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Abstract: The absorption characteristics of the electromagnetic wave propagating through one dimensional system with the
metamaterials are studied basing on the transfer matrix method. The relations between the absorptivity with the frequency of the
incident wave and the thickness of the metamaterials are calculated. The results show that the absorptivity is about 100% near the
resonant frequency of the isotropic metamaterials. This means that the metamaterials can be used as a narrow band absorber. The
thickness of the metamaterials determines the width of the band. Furthermore the absorption characteristics of the multilayers
system with the isotropic and anisotropic metamaterials are studied. The band width increases with the addition of the layer
number. The absorption is dependent on the polarization direction of the incident electromagnetic wave for the anisotropic
metamaterials. Thus the anisotropic metamaterials can be used to be the polarization tunable absorber. The layer number can also
determine the frequency for the maximum absorption as for the multilayer system.
Keywords: Absorber, Metamaterials, Multilayer System, Polarization

1. Introduction
The metamaterials have attracted a great deal of attention
from both theoretical and experimental sides in recent several
decades. The metamaterials have the artificial structure and
the electromagnetic parameters are dependent on the resonant
of the electric and the magnetic field. In some frequency
region the effective permittivity and the permeability of the
materials can be simultaneously negative due to the
periodically positioned scattering elements. The materials are
also called as the left-handed materials because the electric
field, the magnetic field and the wave vector form a
left-handed relation in the materials. These media exhibit a
number of unusual electromagnetic properties such as
negative refractive index [1] amplification of evanescent
wave [2], subwavelength cavity resonator [3], zero averaged
refractive index band gap [4] etc. Due to that the unit
resonance structures of metamaterials are usually anisotropic
[1], people became interested in the anisotropic properties
and revealed many intriguing phenomena in different kinds
of anisotropic metamaterials [5-9].
Compared with the isotropic materials, anisotropic
materials have more freedom to control the propagation and

polarization of the electromagnetic waves. People have
shown that the property of negative refraction is not confined
to materials with negative definite permittivity tensor and
permeability tensor, but can be expected to occure in certain
classes of uniaxially anisotropic media. Research has shown
that electromagnetic wave polarizations can be manipulated
freely through reflections by anisotropic metamaterials [9,
10]. A single metamaterial plate can serve as a bandpass filter,
transparent wall, and polarization converter under
illumination from differently polarized waves [11]. A study
of the quantization of the electromagnetic field in anisotropic
metamaterials has also been performed; the input-output
relations of quantized radiation have been derived for a
single anisotropic metamaterial plate [12, 13]. Some unusual
properties for the polarized photon transmitting through a
three layer cavity containing anisotropic metamaterials are
studies in Ref. [14].
Since most proposed metamaterials are metallic resonant
structures and rely on strong resonances, the absorption
losses are inevitable. The loss of the metamaterials often
degrades their performance. However, the loss becomes
useful and it could be significantly enhanced in perfect
absorber. Since its first presentation [15], metamaterial
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absorbers have received considerable attention and many
absorbers have been proposed [16-18]. An effective method
to broaden the absorption bandwidth is to make the
metamaterial units resonate at several neighboring
frequencies. Following this design strategy, polarization
insensitive or polarization dependent broadband absorbers
have been widely demonstrated from microwave to optical.
Huang et al. [19] presented the polarization dependent
broadband absorber based on three I-shaped resonators.
Grant et al. [20] obtained polarization insensitive wideband
absorbers by stacking multiple patterns.
But the research about the electromagnetic wave
propagating through a multilayer cavity is not studied at
present. It is meaningful to study the absorption
characteristics of the wave propagation through multilayer
structures of anisotropic metamaterials. In this work, we are
interested in the optical anisotropy and the transmission
properties at a planar multilayer cavity with a negative
permittivity, whose wave characteristics have yet to be
examined. In this paper, a polarization tunable absorber
formed by anisotropic metamaterials is presented. The
absorber frequency is able to be tuned by merely changing
the polarization of the light. The tunable mechanism
originates from the variation of the effective length of the
absorber. This feature makes the proposed structure very
useful in manipulating polarization of light and detecting
waves with specific polarization.

2. Theoritcal Derivation and Calculations
It is a normal method to calculate the transfer of the
electromagnetic in one dimensional multilayer structure to use
the transfer matrix method (TMM). For a one dimensional N
layer structure, the relative permittivity tensor ε and relative
permeability tensor µ of the anisotropic medium in each
layer are given by
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0


0
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0

0

0
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For isotropic metarial, the diagonal elements in the above
matrix are the same. From the Maxwell equations we can get
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Here k is the wave vector of the electromagnetic wave
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with Eσ as the expansion coeiffecients, and êσ as the
vector of the electric field.
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The parameters in the above equation are defined as
2
2
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We can also get the magnetic field from the Maxwell
equations as
4

H (r,t ) =

i  k x x + k y y + k zσ z −ωt 
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=1

with
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1
µ −1 ⋅ k × eˆσ
hˆσ =

µ0ω

)

(10)

Here µ0 is the permeability of the vacuum.
The transfer matrix can be obtained by the boundary
condition of the electromagnetic field. For the one
dimensional multilayer structure, the electromagnetic wave in
the n-th layer can be expressed as
4
 eˆσ( n )  i  k x x + k y y + k z(σn ) ( z − zn −1 ) −ωt 
 E (n ) 

Eσ( n ) 
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and
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{k z1, kz 2 = −k z1 , kz 3 , k z 4 = −k z 3 ,}

(11)

as the undetermined

coefficients, êσ , hˆσ( n ) and k z(σn ) are the eigen vector of the
electric filed, the magnetic field and the wave vector in the
n-th layer. The value zn-1 is the start value of coordinate of the
n-th layer. Using the boundary condition, which is that the
tangential component of the electric filed and the magnetic
field are equal in z=zn-1, we get
4

Eσ
∑
σ
=1

( n −1) ( n −1)

eˆσ

4

⋅ yˆ =

Eσ
∑
σ

ˆ −ik zσ dn
eˆσ ⋅ ye

(n ) (n )

(n)

(12)

=1

Here dn=zn-zn-1 is the thickness of the n-th layer material. The
above equation can also be written in a matrix format as
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At last, the transfer matrix can be obtained as
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The reflection and transmission coefficients are then
expressed in terms of the elements of the propagation matrix
by matching the tangential field components at the external
boundaries. When the transfer matrix is block diagonal, the
reflection and transmission matrices become diagonal,
meaning that the two modes are the TE and TM modes. If the
incident wave is s/p polarization, the reflection coefficients rss
/ rpp and rsp / rps are respectively
B 
M M − M 23 M 31
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= 21 33
A
 s  Ap =0 M 11 M 33 − M 13 M 31

(23)
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2
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We use As, Ap, Bs, Bp and Cs, Cp to represent the incident,
reflection and the transmitted wave of the electric field
amplitude. Consider the electromagnetic wave is incident
from the first layer for the left side, then we have

 As 
 Cs   M 11
 
  
B
 s  = M  0  =  M 21
 Ap 
 C p   M 31
 
  
 0   M 41
 Bp 

C 
M 33
tss =  s 
=
A
M
M
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According the definition of the absorption, the absorption
As for the incident wave which is s polarization is

Here 4 × 4 transfer matrix M is defined as

M = D0−1D1P1D1−1D2 P2 D2−1 ⋅⋅⋅ Dn Pn Dn−1Dn +1

The transmission coefficients for different polarizations are
respectively

(19)

2

2

As = 1 − rss − rsp − tss − tsp

2

(27)

The absorption Ap for the incident wave which is p
polarization can be obtained by
2

2

2

Ap = 1 − rpp − rps − t pp − t ps

2

(28)

3. The Calculation Results
First we consider a single slab of isotropic metamaterials
with the thickness d embedded in the dielectric background
(air). Assuming the electromagnetic wave which is linearly
polarized along x-direction and y-direction travels along the z
direction. We take the values of the permittivity and
permeability as

ε r (ω ) = ε ( ∞ ) +

µr ( ω ) = µ ( ∞ ) +

ω 2p
ω02 − ω 2 − iγ eω

ω p2,m
ω0,2 m − ω 2 − iγ mω

(29)

(30)

for the isotropic metamaterial. Here ω p , ω p,m are the plasma
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frequency. γ e , γ m are the dissipation frequency. ε ( ∞ ) , µ ( ∞ )

are the static permittivity and permeability. ε r (ω ) = µr (ω )
are
used
to
make
the
impedance
matching.
ω p = ω p, m = 2π ×1.25THz , ω0 = ω0, m = 2π ×1.0THz ,

γ = γ m = 2π × 0.1THz and ε ( ∞ ) = µ (∞) = 1.0 are used in
the calculation.
The calculated result for the relation between the real part and
the imaginary part of the relative effective permittivity and the

305

peameability with the frequency is shown in Figure 1. The results
show that the real part of the relative effective permittivity
changes from the positive value to the negative value when the
frequency is 1THz. At the same time the imaginary part has the
maximum value and the relative effective permittivity is resonant.
The imaginary part of the relative effective permittivity
determines the dissipation of the electromagnetic wave in the
material. Thus the absorption is the maximal when the frequency
is located in the resonant frequency.

Figure 1. The relations between the real part and the imaginary part of the effective relative permittivity with the frequency.

Figure 2. (color on line) The relations between the absorption with the frequency and the thickness.

Figure 2 is the result for the absorption of a single layer
isotropic metamaterial with the frequency and the thickness of
the metamaterial. The result shows that the frequency has a
resonant peak and the bandwidth is determined by the
thickness. As the increasing of the thickness, the bandwidth is
bigger. These results mean that we can use a single layer of
metamaterial to be the electromagnetic wave filter with the

adjustable bandwidth.
For the multilayer system with the metamaterial, we can
study the effect of the multilayer reflection to the absorption of
the electromagnetic wave. Considering such a sandwiched
three layers system, a layer of metamaterial is placed in two
traditional material with the relative permittivity and the
peameability as ε r = 2.0, µr = 1.0 . The thickness of each

306

Dong Yunxia:

Electromagnetic Wave Absorber with Isotropic and Anisotropic Metamaterials

layer is taken as 0.01mm. The absorption of the
electromagnetic wave through such a three layer system is
shown in Figure 3 as the dashed line. The absorption of the
electromagnetic wave through such a single layer system with
the thickness 0.01mm is also shown in Figure 3 as the solid
line for comparison. The results show that the absorption of
the three layer system is bigger than the single layer system
although that the thickness of the metamaterial for the two
kind of the structure is the same. This is because that the

interface multi-reflection of the multilayer system enlarger the
absorption. We also plot the result for a periodic multilayer
structure with the layer number as N=21 as dotted line in
Figure 3. The thickness of each layer for a 21 layer system is
taken as 0.01mm. The parameter of the traditional material is
the same as the three layer system. From the plot we find that
the bandwidth for a 21 layer number structure is bigger the
three layer structure. It means that the bandwidth of the
absorption is determined by the layer number.

Figure 3. The relations between the absorption with the frequency for the single layer structure (solid line), the three layer structure (dashed line) and the
multi-layer structure (dotted line) containing the isotropic metamaterials.

Figure 4. The relations between the absorption with the thickness of the metamaterial for a single layer structure with the frequency as f=1.0THz (solid line),
f=1.2THz (dashed line) and f=1.5THz (dotted line).

We also study the relation between the absorption with the
thickness of the isotropic metamaterial for a single layer
system which is shown in Figure 4. The plot give three
different cases with the frequency f=1.0THz (solid line),
f=1.2THz (dashed line) and f=1.5THz (dotted line). The
absorption for the electromagnetic wave with the frequency

1.0THz which is the resonant frequency is easier to achieve
saturation.
For the anisotropic metamaterial, we study the absorption
of the electromagnetic wave in different polarization through
the single layer and multilayer structure with the anisotropic
metamaterial. The following parameters
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µ x (ω ) = µ z (ω ) = 1 −
µ y (ω ) = 10 −

ω p2 ,m
ω 2 + iγ mω

ω 2p ,m
ω 2 + iγ mω

are taken for anisotropic material.

(31)

(32)

εx = ε y = εz = 1 ,

ω p,m = 2π × 1.25THz , and γ m = 2π × 0.1THz are used in the
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calculation. The results for the absorptions As and Ap are
shown in Figure 5 as solid line and dotted line respectively.
The thickness is taken as 0.01mm in the calculation. The
absorption Ap achieves the maximum value near about
0.4THz. However the absorption achieves the maximum value
near about 1.3THz. This is caused by the different
permeability. The absorption is dependent on the polarization
direction of the incident electromagnetic wave for the
anisotropic metamaterial. Thus we can use the anisotropic
metamaterial to be the polarization tunable absorber.

Figure 5. The relations between the absorption for the anisotropic metamaterial with the frequency for electromagnetic wave in the s polarization (solid line) and
p polarization (dotted line).

Figure 6. The relations between the absorption for the multilayer anisotropic metamaterial (N=21) with the frequency for electromagnetic wave in the s
polarization (solid line) and p polarization (dotted line).

For the multilayer system with the anisotropic metamaterial,
we taken the layer number N=21 shown in Figure 6.
Considering the multilayer system like this, a layer of
metamaterial is separated by two traditional material with the

relative permittivity and the peameability as ε r = 2.0, µr = 1.0 .
The thickness of the traditional material each layer is taken as
0.01mm and the same as the anisotropic metamaterial. From
the result we find that the absorption for the multilayer system
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is greater than the single layer system. At the same time the
frequency for the maximum absorption is moving. So the layer
number can also determine the frequency for the maximum
absorption.
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4. Conclusion
The absorption properties of the one dimensional structure
with the metamaterial are calculated basing on the transfer
matrix method. The absorption is approaching the maximum
value, 100% when the freuquency of the incident wave is near
the resonant frequency for the single layer isotropic
metamaterials. The bandwidth of the incident wave becomes
large when the thickness increases. This means that the single
layer metamaterials can be used as the electromagnetic wave
narrow band absorber and the bandwidth can be controlled by
the thickness of the metamaterials. The interface effect makes
the absorption larger for the three layer structure with the
metamaterial and the traditional material. The reason is that
increasing the number of the layer make the thickness of the
structure larger, thus the bandwidth of the absorption is bigger.
For the system with the anisotropic metamaterial, we study the
absorption of the electromagnetic wave in different
polarization. The absorption is different for different
polarization which is caused by the different permeability. The
absorption is dependent on the polarization direction of the
incident electromagnetic wave for the anisotropic
metamaterial. Thus we can use the anisotropic metamaterial to
be the polarization tunable absorber. The layer number can
also determine the frequency for the maximum absorption.
Increasing the layer number the absorption changes with the
frequency.
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