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Abstract—The modified Ambartsumyan method of addition of layers is used for solving the problem of
oblique light propagation through a layer of gyrotropic metamaterial in the field of two counterpropagating
ultrasonic waves. It is shown that the studied system can operate as a tunable optical diode. The possibility of
controlling the system parameters by changing the parameters of ultrasonic waves is studied.
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INTRODUCTION
In recent years, there has been rapid development

of photonics—a science that is an analog of semicon-
ductor electronics, but uses photons instead of elec-
trons for transmission of signals. Photonic technolo-
gies of signal processing promise a high speed of infor-
mation transmission with substantially lower energy
losses, which provides better performance and minia-
turization. Electrons have a charge and can be con-
trolled by fields (electric, magnetic), whereas charge-
less photons can be controlled by the means of control
of the medium parameters. Therefore, in recent years,
there has been growing interest in creating new media,
in particular, photonic crystals (PCs) and metamate-
rials with controllable parameters [1–5], as well as in
the development of methods and mechanisms to con-
trol the media parameters.

PCs and metamaterials can be divided into two
groups: solid PCs and metamaterials, which are char-
acterized by their elasticity and controllability with the
help of external fields, which significantly limits their
application, because it is practically impossible to
change the medium parameters after its creation, and
so-called “soft PCs” and metamaterials. The best-
known representatives of the soft PC are cholesteric
liquid crystals and blue phases. A wide-range control
of the medium parameters can be implemented in a
different way. The concept of metamaterials is appli-
cable not only to electromagnetism and optics, but
also to other areas, in particular to acoustics. Electron-
ics controls electrons, and photonics controls pho-
tons, while acoustics controls phonons, which are
responsible for propagation of sound and heat. Acous-
tic metamaterials is a new direction in materials sci-

ence, which is rapidly developing in recent years ([6,
7] and literature cited therein). The concept of meta-
materials is not limited to the negative refraction and
gives a wide choice of parameters for different applica-
tions and the methods to control these parameters.
This circumstance stimulated a new surge of studies in
acousto-optics [6] (and references therein). It is possi-
ble to use acoustics to control photons by changing the
medium parameters under exposure to acoustic waves,
with the modulation depth being much greater (by an
order of magnitude or more). At present, there are
methods for wide-range control of acoustic waves [6,
7].

In contrast to the technique of mechanical design,
which is usually used for making 1D- [8] or 2D- [9]
solid acoustic metamaterials, as well as in photonics,
the technique of the soft material is very promising for
fabrication of new acoustic metamaterials [10], which
have the following advantages: macroscopic isotropy
(in contrast to the numerous acoustic metaliquids with
anisotropic inertia [11, 12]), multifunctionality [13],
potential wide-range controllability [14], etc.

Chiral acousto-optic metamaterials are of particu-
lar interest. Optical properties of natural and artificial
chiral media and chiral PCs are considered in a num-
ber of studies [15–34] (and references cited therein).

In this paper, we consider oblique propagation of
light through the acousto-optical layer of chiral meta-
material in the field of two counterpropagating ultra-
sonic waves (Fig. 1). It is assumed that the gyrotropy
parameter is large (like for gyrotropic metamaterials)
and that the parameters of these media can be con-
trolled using acoustic waves in unusually large (in
comparison with natural crystals) intervals.

NONLINEAR
AND QUANTUM OPTICS
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THEORY

Let us consider the reflection and transmission of
light through a finite layer of an isotropic chiral PhC
on the basis of acousto-optical metamaterial placed in
an ultrasonic field (Fig. 1). Let us assume that the
layer occupies the space between the planes z = 0 and
z = d (d is the layer thickness) and a plane ultrasonic
wave propagates along the z axis. The wave transforms
parameters ε, μ, and  to functions of the z coordinate
(ε is the dielectric permittivity, μ is the magnetic per-
meability, and  is the chirality parameter of the
layer). Let us assume the following dependences of
these parameters:

(1)

where Δε1, Δμ1, and Δ  and Δε2, Δμ2, and Δ  are the
modulation depths of the corresponding parameters

(here, they can be large); ; and Λ1,2 are the

wavelengths of the ultrasonic waves. These periodic
perturbations change both in space and in time. In
particular, if ultrasound is a traveling wave, the peri-
odic perturbation moves with the speed of ultrasound.
Since the ultrasound speed is many orders of magni-
tude less than the speed of light, the periodic perturba-
tions caused by ultrasound can be considered as sta-
tionary and the dependence of the medium parame-
ters on time in the Maxwell equations can be
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neglected; i.e., calculations of  and  can be

performed without differentiation of the medium
parameters in respect to time, with their time depen-
dence being taken into account in the final results.

Let us assume that the incidence plain coincides
with the (x, z) plain and the wave is incident at angle α
to the normal of the layer boundary coinciding with
the (x, y) plane. The amplitudes of the electric fields of
the incident, reflected, and transmitted waves can be
decomposed into components of the circular polariza-
tion basis,

, (2)

where indices i, r, and t denote the incident, reflected,
and transmitted waves and  and  are the unit vec-
tors of circular polarization.

The solution of the problem can be expressed in the
form

(3)

where  and  are 2 × 2 matrices of reflection and
transmission for this system.

Numerical calculations will be carried out accord-
ing to the following approach. An inhomogeneous
layer with thickness d can be divided into a large num-
ber of thin layers with thickness d1, d2, d3, …, dN. If
their maximal thickness is sufficiently small, we can
assume that, for each layer, its parameters are con-
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Fig. 1. Geometry of the problem under consideration.
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stant. Then, according to the modified Ambart-
sumyan method of addition of layers (in particular [35,
36]), the problem of defining  and  for a nonuni-
form layer of thickness d is reduced to solving the fol-
lowing system of differential matrix equations:

(4)

with . Here,  are the
reflection and transmission matrices for medias con-
taining j and j–1 layers, respectively;  are the
matrices of reflection and transmission for a homoge-
neous jth layer;  is the zero matrix; and  is the unit
matrix; the tilde symbol denotes the corresponding
reflection and transmission matrices for the case of
the reverse direction of light propagation.

Thus, the problem is reduced to calculation of the
reflection and transmission matrices for a homoge-
neous chiral layer. An analytical solution of this prob-
lem is known [37]. We will proceed from the following
material equations for a homogeneous isotropic chiral
layer:

(5)

(6)

The solution of the wave equation leads to the fol-
lowing dispersion equation:

, (7)

where , b = –2(1 –  – F2), d = –4  +

[(  + 1) + F2]2, , nx = n0sinα, α is the inci-

dence angle, and n0 is the refractive index of the
medium bordering both sides of the considered homo-
geneous layer. Consequently, the refractive indices for
the eigenmodes of the homogeneous layer are given by

 . (8)

Using (4) and (5), one can calculate reflection R =

|Er|2/|Ei|2 and transmittance T = |Et|2/|Ei|2, rotation of
the polarization plane ψ = arctan[2Re(χ)/(1 – |χ|2)]/2
and ellipticity of the polarization e =

arcsin[2Im(χ)/(1 + |χ|2)]/2 (χ = ), circular and
linear dichroism, etc.

RESULTS AND DISCUSSION
Optical properties of periodic chiral media in the
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ĵ jr , t

0̂ Î
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studied in detail in [38–40]. Therefore, we directly
proceed to the effects due to the presence of two waves.
In the first stage, we assume that ε, μ, and  do not
depend on the frequency, while the imaginary parts
are very small and also do not depend on the fre-
quency; i.e., we will not consider the effects of optical
dispersion and absorption.

In the presence of ultrasonic waves, refractive
indexes for eigenmodes  become functions of the z
coordinate. Figure 2 shows dependences of refractive
indices  on z in the case of (a) one ultrasonic wave
and (b) two opposing ultrasonic waves.

As can be seen from the figure, in the second case,
the medium is also periodically inhomogeneous, but
with a spatial period of Λ = 6000 nm.

Figure 3 shows reflection spectra for the two cases
considered in Fig. 2. The incident light has the right
(solid curve) and left (dashed curve) circular polariza-
tions. As can be seen from the figure, in the case of one
ultrasonic wave, each reflection order contains pho-
tonic bang gaps (PBGs) of two types: selective and
nonselective relative to the polarization of the incident
light. Note that the selective and nonselective zones
(relative to the polarization of the incident light) are
observed in different types of periodic chiral PCs [18,
23, 38–40]. In the case of two counterpropagating
ultrasonic waves the diffraction pattern is much richer.
There are new regions of the diffractive reflection in
each diffraction order. The complex band structure is
due to light diffraction on the ultrasonic wave with
wave vector , light diffraction on the ultrasonic wave
with wave vector , and interference of these dif-
fracted waves. The width of the diffractive reflection
regions, their frequency location and frequency gaps
are determined by the parameters of the medium and
ultrasonic waves, and, therefore, they can be con-
trolled. Consequently, such systems can be used as
tunable polarizing filters and mirrors, as polarization
mode converters, mode discriminators, and multi-
plexers for circularly polarized waves; also they can be
used as light sources with the circular (elliptical)
polarization and in lasers with controlled emission
wavelength.

A system with the spatial symmetry relative to the
center (relative to point z = d/2) is reciprocal. If this
condition is violated, the system becomes nonrecipro-
cal (it is sometimes said that the system acquires the
property of asymmetrical transmission). At a low
modulation depth, this nonreciprocity is weak and is
not of practical interest. However, for a large modula-
tion depth, the nonreciprocal reflection (transmis-
sion) can reach significant values.

The device transmitting (reflecting or absorbing)
the light in one direction and blocking (not reflecting
or not absorbing) it into the opposite direction is
called the optical diode. A well-known optical isolator
is based on linear polarizers and a Faraday rotator,
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Fig. 2. Dependence of  on z in the case of (a) one ultrasonic wave and (b) two counterpropagating ultrasonic waves. The sys-
tem parameters are α = 30°, Λ1 = 1200 nm, Λ2 = 1000 nm, , ε = 2.5, , , , ,
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Fig. 3. Spectra of reflection R in the case of (a) one ultrasonic wave and (b) two counterpropagating ultrasonic waves for the (solid
curve) right or (dashed curve) left circular polarizations of the incident light. The system thickness is d = 50790 nm. The other
parameters are the same as in the caption of Fig. 2.
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which provides low losses and a high ratio of transmit-
tance in the forward direction to weakening in the
reverse direction. However, these devices have large
size and large power consumption. Although in recent
years there has been considerable progress in the cre-
ation of such devices (convenient for integrating into
circuits), the necessity for external magnetic fields
remains the main limiting factor for further develop-
ment in this direction. In recent years, several new
alternative mechanisms of nonreciprocity have been
proposed [41–46]. Optical diodes have made based on
the magneto-optical effect, optical nonlinearity, elec-
tro-absorption modulation, LCD, acousto-optic
effects, metamaterials, etc. [41–72]. An optical diode
in a chip was proposed in [72]. However, these optical
diodes are mostly created based on solid PCs and the
parameters of such systems are practically uncontrol-
lable. On the other hand, as noted above, the develop-
ment of devices for photonics with controlled param-
eters is of significant importance. In addition to other
things, the controllability makes the device multifunc-
tional.

Usually, nonreciprocity is characterized by two
parameters. In particular, nonreciprocal transmit-
tance can be described by the absolute transmittance

nonreciprocity, ΔT = Tforward – Tbackward, and the
contrast of the transmission nonreciprocity, C =
(Tforward – Tbackward)/(Tforward + Tbackward). Here, Tforward
and Tbackward are the transmission coefficients for the
mutually opposite directions of the light incidence.

Figure 4 shows the spectra of (a) absolute transmis-
sion nonreciprocity ΔT and (b) contrast of the trans-
mission nonreciprocity C. The incident light has p-
(solid lines) and s- (dashed lines) linear polarizations.
As seen, for certain wavelengths of the incident light,
parameter C approaches unity. This means that the
system can be used as an optical diode.

An important advantage of the system under con-
sideration is the ability to control its parameters by
means of controlling parameters of the ultrasonic
waves. To demonstrate this, we examine how changes
of these parameters influence on the reflection spectra
of the system. Expressing parameters Δε1, Δε2, Δ ,
and Δ  in the form  and  =

, we will examine the evolution of the
reflection spectra upon changing parameter a =
(Δε1 – Δε2)/2 = , that corresponds to
changing the modulation depth of the counterpropa-
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Fig. 4. Spectra of (a) absolute transmission nonreciprocity ΔT and (b) contrast of the transmission nonreciprocity C for the p-
(solid curve) and s- (dashed curve) linear polarizations of the incident light. The system thickness is d = 50790 nm. The other
parameters are the same as in the caption of Fig. 2.
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gating ultrasonic waves. Figure 5 shows the evolution
of the reflection spectra upon changing parameter a.
The incident light has (a) right and (b) left circular
polarizations. The white areas correspond to the
strong reflection. As is seen, the number of PBGs,
their frequency location, and frequency width can be
changed by changing parameter a.

Now, we consider the situation in which the wave-
lengths of the counterpropagating ultrasonic waves are
changed. Let’s assume that these changes satisfy the
relation , where Λ0 = 1000 nm. Figure 6
shows the evolution of the reflection spectra for the (a)
right and (b) left circular polarizations of the incident

Λ = Λ ±1,2 0 b

Fig. 5. Evolution of reflection spectra upon changing parameter . The system parameters are
, , Δμ = 0.0; Λ1 = 1000 nm, Λ2 = 800 nm, d = 34 670 nm, , and α = 45°. The polar-

ization of the incident light is (a) right-circular and (b) left-circular. The other parameters are the same as those in Fig. 2.
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light upon changing parameter . As
seen, the number of PBGs, their frequency location,
and frequency width can also be changed by changing
this parameter. In addition, it is seen that abrupt
changes occur around the value b = 0. Figure 7 shows
the evolution of the reflection spectra as parameter b
changes around the value b = 0.

( )= Λ − Λ1 2 2b Finally, Fig. 8 shows the evolution of the reflection
spectra upon changing incidence angle α for (a) the
right and (b) the left circular polarizations.

As seen from the presented figures, by changing the
parameters of ultrasonic waves, one can change the
number of PBGs, control the diffraction efficiency in
each diffraction order, control the frequency width

Fig. 7. Evolution of reflection spectra upon changing parameter . The polarization of the incident light is left-
circular. The other parameters are the same as those in Fig. 6.
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and frequency location of the regions of diffraction,
and control polarization characteristics of these
regions.

CONCLUSIONS
In this work, we studied the characteristics of light

diffraction in a gyrotropic layer in the presence of two
counterpropagating longitudinal ultrasonic waves.
The diffraction pattern in this case is much richer than
in the case of one ultrasonic wave. There are new
regions of the diffractive reflection in each diffraction
order. The width of these regions, their number, fre-
quency location, and frequency distance are deter-
mined by the parameters of the medium and ultra-
sonic waves, and, therefore, they can be controlled.
Consequently, such systems can be used as a control-
lable polarizing filters and mirrors, converters of
polarization modes, mode discriminators, and multi-
plexers for circularly polarized waves; also, they can be
used as light sources with circular (elliptical) polariza-
tion and in lasers with controlled emission wavelength.
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