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Abstract: We will show that broadband unidirectional optical transmission
with a total transmission maximum inside the band can be obtained for
linearly polarized incident waves in the nonsymmetric photonic crystal
gratings made of isotropic linear materials at a fixed nonzero or zero angle
of incidence. Being based on the merging of diffraction and dispersion
effects, the basic physical mechanism studied exploits the transmission
channels associated with higher orders, for which asymmetry in the
coupling conditions at the two grating interfaces appears when spatial
inversion symmetry is broken. Total transmission in one direction and zero
transmission in the opposite direction can be obtained due to hybridization
of Fabry-Perot type resonances with a diffraction anomaly that yields a
diode-like operation regime. Single-beam deflection and two-beam splitting
can be obtained, for which transmission can be (nearly) total, if the
corrugated side is illuminated. In contrast to the previous studies, it is also
shown that unidirectional transmission can appear only at a fixed frequency
and only due to diffractions, when total transmission occurs at the
noncorrugated-side illumination, being in agreement with the Lorentz
Lemma.
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1. Introduction

Diode-like optical transmission is usually associated with the use of anisotropic [1-4],
nonlinear [5,6], or gain-loss [7] materials. Single-channel diffraction-free unidirectional
transmission is often expected to require the simultaneous breaking of time-reversal and
spatial inversion symmetries. For example, strongly pronounced unidirectional transmission
has been observed in a stack of two two-dimensional photonic crystals (PCs) that are made of
gyromagnetic materials [1,4]. On the other hand, searching for asymmetric reciprocal (in
sense of the Lorentz Lemma) transmission, i.e., that obtainable without using anisotropic or
nonlinear materials has been a focus of interest for a long time. Chiral structures are known to
enable a well pronounced asymmetry in transmission [8] and isolation for certain polarization
states [9,10]. Complete optical isolation can also be achieved dynamically due to the temporal
modulation of the refractive index in a linear photonic system [11]. Nonmagnetic optical
isolators can be obtained in the structures that contain two modulators, in which a desired
phase shift for co- and counter-propagating waves is achieved due to temporal modulation of
bias voltages [12].

On the other hand, PCs made of isotropic linear materials show a rich variety of
dispersion types, which are associated with the intriguing phenomena like negative refraction,
focusing, superprism, and collimation [13]. Recently, it has been suggested to utilize the
combination of some of the dispersion features with the effect of curvilinear interface(s) of
the PC in order to obtain one-way transmission regimes [14]. In particular, it has been
demonstrated that strong directional selectivity, i.e., strong forward-to-backward transmission
contrast can be obtained in the gratings based on square-lattice dielectric PCs, whose spatial
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inversion symmetry is broken due to that the corrugations are either different at the two sides,
or placed at one of the sides only. It needs a proper combination of the umklapp scattering
relevant asymmetry in coupling and dispersion, creating new transmission channels that
might be open in a one-way manner. For this mechanism, the forward transmission, i.e., from
half space I, which is bounded by the corrugated interface, to half space II, which is bounded

by the noncorrugated interface, can be significant (transmittance 7~ <1 and reflectance
R~ <1), while backward transmission is blocked (T~ =0 and R =1) at the same angle of

incidence, =607 =6°, which is measured in the same, e.g., clockwise direction with
respect to the normal to the incidence side. Hence, an extremely strong asymmetry in
transmission can be achieved.

According to [14], for this diode-like asymmetric transmission mechanism, the dispersion
in the PC has to ensure that the specular (zero) order is not coupled to a Floquet-Bloch (FB)
wave of the PC. This is a key condition that is required for its existence. In turn, umklapp
scattering is responsible for the multichannel nature of this mechanism. At least one higher
order must propagate in air and must be coupled to a FB wave, but only if the corrugated side
is illuminated. Hence, at least two propagation channels are required to be open in air half
spaces, each being connected with a certain diffraction order. At the same time, all the orders
(zero and higher) are uncoupled at the noncorrugated-side illumination. In terms of the nth-

order diffraction efficiencies in transmission (partial transmittances), 7~

n

and 77, a
nonsymmetric dielectric grating allows one obtaining a partially asymmetric transmission,
because 1" #¢° at |n| >0 (asymmetric component) and ¢,” =¢,; (symmetric component) at

6 =607 =6 . However, wideband suppression of the symmetric component cannot be
achieved in the general case. Using a PC instead of a solid dielectric, one can obtain extreme

asymmetry in transmission, i.e., unidirectionality with ¢, =z, =0, while ¢, =0 for all n in

wide ranges of variation in frequency and angle of incidence. Thus, 7 =0, but T~ >0 due
to extreme conversion of the incident wave energy into that of higher diffraction orders

(|n| > 0), which are efficiently coupled to a FB wave. For the diffraction inspired mechanism

of asymmetric transmission, all the waves keep linear polarization.

The first experimental results have been obtained to validate this mechanism in PC
gratings in the microwave regime [15]. Later, the same idea has been utilized in sonic
crystals, for which the experimental validation has also been done [16]. Recently, the
structures with the diffraction relevant asymmetric transmission have been reported that are
designed to operate at optical frequencies [17]. In fact, it does not matter whether one-
dimensional, two-dimensional, or three-dimensional PC is taken to obtain a PC grating. For
example, similar transmission features have been found in the structures that comprise a slab
of one-dimensional PC and a dielectric grating placed at one of the interfaces [18].
Unidirectional transmission that exploits the combination of the dispersion and diffraction
effects has been demonstrated in the compact (less than one free-space wavelength thick)
structure that is based on the stacked hole arrays with one-side corrugations [19]. Similar
unidirectional transmission in the beaming regime has been obtained in the nonsymmetric
gratings with a single subwavelength slit, where it is connected with the asymmetry in
excitation of spoof surface plasmons at the input and exit interfaces [20,21]. The exactly
diode regime, i.e., that with total transmission in one direction has not been reported yet.

In this paper, we will show that fotal unidirectional diode-like transmission, with 7~ =1
and T =0, can be obtained in the nonsymmetric PC gratings owing to the umklapp
scattering relevant coupling, for s-polarized incident light at the plane-wave approximation. It
can occur at some angles of incidence and frequencies taken from a wide range, for which
T7 <1 and T =0, at least in case of (near-)square-shaped isofrequency dispersion

contours (IFCs) like those known from the studies of negative refraction, imaging and spatial
filtering in PCs [22-24]. A different number of the propagating beams can be involved in the
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transmission also at 7~ =1 and T~ =0, leading to various regimes of asymmetric
transmission, e.g., two-beam unidirectional splitting and single-beam unidirectional
deflection. In contrast with the earlier studies, similar regimes but with T~ =1 and T~ =0
will also be demonstrated at some frequencies, at which zero order is coupled to a FB wave at
the input side, but zero-order transmission is suppressed in the exit half space due to the
peculiar diffractions. Consideration is restricted here to the square-lattice PCs composed of
circular dielectric rods. The diffraction angles, ¢,” and ¢, are measured in the counter-
clockwise direction with respect to the normal to the incidence side for the reflected waves,
and in the clockwise direction with respect to the normal to the exit side for the transmitted
waves. Diffraction results have been obtained by using Coupled Integral Equation Technique
[25]. CST Microwave Studio [26] has been used for the calculations of the dispersion of FB
waves.

2. Dispersion and coupling scenarios

First, let us review the coupling scenarios which are associated with the different coupling
conditions at the interfaces of a nonsymmetric grating. The condition of the uncoupled zero
order limits the appropriate values of @ and determines the appropriate PC IFC shapes. One
more condition that is required for the unidirectional transmission is that the higher order may
be coupled to a FB wave at one of the interfaces only. Four typical coupling scenarios, which
fulfill these conditions, are demonstrated in Fig. 1 by using the repeated zone diagram and
construction lines, also see Refs [14,15]. IFCs of PC are assumed to be around (a) I" point, (b)
X point, (¢) M point, and (d) I" and M points. Locations of the construction lines correspond
to

k" =(w/c)sin@+2zn /L, (1)

where n is the order index and L is the grating period. Coupling occurs when a construction
line crosses an IFC, so that k  is conserved. Only those crossing points may contribute to the
transmission, which satisfy the causality principle.

Figure 1(a) demonstrates the coupling scenario in the case of circular IFC of PC. In fact, it
corresponds to an isotropic material with the refractive index 0 <N <1, e.g., a Drude metal
above the plasma frequency, or a wire medium above the effective plasma frequency [27-29].
The construction lines are plotted in Figs. 1(a), 1(b), and 1(d) for a value of =07 =6 #0,
at which the beam of the order n =—1 is only coupled to a FB wave. In Fig. 1(c), the
construction lines correspond to 8 =6~ =6 =0, so that the both beams with n =—1 and
n =+1 are coupled. In turn, there is no coupling at the noncorrugated-side illumination. The
IFC shapes, which are similar to but distinguished from those in Fig. 1, e.g., those for anti-
cutoff media [30], are also appropriate. This mechanism of unidirectional transmission cannot

appear in the nonsymmetric dielectric gratings, since if a higher order (|n| >0) is coupled to a

wave propagating in the grating material, then zero order (n =0) is always coupled, too.

In order to obtain the unidirectional deflection regime at 6 # 0, at least one higher order
must propagate in air due to the corrugated interface [14], that can be considered as a
compensation for the lack of anisotropic or nonlinear constituents in the proposed
performances, see Figs. 1(a), 1(b), and 1(d).
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Fig. 1. Coupling scenarios, at which the unidirectional transmission can be obtained: green
solid line — IFC of PC; blue dashed circle — IFC in air; dotted lines — construction lines; “0”, “-
1” and “+1” denote n; “+” and “—* at the plot top indicate that the corresponding order that
propagates in air is coupled or not coupled to a FB wave, if the corrugated side is illuminated;
“—*“and “X” at the plot bottom indicate that the corresponding order may propagate in air but
is not coupled or evanescent, if the noncorrugated side is illuminated; IFCs of PC are located
around (a) I" point, (b) X point, (c) M point, and (d) I" and M points.
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Fig. 2. Diffraction scenarios corresponding to unidirectional transmission in nonsymmetric PC
gratings: (a) deflection and (b) splitting in the direct (forward) transmission regime, and (c)
splitting in the inverse (backward) transmission regime.

If more than two orders may propagate in air, splitting with non-equal transmittances can
appear in this regime. At =0, deflection occurs in the unidirectional splitting regime,
where any two of the symmetrically deflected higher-order beams show the equal
transmittances, see Fig. 1(c). In order to obtain 7 =0, the noncorrugated interface should
not allow the unwanted higher orders to propagate in air. Since all the constituents are
isotropic and linear, transmission has to be reciprocal according to the Lorentz Lemma [31].
To observe the reciprocity, the PC grating could be illuminated from the noncorrugated side
at 0 =¢°, where ¢ is the diffraction angle of the nth-order transmitted beam at the

corrugated-side illumination, which is given by

¢ =sin"'[sin@” +27zn / kL]. )
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Fig. 3. Transmittance ¢, =t =t (a), £, (b), and 1 (c) at P=12, & =114, and
dla=04;1t =t =t (d), 1 (e), and t: (Hat P=12, ¢ =9.61, d/a =045, and

benchmark corrugations, direct regime.

Angle (deg)

Angle (deg)
Angle (deg)

Fig. 4. Same as Fig. 3 but for another range of @ variation, inverse regime.
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T~ =t7 =T and R~ =1-T at §=6", single-beam unidirectional deflection should

also appear in the inverse regime, i.e., T =t =T and R =1-T at 6=0 =¢. The
beam diagrams are presented in Fig. 2 for the coupling scenarios that correspond to Fig. 1.
The following cases are schematically illustrated: single-beam unidirectional deflection (a)
and two-beam unidirectional splitting (b) in the direct regime (transmission is nonzero only if
the corrugated interface is illuminated), and (c) unidirectional deflection in the inverse regime
(transmission is nonzero only if the noncorrugated interface is illuminated). One can see that
the scenario presented in Fig. 2(a) needs asymmetry in coupling like that in Figs. 1(a), 1(b),
and 1(d). In turn, the scenario in Fig. 2(b) corresponds to Fig. 1(c). Finally, the scenario in
Fig. 2(c) cannot be predicted by using IFCs. It is expected to appear as a consequence of the
reciprocity, as has been discussed above.

3. Results and discussion

Comparison of the unidirectional transmission efficiency for different IFC shapes (not
presented) shows that for the purposes of realizing a single-beam unidirectional total
transmission, the (near-)square-shaped IFCs, as in Figs. 1(c) and 1(d), are most appropriate.

Figure 3 shows ¢, _,, and ¢, for the two twelve-layer structures (P =12 ), in the ranges of

kL and @ variation, where single-beam unidirectional deflection is observed in the direct
regime, i.e., when strong higher-order transmission occurs if the corrugated side is
illuminated, while transmission is vanishing if the noncorrugated side is illuminated. ¢ and
d/a denote the relative permittivity of the rods and the ratio of rod diameter to PC lattice
constant, respectively. Corrugations are obtained by removing every second rod from one of
the interface layers of the noncorrugated P-layer PC, which we refer to as the benchmark
corrugations (L =2a ). Such non-deep corrugations are expected to be more preferable than
those used in [14], since the transmission features associated with the Fabry-Perot resonances
should be better pronounced. Right and left arrows in Fig. 3 and in all the next figures
indicate that the corrugated side and the noncorrugated side are illuminated, respectively. At
the same time, smaller L/a than in [14] should make the suggested structures less sensitive to
the incident beam width.

A broadband diode-like transmission is observed in Fig. 3 within the area that is

approximately bounded by a white dashed line. Here, T~ =t <1 but T'“ =0, since
t; =t,” =0. Adjusting lattice parameters, one can vary width and location of the mountain
of ¢, for which the incident plane-wave energy can be entirely converted to that of the first-

negative-order transmitted beam, i.e., 7~ =t =1. This possibility is very important for
practical applications. The obtained simulation results show that this regime is realizable
while PC lattice parameters are taken from a rather wide range, e.g., 5<¢&, <12. The range

of variation of d/a from 0.25 to 0.55 is recommended to consider first in order to find a
unidirectional transmission regime. Usually, P >5 is required. However, using an arbitrary

combination of ¢, , d/a, and P does not ensure the existence of the regime with 7~ =1 and
T =0.

In Fig. 3, the unidirectional transmission can be predicted by the analysis of the IFCs and
construction lines, which are similar to those in Fig. 1(d). The single transmitted beam

(n=-1) is negatively deflected, i.e., sgn¢  #sgng, . The corresponding transmission
channel is open due to the coupling of the FB wave, for which the IFCs are the near-square
shaped and located around I point. In our case, they indicate the left handedness (S-k" <0
where S is Poynting vector and k" is wave vector of a FB wave), while positive refraction is
mimicked at the corrugated (here - incidence) interface. In order to estimate the range of ¢,
variation that corresponds to the strong unidirectional transmission, we use Eq. (2). For the
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data in Fig. 3(b), we obtain ¢ ~—-26° at kL =62 and #=35", and ¢, =~-10.3° at
kL =6.3 and 6€=55". For Fig. 3(e), Eq. (2) yields ¢ ~—-21° at kL =6.09 and 6=42°,
and ¢ ~—12° at kL =6.12 and 6 =55°. The alternating mountains and valleys observed in
the transmittance maps appear owing to the Fabry-Perot type resonances. Here, the regime of
T~ =1 might be connected with hybridization of one of the resonances and peculiar
diffractions.

The Lorentz reciprocity [31] forces the unidirectional transmission to appear at a fixed 8
in the inverse regime, e.g., when T“ =7 =1 and T~ =0. Figure 4 presents the
transmittance maps obtained at the same parameters as in Fig. 3, except for the used range of
@ variation. As expected, the unidirectional transmission in plots (a), (c), (d), and (f) occurs
inside the area bounded by white line. The Lorentz reciprocity relevant similarity of the maps
of t7] in Fig. 3(b) and | in Fig. 4(c) is clearly seen. It is observed also for 77} in Fig. 3(e)

and 7% in Fig. 4(f). In particular, T~ = =1 is achieved in Fig. 4(c) at 8 =¢_, where
¢, is the angle of diffraction of the first negative order at the mountain of 7~ =¢_; in Fig.
3(b), for the kL value at which ] =1. The same remains true for the regimes with 77 =1 in

Fig. 3(e) and ¢, =1 in Fig. 4(f). It is noteworthy that zero order is coupled now to the FB

wave at the incidence interface in the inverse regime. Then, the corresponding transmission
regime can be interpreted in terms of a two-way Fabry-Perot resonance relevant transmission
in a single curvilinear (bended) transmission channel. If one has a higher-order transmittance
map that corresponds to the direct single-beam transmission regime, the map can immediately
be plotted for the same order in the inverse regime by solving Eq. (2) for the values of 6 .
At the same time, the studied PC gratings are nonreciprocal in a wider sense, since forward
and backward transmittances are not equal.

According to the obtained results, the effect of the corrugated exit interface manifests
itself in the superefficient, i.e., entire transformation of the energy of the wave(s), which
propagate in the PC due to the ideal coupling of zero order to a FB wave at the noncorrugated
input interface, into the first-order transmitted beam. In contrast with the direct regime of
unidirectional transmission where 7, =0 in a rather wide kL range around the kL-value at

which ¢7 =1, now f,#0 around the kL-value at which ¢ =1. As a result, the

unidirectional transmission “point” appears in the inverse regime instead of a unidirectional
transmission band, as it occurs in the direct regime. Thus, the latter should be preferable to
fulfill requirements to the practical devices. The inverse regime may occur but has not yet
been studied in various structures with the broken spatial inversion symmetry, which are
suggested to operate at the frequencies from acoustic to optical ones, e.g., see [15-19]. One

should note in Figs. 3 and 4 that 7, can be substantially larger than ¢, and ] beyond the

unidirectional transmission range.

To better illustrate the basic transmission features of the single-beam unidirectional
deflection regime, Fig. 5 presents the transmittance as a function of kL for the corrugated-side
[plots (a), (d), (g)] and noncorrugated-side [plots (b), (e), (h)] illumination, and reflectance for
the noncorrugated-side illumination [plots (c),(f)], at fixed €. Here, the lattice and corrugation
parameters are the same as in Figs. 3 and 4. In Figs. 5(a) and 5(b), the unidirectional

transmission is observed in the vicinity of kL =6.25, i.e., when ka=7x. At kL =6.25,
T7=t;=1and T =0 in the direct regime, while the angle between the incident and

outgoing beams is Q” =7—-07 +¢ ~118°. In Figs. 5(d) and 5(e), it occurs in the vicinity
of kL =6.1, i.e., when ka<z. At kL=6.11, T” =t =1 and T =0 in the direct

regime, while Q7 ~116°. Figures 5(g) and 5(h) demonstrate unidirectional deflection in the
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inverse regime at =60~ =60, where 8 =—17.3° is the same as ¢ at kL =6.11 in Fig.
5(d). The Lorentz reciprocity [31] results in that 7~ =¢“ =1 and T~ =0 at kL =6.11, but

t, remains quite large in the vicinity of this unidirectional “point”.
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Fig. 5. Transmittances t: and T~ (a,d,g), t: and T (b,e,h), and reflectances r< and

n

R (cf) at P=12 and benchmark corrugations; (a)-(c): g =114, d/a=04, and
0=43"; (d)-(N): & =9.61, d/a=045,and 6 =47"; (gh): & =9.61, d/a=045, and
6 =—17.3"; blue solid line — n = 0, red dashed line — n = —1, cyan dotted line— T~ (a,d,g),
T (beh), and R (c,f); asterisk denotes the cases of 7~ =1 (a,d)and T° =1 (h).

inc
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{fw) \ r
t .1\ 0

Fig. 6. Diffraction scenario with the two beams that are simultaneously incident from the
corrugated and noncorrugated sides in the opposite directions; fw and bw stand for the forward
and backward cases, respectively.

In addition to the unidirectional transmission, the isolation takes place here, which is
understood in the sense of the lack of interference between the two diffraction processes that
is observed at the simultaneous illumination of the PC grating from the two sides being
opposite to each other. The existence of this regime is clearly seen from the comparison of
Figs. 5(a) and 5(c), and Figs. 5(d) and 5(f). In the former case, this occurs at

6.09<kL <649, where T~ =t;, R =r,=1, and R” =r,+r], so that all the

1 -1
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transmitted and reflected beams propagate in different directions. In Figs. 5(d) and 5(f), this
occurs at 5.94 < kL < 6.29 . Inside this range, i.e., at kL =6.11, there are only two outgoing
beams — one transmitted and one reflected, while the angle between them is 30°. Similarly,
there are only two beams at kL =6.25 in Figs. 5(a) and 5(c). To demonstrate the main idea of
the isolation regime, Fig. 6 presents a diagram that schematically shows the corresponding
diffraction scenario.

High transmittance can be obtained in the direct and inverse regimes also for the two-
beam unidirectional splitting which occurs at € =0 . Three examples are presented in Fig. 7.

In Fig. 7(a), T~ =t +t] at 8.44<kL <9.38, while T © <5%x107. Here, maxT ~ =0.95
at kL =9.15 where ¢,/ =+43°. In this case, the IFCs and construction lines are similar to

those in Fig. 1(c), and diffraction scenario is the same as in Fig. 2(b). Although 7~ =1 is not

achieved, the unidirectional transmission with 7 ~ > 0.9 is now more broadband and, thus,
the PC grating should be weaker sensitive to the possible nanofabrication inaccuracies than

those in Figs. 3 and 4. Unidirectional transmission with 7~ =1 and 7 “ ~ 0 can be obtained
in the direct regime at the edge of the range of T~ #0, as shown in Fig. 7(b). Here,
T =t7+t;#0 at 11.3<kL <124, while T < 4.5%x10™ However, there is no wide

unidirectional range with high transmittance, e.g., with T~ >0.75. Thus, a compromise
between the maximum value of 7~ and unidirectional range width is required, being
dependent on the peculiarities of a certain application. In the inverse regime, one can obtain
T =t+t{,=1and T~ =0 ata certain kL value (unidirectional “point”), while zero-order
transmission is well suppressed around this kL value, see Fig. 7(c). For this performance, the

total-transmission peak is even less sharp than in the direct regime in Fig. 7(b), making it a
promising candidate for practical applications.
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Fig. 7. Transmittances t: and T~ [plots (a),(b)], and t; and T° [plot (c)] for the PC

grating with corrugations obtained by removing every second rod from all of the eight layers
(a) and one layer (b) that are adjacent to the corrugated (here - illuminated) interface, and (c)
from all of the four layers that are adjacent to the corrugated (here - exit) interface, L =2a ;

g’_:5.8, P=12, 6=0,(ac) d/a=0.4, () d/a=0.31; blue solid line — n=0,red

dashed line — n = -1, cyan dotted line — T~ [plots (a),(b)] and T [plot (c)]; asterisk denotes
(@) maxT~ >09,(b) T  =1,and(c) T =1.

4. Conclusions

To summarize, strongly asymmetric transmission with a high forward-to-backward
transmission contrast can be obtained by using conventional linear isotropic materials,
provided that at least one additional transmission channel is open that differs from that is
directly associated with the incident wave. In this paper, we demonstrated that the
unidirectional diffraction relevant total optical transmission can be obtained in the PC
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gratings with the broken spatial inversion symmetry that are made of linear isotropic
materials. The basic mechanism of the strongly asymmetric transmission, which is studied
here, is connected with the umklapp scattering at the corrugated input interface that can result
in the appearance of one-way transmission channel(s). In contrast with the earlier studies, it
was shown that the foral transmission can be achieved at the corrugated-side illumination in
both diode-like regimes, which we focused on, i.e., single-beam unidirectional deflection and
two-beam unidirectional splitting. For the both regimes, total transmission is obtainable also
at the noncorrugated-side illumination, provided that the single (in fact, two-way)
transmission channel in the PC is connected with zero order, but zero-order transmission is
suppressed in the exit half space. For the second regime mentioned, a higher transmittance
with a relatively wide maximum occurs at the noncorrugated-side illumination, while a
broader band was obtained at the corrugated-side illumination. Studies are in progress, which
are aimed to infer the dominant physics of the unidirectional total transmission in order to
develop a design oriented semi-analytical model. Finding PC grating performances with a
broadband unidirectional total transmission will be a subject of future studies. The suggested
operation regimes are promising for the design of new diode-type devices in a wide frequency
range that includes not only optical but also microwave and acoustic frequencies.
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