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counter propagating ultrasound waves 
 

A.H. Gevorgyan1,2*, H.K. Gabrielyan2, A.R. Mkrtchyan2,3* 
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Oblique light propagation through the gyrotropic metamaterial layer which is located in the field 

of two ultrasound waves is considered. The problem is solved by Ambartsumyan's layer addition 

modified method. It is shown that the considered system can work as a tunable optical diode. 

The possibilities of tuning of the system parameter are discussed by ultrasound wave parameters 

changing. 

 

Key words: acousto–optics, photonic band gap, optical diode, chiral photonic crystals, 

metamaterials, diffraction.  

 

1. Introduction 

Recently a quite rapid development is seen in photonics – a science which is the 

analogue of semiconductor electronics, which however uses photons instead of electrons for 

signal transmitting. Photonics deals with signal processing, aiming to increase signal rate and 

decrease power inputs of devices and etc, to reach, in particular, speed capability and 

miniaturization of the devices. However electrons are charged and they also can be controlled by 

external fields (electric, magnetic and others), while photons (having no charge) can be 

controlled by tuning the media parameters. This is the reason of the increased interest towards 

creating a new materials, particularly, photonic crystals (PC) and metamaterials, exactly with 

tunable parameters [1–5], and also towards development of the methods and mechanisms of 

material parameters tuning. PCs and metamaterials can be divided into two groups: solid PCs 

and  metamaterials  that differ by  their  inappropriate  elasticity  and  controllability  by  external  
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fields, which significantly limits their wide use, because after fabricating such environments 

their parameters practically cannot be changed. The second group includes soft PCs and 

metamaterials. Most famous representatives of soft PCs are cholesteric liquid crystals and blue 

phases.  

Media parameters’ tuning in wide limits is possible in various ways. Indeed, the concept 

of the metamaterials is applied not only to electromagnetism and optics, but also to other 

spheres, particularly in acoustics. In electronics electrons are controlled, but in photonics photons 

are controlled, and in acoustics phonons are responsible for propagation of the sound and 

warmth, hence, these are subject to control in this field. Recently a quite rapid development has 

seen in a new field in materials science, namely the science of acoustic metamaterials [6, 7] (see 

also the literature and references cited in it). The concept of the metamaterials spreads far 

through the negative refraction, giving huge ability of choice of material parameters for various 

applications and methods of controlling these parameters. This circumstance exactly stimulates 

an exposure of new investigations in acousto–optics [6] (see also the literature and references 

cited in it). There appears ability of controlling photons by acoustics, but with help of controlling 

material parameters by acoustic waves in much larger intervals of modulation depth. The 

wavelength of acoustic waves also can be controlled in wide ranges [6, 7]. In contrast to 

mechanical fabrication technique, which is usually applied or fabrication of 1D [8] and 2D [9] 

solid acoustic metamaterials, the technique of soft material is very perspective for working out 

new acoustic metamaterials [10], having the following advantages: they are macroscopically 

isotropic, unlike the variety of famous acoustic meta–liquids with anisotropic inertness [11, 12]; 

they possess wide multi functionality [13] and potential controllability in wide limits [14]  etc.  

Chiral acousto–optical metamaterials have special interest because of their richer optical 

properties. Optical properties of natural and artificial gyrotropic (and some non–gyrotropic) PCs 

are discussed in [15–36] (see, also references cited therein). 

In this paper the oblique light propagation through the chiral acousto–optical 

metamaterial layer located in the field of two counter ultrasound waves is considered (Fig.1), but 

here the case large gyrotropic parameter (as it always happens with gyrotropic metamaterials) 

will be considered taking into account that the parameters of these media can be controlled with 

help of acoustic waves in unusually large intervals (in contrast to the natural crystals).  
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Fig. 1. The geometry of the problem. 

 

2. Theory 

Let us consider the reflection and transmission of light through a finite layer of an 

isotropic chiral PC on the base of acoustic–optical metamaterial located in an ultrasound field. 

Let the medium layer occupy the space between the planes z = 0 and z = d (d is the layer 

thickness). Two plane ultrasound waves propagate along the axis z. The ultrasound waves 

convert the parameters ,  and   into functions of the coordinate z ( and  are the layer 

dielectric permittivity and magnetic permeability, and  is the parameter of the natural gyrotropy 

of this layer). Here we assume the following dependences for these parameters’ changes: 
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where 1, 1,  1 and 2, 2,  2  are the modulation depths of the corresponding parameters 

and though they are assumed to be less than the unit, but still significantly large, 1,2
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, and  

1,2 are the ultrasound wavelengths.  

Let us expand the components of the amplitudes of the electric fields of the incident, 

reflected and transmitted waves into the projections parallel (p–polarization) and perpendicular 

(s–polarization) to the incident planes: 
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where the indices i, r and t denote the incident, reflected and transmitted waves, respectively, and 

pn  and sn are the orts of p– and s– polarizations.  
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We present the problem solution in the form: 
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 where R̂ and T̂ are the 2x2 reflection and transmission matrices of the system.  

We carry our calculations as follows. First, we calculate the reflection and transmission 

matrices for the medium sublayer of the thickness equal to the wavelength of the ultrasound 

wave. For this purpose we divide the thickness d into a great number of narrower sub–sublayers 

with thicknesses: d1, d2, d3,,,…..,dN. If their maximal thickness is small enough, then it is 

possible to consider the parameters constant in each sub–sublayer. Then according to [37, 38], 

the problem of determination of R̂  and T̂for the sublayer with the thickness d= is reduced to 

solution of the following difference matrix equations: 
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with IT,  R ˆˆ0̂ˆ
00  . Here 11

ˆˆˆˆ
j-jjj T, R ,T, R   are the matrices of reflection and transmission for 

the media with the sublayers, j and j1, respectively; jj t, r ˆˆ are the matrices of reflection and 

transmission for the sub–sublayer, j; 0̂ is the zero matrix; Î is the unit matrix. The tilde denotes 

the corresponding matrices of reflection and transmission of the reversely traveling light. Then to 

calculate the reflection or transmission of the whole system, we again apply the difference matrix 

equations (4), but now 11
ˆˆˆˆ

j-jjj T, R ,T, R   are the reflection and transmission matrices for the 

system consisting of j and j − 1 sublayers, respectively; and jj t, r ˆˆ are the reflection and 

transmission matrices for the j th sublayer. 

Thus, the problem is reduced to calculation of the matrices of reflection and 

transmission for a homogeneous gyrotropic layer. The analytic solution of this problem is known 

[37]. We proceed from the following equations for a homogeneous isotropic gyrotropic crystal: 
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The solution of the wave equation leads to the following dispersion equation: 

024  dbnn zz ,                                           (6) 

where


 z

z

kc

n  , b=2(1nx
2F2), d=4nx

2+[(nx
2+1)+F2]2,


2iF  , nx=n0sin,  is the 

angle of incidence, n0 is the refractive index of the medium, bordering both sides with the considered 
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homogeneous layer. Consequently, the refractive index for the eigen modes of the homogeneous layer we 

have: 

,)1( 22
2,1 xz niFn 

2,14,3 zz nn  .                    (7) 

Using equations (3), (4) one can calculate the reflection R=Er2/Ei2, transmission 

T=Et2/Ei2, absorption A=1 – (RT), etc. 

 

 3. The results and discussion 

Optical properties of chiral PCs, in the presence of one longitudinal ultrasound wave, 

are studied in details in [39, 40, 43].  Hence, we directly proceed to the effects that are 

conditioned with the presence of two waves. For clearer picture of the effects conditioned with 

the presence of two ultrasound waves, we consider the case of the minimal effect of dielectric 

borders, i.e. we consider the case 0 εn  . Then, first we consider that ,  and γ  do not 

depend on frequency, and take that their imaginary parts are very small and do not depend on 

frequency as well, i.e. we do not consider the effects of optical dispersion and absorption.  In the 

presence of ultrasound waves the refraction indexes for their eigen modes
2,1zn  become functions 

of z.  In Fig. 2 the dependence of the indexes of refraction 
2,1zn  on z in case of the presence of a 

single ultrasound wave (a) and in case of two counter propagating ultrasound waves (b) are 

presented. As it is seen from these figures, the medium is inhomogeneous in the second case, 

too, but in this case it has a spatial period =6000 nm. In Fig. 3 the reflection spectra are 

presented in the two cases presented in the Fig.2. The light incident on the system has right 

handed (solid lines) and left handed (dashed lines) circular polarizations. As it is seen from the 

picture, two types of photonic band gaps (PBG) are aroused in case of single ultrasound wave in 

each order of the reflection, the gaps which are not selective regarding to the polarization of the 

incident light and the gaps which are selective. It is to be noted that the PBGs of the two types 

(the selective with respect to the polarization of the incident light and the non–selective one) are 

observed in periodical chiral PCs of very different types [18, 23 and 40–22]. The picture of the 

diffraction is richer in case of the presence of two counter ultrasound waves. New bands of 

diffraction reflection appear in each order of the diffraction. The complex gap structure is 

conditioned by the light diffraction of the forward traveling ultrasound wave, the light diffraction 

of the backward ultrasound wave and because of the originating connection between these two 

diffracted waves. The width of the diffraction reflection bands, their frequency location and 

frequency distance are defined with the media parameters and ultrasound waves. They are 

tunable. Consequently, such kind of systems can be applied as tunable polarization filters and 

mirrors, polarization mode converters, mode discriminators, multiplexers for circular polarized 
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waves. They can be used as a circular (elliptical) polarized light source and can be applied in 

lasers with tunable wavelength of radiation. 

 

 
Fig. 2. The dependence of 

2,1zn  on z in the case (a) one ultrasound wave, and (b) two counter 

propagating ultrasound waves. =300, 1=1200 nm, 2=1000 nm, constz )( , =2.5, 

5.01   , 4.02   , 1.0  15.01   , 1.02   , 0n . 

 

 
Fig. 3. The spectra of reflection in the case of (a) one ultrasound wave, and (b) two counter 

propagating ultrasound waves. The light incident on the system has right handed (solid lines) and 

left handed (dashed lines) circular polarizations. The parameters are the same as in Fig.2. 
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Moreover, if the system has a spatial symmetry relative to the layer center (relative to 

the z=d/2 point), then the system is reciprocal. However, if this condition is violated, the system 

becomes nonreciprocal (sometimes they say that the system has a property of asymmetrical 

transmission). In case of small parameters of the modulation depths this nonreciprocity is poor, 

and does not have any practical interest. However, if the parameters of the modulation depths are 

large, then the transmission nonreciprocity (asymmetric transmission) is large, too, and it can 

present some practical interest. 

 The device, transmitting (reflecting, absorbing) the light in one direction and blocking 

(not reflecting, not absorbing) it backwards, is called optical diode. There is a well–known 

isolator, based on linear polarizers and Faraday rotator, which is characterized by low introduced 

losses and high ratio of transmission in the forward direction to attenuation in the backward 

direction. However, these devices have large sizes and large energy consumptions. Hence, they 

are bulky and energy consuming. Although substantial progress in the development of such 

devices convenient for path integration has been achieved in recent years, the necessity of using 

external magnetic fields remains the main obstacle to further progress in this direction. 

Alternative new mechanisms of nonreciprocity have been proposed in recent years.  There are 

optical diodes based on magneto–optical effect, optical nonlinearity, electro–absorption modulation, 

CLC, acouso–optic effects, metamaterials, etc. [34, 43–75]. In [76, 77], an optical diode in a chip is 

proposed. However, these optical diodes are based on solid PCs, and parameters of such systems 

practically are not controllable. On the other hand, as noted above, it is of great importance for 

creation of photonic devices with controllable parameters. Controllability, besides, makes the 

device multifunctional.  

Usually non–reciprocity is characterized by two parameters. In particular, nonreciprocal 

transmission may be described by absolute nonreciprocity of transmission, ΔT = 

Tforward−Tbackward, and transmission nonreciprocity contrast, C 

=(Tforward−Tbackward)/(Tforward+Tbackward). (Here Tforward and Tbackward are the transmission coefficients 

of the system for mutually opposite directions of light incidence.) In Fig. 4 the spectra of the 

absolute non–reciprocity ΔT (a), and the contrast of non–reciprocity C (b) are presented. The 

light incident on the system has a p– (solid lines) and s– (dashed line) linear polarizations. As 

can be seen in the figures, under certain wavelengths of incident light the contrast of non–

reciprocity C becomes almost of the order of unity. This means that the system can be used as an 

optical diode.  
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Fig. 4. The spectra of (a) absolute nonreciprocity of transmission ΔT and (b) nonreciprocity 

contrast C. The light, incident on the system has right handed (solid lines) and left handed 

(dashed lines) circular polarizations. The parameters are the same as in Fig.2. 

 

Let us note that an important advantage of this system is ability of controlling its 

parameters, using possibilities of controlling the parameters of ultrasound waves. To illustrate 

the mentioned above, we pass to the study of the influence of changes of the parameters of the 

ultrasound waves on the reflection spectra of the system. Presenting the parameters 1, 2, 

1  and  2  in the form of a 5.02,1  and 10/1.02,1 a  , we investigate the evolution of 

the reflection spectra as a function of the parameter     
2

10
2

2121  



a , that is, 

when the modulation depths of the counter propagating ultrasound waves are changed. In Fig. 5 

the evolution of the reflection spectra are presented when the parameter a changes.  The incident 

on the system light has left (a) and right (b) circular polarizations. As the figure shows, the 

number of PBGs, their frequency location, their frequency width and frequency distance can be 

changed by changing the parameter а. Now we consider the situation when the wavelengths of the 

counter propagating ultrasound waves change. Let us suppose that these changes are described by 

the law: b 02,1
 with 0=1000 nm. In Fig. 6 the evolution of the reflection spectra is 

presented when the parameter b changes. The incident on the system light has right circular 

polarization. As it is seen from this figure, the number of PBGs, their frequency and location of the 

frequency width can also be changed by changing the parameter b. As can be seen from these figures, by 

changing the parameters of ultrasound waves we can control light reflection, that is, changing the 

number of PBGs, we can change diffraction efficiency in each order, the frequency width and frequency 

location of these bands, the polarization characteristics of these bands, etc.                                
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a b                                                                                  

Fig. 5. The evolution of the reflection spectra when the parameter 

   
2

10
2

2121  



a  changes. The system parameters are: a 5.02,1  and 

10/1.02,1 a  , =0.0; 1=1200 nm, 2=1000 nm; d=54670 nm. The incident on the system 

light has left (a) and right (b) circular polarizations. The other parameters are the same as in 

Fig.2. 

 

 

Fig. 6. The evolution of the reflection spectra when the parameter  
2

21 
b changes. The 

system parameters are: b 02,1
 с 0=1000. The incident on the system light has ld right 

circular polarizations. The other parameters are the same as in Fig.2. 

 



261 
 

Finally, in Fig. 7 the evolution of the reflection spectra are presented when the incident 

angle  changes. The incident on the system light has left (a) and right (b) circular polarizations. 

a                                                                               b 

 

Fig. 7. The evolution of the reflection spectra when the incident angle  changes. The system 

parameters are: 3.0 , 2.01   , 15.02   , 1=400 nm, 2=500 nm. The incident on the 

system light has left (a) and right (b) circular polarizations. The other parameters are the same as 

in Fig.2. 

 

4. Conclusion 

In this work we studied the characteristics of light diffraction in a gyrotropic layer in the 

presence of two counter propagating ultrasound waves. The diffraction pattern in this case is 

much richer than in the case of the presence of one ultrasound wave. There are new bands of 

diffraction reflection in each diffraction order. The widths of the Bragg reflection bands, their 

number, their location and frequency distance are determined by the parameters of the medium 

and the ultrasound waves, and can be controlled. Therefore, these systems can be used as tunable 

polarization filters and mirrors, converters of polarization modes, modal discriminators, 

multiplexers for circularly polarized waves, and they can be used as sources of the circularly 

(elliptically) polarized light, tunable optical diodes, and can be applied in lasers with tunable 

wavelength of radiation. 
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