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Weinvestigate electromagnetic waves localized on the interface between an isotropic medium
and a superlattice, consisting of alternating isotropic and anisotropic layers of two materials. The
anisotropic layer consists of a nematic liquid crystal (NLC). The dispersion equation and an
expression for the parameters controlling the degree of localization of the boundary waves are
derived and investigated. Taking into account the specific nature of the NLC which distinguishes
it from ordinary crystals—strong permittivity anisotropy—we show that the penetration depth of
waves into the superlattice can be effectively controlled by changing the orientation of the
director of the NLC (for example, by means of an external electric field). We also show that the
surface electromagnetic waves corresponding to separate dispersion branches of the spectrum do
not occur for arbitrary orientations of the director relative to the interface of the media.

1. Papers concerning the properties of superlattices
(SLs)—layered structures consisting of alternating layers of
two materials—have been widely circulated in the last few
years. Superlattices are of interest in connection with both
their promising practical applications and with the possibil-
ity of observing with their help different physical phenome-
na. Surface excitations in such systems are under active in-
vestigation; such excitations play a large role in the
development of surface physics because their characteristics
are sensitive to the properties of the solid surfaces. The prop-
agation of elastic waves in semibounded layered structures is
studied in Refs. 1-3. Surface spin waves and plasmons in
layered systems are investigated in Refs. 4 and 5. The results
of analysis of the propagation of surface electromagnetic
waves (SEWs) in superlattices, consisting of alternating iso-
tropic layers of materials, are reported in theoretical and
experimental work.%!'?

In the present paper we investigate SEWs at the inter-
face of an isotropic medium and a superlattice, consisting of
alternating isotropic and anisotropic layers of two materials.
The anisotropic medium is a nematic liquid crystal (NLC),
exhibiting strong permittivity anisotropy. In the next section
of this paper we give a derivation of the dispersion equation
for surface waves. In Sec. 3 this equation is analyzed analyti-
cally. The results of numerical analysis of the dispersion
equation are described in detail in Sec. 4.

2. The layered structure which we are studying (Fig. 1)
is characterized by the permittivity tensor

&8i;, nL<z<LnL +d }
g;=18y nL+d <z (n+1)L z>0, (1)
eoﬁ—ijy Z<0

where &, is the permittivity of the medium occupying the
half-spacez <0; L = d, + d, is the period of the superlattice,
where d, and d, are the thicknesses of the layers of two mate-
rials with permittivities £, and ¢;;, respectively; n = 0,1,2,...;
the components of the symmetric permittivity tensor of the
NLC are

2 . s 2 2
€x= £, cos’O+¢,sin?0, €..=¢, sin® 0+¢, cos® 0,
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where ¢, =€, =¢€,,, £, = €, are the components of the
permittivity tensor along the principal axes, Ae = ¢, —¢,,
and @1is the angle between the director and the z axis. In what
follows only the diagonal components of the tensor & are
taken into account. This is justified for 8 = 0 or #/2.

Maxwell’s equations in the anisotropic medium of the
superlattice for monochromatic waves

{E.y; H)}={E.:(z), H,(2)} exp [i(kz—wt)], (3)

propagating in the xz plane in the x direction with surface
wave vector k and frequency w, have the form

2
2 o) |ew=0 ==,
dz* ct €22
(4)
l zz E Tk
B, (=0 2 dEJdE s R ).
¢ k—e0%/c ®

Maxwell’s equations in the isotropic layer of the superlattice
and the medium occupying the half-space z <0 can be de-
rived from Eq. (4) by making the respective substitutions
a~1,¢,, ~e,and a~1, g,, ~&,. We construct the solutions
of Egs. (4) in the superlattice which decay exponentially
away from the interface as z— o by means of the Floquet—
Bloch theorem.

The general solution of Eq. (4) for the x component of
the field in the isotropic medium of a finite superlattice has
the form
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FIG. 1. Schematic representation of a layered structure bounding an iso-
tropic medium.
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E.(z)=A c**+A_e—*, (5)
where
a,=(k*—e,0%/c*)"™. (6)

Using the periodicity in the z direction we represent E, (z) in
the form of a Bloch wave

E.(z)=e™E.(k;. z), (7
where
E.(ks, 2)=Ex(ks, z+L). (8)

From Egs. (5) and (7) we obtain E, (k3,2)
E (ks z)=e""*(A_ e +A4_e-%), 9)

The function E, (k;,z) must be periodic with period L. This
can be achieved by replacing z with z — L, when z lies in the
nth layer. As a result we find

E. (ks, z)=exp [—ik, (z—nL)]{4. exp [ (z—nL)]
+A_ exp [—a,(z—nL)]}, (10)
where
nL<c:<nL+d,, n=0, =1, £2,... . (11)

It is obvious that the function E, (k;,z) does not depend on n
and therefore is periodic with period L, i.e., it satisfies the
periodicity condition (8). Thus using Egs. (7) and (10) we
obtain

E.(z)=exp (iksnL) {A, exp [, (z—nL)]
+A4- exp[—a,(z—nL)]}, (12)
where
nL<z<nL+d,. (13)

The expression for the field in an anisotropic medium of
an infinite superlattice is obtained similarly and has the form

E.(z)=exp (iksnL) {B, exp [a"a,(z—nL—d,)]

+B- exp [—a,"a,(z—nL—d,)]}, (14)

where
nl+d<:<(n+1)L. (15)
o= (k*—e..0%/c?) ", (16)

Expressions of the form (12) and (14) for the y component
of the magnetic field can be derived on the basis of Eq. (4).
The dispersion relation for bulk electromagnetic waves is
determined by the boundary conditions between the differ-
ent media. Real values of k and k; correspond to propagating
waves.

Since we are interested in the solutions of Maxwell’s
equations that decay as z— + 0, we seek them in the semi-
bound superlattice in a form differing from Eqgs. (12) and
(14) only in that ik, is replaced with — 8 (Re 8> 0) (here
n=0,1,2,...). In an isotropic medium with z <0

E (z)=A,e, (17)
where
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ao=(I—e,w*/c*)",

Re ,>0. (18)

The expressions for different fields in different regions are
matched by means of the boundary conditions.

In order to obtain the dispersion relation for SEWs it is
sufficient to study the boundary conditions along three in-
terfaces: z=nL, z=nL + d,, and z = 0. From the condi-
tion that the electric and magnetic fields £, and H, are con-
tinuous at the interfaces z = nL and z = nL + d, we obtain
four equations for4,,4_, B ,and B_. Eliminating B, and
B _ from these four equations we obtain two equations for
A, . and 4 _:

[ (14F) (emti—e-Pre=oet) (1—F) (e-2h—g-Ple=ast) ] ( A, )
(1=F) (e®1—e-PLe?#s)  (1+F) (e~ *h—e~Ple®t) SN 4_
=0, (19)
where F = £,a,/a,¢,,@'’?. From the condition that the elec-

tric and magnetic fields are continuous at z = 0 it follows
that

A,=GA_, (20)

where

G=(1+Fo)/(Fo"1)y Fo=31ao/eua1-

After quite complicated algebraic transformations, we ob-
tain from a simultaneous solution of Egs. (19) and (20) the
dispersion equation determining w as a function of k:

n . K €2 “ e
eo(eﬁ—z—su“—‘)th“’thy"'—x, (302__‘_ 812_0) th z
Ay Ao o’ Ao %y
€0 % Y
+s,( 2 —*——e,,~—°)m y=0, (21)
a Ao A2
where
wi=al, i=0,1,2; T=xv, Y=a"%V,,
vi=d,/L, v,=1—v,

a=¢,,/€,, and the equation for the exponential factor
B(k) has the form

‘h hz eV b €. %"
e""’“=—9‘—-euc + 22 [6(1— L2 )shxthy
a chy a g %yt

EoX2 EoX2 €0 %o’
—0—— Jshoz —— che ——
QA €21 %0 [o 20" 1 OLE 22 %0

+b(1— chxthy],

(22)
where

,
a=g,,0" " —€Mal%o, b=E4,:%:/€,%,.

Making the substitutions @ ~1 and ¢,, ~¢, Egs. (21) and
(22) reduce, except for the notation, to the corresponding
equations obtained in Ref. 6 for SEWs at the interface of the
isotropic medium and the superlattice.

3. The spectrum of surface waves can be obtained ana-
lytically in the limit x <€ 1, y € 1. The dispersion relation for
SEWs in this case is

o®  eei€.[eo—e, T (eo—ew=)dy/d,]

k=2 .
c® e..(e’—e,%) te, (8o’ —&xx€:.) do/d,

(23)

In the present approximation
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2 2
p=—%( Mg+ dz). (24)

€10 €::Q0

If we take d, — 0, then from Egs. (23), (24), and (18)
there follows the well-known result of Ref. 14 for the disper-
sion relation and the parameters determining the damping of
TM SEWs at the interface of the semi-infinite isotropic and
anisotropic media:

2 —
k2=—(2? SOSZT(SO Exx) , (25)
C €0 —Exx€:2
- _ge_u[ &o* (80—€1:) _ [en (Eo—es:)
C € £4282:—80" 8::8::_80
(26)

Asd, -0 weobtain SEWs at the interface of isotropic media.
It is known that the orientation of the director or, in other
words, the orientation of the optic axis of the NLC can be
effectively controlled, for example, by an external electric
field." In order to obtain an idea of how sensitive the charac-
teristics of SEWs are to a change in the orientation of the
director, we make some numerical estimates. If we have
d,>d,, then in order to compare the characteristics of SEWs
in two orientations of the director 6 =0 (1) and 0 = /2
(2) we find for £, <0, /€, <&’ (£, >0) the ratio of the
corresponding refractive indices

n_ g (eL—e0) 1" 27)
n,; e, (g)—€0)

and
B_eaffome)t &___(ﬂ)%. (28)
B &y Veo—ey Aoz €o—

Setting e, = — 3.4 and taking BMAOB at 20 °C as the liquid
crystal, when in the region of optical frequencies we have
e=4and e = 2.4 (Ref. 15), we obtain

nx/nz=1’1g 51/Bz=0,5.

aox/aoz=1,2.

4. Numerical analysis of the dispersion equation shows
that the spectrum of SEWs is more complicated than the
spectrum which can be found analytically. As an illustration
we present here the computational results for the parameters
given above, and v, = 0.1 and &, = 2.2, which make it possi-
ble to trace the effect of the orientation of the director of the
NLC on the SEW spectrum. Figure 2 shows the dispersion
curves for SEWs, and the corresponding parameters which

FIG. 2. Dispersion curves of surface waves; w is given in units of ¢/L and k
in units of 1/L. The solid lines represent calculations with 6 = 0, the
dashed lines represent calculations with @ = 77/2, and the numbers 1-5
label the dispersion branches.
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FIG. 3. The function Re S(k); Re B and k are given in units of 1/L.

control the degree of localization of the waves at the inter-
face of the superlattice and the isotropic medium, are pre-
sented in Figs. 3 and 4. For kL < 1 the dispersion curve de-
scribed by the relation (23) is identical to the curvein Fig. 2.

A characteristic feature of fundamental surface waves,
which correspond to the dispersion curve 1 (with the excep-
tion of waves for which kL is to zero) is that they are most
strongly localized in a layered medium. Thus, for example,
for L~10* A for kL ~10 (when the frequencies w~10"
Hz) the penetration depth of fundamental excitations on the
first dispersion branch into the layered medium is equal to
the period of the superlattice, while the localization length of
excitations from other branches is an order of magnitude
larger, i.e., the energy of the principal modes is concentrated
in the first few periods of an infinite periodic medium.

Qualitative changes arise in the SEW spectrum as the
orientation of the director of the NLC changes. When the
director of the NLC is oriented parallel to the surface of the
layer (6 = 7/2), in constrast to the case 8 = 0, only SEWs
corresponding to the first dispersion branch (see Fig. 2) are
realized. In the high-frequency region of the spectrum, how-
ever, not presented in Fig. 2, other dispersion curves also
exist in the case @ = 7/2. Of all the surface wave characteris-
tics, the penetration depth of waves into a layered medium is
most sensitive to the reorientation of the director.

It should be noted that the greater the permittivity ani-
sotropy of the NLC, the more pronounced are the changes
occurring in the SEW spectrum as the orientation of the
director changes. If MBBA, whose permittivity anisotropy
(Ae = ¢ —¢, =0.2) is several times smaller than for the
liquid crystal BMAORB, is studied as the NLC, then in the
frequency region shown in Fig. 2 the dispersion dependences
are modified only insignificantly as the angle 8 changes.

In the present paper we demonstrated the existence of a
number of anomalies in the properties of TM SEWs at the

FIG. 4. The function a,(k); @, and k are given in units of 1/L.
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boundary of an isotropic medium and a superlattice for a
comparatively simple situation, when the optical axis of the
anisotropic layer was oriented perpendicular or parallel to
the interface. The surface solutions are much more difficult
to find in the case of arbitrary orientation of the optical axis,
and this problem will be studied in future investigations.

We thank E. M. Aver’yanov, R. S. Gekht, and A. F.
Sadreev for a helpful discussion of this work.
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