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Reflection and transmission of electromagnetic waves 
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The reflection and transmission properties of plane waves on the interface of uniaxial chiral media with the optical axis 

parallel to the interface are investigated. The formulas of the reflected and transmitted power are derived. The curves 

of the group refractive angles, power of the reflected and transmitted waves for TE and TM incident waves are pre-

sented for three cases of dielectric constant combinations and for non-chiral, weak chiral and strong chiral media. 

Some new results are obtained, which are different from those in the uniaxial chiral media with the optical axis per-

pendicular to the interface.  
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The realization of negative refractive index in the chiral 

media has attracted much attention in the last decade[1-12]. 

However, most of the works focus on the isotropic chiral 

media. In fact, uniaxially anisotropic chiral medium is 

quite easy to be realized artificially[13]. Recently, nega-

tive refractions in uniaxial chiral media (UCM) with the 

optical axis perpendicular and parallel to the interface 

have been investigated[14,15]. The reflection and transmi- 

ssion of plane electromagnetic waves in the interface[16] 

and slab[17] of the UCM with the optical axis perpen-

dicular to the interface have been examined. In this paper, 

the reflection and transmission properties of plane elec-

tromagnetic waves on the interface of UCM with the 

optical axis parallel to the interface are studied. Some 

new results different from those in Ref.[16] are obtained. 

The constitutive relations in the UCM are[13] 

0 0
j μ ε= ⋅ − ⋅ε κD E H ,                    (1) 

0 0
+ j μ ε= ⋅ ⋅μ κB H E ,                    (2) 

where 

t t z
ε εI + zz=ε , 

z
t t

μ μ= I + zzμ , +
t
I = xx yy , 

κ=κ zz , κ  is the chirality parameter, and z is the opti-

cal axial direction of the UCM. 

A plane electromagnetic wave is obliquely incident at 

the angle θi from free space (
0

ε ,
0

μ ) on the interface of 

the UCM (ε，μ，κ) with the optical axial parallel to the 

interface as shown in Fig.1. θr is the reflected angle, θr=θi, 

and θ± are the phase refraction angles of two eigenwaves 

of p+ wave and p
−  wave[13,15] in the UCM. ki, kr and k±  

are the wavenumbers of the incident, reflected and trans-

mitted waves, respectively, and 
r i 0
k k k= =

0 0
ω μ ε= . 

The wavenumbers of two eigenwaves in the UCM are[13,15] 
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Fig.1 Schematic diagram of the reflection and trans-

mission of a plane wave on the interface of UCM 

 

The electric field of the incident plane wave can be 

expressed as 

i 0i i i i
exp[ j ( cos sin )]k y zθ θ= − +E E ,           (4) 

where  
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0i i i / / i i
( sin cos )E E θ θ⊥= + −E x y z .            (5) 

Subscripts ⊥  and ∥ represent perpendicular (TE) 

and parallel (TM) components of the plane wave, respec-

tively.  

The reflected electric fields can be written as 

r 0r r r r
exp[ j ( cos sin )]k y zθ θ= − − +E E ,         (6) 

where 

0r r r / / r r
+ ( sin cos )E E θ θ⊥= +E x y z .           (7) 

The electric fields of two transmitted waves can be 

represented as  

0
exp[ j ( cos sin )]k y zθ θ± ± ± ± ±= − +E E ,        (8) 

where[15] 
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The magnetic fields of the incident, reflected and 

transmitted waves can be derived from Maxwell’s equa-

tions. According to the conditions of continuity of the 

tangent electromagnetic fields on the interface y=0, we 

obtain k±sinθ±=k0sinθi. Using Eq.(3), we can find the 

phase refraction angles θ± and k±
[15]. Then the reflection 

and transmission matrices of the plane wave on the in-

terface between the UCM and free space can be obtained 

as 
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The expressions of the elements in matrices are omit-

ted for simplification.  

The time-average Poynting vectors of two transmitted 

waves can be derived as[15] 
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The relations of the group refraction angles and the 

phase refraction angles are[15] 
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It is noted that the sign of θ± is chosen to ensure that 

Re(Sy) is positive.  

The normalized reflected power for TE and TM inci-

dent waves can be calculated from 

2 2

r 11 21
| | | | (TE)P R R= + , 2 2

r 12 22
| | | | (TM)P R R= + .  (14) 

The normalized power of two transmitted waves for 

TE and TM incident waves can be calculated from fol-

lowing formulas, respectively 
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In the following calculation, we assume 
0t z

μ μ μ= =  

and /2π=5 GHzω . We analyze and discuss the reflection 

and transmission properties of plane waves on the inter-

face of UCM with the optical axis parallel to the inter-

face for three cases of dielectric constant combinations 

and for non-chiral (κ=10-6 in calculation), weak chiral 

(small chirality parameter 
0 0z z

κ μ ε μ ε< ) and strong 

chiral (large chirality parameter 
0 0z z

κ μ ε μ ε> ) me-

dia. 

For the case of 0,  0
t z

ε ε> > , because the refractive 

angles of the plane wave in the UCM are quite different 

for 
0 0t t

μ ε μ ε<  and 
0 0t t

μ ε μ ε>  [15], we discuss these 

two cases, respectively.  

Fig.2(a) presents the group refractive angles 
g

θ ±  ver-

sus the incidence angle θi for different chiral parameters in 

the case of 0,
t

ε >  0
z

ε >  and 
0 0t t

μ ε μ ε<  (
0

0.6
t

ε ε= , 

0
2

z
ε ε= ). For non-chiral (κ=10-6 in calculation) and small 

chirality parameter (κ=0.5, 
0 0z z

κ μ ε μ ε< ), 
g

θ ±  in-

creases as θi increases, and 
g g

θ θ+ −> . When 
i

50.8θ = °  

(the critical angle 1

0 0
sin

t t
μ ε μ ε− ), 

g
90θ ± = ° , and 

total internal reflection (TIR) occurs for p+ and p- waves. 

For large chirality parameter (κ=1.5, 
0 0z z

κ μ ε μ ε> ), 

when 
i

50.8θ < ° , only p+ wave can propagate，θg+ in-

creases as θi increases, and when 
i

50.8θ > ° , only p- 

wave can propagate, θg- decreases as θi increases. 

Fig.2(b) shows the normalized reflected power Pr ver-

sus θi. For κ=0.5, Pr is almost the same as that in 

non-chiral case. As θi approaches the critical angle, Pr 

increases rapidly, and when θi is equal to or greater than 

the critical angle, Pr =1, i.e., TIR occurs. For κ=1.5, 

when θi equals the critical angle, TIR occurs for TE and 

TM waves. When θi is greater than the critical angle, Pr 

decreases rapidly first and then increases monotonously. 

The normalized transmitted power Pt± for TE and TM 

incident waves are shown in Fig.2(c) and (d). It is found 

that 
r

1
t t

P P P+ −+ + = . For κ=10-6 and 0.5, the transmit-

ted wave is mostly p- wave for TE incident wave and p+ 
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(a) Group refractive angles 

 

(b) Normalized reflected power 

 

(c) Normalized transmitted power for TE incident wave 

 

(d) Normalized transmitted power for TM incident wave 

Fig.2 Parameters in the case of εt>0, εz>0 and μtεt< 
μ0ε0 (εt= 0.6ε0, εz=2ε0) 

wave for TM incident wave. For κ=1.5, when 
i

50.8θ < ° , 

t
P+

 for TE incident wave is less than that for TM inci-

dent wave, and when 

i
50.8θ > ° , 

t
P−  for TE incident 

wave is greater than that for TM incident wave. 

In the case of 0,  0
t z

ε ε> >  and 
0 0t t

μ ε μ ε> , for non- 

chiral and small chirality parameter media, both p+ and p- 

waves always exist for any θi, and there exists Brewster’s 

angle (Pr=0) for TM incident wave. For large κ, only p+ 

wave can propagate, and there is no Brewster’s angle for 

TE and TM incident waves.  

Fig.3(a) presents 
g

θ ±  versus 
i

θ  for 0,  0
t z

ε ε< >  

(
0

0.5
t

ε ε= − ,
0

2
z

ε ε= ). It can be shown that when κ 

becomes zero, p+ and p- waves correspond to TE and TM 

waves, respectively. For κ=10-6 and 0.5, only p- wave 

exists. 
g

θ −  is negative, and 
g

| |θ −  increases as θi in-

creases. For κ=1.5, both p+ and p- waves exist, 
g

θ +  is 

positive and increases as θi increases, and 
g g

| |θ θ+ −< , so 

the two transmitted waves are totally split. Fig.3(b) 

shows Pr versus θi. For κ=10-6, at any θi, TIR always oc-

curs for TE incident wave, because only TM wave can 

propagate in the UCM. Brewster’s angle exists for TM 

incident wave. For κ=0.5, Pr is still large for TE incident 

wave. However, Pr appears as the minimum (not equal to 

zero) for TM incident wave. For κ=1.5, the difference of 

Pr is very small for TE and TM incident waves. 

t
P±  for TE and TM incident waves are shown in Fig.3 

(c) and (d). For κ=10-6, there is no transmitted wave for 

TE incident wave. For κ=0.5, 
t
P−  is small for TE inci-

dent wave and large for TM incident wave. For κ=1.5, 

t t
P P+ −>  for TE incident wave, and the difference dec- 

reases as θi increases, but 
t t
P P+ −=  for TM incident wave. 

In the range of θi =37°-65°, 0
t
P+ ≈ . From above discus-

sion on the sign of the group refractive angles and values 

of the transmitted power, it can be seen that the UCM 

with large chirality parameter is suitable to split TE inci-

dent wave. 

Fig.4(a) shows θg± versus θi for 0,  0
t z

ε ε> <  and 

0 0t t
μ ε μ ε<  (

0
= 0.4

t
ε ε ,

0
= -2

z
ε ε ). It can also be 

shown that when κ becomes zero, p+ and p- waves corre-

spond to TE and TM waves, respectively. When θi<39.2°, 

only p+ wave can propagate, and θg+ increases as θi in-

creases. When θi>39.2°, only p- wave can propagate, and 

θg- decreases as θi increases. Fig.4(b) presents Pr versus 

θi. For κ=10-6, TIR occurs when θi>39.2° for TE incident 

wave, and when θi<39.2° for TM incident wave. There 

exists Brewster’s angle when 
i

39.2θ > o  for TM incident 

wave. For κ=0.5, TIR and Brewster’s angle disappear. 

Fig.4(c) and (d) show Pt± for TE and TM incident waves, 

respectively. For κ=10-6, total transmission occurs for 

TM incident wave. 
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(a) Group refractive angles 

 

(b) Normalized reflected power 

 

(c) Normalized transmitted power for TE incident wave 

 

(d) Normalized transmitted power for TM incident power 

Fig.3 Parameters in the case of εt<0, εz>0 (εt= -0.5ε0, 

εz=2ε0)  

 

(a) Group refractive angles 

 

(b) Normalized reflected power 

 

(c) Normalized transmitted power for TE incident wave 

 

(d) Normalized transmitted power for TM incident wave 

Fig.4 Parameters in the case of εt>0, εz<0 and μtεt< 

μ0ε0 (εt= 0.4ε0, εz=-2ε0) 
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For 0,  0
t z

ε ε> <  and 
0 0t t

μ ε μ ε> , only p+ wave can 

exist. For non-chiral media, TIR always occurs for TM 

incident wave. 

In summary, the reflection and transmission properties 

of plane electromagnetic waves on the interface of the 

UCM with the optical axis parallel to the interface are 

investigated. The formulas of the power of reflected 

wave and two transmitted eigenwaves are derived. The 

curves of the group refractive angles, power of the re-

flected and transmitted waves for TE and TM incident 

waves are given for three cases of dielectric constant 

combinations and for non-chiral, weak chiral and strong 

chiral media. The results show that for 0
t

ε > , 0
z

ε >  case, 

only when 
0 0t t

μ ε μ ε> , there exists Brewster’s angle for 

non-chiral and small chirality parameter media for TM 

incident wave. For 0
t

ε < , 0
z

ε >  case and 0
t

ε > , 0
z

ε <  

case, Brewster’s angle emerges only for non-chiral media 

and for TM incident wave. Especially, for 0
t

ε < , 

0
z

ε >  case, the UCM with large chirality parameter can 

split TE incident wave. These results are quite different 

from those in the UCM with the optical axis perpendicu-

lar to the interface[16].  
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