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Abstract: Considerable attention has been devoted to a nonlinear waves propagation
in various wave-guide structure due to their applications in photonic-microwave
devices [1-5]. In this communication, the dispersion characteristics of transverse

magnetic polarized TM waves nonlinear guided waves propagating in a multilayer
semiconductor superlattices waveguide surrounded by one side by a nonlinear
magnetic cover have been investigated theoretically. The two sublattice uniaxial
antiferromagnetic crystal is considered as a nonlinear magnetic medium where the
permeability is treated as a function of the magnetic field. Nummerical results are
demonstrated for a waveguiding system containing some number of layers of
superlattices. We hope that our present work could lead to several extensions and
promising applications in future technology.

I- Introduction

Recently a number of papers have appeared dealing with the propagation of
bulk and surface plasmons in semiconductor superlattices of various types.
Binary superlattices consisting of alternating layers of materials A and B with
or without a two-dimensional electron (hole) gas at the interfaces where studied
by many authors. A particular superlattice structure, the so-called
n,i, p,isuperlattices, has also been investigated and its particular features

discussed.

In this paper we present a full theory of the bulk and surface-plasmon
excitation spectrum of a finite superlattice covered by a nonlinear magnetic
cladding. We have included the effects of both retardation and an external
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magnetic field, and we have obtained the dispersion relation for surface
magnetoplasmon polaritons in this structure.

Our model is based on a transfer-matrix treatment, already presented earlier,
to simplify the algebra, which is otherwise quite involved. Since the
quantization of the electronic states into subbands is quite negligible due to our
basic assumption that the layer thicknesses are sufficiently large, we can
describe the properties of the layers by macroscopic dielectric functions. Thus
the electromagnetic fields in each layer are described by solving Maxwell s
equations subject to the appropriate boundary conditions.

The plan of this paper is as follows. Section Il presents the full theoretical
derivation of the magnetoplasmon polariton dispersion relation, assuming that
the electromagnetic mode is p(TM) polarized. Section Il gives the power of
the system in a special case. Section 1V is devoted to the presentation of some
numerical results.

I1- General theory

The guiding structure to be considered consists of a nonlinear magnetic
cladding in contact with superlattices everywhere on the z =0 plane, where
the z axis points into the structure, the applied magnetic field is along Y axis
and the propagation is along xaxis. The nonlinear magnetic cladding is
assumed to be isotropic with a permeability given by:[4]

2
/uNL:1uL+a|H| ::uL+aH5 )

where 4, is the linear part of the permeability and « is the nonlinear
coefficient. This expression arises from an expansion of the permeability about
an applied static field H,, and terms that could lead to harmonic generation are
neglected. Hence, H is the ac magnetic field carried by the TM wave. H, is

real because only stationary, non-radiating waves will be considered.

We have a solution to the Maxwell's equations corresponding to a TM
electromagnetic wave propagating in the nonlinear cladding: [4]

1 ]2 a,
H,(2)= Kk \ae, coshk,(z-2,)] @

where z, is a constant of integration that defines the position of a self-focused

peak in H, and o, =k —kjeu, , & is the dielectric constant of the

nonlinear medium .
The semiconductor superlattice that is considered in this paper are multilayer
materials in cells along z direction. Materials a and ¢ are n type and p
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type, with dielectric constants ¢,(@) and ¢, (@),and with thickness a and ¢

respectively. Materials band d are intrinsic semiconductors with frequency
independent tensor g,and &, and thickness b and d respectively. The unit

cell has lengthL =a+b+c+d and is designated by the index n.

In the n'th unit cell, at the interfaces z =nL and z =nL +athere is a
two-dimensional electron gas, whileat z=nL+a+b and z=nL+a+b+c
there is a two dimensional hole gas. We assume that a uniform external
magnetic field is imposed in the y direction and that surface magnetoplasmon

polaritons are allowed to propagate in the x direction with a wave-vector k and
frequency w.

We are going firstly to find the dispersion relation for the system in an
infinite superlattice and then for a finite one. In both cases the field amplitudes
are assumed to be localized at each interface. In the following we discuss bulk
modes and surface modes.
1-Bulk modes

In this section, we present the general theory for calculating the bulk and
surface plasmon dispersion relations for a superlattices in the presence of a
static magnetic field applied parallel to the material interfaces. The
x component of the electric field and the y component of the magnetic field in

each layer of the n'th cell is given by:

E" (zke) = A;‘je‘“iz + AL, )
Hi (k) = - 225 [ o - A @
where
¢ =¢(w)=

o, w0, o,
0 & 0 |g=¢c;|ll+—FF|a=¢64—— S l&a=¢&41-——|
. w; — @ o(o; —o°) @

-ig, 0 ¢

(k2 -&, a)zlcz)u2 k,>¢mlc &’

, & —
(8 o’ lc? -k )l k, <e¢gmlc Ex
The boundary conditions for the electromagnetic interfaces:

z=nL+anL+a+b,nL+a+b+c and z=(n+1)L

j=ab,cord and o, =
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give the following equations [6]

Air;fa—i_A;a_azAiT)—i_AZr‘b’ (5)
5;(A1na f.— A, fa) (gb + 0, )A1 (‘9b + 0o, )Azb’ (6)
A&r:)fb"'Aznbfb:Ainc"'Aznc’ (7)
a (AT, — AL T) = (e -0 )AL — (&l + o) AL — (&) + 0,) AL, 8)
Air::fc—I—AQHC _c= Aind +A2nd' (9)
el(ALT = AL ) =(eh —o )AL = (5 +0,) A, (10)
Aufs+ AT = AT+ AL, (11)
&y (A fy = A f'd) = (&, -0, Ay = (&) + 0, ) AL (12)
where
& n e - @i
g=—0,=—"5—,p=eh f =¢ “il, f, =e®
a; m’ a) &

and m’; is the effective mass for the electron and hole.
For each medium, the column vector can be written as

|4)= [g"_ } (13)
The equations (5-12) can be written in a matrix form as
M,[AT) = N, A)
My A7) = N A7),
(14)
M|AT) = Ny| A7),
Md At?>: Na A:Jrl>’

where we have defined the matrices
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f. f.
Mi=| 0T (15)
ejfj —gjfj
and
1 1
Nj :|: ’ ' :|7 (16)
E—0, —&—0,

From the equations (14-16) it is easy to see that
A7) =TI AT an
where the matrix T is given by

T =N 'M/N;*'M_N*M_N,*M, (18)
The matrix T in the equation (18) is a transfer matrix because it relates the
coefficients of the electric field in one cell to those in the preceding cell. Taking
into account the translational symmetry of the problem, we can use Bloch’s

theorem, that is

| A = e AT). (19)
By using the equations (17) and (18) we have

T|A7) = e[ A7), (20)
T A =e | AT), (1)

and consequently
{cos(QL)l —%(T +T‘1)} [A) =0 (22)

Since ‘Af> is a general vector of the structure considered, the dispersion
relation of the bulk polaritons on the superlattice will be given by
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cos(QL)I = %(T +TH (23)

From the definition of the transfer matrix in equation (18) and using the
equations (15) and (16) we can show that det(T ) =1, therefore

-|-71 :{Tzz _le} (24)
- T21 T11

and hence, from the equations (23) and (24) our dispersion relation for the bulk
modes is simply

cos(QL) = %Tr(T ) (25)

where Q is the Bloch wave vector governing the phase of the wave from one

unit cell to the next ,and L is the length of the unit cell and T is the transfer
matrix which will give the potentials in the n+1 cell in terms of the n cell as
the following :

nj+1 Ainj
=T (26)
nj+1 Aznj
2- Surface modes

In order to study the surface modes we match the boundary conditions for the
electric and magnetic fields at the surface where z = 0. Then the periodicity in

the z direction is destroyed and we can no longer assume Bloch's theorem ,
therefore we have to consider electromagnetic modes having their excitations
localized in the near vicinity of the interface between nonlinear magnetic
cladding and superlattices. We replace Q by i then eq.(25) becomes

cosh(pL) = %TrT

We can conclude this result in the vector form as:

|:T11 T12j| . |: Aioa :| — e—,BL|: Aioa :| (27)
T21 T22 Aga Aga
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T11A10A +T12Aga e Aioa

0 0 A A0 (28)
TZlAia +T22A2a =€ A2a

0
if we replace ioa by A we have the dispersion equation of the surface modes,
l{Tll + M-lz} =Ty +AT, (29)

where:

a tanh(e,z,)-a, /& 12

=2 : a2 o, =k, — Ky,

a, tanh(e,z,)+ a, /s, 0ot

I11- Special case

If we consider a=c, b=d, o,=0,=0,and ¢&,(w)is frequency
dependent but &, is frequency independent, therefore the periodicity of the
superlattice is L=a+b And the dispersion equation of the surface in this
case is

cos(Q(a+h)) = %Trace(l’ 1) (30)
and in this case the power of the system is:
1-the power of the nonlinear medium is

kxas
P

_ 31
aakle,e? ()

2- the power of superlattices is the sum of all powers in each layer of

superlattices as
N N
psup erlattices — Z ( 2)2 {i (1 — e_z"‘aa )} + z (Azna )2 [i (eZaaa _ 1):| -

n=0 a

2> AL AL
> () )2{2—;(1— e‘z““’)} (A )Z{Z—;(ez“bb —1)} DKM (@)
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where A, are constants can be found from the boundary conditions using
the surface constants in eq.(26) and the surface constants are:

a

D) [2 1 1 p
=—2 tanh -2
Aa 2 \as, wek, Cosh(OtSzo)[OlS anh{az,)+ & }

A - i(a)) |2 1 1 ){Ofs tanh(aszo)—%}

2\ ag, wek, cosh(a,z, &,

+P,

sup erlattices

Ptotal = I:)nonlinear
IVV-Numerical results
In this section we present numerical examples of dispersion relations of
magnetoplasmons in superlattices. We will show that the effect of quasiperiodic
layering is to increase the number of bulk bands and surface modes. And show
that the new surface modes are nonreciprocal with respect to propagation
direction in the presence of an applied magnetic field.

In order to obtain numerical results we consider the dielectric materials a

and ¢ as Si doped with n and pimpurities. Since we do not use highly
semiconductors, we assume that &, (w) = ¢.(®), and the dielectric constant of

the Si can be taken as &(w)=¢ (1-w’/w)). Where & =11.7is the

(33)

background dielectric constant of the material, and @, = 7.65x10%s™is the

electronic plasma frequency and we consider (@) independent of the impurity
density. The effective mass of the electrons and holes are related to the electron
massm, by m; =0.2m,,m, = 0.4m, respectively. We also assume that the
dielectrics b and d consists of SiO, with dielectric constant ¢, = &, = 3.7.

Fig.(1) shows the dispersion for the surface modes with an applied field
given by @, =4.075meV . Both £k are shown, and there are several points of

interest.

Fig.(2) The frequency (@ /@ ) of the two lower and upper bands of the bulk
polaritons as a function of k,a, for superlattice. we plot the dispersion relation
for surface modes and bulk polaritons by considering the semiconductor layers
(n and p) with 400 A° of thickness and the insulators with 200 of thickness and
with: || =|o,| =2x10% carrier/m?,
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u, =129, =8.869x10°m? A~ ¢™*. We observed that the existence of four
bands tend to crowed together when k increases.
Fig.(3) illustrates the dependence of ozHy2 on the dimensionless coordinate

koz for two values of the propagation constant S we see that for
£ =3.90 the maximum point of the curve becomes greater than the other
curve when g =3.5.

Fig.(4) the power flow versus wave index for TM surface guided waves at
the interface between a nonlinear magnetic cladding and the first unit cell in
superlattices . Note that we have three curves according to three different
values of « such that the decrease value of « the upper curve becomes.
V-Conclusion

In the present work we have discussed the nonlinear waves, propagating in
semiconductor superlattices covered by a nonlinear cladding. A transfer matrix
is used to simplify the algebraic equations. We then derived the dispersion
equation of the surface and the bulk modes. The power of the system in a
special case was calculated. Numerical results have shown the effect of the
quasiperiodic layering is to increase the number of bulk bands and surface

modes. A dispersion curves for surface and bulk modes is displayed.
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Fig.(1): computed the dispersion curves for surface modes.

denzity of charges=2°10"16 camiersfom”™3

-0 Q=117

upper bandz

lawer bands

Fig.(2): computed the dispersion curves for bulk modes
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Fig.(3): The nonlinearity interfaceaH§ versus K,z

Fig.(4): The normalized power flow versus wave index S =Kk, /k,
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