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A study has been made on the reflected and transmitted powers generated when an arbitrarily polarized plane wave
impinges at a planar interface separating an isotropic achiral medium (IAM) and an isotropic chiral medium (ICM). It
follows that the theoretical formulas are derived for the normalized reflection and transmission powers from an IAM-ICM
interface for an arbitrary polarized incident wave, and those at an ICM-IAM interface for right-hand circularly polarized
(RCP) or left-hand circularly polarized (LCP) incident wave are also obtained. The behavior of the reflected and transmitted
waves in different cases is studied, and the dependence of the reflection/transmission of the incident wave on the incident
angle and the parameters of the media is investigated in detail. Our numerical results show that high transmission is
exhibited under the impedance matching condition and the incident wave can be split into two waves of the same circular
polarization state in the case of the ICM-IAM interface, which indicates that circular polarizing beam splitter is achieved.

Keywords: chiral media, reflection power, transmission power, Fresnel coefficient

PACS: 42.25.Bs, 78.20.ci, 42.25.Gy

1. Introduction

Chiral materials are advantageous in many respects com-
pared with the general materials due to the extra degree of
freedom offered by the presence of chiral parameter. Since
the time of the optical activity in quartz crystals was first dis-
covered by Arago in the early nineteenth century, chiral ma-
terials continue to be of great interest to many researchers
owing to their associated electromagnetic properties and po-
tential applications in various areas of basic research and ap-
plied research.!'-! Important attention has been focused on
the interaction of electromagnetic waves with chiral struc-
tures. Scattering by arbitrarily shaped chiral objects was
investigated,!”1° and novel chiral metamaterials which ex-
hibit new properties have been designed.!!!1?]

The optical properties of chiral media are one of the main
aspects in the research of chiral materials over the years. The
reflection and transmission characteristics at a planar IAM—
ICM interface were investigated by Bassiri et al.!'*! Reflec-
tion and transmission of an incident plane wave at the ICM-
IAM interface were analyzed by Cory and Rosenhouse,'*! the
reflection and transmission coefficients against the incidence
angle of the left-hand circularly polarized wave were simu-
lated. Extensions to characteristics of reflected and transmit-
ted waves by chiral slabs,!">! at an ICM-ICM interface, (117}

and of chiral multilayer structures, '8 were also discussed.

DOI: 10.1088/1674-1056/28/2/024202

The reflection and transmission properties of the incident
plane wave at the surface of a chiral negative refraction
medium, "] at the planar isotropic chiral-uniaxial anisotropic
chiral interface, 29211 and from a uniaxial chiral slab,?? were
also investigated in recent years.

Although a number of studies on the properties of the
electromagnetic waves propagating in an ICM have been
conducted, 318237331 o our knowledge, energy relation ex-
pressions at the surface of a chiral medium for a monochro-
matic plane wave with arbitrary polarization are not available
in the literature. In this paper, characteristics of an electro-
magnetic wave propagating in the ICM are discussed on the
basis of the Post—Jaggard constructive equations. The formu-
las of normal component of the time-averaged Poynting vec-
tors of the incident, the reflected, and the transmitted waves
across a planar interface between an IAM and an ICM are de-
rived. It follows that the normalized power formulas of the
reflected and transmitted waves at the IAM-ICM interface for
a plane wave at any azimuthal angle are obtained, the power
expressions at the ICM—IAM interface for a right-hand circu-
larly polarized (RCP) or left-hand circularly polarized (LCP)
incident wave are given as well. Finally, numerical results are
presented for three different cases, where the effects of the in-
cident angle, the chiral parameter, and the permittivity on the
behavior of the reflection and transmission powers are investi-
gated in detail.
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2. Properties of plane wave at the interface be-
tween IAM and ICM

Although different sets of constitutive relations were pro-
posed to describe chiral medium in literature, 3*-3°! mathe-
matical equivalence among these equations can be obtained.
In this paper, the following constitutive relations for time-
harmonic fields (exp(—ict)) are adopted

D=¢FE-jwB, H=B/u.—jwFE, (1)

where the scalar parameters €&, [, and }. denote the per-
mittivity, the permeability, and the chiral parameter, respec-
tively. One should be noted that the value of ¥ is a mea-
sure of the handedness of the chiral medium, which provides
direct coupling of the electric and the magnetic fields. In
general, there are two distinct waves propagating inside the
chiral medium, namely, the RCP wave with wave number
kr = @(\/H2Y2 + €clhc + HcYe) and the LCP wave with wave

number kp, = w(\/ug}/g—i-ec/.tc —,uc%).

2.1. Reflection and transmission at the IAM-ICM inter-
face

As shown in Fig. 1(a), a linearly polarized plane wave is
incident from an IAM upon the surface of an ICM at an inci-
dent angle 6;. The continuity of the tangential components of
the electric and the magnetic wave vectors at the IAM-ICM
interface lead to

kisin 6; = k; sin 6, = kg sin Og = kg sin 6, 2)

where k; = @./U,&, and k. = k; are wave numbers of the in-
cident and reflected waves, respectively. Og and 6 are trans-
mitted angles of the RCP and LCP waves, respectively. Crit-
ical angles of incidence 6, and O.r are derived as O.r =
sin~! (kg /k;) and 6., = sin~! (k/k;), respectively.

It should be noted that the investigation is restricted to
As a result, kg > ki, and 6. > 6.
are valid for all cases. When 6; > 6., only the RCP wave

Y% > 0 in this paper.

propagates in the chiral medium, cos 6y is real and cos 6, is
pure imaginary. Whereas if 6; > 6.r, both the two transmitted

waves become evanescent, the phenomenon of total internal
reflection occurs, both cos g and cos 8 are pure imaginary

numbers.
E &, An E,
a VB Eiiw k
\ T
Fi| @ o
- Erl
k;
dielectric medium 0} O
€ay MHa
Ecy Mey Ve ki,
chiral medium or
Or
kr B
E
(@) i

E;L

kL
chiral medium
Ecy Hey Ve
€ay Ma

dielectirc medium

Eqy

(b)
Fig. 1. Reflection and transmission at the interface of two different me-
dia: (a) achiral—chiral, (b) chiral-achiral.
Considering the relations k. = @./Uce and Yo =
|€c e — €apla|/21c/Eafla, When 0 < Y% < Yo and if ki < k,
there is k; < ki, < kg, both the RCP and LCP waves propa-
gate in the chiral medium at the range of entire incident an-
gle. Whereas if k; > k., we have ki, < kr < ki, the LCP and
RCP waves become evanescent for 6; > 6., and 6, > 6.g, re-
spectively. As for . > Y0, we can obtain ki, < k;j < kg, the
LCP wave propagates for 6; < 6., and becomes evanescent
for 6, > O...
Using the boundary conditions and Snell’s law, the am-
plitudes of the reflected and transmitted waves to the incident
components are related by

(E,| | Ri1 Rz E;cosa Er| |Th Tz Eicosa 3)
_ErH - R>1 Ry E;sina |’ Eq - 1 T Eisina |’
-Rll Ri» _ 4£ (Ci —CR) (Ci +CL) 0 B 2410 1 @)
| Ro1 Ry A 0 (ci+cr) (ci—cL) A|10]°
-Tll Ti> 4¢; (Ci—|-CL) 0 0 (Ci—CL)

=—|(1 1— 5
| T2 Tzz} A [( +g)[ 0 (ci+cr) T (ci—cr) 0 ’ ©)

where o = tan ™! (Ei 1/ EiH) represents the azimuthal angle of the incident wave. The elements R;j and Tjj withi=1,2and j=1,2

indicate the reflection and the transmission coefficients. A = (1+g)* (¢ci+cr) (ci+cL) — (1 —g)* (¢ — cr) (¢ci — cL), ¢; = cos 6;,
cr = cos Og, cp. = cos 6L, g = \/(&/lhe + 12)/(€a/Ma), and A = ¢; (cr + ) (1 — g?).
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2.2. Reflection and transmission at the ICM-IAM inter-
face

At the ICM-IAM interface, an RCP (LCP) wave strikes
on the interface with an incident angle Og (6ir.). As shown in
Fig. 1(b), the two reflected waves, namely, the RCP and LCP
waves, propagate back into the ICM, and a transmitted wave
proceeds in the TAM.

Considering phase matching conditions of the wave vec-
tors at the ICM—IAM interface,'*23 we find
(6)

kg sin Bgr = kg sin O;r = kg sin 6, = k; sin 6,

where k¢ = @./U,€, indicates wave number of the transmitted
wave. O and 6, are reflected angles of the RCP and LCP
waves, respectively. 6 is the transmitted angle. By letting
6, = /2, critical angles of incidence O g and 6., are given by

O = sin”! (k¢/kr) and 6, = sin~! (k¢/ky), respectively.
\

As for the case of an RCP incident wave, considering
the relation 6, = sin~! (k. /kg), when 0 < % < %o, and if
ki < ke, we have ki < ki, < kr. If O.r < Bir < 6., no trans-
mitted wave exists, the phenomenon of total internal reflec-
Whereas if Og > 6., the reflected LCP wave
becomes evanescent.

tion occurs.
But for the case of k > k., we have
ki, < kr < k¢, the reflected LCP wave becomes evanescent for
Oir > 6.. When 7y, > Yo, we can obtain kp, < k < kr. If
0. < Bir < OcR, the reflected LCP wave becomes evanescent.
Whereas if 6;r > 6.r, the total internal reflection occurs.

As for the case of an LCP incident wave, kg sin6ig in
Eq. (6) is replaced with kp sin 6. The propagation of the re-
flected and transmitted waves at the interface can be obtained
in a similar manner.

Then the relationships of the reflected and transmitted
electric fields to the incident components can be expressed by
matrices

)=l ] (e ]-1m 2] =] @
L ErL R/Zl R/zz Eyp |’ EtH T2/] T2/2 Ep ]’

Ry R12:|_A|:l 0 :|_B[ 0 CiL:| 4g|:(CiR_Ct)(CiL+Ct) 0 :| ®)

| Ro1 Ry A0 -1 Alcr O A 0 (CiR+C[) (CiLfct) ’

[Ty T, 4 cr (6L +c¢ 0 0 ¢ (cr — ¢

1 12}: (1+g){ iR (6L +ct) }—i—(l—g){ iL (cir t):| ’ ©)
| 121 T A 0 aiL (Gir + <) cir (6L — ¢p) 0
|

where Rj; and 7; with i = 1,2 and j = 1,2 denote  where (Sj), (Sr), (Syrep), and (Siicp) denote the time av-

the co-polarized and cross-polarized reflection and trans-
mission coefficients, respectively.
cos OR, ciL. = cos BiL, ¢y = cos b, g = \/€a/ Mk /e + Pa ¥V
A = 2¢(cr—ciL) (1 —g)z, B = 401(1 —gz), and A =
(1+8)* (cir +c0) (i +c) — (1= g)* (iR — <o) (i — c0)-

And we have c¢r =

3. Power relation at the interface between IAM
and ICM

For a time-harmonic electromagnetic field, the time-
averaged active power flow per unit area is defined to be

_ 1 *\ |E0|2
(S)= 3Re(Ex H') = 55k, (10)

where Re indicates the real part of the vector product £ x H*,
Zy = \/lha/€ and Z. = 1/+/€/pic + 12 denote the intrinsic
impedances of a dielectric medium and a chiral medium, re-
spectively, k indicates a unit vector parallel to E x H*. The
formula in Eq. (10) is commonly used for the calculation of
electromagnetic energy.

According to the energy conservation law, the normal
components of the time-averaged energy flow incident on an
interface must be equal to those leaving the interface. There is

((Si) + (Sr) — (Strep) — (Sticp)) - m =0, (11)

erage power of the incident, the reflected, and the transmitted
waves, respectively. m is a unit vector perpendicular to the
interface.
The reflection power coefficient is defined as
(Sr)-m
(Si)-m
|R12+Ri; tanOC‘2 + |R2 + Ry tana|2
1+tan o

o 312)

where o = 0 and o = 7/2 indicate the parallel and vertical
polarized incident waves, respectively.
The transmission power coefficients are defined as

(S.rcp) M _ gcosOr [T+ T talnoc|2
(S))'n cos 6; (1+tan’ @)

(Strcp) -1 _ gcos oL | T + Ty tanoc|2
(Si)n cos 6; (1 +tan? o)

where frcp and fpcp denote the transmission power coeffi-

IRCP , (13)

ILcp , (14)

cients of the RCP and LCP waves, respectively. g = Z,/Z;
is a shorthand notation.

It follows from Eq. (11) that
r+trep +tcp = 1. (15)

When an RCP (LCP) wave incidents upon an ICM-IAM
interface, the normal component of the time-averaged energy
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at the interface satisfies the law of conservation of energy; that
is

((Sircp(Lep)) + (Srrep) + (Srrcp) — (Si)) -n = 0. (16)

The reflection power coefficients are given as
((Srrep) + (Srice)) - m

(Sircp) n

B2y S08 6
| 1 | + cos g

((Srrep) + (Srice)) - m
(Sirce) - n

]
'Rep = —

IR [, 17)

/
'Lecp = —

— S Rl + R ()

where rycp and r{ -p denote the reflection power coefficients

of the RCP and LCP waves, respectively.
The transmission power coefficients corresponding to the
RCP and LCP waves can be written as

2 2
(S)-n cos 6 <|T1/1| +173 )

thep = , (19

Rep (Sircp) m gcos br (1%
712 712

g (S)-mn Coset(\T12| + T3] ) 0)

L (SiLcp) gcos oL ’

where fpcp and ff -p denote the transmission power coeffi-
cients of the RCP and LCP waves, respectively.
It can be derived from Eq. (16) that

rrep +irep = 1. (21)

ricp +icp = 1. (22)

4. Numerical results and discussions

To investigate the properties of reflection and transmis-
sion at a planar interface of IAM and ICM, three different
cases: ki) < ke, ki) > ke, and impedance matching Z, = Zc,
are taken into consideration in this section. The permeability
of the ICM is selected to be identical to that of the IAM in the
following discussions (U, = U = Up). A linearly polarized in-
cident plane wave of arbitrary polarization is considered for
the ICM-IAM interface, and an incident RCP plane wave is
assumed for the ICM-IAM interface.

4.1. Reflection and transmission at an IAM-ICM interface

Case 1: k; < k¢

In Fig. 2, the behavior of reflected wave at an IAM-
ICM interface is studied, the parameters are &, = &y, & = 4&,
and ¥ = 1073, We have %0 = 3.98 x 1072 in this case, thus
Y% < Yo ad ki < ki, < kr are obtained, which indicate that both
the RCP and LCP waves propagate inside the chiral medium
over the whole range of incidence angle. It can be seen from

Fig. 2(a) that the cross-polarized reflection coefficients are sig-
nificantly less than the co-polarized ones. When 6; = 64.33°,
the result shows that |Ry;| = 0, which indicates that parallel
polarization component of the reflected wave is generated by
the vertically polarized incident wave. The normalized power
of the reflected wave is presented in Fig. 2(b). It is clear that
the value of the reflection power coefficient increases with the
increase of the azimuthal angle from 0° to 90°. The results
show that the contribution of the vertical polarized incident
wave to the reflection power is larger than that of the parallel
polarized incident wave.

1.0 | T T T T T T T T
. 0.8f * Bu (a) ‘ d
E gef * B ‘ ]
2 S ]
;% 0.4F s o :g E
g 0.2F Al i
5] r |
-U O |R T T T T T T T
2 0.02F * B2
8 | —%— Roq
S 0.01fF
m .

0 1 1
0 10 20 30 40 50 60 70 80 90
Incident angle 6;/(°)

1.0

0.81

0.6

0.4Ff

Reflection power ()

0.2F

0 10 20 30 40 50 60 70 80 90
Incident angle 6;/(°)

Fig. 2. Reflection coefficients and reflection power versus the incidence an-
gle at an IAM-ICM interface: &, = &), & = 4&, % = 1073,

The normalized powers of the reflected and transmitted
waves as a function of the incidence angle are shown in Fig. 3,
the parameters of the media are given by &, = &), & = 4&,
% = 1072, Thus, % > Yo and ki < k; < kg are obtained. It
can be observed from the diagrams that all the power coeffi-
cients grow or diminish at first and then reach to an extremum
at 6; = 6., and power variation of the reflected wave is com-
pletely opposite to that of the RCP transmitted wave. This
result shows that the azimuthal angle has strong effects on the
power coefficients of the reflected and the RCP waves, but has
a slight effect on that of the LCP wave. When the incidence
angle 6; exceeds the critical angle 6, , the LCP wave travels as
a surface wave, thus power coefficient of the LCP wave goes to
zero, whereas no dependence of LCP power on the azimuthal
angle is observed.
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Fig. 3. Power reflection and transmission coefficients versus the incidence angle at an IAM-ICM interface, &, = &, & = 4¢&), % = 1072 (a) Reflection
power, (b) transmission power of RCP wave, (c) transmission power of LCP wave.
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Fig. 4. Power reflection and transmission coefficients versus the chiral param-
eters with g, = &), &, = 4€p at 6; = 40°, and 6; = 80°, respectively.

Effects of the chiral parameters on power normalized co-
efficients at two different incident angles are investigated in
Fig. 4. There is k; < ki < kg for . varying from O to 7o,
both the RCP and LCP waves propagate normally in this case.
Whereas if % > %o, we have ki < kj < kg, and the LCP
power coefficients go to zero at 6; = ... Therefore, when the
value of chiral parameters are 7.41 x 1073 and 4.08 x 1073 in
Figs. 4(a) and 4(b), respectively, the corresponding incidence
angles, 6; = 40° and 80°, are the so-called critical angles.
From these data, it can be concluded that the chiral param-
eter diminishes with the increase of the critical angle in this
case. When the incidence angle 6; — 90°, the chiral parame-
ter approaches to %0 = 3.98 x 1073,

Case2: Z, = Z,

As shown in Fig. 5, the properties of both the reflected

and the transmitted waves against the incidence angle are in-
vestigated. The parameters of the two media are g, = 4&,
& =& — U+ %2 and Y. = 1073. In this case, kr > ki > ki,
and Z, = Z, are available, thus an impedance matching con-
dition between the chiral and achiral media is achieved. It is
clear from Figs. 5(a) and 5(b) that |Ry;| = |R2z2|, |Ri2| = |R21],
|Ti1| = |Th2l,
coefficients with the incidence angle are also investigated in
Fig. 5(c). When 6; < 0., the value of the reflection power

11| = |T»z| are obtained. Variations of power

coefficient is very small, therefore most of the incident power
is transmitted to the achiral medium. As the incident angle ap-
proaches the critical angle of incidence, the reflection power
grows rapidly and increases up to 0.5 at 6; = 6., while the
transmission power of LCP wave diminishes rapidly and goes
to zero at the critical angle. For 6; > 6., the reflection power
is still on the increase whereas the LCP wave is changed into
a surface polarized mode. Furthermore, both the power re-
flection and transmission coefficients are also calculated for a
monochromatic incident plane wave with o = 45°, 60°. The
numerical data lead us to conclude that power coefficients of
the reflected and transmitted waves are independent of the po-
larization state of the incidence wave in the case of impedance
matching condition.

Case 3: k; > k.

Figure 6 shows the behavior of both the reflection and
transmission powers against the incidence angle. The param-
eters are &, = 4&y, & = &), Y = 1073, We have k; > kg > ki
in this case. From Eq. (7), we have 6,1 = 20.24° and O.r =
46.28° for the LCP and the RCP waves, respectively. It can
be seen that both the power reflection and transmission coeffi-
cients have an extremum at the critical angle. The powers of
the reflected and transmitted waves are calculated at o; = 0°,
30°, 60°, and 90°, respectively. It can be seen from Fig. 6
that there is a significant difference of the reflection and RCP
power curves for different azimuthal angles, while no depen-
dence of LCP power on the polarization of the incidence wave
is observed. If 6; > O.r, the reflection power coefficient close
to unit, and the transmission power goes to zero, then the phe-
nomenon of total internal reflection takes place.
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Fig. 7. Characteristics of the reflected and transmitted waves versus the relative permittivity &, at an IAM—ICM interface: €, = 4&, ¥ = 1073,

Figure 7 shows the characteristics of the reflected and
transmitted waves versus the relative permittivities & of the
chiral medium at 6; = 80°. The parameters are given by
& =4e, Y = 1073, The result shows that there is one, or
two, or none of the transmitted waves propagating inside the
chiral medium as &, varies from 1 to 9, and variation of the co-
polarized reflection coefficient is completely opposite to that
of the cross-polarized one. For &, < 2.395, both the critical
angles O.r and 6., are less than the assumed incidence angle,
neither of the transmitted wave propagates, the transmission
power approaches to zero. If 2.395 < g, < 5.364, then there
is ki, < ki < kg and 6; > 6., only the transmitted RCP wave
exists inside the chiral medium, whereas if &, > 5.364, we
have k; < ki, < kg, then both the two transmitted waves prop-

agate normally.

4.2. Reflection and transmission at an ICM-IAM interface

Power reflection and transmission coefficients against the
incidence angle for the case of k < k. and k; > k. are shown
in Figs. 8(a) and 8(b), respectively. In Fig. 8(a), there is
ki < kp < kg, For 6; < O.r, though both the reflected and
transmitted waves can propagate normally, the reflected power
rgep 1s much less than the transmitted power fgp. Whereas if
6; > O.r, the transmitted wave becomes evanescent, the nor-
malized transmitted power goes to zero. In Fig. 8(b), we have
Y < Yo and kp, < kr < ki, the results show that the value of
the reflected power is very small for 6; < 6., which indicates
that most of the incident power is transmitted to the achiral
medium. When 6; > 0., the LCP reflected wave becomes
evanescent, the reflection power approaches to zero at first and
then increases with the increase of incidence angle, and ulti-
mately reaches unity as 6; — 90°.
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In Fig. 9, the impedance matching between the chiral and
the achiral medium can be achieved with the given parame-

ters, which can be characterized by power coefficients of the
reflected and transmitted waves. It is clear from Fig. 9(a) that
|R};| varies slowly at first with 6ig and then increases up to a
maximum of 1 at Big = Ocr. For Oir > O.g, the coefficient |R} |
is always equal to unit. Both |R,,| =0 and |T},| = |T},| are
valid for the incidence angle from 0° to 90°. These data lead
us to conclude that both the reflected and transmitted waves
are of the same circular polarization state as the incident RCP
plane wave in this case. Figure 9(b) shows that the reflec-
tion power coefficient is so small that it can be negligible to
the case of a wide range of incidence angle Oig < 6.r, which
shows that the chiral medium exhibits high transmission and
impedance matching to the achiral medium. whereas if the an-
gle of incidence exceeds the critical angle, there is typ = 0,
the phenomenon of total internal reflection occurs.

5. Conclusion and perspectives

This paper begins with a discussion of wave propagation
inside the chiral medium, followed by an analysis of the re-
lations among the normal components of the time-averaged
Poynting vectors of the incident, the reflected, and the trans-
mitted waves. Theoretical formulas of the normalized reflec-
tion power and the transmission power at an IAM-ICM in-
terface are obtained for an incident plane wave with arbitrary
polarization, as well as those at an ICM-IAM interface for an
RCP/LCP incident wave. The magnitudes of the Fresnel coef-
ficients, the reflection power, and the transmission power for
three different cases are calculated, and effects of the incidence
angle, the chiral parameter, and the permittivity on the charac-
teristics of the power reflection and transmission coefficients
are investigated.

Our numerical results show that behaviours of the trans-
mitted waves vary significantly with the change of the inci-
dence angle, the permittivity, and the chiral parameter. Fur-
thermore, the azimuthal angle has strong effects on the trans-
mitted power of the RCP wave and reflection power, while
it has a slight influence on the transmitted power of the LCP
wave. It is noted that high transmission is always exhibited
as the incidence angle less than the critical angle under the
impedance matching condition. In the case of an IAM-ICM
interface, power reflection and transmission coefficients are in-
dependent of the polarization state of the incidence wave. As
for the case of an ICM-IAM interface, both the reflected and
transmitted plane waves have the same circular polarization
state as the incident wave.
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