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Abstract—A TE/TM wave splitter composed of a gyrotropic slab
is proposed. We demonstrate theoretically that, when the working
frequency is chosen to be within one of the two ranges, total reflection
occurs at the boundary of a slab of gyrotropic medium for either TE or
TM component of the incident waves. Tuning can be done by choosing
the working frequency band or adjusting the applied magnetic field.
Furthermore, within the TE-stop or TM-stop frequency region, if the
incident angle is selected appropriately, the other polarized component
of the wave is totally transmitted. And we also show that when the slab
is thicker, there are more possibilities to satisfy the full-pass condition.
Finite-element method simulations verified the theoretical results.

1. INTRODUCTION

A polarizer or polarization device is an essential component in many
fiber optic communication and sensor systems, such as free-space
optical switching networks [1], read-write magneto-optic data storage
systems [2], and polarization-based imaging systems [3]. The principle
of a polarizer is to attenuate the TE (or pseudo-TE) or TM (or pseudo-
TM) modes, resulting in a TM-pass or TE-pass polarizer [4]. In
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general, polarizers can be classified into the following types: dichroic
polarizers, anisotropic crystal polarizers, Brewster angle polarizers,
and wire-grid polarizers [5].

In this paper, we present the theoretical analysis of a polarizer
using gyrotropic medium. Gyrotropic medium is anisotropic and
nonreciprocal under an applied DC magnetic field. The characteristics
of electromagnetic waves propagation in gyrotropic plasmas have been
theoretically investigated in many literatures. The magnetoplasma
modes in Voigt, perpendicular, and Faraday configurations have been
studied by Kushwaha and Halevi [6-8], Gillies and Hlawiczka have done
some researches on gyrotropic waveguide in detail [9-13], and dyadic
Green’s functions for gyrotropic medium have been investigated by
Eroglu as well as Li [14-16]. There are also some studies focusing
upon the effects of magnetic field on semiconducting plasma slab and
negatively refracting surfaces [17,18]. Furthermore, propagation and
scattering characteristics in gyrotropic systems [14,19-23] and surface
modes at the interface of a special gyrotropic medium [24] have been
investigated extensively.

A polarizer using the gyrotropic medium here can serve as TE-stop
or TM-stop depending on the working frequency band. Moreover, if
the incident angle is selected appropriately, this simple structure can
further realize the full-pass of the other mode, resulting in a TE/TM
splitter. The result is verified by the numerical simulation based on
the finite-element method.

This paper is arranged as follows. In Section 2, the theory is
presented and it includes the analytic formulas of the reflection and
transmission coefficients for both TE and TM modes. In Section 3,
we give examples that illustrate TE and TM waves transmitted and
reflected by the gyrotropic slab at different frequency and incident
angle. Finally, concluding remarks are given in Section 4.

2. THEORETICAL ANALYSIS

The permittivity of a gyrotropic medium can be written as a tensor:
Exz 1€g 0
Ea=| —igg &y 0 |, (1)
0 0 e,

where elements are given by

w2
Exe = Eyy = Eoo <1 - 2—p> , (2.1)

w
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wQ

€2z = €x0 ( - w_g> , (22)
wiwe

€9 = €oo [—ﬁl . (23)

Here, w, = \/Ng2/meges and &, = geBo/m.q are the plasma and
cyclotron frequencies respectively, €4, is the background permittivity,
N is the electron density, meg is the effective mass, and ¢. is the
electron charge.

We consider the geometry shown in Fig. 1, where a plane wave is
incident from an isotropic medium into an infinite gyrotropic slab at
an oblique angle 6; with respect to the normal of the interface. The
gyrotropic slab of thickness d is arranged in the Voigt configuration,
where the external magnetic field By is in +z direction.

AY
Region 1 Region 2 Region 3
Hi & Gyrotropic B &
reflected wave =
Uy & transmitted wave
>
0; 0 d X
incident wave @ EO

Figure 1. Gyrotropic slab with thickness d in an isotropic medium.
Region 1 and Region 3 are the same isotropic medium, with
permittivity e and permeability ;. Region 2 is a gyrotropic medium
with €2 and ps. An applied magnetic field By is in +2z direction,
parallel to the interfaces and perpendicular to the plane of incidence
(Voigt configuration).

It is known that in the Voigt configuration, waves can be decoupled
into TE and TM modes with different dispersion relation [14, 18, 25].
With wave vectors k1 = £2ki, + gk, in the isotropic medium and
K1E = +3kIF + gk, for TE modes or kiM = +3kIM + gk, for TM
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modes in the gyrotropic medium, the dispersion relations of the two
media can be expressed as

isotropic: k; + k2, = wlper, (3)
2
TE modes in gyrotropic: ks + (szxE> = wluse,, (4)
2
TM modes in gyrotropic: k:; + (k:QTxM> = w?psey, (5)

where the Voigt permittivity for TM modes is introduced as

82 —52

== 9 6

It is of interest to note that the gyrotropic medium behaves
differently for the two modes due to the different permittivity
components [e,, for TE mode in Eq. (4), ey for TM mode in Eq. (5)]
arisen from the applied magnetic field By. Furthermore, according to
Egs. (2.1)-(2.3), and (6), we can see that the two permittivities have
different frequency dependence. We show the relative permittivities
of a gyrotropic medium for TE and TM modes versus frequency in
Fig. 2. Corresponding to TE waves, €,, is not influenced by the
applied magnetic field. It monotonically increases with the frequency
and has a plasma frequency w,. For TM modes, ey is affected by the
gyrotropy. The existence of the applied magnetic field splits ey into

two branches which are separated by frequency wy = /w2 + w]%. The
corresponding effective plasma frequencies for the two branches can be

expressed as [26]
1
wpt = 5 (we + Jw? + 42 ) . (7)

For nonzero applied magnetic field By, w. is nonzero and w,_ <
wp < wg < wpy, thus we can get two frequency bands in which one
permittivity is negative and the other is positive, shown in Fig. 2.
That is, in frequency band A (wp— < w < wy), €, < 0 while ey > 0;
in frequency band B (wg < w < wp4), €2, > 0 while ey < 0.

When the working frequency is selected to be in the band A or
band B, i.e., the signs of the equivalent permittivities for the two modes
are different, the gyrotropic slab can be used as a linear polarizer,
because total reflection occurs for either TE or TM modes and we
can consider that the transmitted wave contains only one polarized
component. For instance, in frequency band A, €., for TE modes
is negative, making kI become purely imaginary for any real value
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of ky, < wy/pmier [Egs. (3) and (4)]. Thus, for TE waves, total
reflection occurs at the interface and the waves become evanescent
in the gyrotropic slab. On the other hand, ey for TM modes is
positive, and k2TrM is real. Hence in region 3, we can receive the TM
waves transmitted by the slab but little energy of TE waves from the
region 1. That means we can consider frequency band A as the TE-stop
band. Similarly, frequency band B where ey < 0 and €., > 0 can be
considered as the TM-stop band. Hence, when the working frequency
is in the band either A or B, the gyrotropic slab is qualitatively a linear
polarizer, because the transmitted wave is either TM or TE polarized.
However, the transmittance may be low, and we need to find out the
full-pass condition, the condition for total transmission.

50

£,/8, . £ /5,

Figure 2. The relative permittivities of a gyrotropic medium (InSb
with an applied magnetic field By = +20.4T) for TE and TM waves
versus frequency. €., /¢o (in red dashed line) is the relative permittivity
for TE modes, and ey /e (in blue solid line) is for TM modes. In
frequency band A (wp— < w < wp), €,, < 0 while eyy > 0; in frequency
band B (wyg < w < wpy), €22 > 0 while ey < 0.

Determined by the Maxwell equations and the boundary
conditions, the transmission and reflection coefficients for TE waves
can be written as

TTE - — L ®)
cos(kEEd) —isin(kEPd) {[ (KIM)? +¢2k3, | /(2ak1. kT P)}
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- —isin (k;ffd){ q%%x—(kQTZCMQﬂ / (qulxkgf)} o
cos(kEEd) — isin(KEEd){ [(KEM)* +423, | /(2qk1.KEE) |
where
q= % (10)

For TM waves, the transmission and reflection coefficients are [27]
TTM
1
= 5 , (11)
cos (k52 d) —isin (KM d) {| (WTM) "+ 02k3 4-72K2 ] @orkr kTN
RTM

sin (k7 d) {Tky/k%;M —z‘{a%iﬂ— 22— (KEM )2} (eoki k5N )}

 cos(EM d)—isin (M d) {[BEM)* + 023,722 J ok KEM)}

,(12)

where the parameters o and 7 are dimensionless and are defined as

v g
o=—,and 7 =L

€1 Exx

(13)

According to Egs. (8) and (9), to make the slab full-pass for TE wave,
the transmission coefficient should be 1 and reflection coefficient should
be 0, thus

kEEd=mnr (m=1,2,3,...). (14)

Similarly, based on Eqs. (11) and (12), we can get the full-pass
condition for TM wave

EMd =mn (m=1,2,3,...). (15)

According to the dispersion relations of the two media, Egs. (3), (4),
and (5), we can rewrite the full-pass condition in terms of incident
angle

. poe’  (mm)?
0; = - =1,2,3,...), 16
- \/M1€1 w?pye1d? (m ) (16)

where €’ denotes the corresponding permittivities of TE or TM modes.
For TE full-pass condition, ¢’ = ¢,,, and ¢ = gy for TM full-pass
condition.

Combined with TM-stop or TE-stop frequency band, we can
get a TM/TE splitter with total reflection for one wave and total
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transmission for the other, and we can determine which wave to stop
by choosing the working frequency band. When the working frequency
is in frequency band A, the gyrotropic slab works as a TE-stop linear
polarizer whose output is TM wave. Furthermore, if the incident angle
is chosen to satisfy the full-pass condition [Eq. (16)], the slab enables
the full transmission of TM wave. On the contrary, when the working
frequency is in band B, the slab is a TM-stop polarizer and can transmit
TE wave totally under the full-pass condition.

3. RESULT AND DISCUSSION

Here, we present some numerical simulations to verify the above
theoretical results. We consider an indium antimony (InSb) slab
in vacuum. The material parameters used in the computation are:
[ = P2 = Mo, €1 = €0, Eoo = 16eg, N = 10?m~?, and m.y =
0.015mo = 0.13664 x 1073 kg [28,29]. Hence, w, = 1.19 x 103 rad/s
(f, = 1.89 x 10?Hz) and w./w, = 0.98Byg. Suppose that the
external magnetic field By = +20.4T, we can get wp— = 0.823wy,
wg = 1.074wy,, and wp = 1.215w,. Thus, the TE-stop frequency band
A is 0.823w), < w < wp (1.56 THz < f < 1.89 THz); while the TM-stop
band B is 1.074w, < w < 1.215w, (2.03THz < f <2.30THz). Finite-
element method is used to simulate the interaction of a Gaussian beam
by a slab of gyrotropic medium with different frequencies and incident
angles, and the PML absorbing boundary condition is applied to absorb
outgoing waves.

In Fig. 3, we show the reflection and transmission of a Gaussian
beam incident from the lower left at a working frequency of 0.85w,,
(f = 1.61THz), in the TE-stop frequency band A. Fig. 3(a) and
Fig. 3(b) show the real part of electric field’s z component in the
xy plane generated by the TE incident wave; while Fig. 3(c) and
Fig. 3(d) show the real part of magnetic field’s z component with a
TM incidence. The incident angle in Fig. 3(a) and Fig. 3(c) is 45
degree and is 30.25 degree in Fig. 3(b) and Fig. 3(d), and the latter
satisfies the full-pass condition in Eq. (16). We can see that, for TE
waves, total reflection occurs and little is transmitted, no matter what
the incident angle is. In fact, the energy out flow from the slab is less
than 107%% in both Fig. 3(a) and Fig. 3(b). Hence, we can consider
it as TE-stop. When the incident beam is TM mode, the transmission
and reflection is sensitive to the incident angle. In Fig. 3(c), when
the incident angle is 45 degree, the energy transmitted by the slab is
about 76.51% and the reflected energy is 23.49%. In Fig. 3(d), up to
99.37% energy is transmitted and only 0.63% is reflected. The cause
of nonzero reflection is due to the characteristic of the Gaussian beam,



374 Huang et al.

the deviation of the incident angle.

Here, we also show the cases of 1.15w, (f = 2.18 THz, in the
TM-stop frequency band B) in Fig. 4. Fig. 4(a) and Fig. 4(b) show
the TE cases; while Fig. 4(c) and Fig. 4(d) are for TM incidence.
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Figure 3. The reflection and transmission of a Gaussian beam incident
from the lower left with a gyrotropic (InSb with an applied magnetic
field By = +20.4T) slab at a working frequency of 0.85w,. The
thickness of the slab d = 1.5\, = 3mc/w, = 2.374 x 107*m. (a)
E, of an incident TE wave with the incident angle 6; = 45°; (b) E,
of an incident TE wave with the incident angle 6; = 30.25°; (c) H, of
an incident TM wave with the incident angle §; = 45°; (d) H, of an
incident TM wave with the incident angle #; = 30.25°. Then (d) has
the full-pass condition satisfied.
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The incident angle in Fig. 4(a) and Fig. 4(c) is 45 degree; while 52.73
degree in Fig. 4(b) and Fig. 4(d), which satisfies the full-pass condition
in Eq. (16). When the incident beam is TE mode, the transmission
and reflection is sensitive to the incident angle. In Fig. 4(a), when
the incident angle is 45 degree, the energy transmitted by the slab
is about 87.31% and the reflected energy is 12.69%. In Fig. 4(b),
99.17% energy is transmitted and 0.83% is reflected. And the nonzero
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Figure 4. The reflection and transmission of a Gaussian beam by the
same gyrotropic slab as that in Fig. 3 at a working frequency of 1.15wy,.
(a) E, of an incident TE wave with the incident angle 6; = 45°; (b)
E, of an incident TE wave with the incident angle 6; = 52.73°; (c) H,
of an incident TM wave with the incident angle 6; = 45°; (d) H, of an
incident TM wave with the incident angle 6; = 52.73°. Then (b) has
the full-pass condition satisfied.
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reflection is also due to the nature of the Gaussian beam, the small
variation of the incident angle. For TM case, the energy outflow from
the slab is 1.43 x 1073% in Fig. 4(c), while 1.10 x 1072% in Fig. 4(d).
Hence, we can consider the gyrotropic slab in this frequency band to
be TM-stop, and when the appropriate incident angle is selected to
satisfy the full-pass condition, it can ensure the full transmission of
TE mode.

Furthermore, we want to mention that the splitter is tunable. We
can change the frequency bands by adjusting the applied magnetic
field. According to Eq. (7), the range of TE-stop frequency band A or
TM-stop band B is determined by the plasma frequency wy, as well as
we, the cyclotron frequency. Both of them are related to the parameters
of gyrotropic medium and w, is proportional to the applied magnetic
field. So we can expand both of the frequency bands by increasing the
external magnetic field. For example, when the applied magnetic field
is 0.6 T, the TE-stop band A is 0.748w;, < w < wp; while the TM-stop
band B is 1.160w, < w < 1.336w,, both wider than those of 0.4T.

reflectance (IRF)

o AT A i K
0 10 20 30 40 50 60 70 80 90
incident angle (in degree)

Figure 5. The reflectance of TM waves versus incident angle. The
applied magnetic field is 0.4 T and the working frequency 0.90w,. The
parameters of gyrotropic medium are the same as Fig. 3. When
thickness of the slab d = 1.5\, there is no angle for zero reflectance,
which means no solution to the full-pass condition. When d = 3\,
there is one angle for the full transmission: 6; = 51.50°; while d = 6,
the number of solutions becomes 3: 8; = 28.35°, 51.50° and 82.05°.
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Moreover, the full-pass condition is sensitive to d, the thickness of
the slab. Taking band A as an example, when the applied magnetic
field is 0.4 T and the working frequency is 0.90w,, we plot the reflectance
of TM wave versus incident angle in Fig. 5. When the reflectance is
zero, TM waves can be transmitted fully by the slab. From Fig. 5, we
can see that when thickness is too small, there may not be any zero
reflectance regardless of the incident angle, which means no solution
to the full-pass condition. When the thickness is larger, there may be
more than one incident angles to satisfy the full-pass of TM waves.
The thicker the slab is, the more possibilities to find the solution to
full-pass.

4. CONCLUSION

In summary, we use a gyrotropic slab as a tunable TE/TM splitter.
It can serve as a TE-stop or a TM-stop linear polarizer depending
on different working frequency. Besides, it can further transmit the
other wave totally if the incident angle is chosen to satisfy the full-pass
condition. The frequency band is closely related to the parameters of
gyrotropic medium, which can be changed by adjusting the external
magnetic field. And the full-pass condition is easier to be satisfied
when the thickness of the slab is larger.
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