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In order to obtain the means to control light polarization, we designed a structure of coupled mag-
netic resonators and studied its transmission properties by the 4× 4 transfer matrix method. The
incidence of linearly polarized light results in two transmission resonant peaks of left-handed circu-
lar polarization at shorter wavelengths and two transmission resonant peaks of right-handed circular
polarization at longer wavelengths, respectively. Through adjusting the magnetizations, the inner
left-handed circular polarization and right-handed circular polarization can be merged into one linear
polarization, while the two outside resonant peaks keep their circular polarization. The polarized di-
rection of the output linearly polarized light can be controlled by the polarized direction of incidence
light. The incidence light with one polarization can output light with three kinds of polarizations
through the designed structure.
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1. Introduction

Magnetooptical media have many potential appli-
cations, especially for the integration of magnetooptic
isolator devices in photonic circuits because they may
result in the development of smaller and cheaper iso-
lators and circulators than presently possible [1 – 9].
Inoue et al. have demonstrated that an enhanced Faraday
rotation takes place in one-dimensional (1D) magnetic
photonic crystals with one defect composing of mag-
netooptical media [1 – 3]. The physical mechanism of
Faraday rotation has been given in [4]. A linearly polar-
ized light can be described as a combination of a right
circular polarized light and a left circular polarized light.
As the light passes through magnetooptical media, the
right circular polarized light and the left circular polar-
ized light undergo different phase shifts, respectively,
which lead to the rotation of the polarization direction
of the linearly polarized light. The resonant effect of
the defect mode of 1D magnetic photonic crystals
increases the Faraday rotation. Recently, we found
that a slab of dielectric layer sandwiched between two
identical metal slabs with negative-permittivity can

achieve a resonant tunnelling [10]. In this structure, the
electromagnetic fields in metal layers are evanescent.
In general, evanescent waves can’t propagate through
a single dielectric layer. However, for the sandwiched
structure, if the thickness of metal layer is very narrow,
the evanescent field will be coupled into the dielectric
layer and resonance between the two metal layers
occurs. Thus the dielectric layer becomes a resonator.
In order to utilize the effect of resonance, we change
the dielectric resonator in the sandwiched structure as
magnetic film resonator. Also, we add one more mag-
netic film and metal layer to the above structure to form
two coupled magnetic resonators. Due to the unique
transmission mechanism, the Faraday and Kerr effects
of such structure take on a different form compared with
those of conventional structures. Through numerical
studies, an interesting phenomenon of split and merge
of left–right-handed circular polarization light can be
observed. Thus through our designed structure linear
polarized light can be transformed into left-handed
circular polarization light, right-handed circular polar-
ization light or linear polarization light with arbitrary
polarization direction.
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Fig. 1. Structure model: layers M are composed of magnetic
material and layers D are composed of metal with negative
permittivity.

2. Structure Model and Calculation Theory

The designed structure model is shown in Figure 1.
A layered structure of DMDMD is placed along the z-
axis in the background of air. Here D and M denote
metal layers and magnetic layers with the thicknesses
dD and dM, respectively. For the metal layers, the rela-
tive permittivity and permeability are given by

εD = 1−ω
2
ep/ω

2, µD = 1 . (1)

Here ωep is the effective electronic plasma frequency
and εD is negative when ω < ωep. In general, the effec-
tive plasma frequency is a function of electron density
and surface structure, such as subwavelength holes or
slits, and can be tunable [11]. A monochromatic plane
wave with angular frequency ω propagates in the di-
rection of the z-axis with the electric field polarized in
an arbitrary direction in the xy-plane having the spe-
cific form

E = Exex ei(kzz+ωt) +Eyey ei(kzz+ωt) , (2)

where ex and ey are unit vectors along the x- and y-
axis. The fundamental equations of light are given by
Maxwell’s equations:

∇×E(r) = iωµ0H(r) , (3a)

∇×H(r) =−iωε0ε̃E(r) , (3b)

The specific dielectric tensor ε̃ in (3b) is given in (4)
for the magnetic layers with the magnetizations paral-
lel to the light propagation axis (Z-axis).

ε̃ =

 ε1 iε2 0
−iε2 ε1 0

0 0 ε3

 . (4)

The value of ε2 is dependent of the magnetiza-
tions and tunable. For the metal layers, we set ε̃ = εD 0 0

0 εD 0
0 0 εD

. To solve (4), it is convenient to use

a state vector defined as V (z) = [ex,ey,hx,hy]. Here,
ex(y) and hx(y) are the scaled x(y)-components of the
electric and magnetic fields, respectively, which are in-
troduced by the relations of ex(y) = ε0Ex(y) and hx(y) =
Ex(y)/c with the vacuum dielectric constant ε0 and the
light vacuum velocity c. Taking (4) into (3), we obtain
the following differential equation:

d
dz

V (z) = C ·V (z) (5)

where C =
2π i
λ


0 0 0 1
0 0 −1 0

iε2 −ε1 0 0
ε1 iε2 0 0

. Equation (5)

has the eigensolution of V (z) = V0 eλ z. Taking V (z) =
V0 eλ z into (5), we obtain

(C−λ I)V0 = 0 . (6)

Equation (6) is a matrix eigenequation and has four
eigenvalues and four eigenvectors. Thus (5) has the
general solution

V (z) = A1a1 eiλ1z +A2a3 eiλ2z +A3a3 e−iλ3z

+A4a4 e−iλ4z .
(7)

Here ai is the eigenvector corresponding to eigenvalue
λi. Equation (7) can be written as

V (z) = a · eiλ z ·A , (8)

where a = [a1,a2,a3,a4] is a 4× 4 matrix, A =
[A1,A2,A3,A4], and

eiλ z =


eiλ1z

eiλ2z

e−iλ3z

e−iλ4z

 . (9)

Equation (8) can be written as

V (z) = a · eiλ (z−z′) ·a−1 ·a · eiλ z′ ·A
= Pl(z,z′) ·V (z′) ,

(10)

where Pl(z,z′) = a · eiλ (z−z′) ·a−1 is called 4× 4 trans-
fer matrix [1], and l = D or M denotes the metal layer
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or magnetic layer, z and z′ are the positions of two in-
terfaces of metal layer or magnetic layer. The state vec-
tor at incident interface V (z = z0) and at exit interface
V (z = z0 +d) follows the relation

V (z = z0 +d) = PDPMPDPMPDV (z = z0) . (11)

The angle between the direction of incident electric
field polarization and the x-axis is denoted as α , and
the amplitude of the incident electric field is normal-
ized as one. Due to the nondiagonal item of ε̃ , the in-
cidence wave can result in another wave with the po-
larization direction perpendicular to that of the inci-
dence wave. Thus the reflected and transmitted waves
can be regarded as a superposition of the two waves
with orthogonal polarization directions for the conve-
nient of calculations. The state vector in the exterior
space z < z0 is given by the sum of the incident wave
and the two reflected waves as

V (z) =


cosα

sinα

−sinα

cosα

 eik(z−z0) +

C1


cosα

sinα

sinα

−cosα



+ C2


sinα

−cosα

−cosα

−sinα


 e−ik(z−z0) ,

(12)

and in the exterior space z > z0 + d it is given by the
sum of the two transmitted waves as

V (z) = C3


cosα

sinα

−sinα

cosα

 e−ik(z−z0−d)

+C4


sinα

−cosα

cosα

sinα

 e−ik(z−z0−d) .

(13)

The values of C1−C4 are related with the amplitudes of
the reflected and transmitted waves. We can obtain the
values of C1−C4 just by taking (12) and (13) into (11).
Thus the total state vector at output point z = z0 + d
can be decomposed in the x- and y-directions and is

calculated through

V (z = z0 +d) =


Ex

Ey

Hx

Hy

(z = z0 +d)

(14)

= C3


cosα

sinα

−sinα

cosα

+C4


sinα

−cosα

cosα

sinα

 .

From the total state vector the phase difference of Ex

and Ey can be also obtained. Through (14), we can get
the transmission properties of the model system.

3. Numercical Calculations and Analysis

In the numerical studies, without loss of gener-
ality, the structure parameters are set to be ε1 = 2,
ωep = 4×1015s−1, dD = 250 nm, and dM = 600 nm. In
this case, if the frequencies ω < 4×1015s−1(εD < 0),
the electromagnetic waves in layers D are evanescent
fields. Through the coupling of evanescent fields, the
periodic structure (DM)ND (N is the period number)
can become the coupled resonators and achieve a reso-
nant tunnelling.

Firstly, we consider the simplest sandwiched struc-
ture DMD and set α = 0, ε2 = 0.05. Figure 2a shows
the reflection (left plots) and transmission spectra
(right plots) and the corresponding phase difference
∆φ (∆φ = φx−φy) of Ex and Ey for the reflected (left
plot) and transmitted waves (right plot). For the trans-
mission wave, Ex and Ey have the same two resonant
wavelengths at λ1 = 1042.65 nm and λ2 = 1068.13 nm
with the same intensity value of 0.25. At λ1 and λ2,
the phase differences are 0.5π and 0.5π , respectively.
Thus the total state vectors at λ1 and λ2 are the left-
handed circular polarization and the right-handed cir-
cular polarization, respectively. The trajectories of the
end points of electric vectors at the two wavelengths
are shown in Figure 2b. On the other hand, for the re-
flected wave the intensity spectrum of E2

x exactly drops
at λ1 and λ2. Except for the two wavelengths, all the
values of E2

x reach one, which means that the incident
light undergoes intense reflection at other wavelengths.
However, E2

x does not drop to zero and has the same
value of 0.25 at the two wavelengths. It is interesting
that the intensity spectrum of E2

y also has two peaks
with the same value of 0.25 and the two peaks are
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Fig. 2. (a) Reflection (left plots) and transmission spectra
(right plots) of the structure DMD and the corresponding
phase difference ∆φ (∆φ = φx − φy) of Ex and Ey for the
reflected (left plot) and transmitted waves (right plot). The
dotted line denotes the position of the resonant peak (α=0,
ε2 = 0.05). (b) Trajectories of end points of electric vectors
at two wavelengths.

exactly at the two wavelengths λ1 and λ2. It is noted
from Figure 2 that at λ1 and λ2 the phase differences
are 0.5π and −0.5π , respectively. Thus the total state
vectors of the reflected wave at λ1 and λ2 are the right-
handed circular polarization and the left-handed circu-
lar polarization, respectively. The total intensity at one
wavelength is the sum of E2

x and E2
y . It is noted that at

any wavelength the total intensity of the reflected and
transmitted waves keeps one due to the conservation of
energy.

One may ask what leads to the unique results. We
think that they are attributed to both of the magne-
tooptical effect and the intense resonant effect. As

we have known, linearly polarized light can decom-
pose into one left-handed circular polarization and one
right-handed circular polarization. The left-handed cir-
cular polarization and the right-handed circular polar-
ization have the same refraction index and undergo the
same phase shift in isotropic media. Thus linearly po-
larized light has no polarization change when it passes
through isotropic media. However, the permittivities in
magnetooptical media are εr = ε1 + ε2 for the right-
handed circular polarization and εl = ε1 − ε2 for the
left-handed circular polarization [4]. Thus the refrac-
tion indices for the two polarizations are different and
the two polarizations undergo different phase shifts
when the light passes through magnetooptical media,
which results in a rotation of polarization called the
Faraday and Kerr effect. The Faraday effect can be in-
creased in one-dimensional photonic crystals with de-
fects composed of magnetooptical materials and has
been studied widely [1 – 9]. However, for the structure
model in this study, the Faraday effect and Kerr effect
takes on a different form. At λ1, the incident linearly
polarized light becomes a transmitted left-handed cir-
cular polarization and reflected right-handed circular
polarization with the same intensity. On the other hand,
at λ2 = 1053.188 nm, the incident linearly polarized
light becomes a transmitted right-handed circular po-
larization and reflected left-handed circular polariza-
tion with the same intensity. One may still ask what
leads to the structure having the unique function. The
current DMD structure can be looked at as a resonant
cavity. Only if the light satisfies the resonant condi-
tion, it can be transmitted through the structure. The
resonant condition is very sensitive to the change of
the refraction index of layer M. At λ1, it is the left-
handed circular polarization with εl = ε1−ε2 that satis-
fies the resonant condition. Therefore, for an incidence
of linearly polarized light, the left-handed circular po-
larization can pass the structure, while the right-hand
circular polarization is reflected. At λ2, it is the right-
handed circular polarization that satisfies the resonant
condition. Therefore, the right-handed circular polar-
ization can pass the structure, while the left-handed
circular polarization is reflected. Therefore, the current
DMD structure can be understood as a splitter of po-
larizations, which decomposes linearly polarized light
into two circular polarizations with reversal rotation
directions.

Now, we consider the effect of ε2. Basing on the
structure parameters of Figure 2, we show the trans-
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Fig. 3. Transmission spectra of the structure DMD for differ-
ent values of ε2(α = 0).

Fig. 4. Transmission spectra and the corresponding phase dif-
ference ∆φ for structure DMDMD. The dotted line denotes
the position of the resonant peak. The structure parameters
are the same as those of Figure 2.

mission spectra for different values of ε2 in Figure 3.
It is clear that the value of ε2 determines the wave-
length interval between the two circular polarizations.
The less the value of ε2, the smaller the wavelength
interval.

Secondly, we consider the structure DMDMD. The
structure parameters are the same as those of Figure 2.
The transmission spectra and the corresponding phase
difference ∆φ for α = 0 are shown in Figure 4. There
are the same four resonant wavelengths with the same
intensity value of 0.25 corresponding to Ex and Ey.
For the left two resonant wavelengths the phase dif-
ferences are −0.5π , while for the right two resonant
wavelengths the phase differences are−0.5π and 0.5π ,
respectively. Thus the total state vectors at the left two
resonant wavelengths and the right two resonant wave-
lengths are the left-handed circular polarization and the
right-handed circular polarization, respectively. Com-
pared with Figure 2, the only difference in Figure 4 is
that the single resonant wavelength is split into two
resonant wavelengths with the same polarization. The
split of the resonant peak is due to the coupling of the
resonators. There are two resonators M in the struc-
ture DMDMD. Because layer D is very narrow, the en-
ergy in the former resonator can be tunnelled to the lat-
ter resonator through the evanescent field within layer
D. Thus a coupling between the two resonators oc-
curs. According to the tight-binding model (TBM) in
solid physics, one atom energy level is split into N
levels when N atoms are combined. The photonic ver-
sion of TBM for dispersive photonic systems, partic-
ularly in plasmonic materials and optical metamateri-
als, has been established in [12]. According to [12], the
split number of the resonant peak is just equal to the
number of resonators. The results for more resonators
in the structure DM. . . DMD are verified through our
calculations. In this paper, we focus on the structure
DMDMD.

If we decrease the value of ε2, the two left reso-
nant peaks and the two right resonant peaks close up to
each other. Thus an interesting result will occur, i. e.,
the inner two peaks will be merged into one peak. To
give a specific result, we show the transmission spectra
for ε2 = 0.0315 and α = 0 in Figure 5. The other pa-
rameters are the same as those of Figure 4. It is noted
from Figure 5 that the two outside resonant peaks move
to 1039.255 nm and 1071.35 nm and still correspond
to the left-handed circular polarization and the right-
handed circular polarization, respectively, but the in-
ner two peaks have been merged into one peak at the
same wavelength 1055.31nm. For the electric fields Ex

and Ey, the phase difference ∆φ at the middle peak is
equal to zero, which means that the light at the middle
peak becomes a linear polarization. The linear polar-
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Fig. 5. Transmission spectra and the corresponding phase dif-
ference ∆φ for structure DMDMD and ε2 = 0.0315. The
other structure parameters are the same as those of Figure 2.
The dotted line denotes the position of the resonant peak.

Fig. 6. Dependence of β on α (left plot). Here β denotes
the angle between the polarization direction of the output
linearly polarized light and the x-axis. The right plot is the
schematic of the incident electric field vector and the output
electric field vector.

ization has a total intensity of 0.9418. Thus the inci-
dence of linearly polarized light can output light with
three kinds of polarizations through the coupled mag-
netic resonators.

Here, we study the effect of α on the polarizations.
We find that the value of α has no effect on the two
outside circular polarizations and the intensity of the

middle peak. However, the polarization direction of the
output linearly polarized light is sensitive to the value
of α . We use β to denote the angle between the polar-
ization direction of the output linearly polarized light
and the x-axis. According to β = arctan(Ey/Ex), we
obtain the dependence of β on α , which is shown in
Figure 6. There are two straight lines in the figure. For
α = 0, 0.09π , and 0.5π , β is equal to 0.41π , 0.5π ,
and 0.09π , respectively. For α < 0.09π , the value of β

increases linearly with the value of α , while for α >
0.09π , the value of β decreases linearly with the value
of α . Thus through changing the value of α , we can
arbitrarily control the polarization direction of the out-
put linearly polarized light in the range of 0.09π ≤ β ≤
0.5π . Hao et al. have achieved manipulating reflected
electromagnetic wave polarizations by anisotropic
metamaterials [13, 14]. Later Sun et al. designed an
anisotropic metamaterial to manipulate EM wave po-
larizations in transmission geometry [15]. Mutlu and
Ozbay also reported a three-layer ultrathin chiral meta-
material that rotates the polarization plane of an inci-
dent linearly polarized wave by 90◦ with unit transmit-
tance independent of the polarization angle [16]. All
the above published works are based on the design of
anisotropic metamaterial or chiral metamaterial. In this
work, we only use isotropic metamaterial and magnetic
material in the designed structure to control the polar-
ization direction of the linearly polarized light.

4. Conclusions

In this paper, we designed coupled magnetic res-
onators. We study the transmission properties by a nu-
merical method. The incidence linearly polarized light
can be spilt into a left-handed circular polarization and
a right-handed circular polarization for one magnetic
resonator. Both the left-handed circular polarized light
and the right-handed circular polarized light are fur-
ther split into two resonant peaks for the two-coupled
magnetic resonators. Through adjusting the magneti-
zations, the inner left-handed circular polarization and
right-handed circular polarization can be merged into
one linear polarization, while the two outside reso-
nant peaks keep circular polarized. Thus the incidence
of linearly polarized light can be tranformed in out-
put light with three kinds of polarizations through the
coupled magnetic resonators. Our studies may provide
a new means of controlling light polarizations in future
optical devices.
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