusion de-
vices [9-11], field rotators [12,13], and concentrators [14,15].
Theoretically, perfect invisibility can be realized by TO, but
the experimental results are largely deteriorated by bulkly
metamaterial compositions with anisotropic, inhomogeneous,
and extreme parameters [4], making it almost impossible for
practical realizations. To solve this problem, various approx-
imations have been proposed to simplify the complexity of
cloak [16,17]. For example, Cummer et al. [18] derived a
reduced version of cloaks that may be easier to experimen-
tally realize. Meanwhile, Schurig et al. [19] simplified and
discretized the electromagnetic parameters of the cloaks, and
performed experiment at microwave frequencies to verify the
cloaking effectiveness for the first time. In 2007, Cai et al.
used metal wires of subwavelength sizes in the radial direc-
tion embedded in a dielectric material to realize anisotropic
permittivities, and achieved invisibility at optical frequen-

“kenyon@xmu.edu.cn

2470-0045/2022/106(5)/055312(11)

055312-1

cies [20]. In the same year, they also suggested the use of
higher-order transformations to create smooth moduli at the
outer boundary of the nonmagnetic cylindrical cloak, there-
fore eliminating the detrimental scattering within the limit
of geometric optics [21]. However, the common simplified
parameter method and discretization will reduce the cloak-
ing effect. The scattering cancellation cloaks liberalize the
limitation of material, which can be designed using bulkly,
homogenous materials with low or negative EM constitutive
parameters, such as plasmonics and metasurfaces [22,23].
When an incident wave impinges on the cloaked object, the
overall scattering behavior is suppressed drastically because
of the “antiphase” waves. Scattering cancellation cloaks are
robust to manufacturing tolerance, and the constitutive mate-
rial is easily accessible, but it only works for subwavelength
objects.

Another emerging approach that can be used to design
cloaks is deep learning, which depends on artificial neural
networks (ANNs) for data-driven predictions. The ANNs are
trained to learn the intrinsic relation between the cloak pa-
rameters (such as structure and material properties) and their
scattering properties, and design the cloaks immediately after
the training phase. However, the design process of ANNs
is time-consuming and computationally expensive, involving
hyperparameter optimization, training data generation, and
extensive testing. Additionally, while the ANNs are good
at interpolating complex functions from training data, their
performances are reduced when extrapolating outside of the
known parameter space. Theoretically, with strong comput-
ing power, the ANNs can design massive invisibility models
which have irregular material parameters [24]. When it comes
to the realistic conditions, the research grope is limited to
the natural materials. As the input data samples fed into the
ANNSs are generated randomly, in which few and even no
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optical structures have great invisibility performances, leaving
the ANNs with few right samples to learn from and leading
to the reduced cloaking performance. For example, Ahmed
et al. designed the acoustic cloak with size of only about
half a wavelength [25], in which case the scattering behavior
is weak even without cloaks. To explore efficient invisible
device designs, we choose an evolutionary algorithm (EA) as
the optimization technique due to its ease of implementation,
efficiency in exploring a large parameter space, and ability to
trace intermediate solutions. Compared with deep learning,
EA avoids time-consuming data preparation and is immune
to the forward-modeling error. Due to these advantages, EA
has been applied to a series of optical researches [26]. For
example, Conkey et al. focused light through turbid media
in noisy environments with EA [27]. Here, we use EA to
design the multifrequency isotropic invisible device and nat-
ural hyperbolic invisible device using natural materials, such
as microwave materials and van der Waals (vdW) materials,
which possess the advantages of omnidirection, easy fabrica-
tion and low-cost.

Hyperbolic materials are highly anisotropic optical materi-
als which originate from one of the principal components of
their electric or magnetic effective tensor having the opposite
sign to the other two principal components, generating a hy-
perbolic type of dispersion as the isofrequency contours are
hyperbolic surfaces in the wave vector space [28]. Hyperbolic
media with strongly anistropic optical properties can support
deep subwavelength-scale confined electromagnetic waves
(polaritons), which have the ability to support electromagnetic
fields with arbitrarily high momenta [29], and thus to achieve
very strong light confinement [30,31]. The hyperbolic polari-
tons were first discovered in thin flakes of vdW crystals, such
as hexagonal boron nitride (h-BN) [32-34], a-phase molyb-
denum trioxide (¢-MoQj3) [35], @-phase vanadium pentoxide
(¢-V;,0s5) [36], and the dichalcogenide tungsten diselenide
(WSe,) [37]. The vdW crystals assembled from atomically
thin crystalline layers of diverse two-dimensional solids have
been shown to exhibit excellent hyperbolic properties in the
wavelength range from ultraviolet to terahertz [34]. They
feature nanoscale localization of the electromagnetic energy
[38], long polariton lifetimes [39], and superconductivity [40],
which facilitates various applications such as super-scattering
[41], photodiodes [42], subdiffraction imaging [43], thermal
energy transfer [44], and twisted nano-optics [45]. An am-
bitious practical goal is to further explore the invisibility
properties of vdW crystals, and some related works have
been reported. For example, Hou et al. designed a cloak with
«-MoOj at Fabry-Pérot resonance frequency [46]. However,
the cloak only works at a narrow frequency regime, and
achieving invisibility in the Reststrahlen bands is a more
challenging task, due to the imaginary angular momentum
specific to the hyperbolic media. Here, we solve this prob-
lem by setting periodic metal-dielectric alternating layers to
substitute the hyperbolic shell, and using the EA to optimize
the equivalent structure for excellent invisibility performance.

In this work, we propose the isotropic invisible devices and
hyperbolic invisible devices using natural materials that can
be readily achievable for invisibility technologies. In contrast
to cloaks using metasurfaces, the designed invisible devices
can achieve excellent invisibility phenomena without the need

for patterning, and have the capacity to achieve multifre-
quency invisibility. Specifically, we search for the optimal
invisible device design by a global minimum search with
EA to suppress the light scattering behavior at the operating
frequencies. Notably, the diameter of the designed invisible
devices can reach up to two wavelengths, which is a break-
through in size compared to the scattering cancellation cloak
that is only suitable for subwavelength objects. Moreover, the
designed invisible devices can achieve invisibility in a wider
frequency regime, which is a progress in bandwidth compared
to the TO cloak that only works at a narrow frequency regime.
This framework provides a promising platform for fabricating
invisible devices at low cost and fostering potential applica-
tions.

II. MODELING MIXED EVOLUTIONARY STRATEGIES
A. Invisible model and optimization objective

For conceptual clarity, we consider an incident transversed
magnetic (TM) plane wave impinging on the cylindrical struc-
ture. The circular scatter in two dimensions (located in the
x-y plane) is equivalent to an ideal cylinder of infinite length
along the z direction and can be effectively realized by a
cylinder of finite length L, which is much larger than the
operating wavelength A, i.e., L >> A. Our purpose is to make
a cylindrical scatterer, indicated by the pink core in Fig. 1(a),
invisible. To achieve this goal, we roll a cloaking shell round
it, which can be made of any materials. The properties of the
cylindrical scatterer are described by its radius py and rela-
tive permittivity &;, while the cloaking shell is characterized
by the thickness 7 and the relative permittivity &goak. The
optimization objective of this work is to achieve invisibility
by tuning the structure, materials and the operating wave-
length of the core-shell system. The optimization procedure
starts with a random population of devices, then measures
how well the individual devices are invisible, and finally
uses the EA to select, mutate, and breed the fittest members
of the population, then uses the resultant population to re-
peat the process [Fig. 1(b)]. The parameters of the devices
are represented by 1D floating number arrays, which enable
the following operations: Tournament selection, two-point
crossover, and shuffling mutation (see the Appendix for de-
tails).

B. Optimization with the combination of transfer matrix
method and evolutionary algorithm

As a measurement of the fitness of individuals in the EA
optimization, we calculate the scattering cross section (SCS),
e.g., the total scattered power over the intensity of the incident
plane wave. The SCS of TM waves in two dimensions from
the concentric cylinder can be solved analytically by follow-
ing the transfer matrix method (TMM). In short, the total SCS
can be expressed by ogcs = Z:f:foo (2)»/7r)|dm|2, where the
parameter d,, is the scattering coefficient of the mth angular
momentum channel and can be calculated by matching the
continual boundary conditions (see the Appendix for details).
In the calculation of TMM, we use the normalized param-
eters for operating frequency and structure, which can be
scaled depending on the choice of the cylindrical scatterer. For
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FIG. 1. (a) Schematic model used for invisible devices. Light is incident in transversed magnetic (TM) modes. The optimization variables
of the operating wavelength X, the radius of the cylindrical scatterer pg, the thickness 7' and the relative permittivity &0, oOf the cloaking shell
are decoded as a chromosome of individuals in evolutionary algorithm (EA). (b) Graphical representation of the EA scheme developed here.

example, for a 30 mm scatterer in the air, the designed in-
visible device perfectly works over a broad spectrum ranging
from 5 to 15 GHz. Typically, the smaller the SCS, the better
the invisibility performance, and the SCS is defined as the
fitness of the individual in EA. Therefore, in the optimization
problem we consider, the optimization objective is to mini-
mize the fitness.

The EA runs for 10 generations, each containing 100 in-
dividual devices. The optimal population fitness for a single
generation is the minimum over all 100 individuals, while
the average population fitness is the average over them. Fig-
ure 2(a) shows the optimization process of EA. The red dots
represent each individual, in which the corresponding abscissa
value is the generation of the individual, and the ordinate value
represents its fitness, e.g., the SCS of the cloaked object. The
green line indicates the average fitness in each generation,
while the blue line indicates the minimum fitness of the opti-
mal individual. It implies that the optimal fitness decreases as
the evolution progresses and eventually approaches saturation.
Moreover, we trace the intermediate solutions and plot the
results in Fig. 2(b). It shows that invisible devices designed in
the individual generation are typically with strong scattering
behavior, whereas the evolved designs weaken the scattering
and eventually achieve invisibility.
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FIG. 2. Optimization process of EA for the invisible device de-
sign. (a) The dependence of population fitness on the generation.
(b) Example designs from three different generations along with a
snapshot from the last time step of their simulation runs.

III. SEARCHING FOR THE OPTIMAL PARAMETERS OF
INVISIBLE DEVICES

The structure and material are designed simultaneously in
this system, and the invisible devices can be customized with
various types of materials. Here, we give two examples of the
isotropic invisible device and the hyperbolic invisible device.

A. Isotropic invisible device

First, we consider the case of isotropic invisible device. To
demonstrate the proposed method, we consider a specific core
material with the relative permittivity of ¢; = 1.96, which can
be realized by Rogers RT/duroid 5880LZ or any other mate-
rials with similar permittivity. Optical properties of invisible
devices depend on the materials. However, the permittivity
should not be directly used for EA, because an arbitrarily
returned permittivity cannot generally be realized with real
materials. Therefore, we have listed the Rogers RF materials
for design, and indexed them through numbering, as shown in
Table I.

The optimized cylindrical scatterer has a radius of py =
20.75 mm, and the shell has a thickness of 7 = 8.58 mm with
the Rogers TMM 13i (gc10ax = 12.85), as depicted in Fig. 3(a).
The relation between the SCS of the invisible device and the
wavelength is shown in Fig. 3(b). It shows that the SCS is
very small at multiple wavelengths, e.g., 20, 30, and 59 mm,
proving that the multifrequency invisibility phenomena can
be achieved with realistic isotropic materials. To verify the
effectiveness of designed invisible device, we take the wave-
length of 30mm as an example, perform full-wave numerical
simulations and plot the results in Figs. 3(c)-3(h). Among
them, Figs. 3(c) and 3(d) depict the H, component diagrams
of the cloaked object and the bare object under the excitation
of a plane wave, while Fig. 3(e) and 3(f) depict the scattering
magnetic field diagrams under the same excitation condition.
It shows that the incident wave is severely distorted in the
case of the bare object, indicating strong scattering behav-
ior. In contrast, the field distribution is almost undisturbed
with the presence of the cloaked object, indicating the great
invisibility performance. To further explore the effectiveness
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TABLE I. Indexed Rogers RF materials.

0 1 2 3 4 5 6
RT/duroid 5880LZ RT/duroid 5880 RT/duroid 6002 TMM 6 RT/duroid 6010LM TMM 13i
None (e =1.96) (e=22) (e =2.95) (e=06) (e =10.2) (e =12.85)

of the invisible device, the incident wave is changed into a
point source, which could be equivalent to a tiny circle with a
constant magnetic field, placed at the upper left corner of the
cloaked object. The results shown in Fig. 3(g)-3(h)indicate
that when the Rogers TMM 13i is rolled around the cylindrical
scatterer, the H, component diagram is almost undisturbed,
while obvious scattering occurs without the cloaking shell. It
has been confirmed that this method allows for the simultane-
ous inverse design of structure and material for the cylindrical
structure to achieve multifrequency invisibility, and provides
the possibility of designing two-layer invisible devices.

B. Hyperbolic invisible device

Second, we consider the case of hyperbolic invisible de-
vice. To demonstrate the proposed method, we consider a
specific core material with the relative permittivity of &; =
1.44, which is considered as optical fiber in this work. Then
we apply EA to explore the invisibility performance of h-BN,
a representative vdW crystal. The material h-BN is a polar
vdW crystal, thus possessing a uniaxial permittivity. Choosing
0, z to be the in-plane directions and p to be the out-of-plane
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FIG. 3. Multifrequency invisibility properties of the isotropic in-
visible device. (a) Schematic diagram of the cloaking shell with
Rogers TMM 13i (&c10ax = 12.85) rolled around the cylindrical scat-
terer (g; = 1.96). (b) The relation between the scattering cross
section (SCS) and wavelength within the microwave frequency.
Numerical simulation results of the H, component diagram of the
(c) cloaked object and (d) bare object under the excitation of a plane
wave. Scattering field diagram of the (e) cloaked object and (f) bare
object under the excitation of a plane wave. H, component diagram
of the (g) cloaked object and (h) bare object under the excitation of a
point source. The field diagrams are calculated at the wavelength of
30 mm.

direction. The permittivity (¢, for the component in the di-
rection perpendicular to the optical axis, ¢ for parallel to the
optical axis) is obtained by fitting the experimental results in
Ref. [47] with a Lorentzian model and can be expressed as

2

wl)
e1(w) = &/(00) + 54,1 — L (=L,

; 2
Wy = Yo W — W

ey
where w is the angular velocity, s,; is the dimensionless
coupling factor, w, ; is the normal frequency of vibration, and
vv. 1s the amplitude decay rate. The specific parameters are
listed in Table II. As shown in Fig. 4, there are two Rest-
strahlen bands in the midinfrared range: Band 1 in the range
of 746 to 819 cm ™!, where the in-plane permittivity is positive
and isotropic, en.BN.¢ = €n-BN.; = €n-BN,L > 0, and the out-of-
plane permittivity is negative, en.pN,p = &n-BN,| < 0; Band 2
in the range of 1372 to 1609 cm ™!, where the in-plane permit-
tivity is negative and iSotropic, &n.BN,¢ = €h-BN.; = En-BN, 1L <
0, and the out-of-plane permittivity is positive, epgn,, =
en-eN,| > 0. Here, we explore the invisibility performance of
h-BN in Band 1.

Due to the particularity of hyperbolic materials, the angular
momentum channel 7 = m,/eq/e, of the Bessel functions
and Hankel functions of the first kind are imaginary (see the
Appendix for details). During the optimization process, some
special structures may be generated, and result in noncon-
vergence of the functions. Here we solve this problem by
applying the effective medium theory. Specifically, the h-BN
shell is substituted by a 50-periodical-layer structure, which is
just an intermediate process of calculation and does not exist
in fact. The equivalent relationship is as follows:

gp = (fin/&m +fd/8d)7l,

g0 = & = futm + fata,

(@)

where &, and &; are the permittivities of the alternating
layers in the equivalent structure, f,, and f; are the filling
fractions, respectively. In the optimization process, the h-BN
shell is characterized by the parameters ¢, €4, fn, and f; of
the equivalent structure, and they are dynamically calculated
according to the cloaking structure and operating frequency
(h-BN is dispersive). The division is fine enough, hence the
scattering behavior of the periodic alternating layers is almost
the same as that of the h-BN shell before equivalence.

The optimized cylindrical scatterer has a radius of py =
12.3 um, and the shell has a thickness of T = 2.4 um, as

TABLE II. Permittivity model for hexagonal boron nitride (h-BN).

1 g/(00) Su.l hw, ;/meV hyy,/meV
1L 4.87 1.83 170.1 0.87
I 2.95 0.61 92.5 0.25

055312-4



INVISIBLE DEVICES WITH NATURAL MATERIALS ...

PHYSICAL REVIEW E 106, 055312 (2022)

200 400
— 4 2> — 4
£ 100 — & 2 — g
E] E
£ o}
5 S 200
g © >
H £
@ -100 - - 2 ~ ~_
Band 1 Band 2 £ Band 1 Band 2
-200 0
500 1000 1500 2000 500 1000 1500 2000

G

(@) Frequency (cm™) Frequency (cm™)

FIG. 4. (a) Real and (b) imaginary parts of the permittivities for
h-BN. The different Reststrahlen bands are shaded in different colors.

depicted in Fig. 5(a). The relation between the SCS of the
invisible device and the frequency is shown in Fig. 5(b),
and the invisibility regime is shaded in grey. It is clearly
that the designed invisible device can realize invisibil-
ity from 746 to 780 cm~!, and the bandwidth is almost
half of the first Reststrahlen band. Specifically, at the fre-
quency of 746 cm~!, the in-plane permittivity is enpng =
Eh-BN,z = Eh-BN,L = 7.4696 + 0.010278i, while the out-of-
plane permittivity is en.pN,, = én-BN,| = —82.876 + 185.94i.
At the frequency of 780 cm™!, the in-plane permittivity is
Eh-BN,0 = Eh-BN,z; = €h-BN,L = 7.5757 + 0.011641i, while the
out-of-plane permittivity is &n.gN,, = €n-BN,| = —3.4928 +
0.19259i. Even if the permittivity of h-BN varies greatly with
the operating frequency, the invisible device performs well in
the broad spectral range. To verify the performance of the
invisible device, we take the frequency of 746 cm™' as an
example, perform numerical simulations and analytical calcu-
lations for the H, component diagram. Figures 5(c) and 5(d)
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FIG. 5. Invisibility properties of the h-BN invisible device.
(a) Schematic diagram of the invisible device with h-BN rolled
around the cylindrical scatterer (¢; = 1.44). (b) The relation between
the SCS and frequency within the first Reststrahlen band. The invis-
ibility regime (from 746 to 780 cm™!) is shaded in grey. Numerical
simulation results of the H, component diagram of the (c) cloaked
object and (d) bare object under the excitation of a plane wave.
Analytical calculation results of the H, component diagram of the
(e) cloaked object and (f) bare object under the excitation of a plane
wave. Numerical simulation results of the A, component diagram of
the (g) cloaked object and (h) bare object under the excitation of a
point source. The field diagrams are calculated at the frequency of
746 cm™!.

show the numerical simulation results of the H, component
diagram of the cloaked object under the excitation of a plane
wave. Figures 5(e) and 5(f) show the analytical calculation
results under the same excitation condition, and the specific
analytical calculation for the field distributions can refer to
the Appendix. The results of the numerical simulations and
analytical calculations are both very accurate and consistent
to each other, validating the proposed method can be applied
to achieve invisibility in a wider frequency band using vdW
materials. Similarly, to further explore the invisibility per-
formance of the hyperbolic invisible device, we change the
incident plane wave into a point source and plot the results
in Figs. 5(g) and 5(h). It is clearly that when the h-BN is
rolled around the cylindrical scatterer, the field distributions
are similar to those without any object, as if the cloaked
object did not exist. When we perform numerical simulations
and analytical calculations, we substitute into the single-layer
h-BN shell instead of the 50 periodic metal-dielectric alter-
nating layers after equivalence, and the excellent invisibility
performances prove the effectiveness of the proposed effective
method. It is worthy to note that this is imperfect invisibility,
and we allow the existence of weak scattering in exchange
for a wider frequency band. More simulation results of the
h-BN invisible device can refer to the Appendix. Furthermore,
we take the inherent material losses of h-BN into account in
the optimization process to minimize the error between theory
and realistic conditions.

The above case strongly demonstrate that the invisibil-
ity can be achieved without complex metamaterials, and the
design process takes only a fraction of time compared to
conventional labor-intensive parameter optimization method.
Specifically, on an Intel Core i7-6600U CPU @ 2.90 GHz, the
optimization process takes around 6 seconds for the isotropic
invisible device, while 4 min and 52 s for the hyperbolic
invisible device. The latter takes longer time because the
single-layer h-BN shell is equivalent to 50 periodic metal-
dielectric alternating layers in the optimization process, hence
the calculation process of TMM takes more time. It further
illustrates the efficiency of our method.

IV. CONCLUSION

In summary, we propose and design the artificial in-
telligence driven multifrequency isotropic invisible devices
and natural hyperbolic invisible devices with a two-layer
core-shell configuration. Specifically, we apply EA as a
practical tool for the inverse design of invisible devices,
which performs global optimization searches directly within
the high-dimensional design space, avoiding time-consuming
post-processing of the generated designs. Importantly, we
demonstrate that the invisible device can be designed using the
vdW material h-BN within its first Reststrahlen band through
reasonable design, which is innovative in optical field. It is
verified that the combination of artificial intelligence and clas-
sic electromagnetic theory can be a promising and versatile
platform for the design of excellent invisibility phenomena.
We envision that this method can be generally utilized to
automate the designing process of complex material systems
with minimum human intervention.
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APPENDIX A: EVOLUTIONARY ALGORITHM (EA)

We use the EA to design the invisible device, which is a
subdomain of artificial intelligence. The optimization objec-
tive is to minimize the scattering cross section (SCS) at the
operating frequencies to achieve invisibility. The optimization
variables include the operating wavelength A, the radius of
the cylindrical scatterer pg, the thickness 7' and the relative
permittivity &0k Of the cloaking shell. These optimization
variables are defined as the chromosomes of individuals. The
optimization process is as follows [48].

Step 1: Initializing a population in the solution space ran-
domly, including 100 individuals, as the initial solutions;

Step 2: The genes of individuals encode the optimization
variables with the floating-point encoding method;

Step 3: Calculating the fitness, e.g., the SCS value, of each
individual;

Step 4: Following the principle that the higher the fitness,
the greater the probability of being selected, to pick the par-
ents that participate in reproduction;

Step 5: Generating the offspring after the crossover, muta-
tion and ranking operations;

Step 6: Updating the fitness of each individual and deter-
mining whether the end condition is satisfied. Here the end
condition is reproducing for 100 generations;

Step 7: If the end condition is satisfied, outputting the
global optimal solution and ending the optimization process;
otherwise, turning to Step 4 to continue execution.

In this work, we inversely design the structure and the
material of the cloaking shell simultaneously. For structure
design, we set the variable range of the cylindrical scat-
terer radius py from 0.6A to 1.4A, where A is the operating
wavelength; and set the variable range of the cloaking shell
thickness 7 from 0.1X to 0.5X1. For material design, we give
two examples of isotropic invisible device and hyperbolic in-
visible device. As for the design of isotropic invisible device,
we enter the relative permittivities of the Rogers RF materials
into an array, and locate the corresponding material by the
index. As for the design of hyperbolic invisible device, we
limit the operating frequency w in h-BN’s first Reststrahlen
band, i.e., 746 to 819 cm~!. As mentioned in the main text, to
solve the nonconvergence problem, we set 50 periodic metal-
dielectric alternating layers to equivalent the h-BN shell. By
calling the fsolve function in the scipy.optimize package, we
calculate the relative permittivities of the alternating layers
em and g; dynamically according to the effective medium
theory. Then we substitute the equivalent periodic layers into

N
<

Incident c
—_—

—_—

e p(,‘ » X

FIG. 6. Illustration of the multilayered cylindrical structure.

the transfer matrix method (TMM) to calculate the SCS and
optimize the invisible device with EA.

APPENDIX B: TRANSFER MATRIX METHOD (TMM)

The TMM is used to calculate the SCS of multilayered
cylinders. Although the examples in the main text are the
simple two-layer cylindrical structures, for the design of
hyperbolic invisible device, the single-layer h-BN shell is
equivalent to 50 periodic metal-dielectric alternating layers
by applying the effective medium theory. Therefore, to make
the discussion more universal, we take the multilayered con-
centric cylinder as an example, as shown in Fig. 6, and apply
TMM to calculate the SCS [49,50].

We assume an incident transversed magnetic (TM) plane
wave impinging on the cylindrical structure. The magnetic
field of the incident plane wave is expressed as

+0o0
Hy =%Hy Y "Ju(kop)e™, (BI)

m=—0Q

where p and 0 are the radial and azimuthal cylindrical co-
ordinates, respectively. Hy is a constant amplitude, J,, is the
Bessel function of order m, ko = 2mwc/A is the wave number
in vacuum. The scattered magnetic field in the background
medium for p > py can be written as

+0o0
Hyo =%Hy Y i"Un(kop) + duHY (kop)le™,  (B2)
m=—0o0

where H\" is the Hankel function of the first kind and order
m. The magnetic field in a given nth layer (0,—; < p < pp)
can be expressed as

+00
Hy, =ZHy Y i"byunknp) + cmnHY (up)le™ , (B3)
m=—00

where k, = ko./€,. For k; = ko./¢€;, &; represents permittivity
of the core medium; the magnetic field in the core of the
structure (for p < pp) can be expressed as

+o0
He=ZHy Y i"anln(kip)e™. (B4)
m=—0o0
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The coefficients a,,, b, ¢y, and d,, are determined by
applying boundary conditions for the continuity of tangential
electric and magnetic fields between the layers. The bound-
ary conditions between the layers, applied at p = p,, can be
expressed in the matrix form as

bmn | bmn
Dm,n(m[ o =Dm,n+1(pn>[ " ] (BS)

m,n Cim,n

where the matrix D,, , can be explained as

[Jin(kin o) H,ﬁl”(knpn):|

Do) = | 11 ) H., V) (B6)

where the J/, and H ;n(l) denote the derivatives. We also define

m

a matrix 7,, as

Tntt Tz
T, = |l iz B7
" |:Tm,21 Tn22 ®B7)

N

T, = Dm,l(po){ [Dm,n(ptl)]_le,n+l(pn)}- (B3)

n=1

We can relate the scattering coefficient as

XD — yTn
Y2 — XL’

where x = J,,(k,0,) and y = J, (k, 0,)/ /5. Finally, the SCS
is expressed as

dy (B9)

—+00

o= ldul*.

m=—00

(B10)

APPENDIX C: ANALYTICAL CALCULATION FOR FIELD
DISTRIBUTIONS WITH ANISOTROPIC MATERIALS

To better demonstrate our numerical results, we analyti-
cally calculate for the field distributions. The general wave
equation that governs the TM field (H;) along the z axis can
be written as

2

My M e iy, =0, ()

ar? ar
where r is the distance from the center of the rod, k = ko/g¢
and m = m,/eg /e, (m is an integer). For isotropic materials
such as air or medium, gy = ¢, and m = m. For hyperbolic
materials such as h-BN, ¢y # ¢, and m # m, and m may be a
complex number.

As shown in Fig. 3(a) in the main text, for the isotropy
region (r < pp and r > py + T), the general solution of wave
equation can be expressed as

+00

Hy= Y [Awlulkor) + BuH (kor)]e™  (r> py+T),
+0o0
H.= Y Dululko/ear)e™ (r < po.eo=e),  (C2)

m=—0Q

where J,,(kor) is the Bessel functions and H"(kor) is the
Hankel functions of the first kind. For the hyperbolic region

(po < r < po + T), the general solution can be expressed as

+00
Hz = Z [ClmJﬁl(kO\/%r) + szH’%l)(koﬁr)]eii716,
m=—0oQ

(C3)
where A,,, By, Cim, Com, and D,, are complex coefficients.
By matching the continual boundary conditions, these coeffi-
cients can be further determined.

APPENDIX D: REASONS FOR USING EA
TO DESIGN INVISIBLE DEVICES

As mentioned before, EA is a subdomain of artificial intel-
ligence. Besides it, there are many other algorithms under the
umbrella of artificial intelligence, among which deep learning
is the most popular one. Deep learning uses artificial neural
networks (ANNs) for data-driven predictions, and it has been
employed to design invisible devices in recent years [25,51].
In these works, the ANNs are trained to learn the intrinsic
relation between the parameters of the invisible device (such
as structure and material properties) and their scattering prop-
erties, and they can design the invisible devices immediately
after the training phase. However, the design process of ANNs
is time-consuming and computationally expensive, involving
hyperparameter optimization, training data generation, and
extensive testing. And being a data-driven approach, an in-
evitable forward-modeling error is inherent to deep learning
[52]. Additionally, while the ANNSs are good at interpolating
complex functions from training data, their performance is
reduced when extrapolating outside of the known parameter
space [22], and it makes the deep learning have limitations in
processing complicated problems. Furthermore, once a neural
network is trained, it can only be used to solve problems with
specific optimization variables, which is very inflexible for the
problems to be solved in this work. For example, if there is
an ANN trained to design the invisible devices in a two-layer
cylindrical structure, and we want to make it suitable for a
four-layer cylindrical structure, it is necessary to reprepare
the data set, readjust the network structure, and retrain the
network. To explore efficient invisible device designs, we
choose an EA as the optimization technique due to its ease
of implementation, efficiency in exploring a large parameter
space, and ability to trace intermediate solutions. Compared
with deep learning, EA avoids time-consuming data prepa-
ration and is immune to the forward-modeling error. Due to
these advantages, EA has been applied to a series of optical
researches [26,27]. For example, Conkey et al. focused light
through turbid media in noisy environments with EA [27]. Our
research also shows that EA is very suitable for the design of
invisible devices.

APPENDIX E: MORE SIMULATION RESULTS
OF H-BN INVISIBLE DEVICE

Here we show more simulation results to further verify
the broadband invisibility performance of the h-BN invisible
device shown in Fig. 5(a) in the main text. Figures 7(a)-7(c)
and 7(f)-7(h) show the numerical simulation results of the
cloaked object at different frequencies, Figs. 7(d) and 7(i)
show the numerical simulation results of the all scatterer
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Cloaked object Cloaked object Cloaked object All scatterer All h-BN

i i it

Nt
e ——
S —
e —

FIG. 7. Numerical simulation results of the H, component diagram of the cloaked object under the excitation of a plane wave at the
frequency of (a) 746 cm™', (b) 763 cm™!, and (c) 780 cm~'. Numerical simulation results of the H, component diagram of the (d) all scatterer
cylinder (¢;= 1.44) and (e) all h-BN cylinder under the excitation of a plane wave at the frequency of 780 cm~!. Numerical simulation results
of the H, component diagram of the cloaked object under the excitation of a point source at the frequency of (f) 746 cm™', (g) 763 cm™', and
(h) 780 cm~!. Numerical simulation results of the H, component diagram of the (i) all scatterer cylinder and (j) all h-BN cylinder under the
excitation of a point source at the frequency of 780 cm™'.

structure (¢;= 1.44), and Figs. 7(e) and 7(j) show that of the First, let us consider the case of isotropic Rogers RF mate-
all h-BN structure. It can be seen that the field distribution is rial. For the same core material as presented in the main text ;
almost undisturbed with the presence of the cloaked object, = 1.96, this method can prove multiple cloaking shell design

whereas the incident wave is severely distorted in the case of schemes, and here we show another one of them. As depicted
all scatterer or all h-BN cylinder. It further verifies the validity ~ in Fig. 8(e), the optimized cylindrical scatterer has a radius of
and rationality of our proposed method. po = 20.9 mm, the shell has a thickness of 7 = 9.8mm with
the Rogers RO3010™ material (g¢joax = 10.2 — 0.0022i), and
the best invisibility performance appears at the wavelength of
30 mm. To verify the effectiveness of the designed invisible

APPENDIX F: MORE EXAMPLES FOR INVISIBLE device, we perform full-wave numerical simulations and plot
DEVICE DESIGNS the results in Figs. 8(b)-8(d), which show great invisibility
To prove that our method can provide multiple cloaking ~ Performance. ) o
shell design schemes for the same core, and can be applied to Then we change the relative permittivity of the core ma-
design cloaking shells for any given core materials, we give tenz.ll to & = 1.45, and continue to optimize the m}’ls_lble
more examples here. device with EA. As depicted in Fig. 9(a), the optimized
. M
(@) ORI (©) -
A =30mm 1 ' ‘
— Tiierey
— D=41.8 mm AN .
0 ! ! )
— : n !
! !
—_— i | !
:
E ' : -Max

| Cylindrical scatterer (£€; =1.96)
H__ k @ Rogers RO3010™ material
(€1, =10.2 - 0.0022i)

cloak

FIG. 8. (a) Schematic diagram of the cloaking shell with Rogers RO3010™ material (g¢o = 10.2 — 0.0022) rolled around the cylindrical
scatterer (¢; = 1.96). Numerical simulations of (b) the H, component diagram and (c) the scattering field diagram of the cloaked object under
the excitation of a plane wave; (d) the H, component diagram of the cloaked object under the excitation of a point source.
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(a) [ () Max
A =30mm
e —
o . & ]
—_— ' )
- s 4
—_
T=10.2 mm
= " . -Max
| 1/ @ Cylindrical scatterer ( &, =1.45)

H_ k  Rogers RO4450F™ material
(£, =3.54 - 0.004i)

FIG. 9. (a) Schematic diagram of the cloaking shell with Rogers RO4450F ™ material (g0 = 3.54 — 0.004i) rolled around the cylindrical
scatterer (g; = 1.45). Numerical simulations of (b) the H, component diagram and (c) the scattering field diagram of the cloaked object under
the excitation of a plane wave; (d) the H, component diagram of the cloaked object under the excitation of a point source.

cylindrical scatterer has a radius of pp = 28.8 mm, the shell ~ performance appears at the wavelength of 30 mm. As shown
has a thickness of T = 10.2 mm with the Rogers RO4450F ™ in Figs. 9(b)-9(d), the designed invisible device has good
material (gcoax = 3.54 — 0.004i), and the best invisibility invisibility performance as well.

(@)

Max Max

Incident »"
- ﬁ
A=t +1, . £
|TM . Cylindrical scattere!' (.6',- =1.96) Max Max
H @ Hexagonal boron nitride (h-BN)
; Max Max
(b) . Individual
154 i Average fitness
~§ _ ——  Minimum fitness
6104 ; : &) )
w i . .
(@] — % . .
? 5 ! e . .
ok - - e ] -Max -Max
0 25 50 75 100
Generation
(c) Max Max
200 — Real partof ¢,
4 === Imaginary part of g, @
ﬂ;] —— Real partof €, ’ g |'
f 1001 --- Imaginary part of €, §’ 'I' " "
: = : :
= 0 ————=C =t
£ 8
£ 2
5 =
2--100 -Max -Max

124 126 12.8 130 132 134
Wavelength (m)

FIG. 10. (a) Schematic diagram of the cloaking shell with hexagonal boron nitride (h-BN) rolled around the cylindrical scatterer (¢; =
1.96) and the corresponding periodic metal-dielectric alternating layers. (b) The population fitness, e.g., the SCS of the cloaked object, of
100 generations. (c) The relation between the real and imaginary part of the permittivity for h-BN and the wavelength A. The gray area is the
broadband invisibility regime. Numerical simulations of the H, component diagram of the cloaked object under the excitation of a point source
at the wavelength of (d) 13 um, (e) 13.15 um, and (f) 13.3 um; under the excitation of a plane wave at the wavelength of (g) 13 um, (h)
13.15 pm, and (i) 13.3 wm. Analytical calculations of Hz component diagram of the cloaked object under the excitation of a plane wave at
the wavelength of (j) 13 um, (k) 13.15 pum, and (1) 13.3 pum.
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Second, let us verify the effectiveness of h-BN invisible
device for different core materials. We set the relative permit-
tivity of the core to (&; = 1.96), and continue to optimize the
invisible device with EA for 100 generations. It can be seen
from Fig. 10(b) that the individuals converge to the optimal
solution after about 10 generations. The optimized cylindrical
scatterer has a radius of pp = 10 um, and the shell has a
thickness of 7 =2 um [Fig. 10(a)]. The designed invisible
device can achieve invisibility at the operating wavelength
from 13 um to 13.3 um [Fig. 10(c)]. Here we perform nu-
merical simulations and analytical calculations for the H,
component diagram of the cloaked object at three operating
wavelength of 13 um, 13.15 um and 13.3 um, as shown in
Figs. 10(d)-10(1). Specifically, at the wavelength of 13 um,
the principle permittivity in the p direction is eppn,, =

—6.478 — 0.407i, while the principle permittivity in the 6 di-
rection and z direction is en.pNo = €n.BN; = 7.541 — 0.0114.
At the wavelength of 13.15 um, the principle permittivity in
the p direction is ey.pN,, = —12.068 — 1.024i, while the prin-
ciple permittivity in the 6 direction and z direction is ep.gn,g =
en-BN; = 7.513 — 0.0108i. At the wavelength of 13.3 um,
the principle permittivity in the p direction is eppn,, =
—31.851 — 5.549i, while the principle permittivity in the 6 di-
rection and z direction is &y.gN.g = €n-N,; = 7.487 — 0.0104i.
The results show that although the permittivity of h-BN varies
greatly with the operating wavelength, the h-BN invisible de-
vice has excellent equivalent performance in a broad spectral
range. This case further demonstrates that our method can be
applied to design h-BN invisible devices for any given core
materials.
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