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a b s t r a c t

Base on the Lorentz–Lorenz formula, magnetic response in metamaterial composed of randomly
dispersive SiC microspheres is demonstrated theoretically around 13 μm mid-infrared wavelength.
By adjusting the microspheres volume filling fraction the permeabilities both less than one and more
than one can be obtained. Through parameters optimization, isotropic negative permeability is
represented. Electromagnetic simulation shows the mechanism for magnetic effects and negative
permeability in SiC microspheres.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

There has been enormous interest in exploiting novel electro-
magnetic properties in the artificial engineered materials which
were composed of subwavelength units arranging regularly or
randomly. Magnetic effects are difficult to be exploited at optical
frequency due to the intrinsic limitations of natural optical
materials whose magnetic response is very weak. As a necessary
composite part of negative refractive index metamaterial [1],
negative permeability is urgently required in the optical frequency
due to the fact negative permittivity can be obtained in metal
material. Up to now, magnetic resonance response and even
negative permeability have been realized experimentally in split
resonant rings (SRRs) or similar structures at microwave [2–6] and
decreased size SRRs and metal–dielectric voids at optical fre-
quency [7–13]. However, the structures are very complex to design
and are confined to two dimensions; moreover, the fabrication
process is very hard due to complicated craft and expensive top-
down physical approaches such as electron beam lithography
which is fairly difficult to obtain large samples.

The permittivity and the permeability with spatial tailored
properties provide a scheme to design invisible cloaking devices
based on transformation optics and conformal mapping [14,15].
At visible and infrared frequency, spatial variational permittivities
could be realized using the anisotropic dielectrics composite
ll rights reserved.
material. The polarized light realizing invisibility is not depended
on the permeability due to the lack of magnetic effects [16–18].
Tailored permeabilities are required necessarily to future designs
of invisible device for all directional polarized light.

Recently, magnetic resonance and negative permeability at
high frequency which arises from Mie resonance of dielectric
spheres with large permittivity was proposed theoretically
[19,20]. Experiments have demonstrated negative permeability
effect in the composite structure with ceramic spheres embedded
conducting wire frame at microwave frequency [21,22] and
nonmagnetic rods made of an ferroelectric SrTiO3 in Terahertz
frequency [23].

In this paper, silicon carbide (SiC) is chosen to investigate
magnetic effects in the material composed of randomly dispersed
SiC microspheres nearby 13 μm mid-infrared wavelength range.
Firstly, effective permeabilities less than one are achieved for small
volume filling fraction. Then, continuous varying permeabilities
are realized through adjusting volume filling fraction at 13 μm.
Finally, negative permeability around 13 μm is achieved through
larger volume fraction. Due to the random arrangement of micro-
spheres, three-dimensional large area sample can be obtained
easily for proposed magnetic metamaterial.
2. Theory

When a plane wave with wavelength λ is incident to the single
dielectric sphere with radius R and the long wavelength limit
condition (λbR) is satisfied, the scattering electromagnetic field
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is equivalent to a radiated dipole. The effective magnetic polariz-
ability αm and effective electric polarizability αe are derived from
Ref. [24]

αm ¼ 6πib1=k
3
h

αe ¼ 6πia1=k
3
h ð1Þ

where kh¼2πnh/λ is the wave number in ambient medium (air in
this work nh¼1). The first order Mie scattering coefficients b1 and
a1 which correspond to the strength of magnetic and electric
dipole response are given as follows [25]:

bm ¼ ψmðnxÞψ ′mðxÞ−nψmðxÞψ ′mðnxÞ
ψmðnxÞξ′mðxÞ−nξmðxÞψ ′mðnxÞ

am ¼ nψmðnxÞψ ′mðxÞ−ψmðxÞψ ′mðnxÞ
nψmðnxÞξ′mðxÞ−ξmðxÞψ ′mðnxÞ

ð2Þ

where ψm and ξm are the Riccati–Bessel functions and m is the
index term. The primes indicate differentiation with respect to the
argument. The relative refractive index n is the ratio of the
refractive index of dielectric sphere to the refractive index of the
ambient medium. The size parameter x is khR.

The efficiency factor Qsca of scattering cross section has follow-
ing forms [25]

Qsca ¼
2
x2

∑
∞

m ¼ 1
ð2mþ 1Þðjamj2 þ jbmj2Þ ð3Þ

In the long wavelength condition, the first order term dom-
inates the scattering effect, so, high order terms can be ignored in
the calculations. The efficiency factor is simplified as follows:

Qsca≈
6
x2

ð a1j2 þ b1j2Þ
���� ð4Þ

Using the Lorentz–Lorenz formula which averages the response
of electrical dipoles and magnetic dipoles in composite material
composed of the collection of randomly dispersed subwavelength
spheres, the effective permeability μeff and effective permittivity
εeff can be described as follows [20]:

μef f ¼ μh
3þ 2Nαm
3−Nαm

ð5Þ

εef f ¼ εh
3þ 2Nαe
3−Nαe

ð6Þ

where μh and εh are the permeability and the permittivity of
surrounding material respectively, for the air they are μh¼εh¼1.
f is the volume filling fraction and N is the volume density of
spheres (N¼3f/4πR3).
Fig. 1. The real part and imaginary part for (a) effective permeability and
(b) effective permittivity of randomly dispersed SiC microspheres. The radius is
R¼0.8 μm and volume filling fraction is f¼0.2.
3. Results and analysis

At mid-infrared wavelength, the permittivity of SiC exhibits a
sharp resonance near 12.6 μm due to excitation of transverse
optical phonons. At the low frequency side of this resonance, the
permittivity is large with moderate damping. Under this condition,
large permittivity of spherical particles similar to resonant mag-
netic dipole can generate strong magnetic resonant effects at
frequencies near phonon polaritonic resonance. The permittivity
of SiC can be described as follows:

εSiC ¼ ε∞ 1þ ω2
L−ω

2
T

ω2
T−ω2−iΓω

" #
ð8Þ

where ω is the incident angular frequency, ωL¼2π�29.07THz is
the longitudinal optical phonon frequency, ωT¼2π�23.79THz is
the transverse optical phonon frequency, Γ¼2π�0.1428THz is the
damping frequency, and ε∞¼6.7 is the permittivity at high-
frequency limit. All above data are taken from Ref. [26].
3.1. Magnetic resonance

Firstly, we consider the electromagnetic resonant effects of SiC
microspheres. The calculated results are shown Fig. 1(a) shows
that the effective permeability produces resonant peak around
13 μm. The real part of μeff is less than one that behaves diamag-
netic properties. The minimal Reðμef f Þ is 0.2. In short wavelength
side of resonant peak, material represents diamagnetic property
corresponding to Reðμef f Þ less than one. The effective permittivities
tend to a fixed value at the same wavelength range. In contrast to
effective permeability, the peak for effective permittivity yields
resonant peak around 11 μm, as shown in Fig. 1(b). Negative
permittivity with small value appears. For example, Reðεef f Þ is −1
at 10.8 μm, that provides an opportunity to design superlens at
corresponding wavelength. The differences of peaks for effective
permeability and effective permittivity arise from the distinct
electric and magnetic scattering properties corresponding to
different peak positions indicated in Fig. 2(a) and (b).
3.2. Continuously varying permeability

The calculated effective permeabilities of SiC microspheres can
be adjusted by changing the volume filling fraction f at 13 μm as
shown in Fig. 3. It is seen from Fig. 3(a) that the real part of μeff for
0.9 μm decreases from 1 to 0 as the f increases from 0 to 0.4.
However, when R¼0.7 μm, the real part of μeff increases from 0 to
2 as f increases from 0 to 0.4 as shown in Fig. 3(b). In natural
existing material, due to the absence of magnetic responses, the
permeability is the same as vacuum. Here, we demonstrate that,
through choosing different microsphere radius, effective perme-
ability either less than one or more than one can be achieved.
Modest imaginary parts also appear which means the existence of
definite energy dissipation. The wide-range tunable permeability
will provide convenient approaches to design novel devices based
on the theory of transformation optics.



Fig. 2. (a) Magnetic efficiency factor Qsca (b1) and (b) electric efficiency factor
Qsca(a1).

Fig. 3. Calculated effective permeabilities for (a) R¼0.9 μm and (b) R¼0.7 μm
at 13 μm.

Fig. 4. The magnetic efficiency factor Qsca(b1) as the function of SiC microsphere
radius R. The wavelength is 13 μm.

Fig. 5. Permeability for SiC sphere dispersed in air.
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3.3. Negative permeability

To optimize microspheres radius for magnetic resonance, the
Qsca is calculated as a function of radius R which is indicated in
Fig. 4. We can see that Qsca reaches maximum value when R
approaches 0.8 μm. Under these parameters (radius R¼0.8 μm and
volume filling fraction f¼0.35) we calculated effective permeabil-
ity which is shown in Fig. 5. It shows that the maximal negative
permeability −0.4 is achieved at 13 μm. The negative Reðμef f Þ
mainly results from induced strong magnetic resonance of large
permittivity of SiC microspheres. The resonant wavelength should
satisfy the formula λres ¼ 2R
ffiffiffiffiffiffiffi
εres

p
, where εres is the permittivity of

SiC for resonant wavelength. The two peaks located at 12.7 μm and
13 μm agree well with the result calculated by resonant formula.
Although the high frequency peak around 12.7 μm agrees with
resonant condition, the permeability is still positive which is
because 12.7 μm is close to the polaritonic resonance peak of SiC
induced mainly by the inherent excitation of optical phonon of
silicon carbide microspheres. The total effective dipole resonance
from large permittivity of SiC is suppressed severely due to the
combination of the polaritonic phonon resonance at the same
wavelength. Consequently, negative permeability is only achieved
at narrower wavelength range around 13 μm.

For explaining the origination of diamagnetic and negative
permeability in SiC spheres, electromagnetic simulation is per-
formed using finite element method. As shown in Fig. 6(a),
a three-dimensional cubic cell is selected and a plane electro-
magnetic wave at 13 μm is normally incident to the cell. As shown
in Fig. 6(b), incident magnetic field along y direction induces the
closed displacement currents in SiC microsphere which produce
the induced magnetic field along opposite-Y direction. As a result,
the strong magnetic dipole resonance is achieved which is just the
origin of diamagnetic effects and negative permeability in SiC
microspheres.

In the preceding sections, the Mie theory is used to deal with
the scattering of spherical particles which is electrically neutral.
J. Klaacka et.al extends Mie theory to deal with the electro-
magnetic scattering of charged spherical particles [27–29]. In this
theory, parameter g is introduced to modify corresponding Mie
scattering coefficients bm and am. When g¼0, scattering theory for
charged particle will be equivalent to the Mie theory. For radius
R¼0.5–1 μm selected in this work we find that charged SiC
spherical particles cannot influence the scattering properties
compared with neutral SiC spherical particles. Because corre-
sponding size parameter x is less than 1 and more than 0, the
parameters g is approximate the order of 10−4 which is very close
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Fig. 6. (a) Basic cubic cell for electromagnetic simulation. Periodic boundary conditions are used along X and Y directions. Cell constant and SiC sphere radius are a¼2 μm
and R¼0.8 μm respectively. The incident wavelength is 13 μm and (b) Normalized magnetic field distribution in X–Z plane. White arrows denote the electric displacement
direction.
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to 0. In addition, Ref. [27,29] demonstrate that the scattering
would be affected for surface charged particles when xo0.01 or
x41. Consequently, scattering theory of charged particles is a
more powerful tool that can be used to explore the electromag-
netic response for smaller and larger size particles in infrared and
visible range.
4. Conclusions

In this work, we have investigate magnetic response in meta-
material composed of randomly dispersive silicon carbide micro-
spheres in the mid-infrared wavelength range. The continuous
varying permeabilities either less than one or more than one are
achieved for different microsphere radius by adjusting the volume
fraction. Through parameters optimization negative permeability
is realized. The permeability less than one can be used to exploit
the diamagnetic properties in artificial structured material. For
specific wavelength, continuous varying permeabilities could be
used in the designs of cloak devices base on transformation
optics. Finally, isotropic negative permeability provides a feasible
way for the application of magnetic plasmon and the realization
of isotropic negative refractive index material. The magnetic
response in random silicon carbide micropowder has been
demonstrated experimentally at mid-infrared wavelength [30].
Furthermore, we found that the silicon carbide microspheres can
be fabricated by the sol–gel method [31]. So, the permeability in
silicon carbide microspheres either less than one or negative
demonstrated in this paper will be investigated experimentally
in the next step of work.
Acknowledgments

This work was supported by the National Science Foundation of
China (11174274, 11174279, 61205021 and 11204299) and the
Science Foundation of State Key Laboratory of Applied Optics.

References

[1] Veselago VG. The electrodynamics of substances with simultaneously negative
values of ε and μ. Physics Uspekhi 1968;10:509–14.

[2] Pendry JB, Holden AJ, Robbins DJ, Stewart WJ. Magnetism from conductors and
enhanced nonlinear phenomena. IEEE Transaction Microwave Theory and
Techiques 1999;47:2075–84.

[3] Smith DR, Padilla WJ, Vier DC, Nemat-Nasser SC, Schultz S. Composite medium
with simultaneously negative permeability and permittivity. Physical Review
Letter 2000;84:4184–7.

[4] Shelby RA, Smith DR, Schultz S. Experimental verification of a negative index
of refraction. Science 2001;292:77–9.

[5] Ran L, Huangfu J, Chen H, Li Y, Zhang X, Chen K, Kong JA. Microwave solid-
state left-handed material with a broad bandwidth and an ultralow loss.
Physical Review B 2004;70:073102.
[6] Huangfu JT, Ran LX, Chen HS, Zhang XM, Chen KS, Grzegorczyk TM, Kong JA.
Experimental confirmation of negative refractive index of a metamaterial
composed of Omega-like metallic patterns. Applied Physics Letter 2004;84:
1537–9.

[7] Linden S, Enkrich C, Wegener M, Zhou J, Koschny T, Soukoulis CM. Magnetic
response of metamaterials at 100 THz. Science 2004;306:1351–3.

[8] Yen TJ, Padilla WJ, Fang N, Vier DC, Smith DR, Pendry JB, Basov DN, Zhang X.
Terahertz magnetic response from artificial materials. Science 20041494.

[9] Enkrich C, Pérez-Willard F, Gerthsen D, Zhou JF, Koschny T, Soukoulis CM,
Wegener M, Linden S. Focused-ion-beam nanofabrication of near-infrared
magnetic metamaterials. Advance Material 2005;17:2547–9.

[10] Enkrich C, Wegener M, Linden S, Burger S, Zschiedrich L, Schmidt F, Zhou JF,
Koschny T, Soukoulis CM. Magnetic metamaterials at telecommunication and
visible frequencies. Physical Review Letter 2005;95:203901.

[11] Grigorenko AN, Geim AK, Gleeson HF, Zhang Y, Firsov AA, Khrushchev IY,
Petrovic J. Nanofabricated media with negative permeability at visible
frequencies. Nature 2005;438:335–8.

[12] Zhang S, Fan WJ, Minhas BK, Frauenglass A, Malloy KJ, Brueck SRJ. Midinfrared
resonant magnetic nanostructures exhibiting a negative permeability. Physical
Review Letter 2005;94:037402.

[13] Yuan HK, Chettiar UK, Cai WS, Kildishev AV, Boltasseva A, Drachev VP, Shalaev
VM. A negative permeability material at red light. Optics Express 2007;15:
1076–83.

[14] Leonhardt U. Optical conformal mapping. Science 2006;312:1777–80.
[15] Pendry JB, Schurig D, Smith DR. Controlling electromagnetic fields. Science

2006;312:1780–2.
[16] Valentine J, Li J, Zentgraf T, Bartal G, Zhang X. An optical cloak made of

dielectrics. Nature Materials 2009;8:568–71.
[17] Cai W, Chettiar UK, Kildishev AV, Shalaev VM, Milton GW. Nonmagnetic cloak

with minimized scattering. Applied Physics Letter 2007;91:111105.
[18] Cai WS, Chettiar UK, Kildishev AV, Shalaev VM. Optical cloaking with

metamaterials. Nature Photonics 2007;1:224–7.
[19] Yannopapas V, Moroz A. Negative refractive index metamaterials from

inherently non-magnetic materials for deep infrared to terahertz frequency
ranges. Journal of Physics:Condensed Matter 2005;17:3717–34.

[20] Wheeler MS, Aitchison JS, Mojahedi M. Three-dimensional array of dielectric
spheres with an isotropic negative permeability at infrared frequencies.
Physical Review B 2005;72:193103.

[21] Cai X, Zhu R, Hu G. Experimental study for metamaterials based on dielectric
resonators and wire frame. Metamaterials 2008;2:220–6.

[22] Zhao Q, Kang L, Du B, Zhao H, Xie Q, Huang X, Li B, Zhou J, Li L. Experimental
demonstration of isotropic negative permeability in a three-dimensional
dielectric composite. Physical Review Letter 2008;101:027402.

[23] Nemec H, Kuzel P, Kadlec F, Kadlec C, Yahiaoui R, Mounaix P. Tunable terahertz
metamaterials with negative permeability. Physical Review B 2009;79:241108.

[24] Doyle WT. Optical properties of a suspension of metal spheres. Physical
Review B 1989;39:9852–8.

[25] Bohren CF, Huffman DR. Absorption and scattering of light by small particles.
New York: Wiley-Interscience; 1983.

[26] Edward P, Palik I. Handbook of optical constants of solids. San Diego:
Academic Press; 1985.

[27] Klacka J, Kocifaj M. Scattering of electromagnetic waves by charged spheres
and some physical consequences. Journal of Quantitative Spectroscopy Radia-
tive Transfer 2007;106:170–83.

[28] Rosenkrantz E, Arnon S. Enhanced absorption of light by charged nanoparti-
cles. Optics Letter 2010;35:1178–80.

[29] Kocifaj M, Klacka J. Scattering of electromagnetic waves by charged spheres:
near-field external intensity distribution. Optics Letter 2012;37:265–7.

[30] Wheeler MS, Aitchison JS, Chen JIL, Ozin GA, Mojahedi M. Infrared magnetic
response in a random silicon carbide micropowder. Physical Review B
2009;79:073103.

[31] Seog IS, Kim CH. Preparation of monodispersed spherical silicon-carbide by
the sol–gel Method. Journal of Material Science 1993;28:3277–82.

http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref1
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref1
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref2
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref2
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref2
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref3
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref3
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref3
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref4
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref4
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref5
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref5
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref5
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref6
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref6
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref6
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref6
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref7
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref7
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref7
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref8
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref8
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref9
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref9
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref9
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref10
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref10
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref10
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref11
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref11
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref11
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref12
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref12
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref12
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref13
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref13
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref13
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref14
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref15
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref15
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref16
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref16
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref17
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref17
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref18
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref18
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref19
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref19
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref19
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref20
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref20
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref20
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref21
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref21
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref22
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref22
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref22
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref23
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref23
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref24
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref24
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref25
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref25
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref26
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref26
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref27
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref27
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref27
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref28
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref28
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref29
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref29
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref30
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref30
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref30
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref31
http://refhub.elsevier.com/S0030-3992(13)00127-8/sbref31

	Isotropic magnetic response of silicon carbide microspheres at mid-infrared wavelength
	Introduction
	Theory
	Results and analysis
	Magnetic resonance
	Continuously varying permeability
	Negative permeability

	Conclusions
	Acknowledgments
	References




