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Abstract: It is demonstrated that strong asymmetry in transmission can be 
obtained at the Gaussian beam illumination for a single prism based on a 
photonic crystal (PhC) with isotropic-type dispersion, as well as for its 
analog made of a homogeneous material. Asymmetric transmission can be 
realized with the aid of refraction at a proper orientation of the interfaces 
and wedges of the prism, whereas neither contribution of higher diffraction 
orders nor anisotropic-type dispersion is required. Furthermore, incidence 
toward a prism wedge can be used for one of two opposite directions in 
order to obtain asymmetry. Thus, asymmetric transmission is a general 
property of the prism configurations, which can be obtained by using simple 
geometries and quite conventional materials. The obtained results show that 
strong asymmetry can be achieved in PhC prisms with (nearly) circular 
shape of equifrequency dispersion contours, in both cases associated with 
the index of refraction 0 1n< <  and 1n > . For the comparison purposes, 
results are also presented for solid uniform non-magnetic prisms made of a 
material with the same value of n . It is shown in zero-loss approximation 
that the PhC prism and the ultralow-index material prism ( 0 1n< < ) can 
replace each other in some cases without affecting the scenario of 
asymmetric transmission. Moreover, the PhC prism and the solid dielectric 
prism can show the same scenario at 1n > . Possible contributions of 
scattering on the individual rods and diffraction on the wedge to the 
resulting mechanism are discussed. Analogs of unidirectional splitting and 
unidirectional deflection regimes, which are known from the studies of PhC 
gratings, are obtained in PhC prisms and solid uniform prisms, i.e. without 
higher diffraction orders. 

©2015 Optical Society of America 
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1. Introduction 

Asymmetric transmission, a Lorentz reciprocal phenomenon that may appear in the structures 
made of linear, isotropic, passive materials, has extensively been studied in the last decade [1–
8]. The interest in this phenomenon has been stimulated by the attempts to find new operation 
regimes with strong directional selectivity that might be realized with the aid of conventional 
materials. It can be obtained with the aid of diffraction on volumetric structures [1,2], 
polarization conversion [4,5], or diffraction on thin structures with slits and corrugations that 
may support surface waves [6–8]. In other words, asymmetric transmission may appear due to 
different mechanisms that can lead to the appearance of new transmission channels. Breaking 
spatial inversion symmetry has been considered as the necessary condition for obtaining such 
channels. 

Strong directional selectivity without breaking time-reversal symmetry can also be 
obtained in the parity-time framework [9,10]. Sometimes, asymmetric transmission related 
(reciprocal) effects are mistakenly mixed with optical isolation, a purely nonreciprocal 
regime, that led to the discussions regarding what is achievable in the reciprocal structures, 
e.g. see [10–13]. Initially, diffraction inspired asymmetric transmission has often been 
associated with the nonsymmetric structures known as photonic crystal (PhC) gratings 
[1,2,14–16] and nonsymmetric gratings made of an ultralow-index material (ULIM) [17–19]. 
Later, metamaterials have been utilized in order to obtain more compact performances 
[20,21]. Generally, asymmetric transmission requires different coupling conditions at the 
front-side and the back-side incidence and, in particular, the possibility of blocking some of 
the transmission channels that depends on the side of illumination. Wideband blocking of 
transmission through some of the channels can be achieved in the grating-type structures due 
to specific properties of PhCs and ULIMs. It is connected with the ability of PhCs to modify 
the dispersion properties and, thus, control propagation of electromagnetic waves in certain 
directions that has been the focus of interest since 90s [22–24]. 

PhC prisms represent another big class of the structures, in which either geometrical 
features or simultaneously geometrical and dispersion features allow one obtaining the 
strongly pronounced asymmetric transmission [3,25–30]. In these structures, the possibility of 
choosing directions of the prism interfaces gives an additional degree of freedom, while the 
contribution of higher diffraction orders to the resulting mechanism is generally not required. 
The emphasis has been put on the operation regimes connected with the effect of anisotropic-
type dispersion of the Floquet-Bloch modes for one or both of the stacked PhC prisms. In 
particular, diodes based on stacks of two PhC prisms with different dispersion properties have 
been proposed [3,25]. At the same time, from the studies of nonsymmetric gratings, it is well 
known that strong asymmetry is also possible at simpler, i.e. isotropic-type dispersion, if 
equifrequency dispersion contours (EFCs) are narrower than in air. This remains true for both 
PhC and ULIM based nonsymmetric gratings [17–19,21]. It is noteworthy that in PhC 
gratings and prisms dispersion of isotropic and anisotropic type can co-exist in the 
neighboring bands, enabling different regimes of directional selectivity and, thus, opening a 
perspective route to multifunctional devices. The ULIM based structures promise some 
advantages like ultra-wideband one-way transmission [19]. However, in contrast with the PhC 
based structures they do not allow obtaining different regimes of directional selectivity in one 
configuration. Moreover, the problem of losses can be significant when ULIMs are used, 
since these artificial materials contain metallic components. Hence, PhC prisms that utilize the 
bands with isotropic-type dispersion invoke a detailed study, whereas results for ULIM prisms 
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might be useful for the comparison purposes. This is reasonable also because the other 
regimes, which have been already demonstrated in PhC prisms, like superprism and negative 
refraction, might be obtained in the same structure, e.g. see [31–34]. 

In this paper, we study diffraction on the prisms based on two-dimensional PhCs in the 
operation regimes connected with isotropic-type dispersion. The emphasis will be put on 
demonstration of the general concept. It will be shown that a strong difference between the 
forward- and backward-incidence cases can be achieved for a sole PhC prism when EFCs 
correspond to a small positive (ultralow) index of refraction, 0 1n< < . In order to clarify the 
dominant physics in the scenarios of asymmetric transmission observed in PhC prisms, 
comparison will be done with the solid uniform prisms that are made of a non-magnetic 
ULIM with the same value of n  as that obtained from the EFC analysis for the PhC. 
Moreover, strong asymmetry in transmission will be demonstrated for sole (not stacked) PhC 
prisms and sole solid prisms for EFCs corresponding to a positive index larger than unity. In 
particular, the appearance of asymmetric transmission in solid prisms made of a dielectric 
material with 1n >  will be demonstrated. In contrast with the known PhC prism based 
structures for asymmetric transmission, in which a stack of two different prisms and 
anisotropic-type dispersion are utilized, we demonstrate here that strong directional selectivity 
can be obtained using a single prism and isotropic-type dispersion. Furthermore, incidence on 
the prism corner (wedge) will be exploited as an important counterpart of the resulting 
mechanism, when the opposite incidence direction corresponds to the middle of its longer 
interface. The possible effects of periodicity of the PhC prism interfaces and suppression of 
refraction by other phenomena will be discussed. In [35], it has been shown by Garcia et al. 
that diffraction at the edges can dominate over refraction in a finite-size acoustic crystal being 
a few wavelengths large. In our case, zero-order refraction and reflection remain the basic 
effects leading to the desired asymmetry in transmission. For the sake of definiteness, we 
consider under asymmetric transmission directional selectivity arising in a multichannel 
(multiport) transmission system, so that 90

  bending rather than transmission through the 

prism from one half-space to another is sufficient. Simulation results are obtained for the 
Gaussian-beam incidence on the prism shaped structures by using the Finite-Difference Time-
Domain (FDTD) method through Lumerical, a commercial software program that is 
especially appropriate for simulations of optical structures. CST Microwave Studio, a solver 
based on the finite integration method, has been used to calculate the dispersion of Floquet-
Bloch modes of the PhC. 

2. Results and discussion 

2.1 Directional selectivity at the inclined interface 

Schematics showing the basic features of the prism geometry and asymmetry in coupling at 
the forward-case and backward-case illumination are presented in Fig. 1. Possible directions 
of the outgoing transmitted and reflected beams are shown in Fig. 1(a) in the case when EFCs 
for the prism are narrower than for the surrounding air, as occurs at 0 1n< < . Throughout the 
paper, we assume that 4 5α β θ= = =  . For the purposes of numerical study, we also 

assume that 4 5γ =  , i.e. the forward-case and the backward-case illumination directions are 

opposite to each other. However, γ  may be not fixed when analytical estimates are 

investigated. δ  stands for the angle of deflection of the outgoing beam (at the forward-case 
illumination) from the normal to the exit (here - inclined) interface. 

The principal difference in coupling at the inclined interface in these two cases is 
demonstrated in Fig. 1(b). At the forward-case illumination, the wave is incident from the 
prism side, so that it should be coupled to the outgoing wave in air at any incidence direction, 

see the left plot in Fig. 1(b). Hence, the coupling of the wave incident at 45

 is ensured. At 

the backward-case illumination, only the waves incident at the angles that correspond to near-
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zero tangential wave numbers ( Uk ) may be coupled to a wave propagating inside the prism, 

see the right plot in Fig. 1(b). Thus, the wave incident from air on the inclined interface at 

45

 is either coupled or not, depending on the prism performance. If coupling is possible 

only at the forward-case illumination, asymmetric transmission takes place. Note that the 
EFCs for the prism may have a non-circular shape in ( ,U Vk k )-plane, but they must be 

narrower than in air. On the other hand, the asymmetric regimes achievable for the circular 
EFCs look more interesting, because they can be realized by using conventional isotropic 
materials. 

The prism configurations, which are the focus of this paper, represent either a PhC prism 
or a solid uniform prism made of a material with 0 1n< < . The considered PhC prisms 
consist of the rods made of a dielectric material with permittivity 11.4ε =  on air background. 
In fact, they represent the finite-extent structures based on the same infinite PhC. Thus, the 
different scenarios of asymmetric transmission that are presented in this paper can be obtained 
in one configuration, but within different frequency ranges, which may correspond to either 
the same or different Floquet-Bloch modes of the infinite PhC. The rods are arranged in a 
square lattice with the lattice constant 1a = µm. The diameter of the dielectric rods is 

0.4d = µm. These values are kept constant throughout the paper. The structure is assumed to 
be illuminated by the s-polarized Gaussian beam, i.e. electric field vector is oriented along the 
rod axes for the PhC prisms and along the corresponding direction for the solid prisms. 
Furthermore, we refer to the PhC prism interfaces that are obtained by cutting a PhC along ΓX 
and ΓM directions of the first Brillouin zone as the ΓX and ΓM interfaces. These interfaces 

have periods of L a=  and 2L a= , respectively. 

 

Fig. 1. Schematics of (a) prism configuration illuminated from the lower and the upper half-
space; thick and thin arrows - directions of the incident and outgoing beams, respectively; (b) 
coupling scenarios at the inclined interface illuminated from the prism side (forward case) and 

from the upper (air) half-space (backward case); circles - EFCs in ( ,U Vk k )-plane; straight 

lines – examples of construction lines: solid lines - coupling is possible, dashed lines - coupling 
is formally possible in the limiting case, and dotted lines - coupling is impossible. 

In the simulations, we use the value of 11.4ε =  for the rods. It is taken from the range, to 
which several materials applicable at the infrared do belong. Si is commonly used for 
fabrication that is the fundamental step in realization of practical devices. This material has 
the permittivity of 11.76 to 12.11 at the frequency range that extends from 50THz to 215THz 
(wavelength of 6 µm to 1.4 µm) [36]. It may be considered as a real material for all the cases 
presented in this paper. Si is (almost) lossless in the frequency range extending from 64THz to 
209THz, which corresponds to our designs. Thus, the use of zero-loss approximation in 
simulations is possible. Besides, GaAs ( ε = 10.24-11.42 at 50THz-215THz) and InP 
( ε = 9.48-10.11 at 50THz-215THz) [36] may also be considered as possible options for future 
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fabrication. Since results for solid uniform prisms should be used only for the comparison 
purposes, we do not consider here details of performance of the corresponding artificial 
materials. 

2.2 Case of very narrow equifrequency dispersion contours at 0 n 1< <  

First, we consider the case corresponding to lower-frequency part of the fourth lowest band of 
the PhC, where EFCs show a nearly circular shape and are substantially narrower than in air, 
see Fig. 2(e). In particular, the value of 0.22n =  corresponds to 179f =  THz ( 3.75ka = , 

/k cω= ). Depending on whether magnetic properties are shown by the PhC or not, the 
considered PhC may be associated with (but are not equivalent to) either ULIM with the same 
value of n  [37] or epsilon-near-zero (ENZ) material with 0.05ε =  [38]. It is noteworthy that 
ULIMs represent a more general class of artificial materials that also includes ENZ materials. 
Thus, we also consider the case of a solid uniform prism made of a homogeneous material 
with 0.22n = . For such a prism, ultrarefraction is expected to appear similarly to one of the 
cases studied in [31]. To demonstrate the basic features of asymmetric transmission, we first 
consider the case when the longer side (hypotenuse) and the shorter sides of the PhC prism 
represent ΓX and ΓM interfaces, respectively. The PhC prism is illuminated normally to the 
lower (here - ΓM) interface in the forward case and at the angle of 45°  to the upper (here - 
ΓX) interface in the backward case. 

 

Fig. 2. Electric field distribution at 179 THz ( 3.75ka = ): for PhC prism at (a) forward-case 
(here - ΓM interface) illumination and (b) backward-case (here - ΓX interface) illumination, 
and for non-magnetic ULIM prism with 0.22n =  at (c) forward-case (here - shorter-side) 
illumination and (d) backward-case (here - longer-side) illumination; yellow arrows in plots 

(a)-(d) show directions of beam incidence; (e) EFCs in ( ,U Vk k )-plane and construction 

lines: solid lines - EFCs for PhC at 3.6ka =  (dark-blue line), 3.675ka = (blue line), 

3.75ka =  (green line), 3.825ka =  (orange line), 3.9ka =  (brown line); dashed circle - 

EFC for the surrounding air at 3.75ka = ; A and B - construction lines at 3.75ka =  for 
the inclined interface in forward case and backward case, respectively. 

Results for field distribution, which are obtained at the Gaussian beam illumination, are 
presented in Fig. 2. In the forward case in Fig. 2(a), the injected beam refracts at the exit 
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interface according to Snell's law that leads to the outgoing beam propagating in quasi-normal 
direction, i.e. arcsin( sin ) 8.9nδ β= =  . Generally, coupling always occurs for transmission 
from the medium with a smaller value of n  to the medium with a larger value of n , see the 
left plot in Fig. 1(b) and Fig. 2(e). Thus, a Floquet-Bloch mode of the PhC is coupled to the 
outgoing wave in the forward case. In the backward case in Fig. 2(b), perfect rightward 
reflection is observed, since the maximal angle of incidence (with respect to the incidence 

interface), at which coupling would be possible at 0.22n = , is 
max

12.7γ =  . This is 

substantially smaller than the incidence angle of 45

, see Fig. 2(e). Hence, there is no 

transmission from the upper to the lower half-space, whereas the forward-case transmission is 
accompanied by the deflection of the outgoing beam. Thus, asymmetry in transmission is 
evident. This scenario is associated with single-beam unidirectional deflection, a regime that 
has earlier been studied in PhC gratings [14], ULIM gratings [18,19], and metamaterial slabs 
with one-side corrugations [21]. In contrast with the above-mentioned structures, in the 
studied prisms this regime is obtained without new transmission channels. It appears only due 
to inclining the ΓX interface. Clearly, the absence of coupling of zero and higher orders at the 
inclined interface in the backward case can be considered as the necessary condition of 
asymmetric transmission. However, although asymmetry can also appear when the backward-
case transmission is not vanishing, this case looks less interesting than that in Fig. 2. 

The scenario observed in the field maps in Figs. 2(a) and 2(b) is in good agreement with 
predictions based on the analysis of EFCs and construction lines shown in Fig. 2(e). Indeed, 
the construction line denoted by A crosses the EFCs of the PhC and air, leading to coupling 
and, thus, quite strong field above the prism. In turn, the construction line denoted by B does 
not cross the EFC of the PhC and, hence, there is no coupling and no field inside the prism. It 
is noteworthy that 0 0.4n< <  in the ka -range used in Fig. 2(e). 

Clearly, coupling of the wave incident from the upper half-space could be obtained by 
choosing the periodicity of the inclined interface such that the order 1m = −  is coupled. The 
minimal value of /S L a= , at which such a coupling is possible at fixed values of ka , γ , 

and n  (i.e. at least if the outgoing wave has the diffraction angle of / 2π− ) is given by 

 
min

2 / [ (sin )].ka nS π γ= +  (1) 

In turn, the minimal among the possible values of 
minS  is formally achieved at / 2γ π= , so 

that 

 
min

2 / [ (1 )].ka nS π= +  (2) 

At 3.75ka =  and 0.22n = , Eq. (2) gives 
min

1.37S ≈ . To compare, for a ΓM interface, we 

have 2L a=  and, hence, 2S = . Thus, coupling may occur in the considered case for the 

ΓM interface, provided that angle of incidence is large enough (also when 45γ > 
). In turn, 

for 45γ = 
, Eq. (1) leads to 

min
1.81 2S = > , i.e. a larger corrugation period is required 

than that of the ΓM interface. Finally, the downward propagation of the beam inside the PhC 

prism owing to the coupling of the order 1m = −  at 45γ = 
 in the backward case requires 

that 
min min

2 / [ sin (1 )] 3.04ka nS S π γ= − ==  . Moreover, this order will be the sole coupled 

order for 45γ = 
, if sin (1 ) (sin 1)n nγ γ− > + . Note that the above given estimates are 

obtained from a simple analysis of the EFCs, but its details are omitted here. 
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To compare, Figs. 2(c) and 2(d) present the results for a solid prism made of an ULIM 
with 0.22n = . Clearly, higher diffraction orders cannot appear in this case, because the 
interfaces are not corrugated. The comparison of Fig. 2(a) with Fig. 2(c) and Fig. 2(b) with 
Fig. 2(d) shows that the number and directions of the outgoing beams are the same. This 
means that refraction and reflection remain the basic effects, while scattering on the individual 
rods and diffraction on the entire structure insignificantly contribute to the resulting 
mechanism of directional selectivity. Note that the ultrarefraction scenario in Figs. 2(a) and 
2(c) is, in fact, the same as that shown in Fig. 11, in [31], where it has not been considered in 
connection with asymmetric transmission. It is important that the outgoing beams at the 
forward-case and the backward-case illumination do not interfere with each other, i.e. two 
processes are entirely independent. This feature is expected to be general for asymmetric 
transmission. Earlier, such independence of two processes has been found in the PhC gratings 
[14] and thin metallic gratings with a slit that may support surface waves [7]. For the prisms, 
it can be obtained without higher diffraction orders and surface waves. 

 

Fig. 3. Electric field distribution at 179 THz ( 3.75ka = ): for PhC prism at (a) forward-case 
(here - ΓM interface) illumination and (b) backward-case (wedge) illumination; for non-
magnetic ULIM prism with 0.22n =  at (c) forward-case (here – longer-side) illumination 
and (d) backward-case (wedge) illumination; for PhC prism at (e) forward-case (ΓX - interface) 
illumination and backward-case (wedge) illumination; yellow arrows show directions of beam 
incidence. 

Now, we change the PhC prism structure so that the longer and shorter sides have the ΓM 
and ΓX interfaces, respectively. Such a structure is obtained by stacking two prisms from Fig. 
2 along one of their shorter sides. The second modification compared to Fig. 2 concerns 
incidence for the both PhC and ULIM prisms. Now, the Gaussian beam is incident in the 
forward case at the middle of the ΓM interface, while the backward-case illumination 

corresponds to the 90

 corner between the shorter sides of the prism. This modification can 

be considered as the shift of the illumination area while stacking two identical prisms as 
proposed above. The results are presented in Fig. 3. The field distribution looks very similar 
to the case when two field maps from Figs. 2(a)-2(d) would properly be combined in line with 
that how the corresponding prisms are stacked. Accordingly, the asymmetric transmission 
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scenario differs from that in Fig. 2, whereas the dominant role of reflection and refraction in 
the resulting mechanism remains. Indeed, similarly to Fig. 2, all directions of the outgoing 
beams for the two opposite incidence directions do not coincide, being mainly determined by 
Snell's law. This enables the co-existence of two processes in two virtual multichannel circuits 
that may operate independently of each other. Although diffraction at the wedge is weak, fine 
structure of the outgoing waves can be affected by internal reflections from the left and right 
shorter side of the wedge. There are no qualitative differences between the cases of PhC prism 
in Figs. 3(a) and 3(b) and ULIM prism in Figs. 3(c) and 3(d). It is noteworthy that dual-beam 

splitting with the angle between the beams that is close to 180

 can be realized at the 

backward-case (wedge) illumination. To compare, Figs. 3(e) and 3(f) present the field 
distribution in the cases, which differ from Figs. 3(a) and 3(b) only in that the longer and the 
shorter sides of the PhC prism now have ΓX and ΓM interfaces, respectively. From the 
comparison of Fig. 3(a) with Fig. 3(e) and Fig. 3(b) with Fig. 3(f), it follows that there is not 
important how the interfaces are located with respect to the Brillouin zone boundaries. This is, 
however, quite expectable, because higher diffraction orders remain evanescent and do not 
affect the number and directions of the outgoing beams. 

2.3 Case of moderately narrow equifrequency dispersion contours at 0 n 1< <  

Next, let us consider the frequency range, in which EFCs of the PhC can be close to circular 
ones but simultaneously take new features that indicate disappearance of a pure isotropic-type 
dispersion. This occurs, for instance, for the same PhC and the same band as in Figs. 2(a), 
2(b), 3(a) and 3(b) but at larger frequencies. For example, at 207f = THz ( 4.335ka = ), 
nearly circular EFCs are located around Γ-point, but additional, smaller circular contours are 
located around M-point, see Fig. 4(e). Thus, both the former and the latter may contribute to 
the coupling. The value of 0.59n =  is obtained from the width of the EFC around Γ-point at 

4.335ka = , while the effect of the small EFC near M-point is ignored. Thus, the full 
equivalence between the PhC prism and the ULIM prism is not achieved in this case. Note 
that the cases of 0.22n =  and 0.59n =  might be not obtainable in one ULIM prism at the 
same frequencies as for the PhC prism. The results for the PhC prism at 4.335ka =  and for 
the ULIM prism at 0.59n =  are presented in Fig. 4. 

The maximal angle of incidence (with respect to the normal to the illuminated interface), 
at which coupling of the incident beam to a wave propagating inside a prism is possible at 

0.59n = , is 
max

36.2γ =  . For the PhC prism, coupling is also possible within a narrow 

frequency range at larger values of γ , which correspond to the small EFC around M-point. 
Asymmetric transmission in Fig. 4 is well pronounced for both the PhC prism and the ULIM 
prism. However, on contrary to the case of 0.22n =  in Fig. 2, the scenarios observed for 
these two structures show significant differences. In case of the PhC prism in Figs. 4(a) and 
4(b), the incident beam injection into the prism occurs due to the EFC located around Γ-point 
in the forward case [see the construction line A in Fig. 4(e)] and due to that around Μ-point in 
the backward case [see the construction line B in Fig. 4(e)]. However, scattering on the rods 
results in that the field is spread over a wide area inside the PhC prism. This behavior is 
associated with an open resonator. In the backward case, it leads to that the zero-order beam 
reflected at the ΓX interface is the sole outgoing beam, while there is no outgoing beam in the 
forward case. Thus, asymmetry appears in the considered multichannel transmission system 
without transmission through the prism. 

In the case of the ULIM prism, the scenario is different. It might look like that the 
differences between Figs. 4(a) and 4(c), on one hand, and between Figs. 4(b) and 4(d), on the 
other hand, are connected with the small EFC around M-point. However, this EFC can affect 
penetration into the PhC prism only in the backward case in Fig. 4(b). In turn, in the forward 
case in Fig. 4(a), the field is spread inside the prism only due to scattering on the rods, 
because the EFC located around Γ-point should provide coupling at both incidence and exit 
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(inclined) interfaces. At the same time, in the forward case in Fig. 4(c), we observe 
transmission from the lower to the upper half-space, similarly to Fig. 2(c). Since the incident 
beam characteristics are kept the same, the observed differences between Figs. 4(a) and 4(c) 
cannot be explained in terms of a finite angular spectrum. Moreover, in Fig. 4(c), there is no 
significant reflection from the inclined interface. Hence, the asymmetry manifestations 
strongly depend on whether the PhC prism or the ULIM prism is considered. 

 

Fig. 4. Electric field distribution at 207f = THz ( 4.335ka = ) for PhC prism at (a) 

forward-case (here - ΓM interface) illumination and (b) backward-case (here - ΓX interface) 
illumination, and for non-magnetic ULIM prism with 0.59n =  at (c) forward-case (here – 
normal, shorter-side) illumination and (d) backward-case (here – inclined, longer-side) 

illumination; (e) EFCs in ( ,U Vk k )-plane and construction lines: solid lines - EFCs for PhC 

at 4.25ka =  (dark-blue line), 4.3ka = (blue line), 4.335ka =  (green line), 

4.375ka =  (orange line), 4.425ka =  (brown line); dashed circle - EFC for the 

surrounding air at 4.335ka = ; A and B - construction lines at 4.335ka =  for the inclined 
interface in forward case and backward case, respectively. 

According to Eq. (1), coupling of the order 1m = −  may occur at 4.335ka = , 45γ =  , 

and 0.59n =  when 
min

1.12S = . The downward propagation of the beam inside the PhC 

prism owing to the coupled order 1m = −  at 45γ =   requires that 

min min
2 / [ sin (1 )] 5ka nS S π γ= = − ≈ . Note that 24.7δ =   in the forward case when 

45γ =  . In turn, the beam incident from the upper half-space can be coupled only at 

36.2γ <  . This comparison illustrates that the PhC prism and ULIM prism cannot always 
replace each other, even if higher diffraction orders are evanescent and zero-loss 
approximation is applied. 

Next, Fig. 5 presents the results for the PhC prism and the ULIM prism at 207f = THz 

( 4.335ka = ), when the longer and shorter sides of the PhC prism are associated with ΓX and 
ΓM interfaces, respectively. For the solid ULIM prism, we again take 0.59n = . Similarly to 
Figs. 2 and 3, the PhC prism in Figs. 5(a) and 5(b) is obtained by stacking two half-prisms 
from Figs. 4(a) and 4(b) along one of their shorter sides, while the illumination area is shifted. 
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Accordingly, all the features observed in Figs. 5(a) and 5(b) are inherited from Figs. 4(a) and 
4(b). In particular, the open-resonator type field distribution in Figs. 5(a) and 5(b), blocked 
transmission in Fig. 5(b), and two symmetrically outgoing beams in Fig. 5(a) should be 
noticed. A detailed analysis that is required to fully understand all details of the possible effect 
of the wedge is beyond the scope of this paper. In this concern, the studies of diffraction on 
the left-handed material wedge [39] and total internal reflection at the inclined interface of the 
PhC [40] should be mentioned and suggested for the use as entry point. Since higher 
diffraction orders do not contribute to the asymmetric transmission in Figs. 5(a) and 5(b), the 
use of ΓX and ΓM interfaces at the longer side and the shorter sides of the PhC prism, 
respectively, does not lead to a change in the number and directions of the outgoing beams 
(not shown), like in the situation illustrated in Fig. 3 for a smaller value of ka . 

 

Fig. 5. Electric field distribution for (a) backward-case (here - wedge) illumination and (b) 

forward-case (here - ΓM interface) illumination for PhC prism at 207 THz ( 4.335ka = ); (c) 
backward-case (here - wedge) illumination and (d) forward-case (here – normal, longer-side) 
illumination for non-magnetic ULIM prism with 0.59n =  at 207 THz; (e) and (f) same as 

(a) and (b) but at 209 THz ( 4.4ka = ); yellow arrows show directions of beam incidence. 

Similarly to the case of the PhC prism, the basic features observed for the ULIM prism in 
Figs. 5(c) and 5(d) are inherited from the stacked ULIM half-prisms, see Figs. 4(c) and 4(d). 
Correspondingly, transmission through the prism occurs only in the forward case. Variations 
in frequency may lead to a significant modification of the EFC, coupling, and field 
distribution, although the resulting scenario of asymmetric transmission remains the same. An 
example is presented in Figs. 5(e) and 5(f) for the same PhC prism as in Figs. 5(a) and 5(b) at 

209f = THz ( 4.4ka = ). One can see that the only significant difference compared to the 

case of 4.335ka =  is that now there is no significant field inside the prism at the forward-case 
illumination. 

2.4 Case of moderately narrow equifrequency dispersion contours at n 1>  

Finally, we consider the case when the EFCs of the PhC are circular but wider than in air, i.e., 
they correspond to a dielectric with 1n > , see Fig. 6. For the PhC prism, the case of 1n >  can 

#240304 Received 6 May 2015; revised 25 Jun 2015; accepted 27 Jun 2015; published 8 Sep 2015 
(C) 2015 OSA 21 Sep 2015 | Vol. 23, No. 19 | DOI:10.1364/OE.23.024120 | OPTICS EXPRESS 24130 



be obtained, for instance, at the upper edge of the lowest band. Field distribution is presented 
in Fig. 6 for 64f = THz ( 1.34ka = ), at which the EFCs of the PhC correspond to 1.68n = , 

while / 0.213a λ =  and / 0.085d λ = . Accordingly, the solid uniform prism is assumed to be 
made of a dielectric material with 1.68n = . 

 

Fig. 6. Electric field distributions at 64 THz ( 1.34ka = ): for PhC prism at (a) forward-case 
(here - normal, ΓX interface) illumination and (b) backward-case (here - wedge) illumination, 
and for solid dielectric prism with 1.68n =  at (c) forward-case (here - normal, longer-side) 
illumination and (d) backward-case (here - wedge) illumination; yellow arrows show directions 
of beam incidence; (e) EFCs in ( ,

x yk k )-plane and construction lines: solid lines - EFCs for 

the PhC at 1.1ka =  (dark-blue line), 1.225ka = (blue line), 1.34ka =  (green line), 

1.45ka =  (orange line), 1.575ka =  (brown line); dashed circle - EFC for the surrounding 

air at 1.34ka = ; A and B - construction lines at 1.34ka =  for the inclined interface in 
forward case and backward case; thick straight dashed line schematically shows the inclined 
(here - ΓM) interface at 0x > . 

It is seen that transmission through the prisms tends to vanish in the forward case, while 
two symmetrically outgoing beams appear in the backward case. Thus, asymmetry in 
transmission is evident. There is no principal difference in the field maps for the PhC prism 
and the solid dielectric prism. In the backward case, refraction at the sides of the wedge is the 
main effect contributing to the resulting mechanism. For the PhC prism, scattering on the 
individual rods and diffraction on the wedge are not expected to contribute significantly. This 
is a reason why two identical beams appear inside the prism. Each of the beams is connected 
with a part of the illuminated area at either the right or the left side of the wedge. At the exit 
interface, the angular separation of the two beams is enhanced, because the exit medium (air) 
is less dense. In terms of the beam directions, the scenario observed in Fig. 6 looks identical to 
transmission-mode unidirectional splitting that has been studied earlier for the nonsymmetric 
PhC gratings [14,15]. However, now higher orders do not contribute, whereas asymmetry in 
transmission is achieved due to orientation of the prism interfaces. In the forward case in Figs. 
6(a) and 6(c), the incident beam penetrates into the prisms but is very weakly transmitted to 
the upper half-space. Indeed, transmission is blocked owing to the (nearly) total internal 
reflections at the wedge [40]. In fact, reflections from the wedge's left and right sides lead to 
that the beam energy can be directed back to the source. Analysis of reflections at the wedge 
is omitted here. It is noteworthy that for the PhC prism refraction and reflection features, 
which are observed at the wedge for both forward-case and backward-case illumination, are in 
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good agreement with the predictions based on the EFCs results, see Fig. 6(e). Indeed, since 
the construction line A crosses the EFC for the PhC but does not cross the EFC for air, there is 
no coupling at the inclined interfaces in the forward case. In turn, the construction line B 
crosses the EFCs for both the PhC and air that enables coupling at the parts of the inclined 
interfaces, which are located near the wedge, in the backward case. 

3. Conclusions 

To summarize, we studied directional selectivity arising when the Gaussian beam is incident 
on a single PhC prism and a single solid uniform prism at two opposite directions. Compared 
to the earlier studies of asymmetric transmission in prism based configurations, incidence on 
the corner (wedge) was utilized as a counterpart of the considered mechanism, in which 
refraction and reflection play the main role. The scenarios of asymmetric transmission for the 
prisms based on a PhC with nearly circular EFCs that correspond to the index of refraction 
0 1n< <  and on an ULIM with the same value of n  can be identical. On the other hand, it 
can be possible that substantial differences between two prisms regarding field distribution 
and directional selectivity can appear, when EFCs (slightly) differ and/or scattering on the 
rods comes into play. The studied scenarios of asymmetric transmission are affected by 
neither diffraction on the prism wedges nor higher diffraction orders. In particular, the 
regimes of unidirectional splitting and single-beam unidirectional deflection, which have 
earlier been studied in the nonsymmetric PhC gratings in the context of the diffraction 
inspired mechanism of asymmetric transmission, can be obtained in the prism configurations 
without contribution of higher diffraction orders. Thus, corrugations in the gratings and 
inclining interfaces in the finite-size prisms can play the same role. What is even more 
interesting is that the strongly pronounced asymmetry in transmission can be obtained in the 
PhC prisms when nearly circular EFCs correspond to 1n > , and in the solid uniform prisms 
made of a dielectric with the same value of n . The obtained results show that Snell's law can 
be a powerful tool for the qualitative analysis of asymmetric transmission. Different scenarios 
of asymmetric transmission can be obtained within different bands in one PhC prism, or even 
within the different parts of the same band. These bands may include those with isotropic-type 
and anisotropic-type dispersion. Generally, PhC prisms might show a wider variety of the 
operation regimes than uniform prisms. It is noteworthy that all the effects studied in this 
paper are realized for simple geometries by using quite usual materials. In spite of that 
nonreciprocal effects cannot be obtained in the framework of the used mechanism, the 
possibility of obtaining strong directional selectivity is evident. Since zero-loss approximation 
has been utilized, the PhC prisms that consist of Si or GaAs rods can be rescaled for lower 
operation frequencies. The next step toward practical realization can be connected with 
transferring the suggested concept to PhC slabs. For future applications, it can also be 
important that the selectivity can appear in one configuration together with other regimes 
known for PhC prisms, e.g. ultrarefraction and negative refraction. Furthermore, more 
complex geometries can be suggested that are promising from the point of view of advanced 
functionalities. Some of them are planned to be studied in one of our forthcoming papers. 
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