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Minibands of magnetoplasmons in semiconductor superlattices
in a perpendicular external magnetic field

G. Martı́nez, J. H. Jacobo-Escobar, Pedro H. Herna´ndez, and Gregorio H. Cocoletzi
Instituto de Fı´sica, Universidad Auto´noma de Puebla, Apartado Postal J-48, Puebla 72570, Mexico

~Received 27 July 1998; revised manuscript received 25 November 1998!

Studies are performed on the minibands and the optical response of magnetoplasmons in periodic stratified
structures of highly doped semiconductors accounting for an external magneticB0 field in the perpendicular
configuration. Incident light ofp polarization is considered to calculate the reflectivitiesRpp of p polarization
andRps of the conversion fromp to s polarization, with the results being interpreted as resonances of Fabry-
Perot of the waves in the layers and the allowed minibands and forbidden minigaps of bulk magnetoplasmons
in the superlattices. The structures shift to lower frequencies, and at the same time the minigaps enlarge as the
strength of theB0 field decreases. Variations of the structural parameters and the magnetic field permit us to
monitor the minibands and minigaps of mode propagation in the superlattices.@S0163-1829~99!02516-3#
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I. INTRODUCTION

Optical properties of multilayer systems have attracted
attention of many works in the past few years since th
exhibit interesting features useful for technological appli
tions. In particular, literature has focused on the miniba
structures of periodic superlattices and the optical reflecta
of electromagnetic~EM! waves incident on semi-infinite su
perlattices of two different materials.1–4 Alternatively, the
dispersion relations of surface as well as bulk modes h
also been studied.5 Two different transfer-matrix approache
have been developed, with the dimensions of the matr
beingN3N, andN being the number of waves traveling in
layer. One method constructs the EM fields as a superp
tion of propagating waves and then uses the boundary
ditions on the EM fields at the interfaces of adjacent layer
write equations in terms of the amplitudes and then const
the matrices. The resulting matrices, in general, contain
formation of both layers.5 In the alternative theory,1–4 the
EM fields are constructed in the same way, and a relatio
obtained for the fields at the layer surfaces in terms of
transfer matrix, with this matrix characterizing the sing
layer. The resulting equations are then used in the boun
conditions to obtain the transfer matrix of multilayer syste
as a simple matrix multiplication. In this paper, we follo
this latter approach to study the collective excitations of
magnetoplasma and the optical reflectivity of thep-polarized
light incident on the truncated superlattice.

Studies of magnetoplasma polaritons have been car
out at interfaces of a semiconductor and a metallic scr
accounting for external magnetic fieldsB0 both in the Voigt6

and Faraday7 configurations. Results of the dispersion re
tions exhibit propagation windows for the Voigt geomet
and a mode that terminates at the cyclotron frequency for
Faraday arrangement. Surface magnetoplasma modes8,9 of
films have also been reported to propagate: two in the F
day geometry; and surface, bulk, hybrid surface-bulk, a
‘‘complex’’ modes in the perpendicular configuration. R
cent literature deals with the collective excitations in tru
cated semiconductor10 and metallic11 superlattices in a trans
PRB 590163-1829/99/59~16!/10843~7!/$15.00
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verse magnetic fieldB0. Dispersion relations were discusse
in terms of magnetic-field strength to exhibit the miniba
structure of the bulk modes and surface modes for the tr
cated superlattices. However, to our knowledge, no atten
has been given to the optical response for the truncated
erostructure and dispersion relations of the collective nor
modes on the periodic artificial media in terms of the Blo
wave vector.12

Nonlocal theoretical investigations on the optical respo
of bimetallic superlattices including plasma mode excitatio
have been reported. A method has been developed to ca
late thep-polarized optical reflectanceRpp using the transfer-
matrix approach.12 This method is suitable for our problem a
hand; furthermore, we outline that procedure for calculat
Rpp . The first step is to calculate the transfer matrix of
single film, then use the boundary conditions to obtain
corresponding matrix of a period and invoke Bloch’s the
rem to calculate the wave vectorp of the normal-mode dis-
persion relations. Finally, ap-polarized wave incident on the
truncated binary metallic superlattice can excite two out
ing normal modes, additional to the reflected one. The t
transmitted waves are characterized byQ5n@v/c#sinu and
Im(p).0, wheren is the index of refraction of the left half
space in contact with the superlattice, withu being the angle
of incidence. Once the transmitted fields are written in ter
of the two propagating modes, the boundary conditions
applied to calculate the transmitted amplitudes and thus
optical reflectance.12

The paper is presented as follows. In Sec. II we desc
the 434 transfer-matrix approach, then the dispersion re
tions of the collective normal magnetoplasma modes and
optical response for the incidentp-polarized light, account-
ing for aB0 field along the superlattice axis. Analytic calcu
lations are also shown for the reflectivitiesRpp of light with
p polarization andRps of the conversion fromp to s polar-
ization. Results, discussions, and conclusions are give
Sec. III.

II. FORMALISM

The heterostructure under study is depicted in Fig. 1z
being the growth axis and thexy plane parallel to the inter-
10 843 ©1999 The American Physical Society
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10 844 PRB 59G. MARTÍNEZ et al.
faces of the superlattices. The magnetic fieldB0 is along the
growth axis; that is, it is considered the perpendicular c
figuration. Since we are concerned with a local theory,
dielectric-response tensors of the layers are only freque
and magnetic-field dependent,ẽa for layera andẽb for layer
b, and their thicknessesa0 andb0 , respectively. Maxwell’s
wave equation in a layer can be written as

¹3~¹3E!2q0
2ẽ•E50, ~1!

whereq05v/c is the vacuum wave vector. We consider t
following nonzero elements of the dielectric tensor in ea
medium:

exx5eL@12vp
2/~v22vc

2!#, ~2!

exy52eyx5 i eL@vcvp
2/v~v22vc

2!#, ~3!

ezz5eL@12vp
2/v2#, ~4!

where eL , vp , and vc are the background dielectric con
stant, plasma frequency, and cyclotron frequency, resp
tively. The dispersion relations obtained from Eq.~1! can be
written6 as2qz

25a1,2
2 , with

a1,2
2 5

1

2ezz
$~exx1ezz!Q

222q0
2exxezz6@~exx2ezz!

2Q4

14~Q22q0
2ezz!q0

2exy
2 ezz#

1/2%. ~5!

The electric field has the form

E~r ,t!5E~z!ei ~Qy2vt !, ~6!

with

E~z!5E1
1ea1z1E1

2e2a1z1E2
1ea2z1E2

2e2a2z, ~7!

and the magnetic field is obtained from one of the Maxw
equations, namely,¹3E5 i @v/c#H. Following a familiar
procedure,1–4,12we write a matrix equation,

S E

HD
z

5GS A1

A2
D

z

, ~8!

FIG. 1. Schematic representation of the binary semicondu
superlattice. We indicate the coordinate system and layer th
nessesa0 andb0.
-
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G5S 1 1 1 1

g1 g1 g2 g2

2 i
a1

q0
i
a1

q0
2 i

a2

q0
i
a2

q0

2 ib1

a1

q0
ib1

a1

q0
2 ib2

a2

q0
ib2

a2

q0

D , ~9!

where g j52@exxq0
22qz j

2 2Q2#/exyq0
2 and b j5@exxq0

22qz j
2

2Q2#ezz/@ezzq0
22Q2#exy , with j 51,2. We now write a re-

lationship between the fields at two different pointsz andz8
in a layer,

S A1

A2
D

z

5T~z2z8!S A1

A2
D

z8

, ~10!

whereT(z)5diag@ea1z,e2a1z,ea2z,e2a2z# is a diagonal ma-
trix. Finally, using Eqs.~8! and~10! one finds a relationship
between the fields evaluated at the film surfaces. This m
take the form

S E

HD
zr

5M1S E

HD
zl

, ~11!

wherezr andzl stand for the right and left surfaces, respe
tively, and M1 is a 434 transfer matrix of a layer with
thicknessd1,

M15G1T~d1!G1
21, ~12!

with the elements having the form

M115@g2c12g1c2#/D2 , M125@2c11c2#/D2 ,
~13!

M135 iq0@b2s1 /a12b1s2 /a2#/D1 , ~14!

M145 iq0@2s1 /a11s2 /a2#/D1 , ~15!

M215@c12c2#g1g2 /D2 , M225@2g1c11g2c2#/D2 ,
~16!

M235@b2g1s1 /a12b1g2s2 /a2# iq0 /D1 , ~17!

M245@2g1s1 /a11g2s2 /a2# iq0 /D1 , ~18!

M315@2a1g2s11a2g1s2# i /@q0D2#, ~19!

M325 i @a1s12a2s2#/@q0D2#, ~20!

M335@b2c12b1c2#/D1 , M345@2c11c2#/D1 ,
~21!

M415 i @2b1a1g2s11b2a2g1s2#/@q0D2#, ~22!

M425 i @b1a1s12b2a2s2#/@q0D2#, ~23!

M435b1b2@c12c2#/D1 , M445@2b1c11b2c2#/D1 ,
~24!

whereci5cosh(aid), si5sinh(aid) with i 51, 2, and

D15b22b1 , D25g22g1 . ~25!

or
k-
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Assuming thatp-polarized light is incident on the sem
infinite superlattice, the electric-field components forz,0
have the form

Ey~z!5Ei
peiqzvz2Er

pe2 iqzvz, Ex~z!5Er
se2 iqzvz. ~26!

To obtain the reflectivityRpp5uEr
pu2, we use the correspond

ing formula in terms of the surface impedanceZp(0), written
as12

Rpp5UZp~0!2Zv

Zp~0!1Zv
U2

, ~27!

whereZv5cos(u) andu is the angle of incidence. We outlin
how to obtainZp(0) and the reflectivityRps5uEr

su2 of the
conversion fromp to s polarization for the systems unde
study.

Although the incident light is withp polarization, inside
the semiconducting layers, waves have no definite polar
tion. As illustrated above, the transfer matrix of an isola
semiconducting layer in the presence of an external magn
field B0 is of dimension 434; furthermore, the correspond
ing matrix of a two layer system is also 434 and is con-
structed using the boundary conditions at the interface.
result may be written asM5M2M1, where the subindices 1
and 2 label layers 1 and 2, respectively. If we consider p
odic structures with periodsd5a01b0 of two layers and
invoke Bloch’s theorem, we may write

@M21eipd#F E

HG
z

50, ~28!

where p is again the one-dimensional Bloch wave vect
From this equation one obtains the normal-mode disper
relation by solving the 434 determinant. Results shoul
give four values ofp with two of them representing mode
traveling to the right and the other two to the left.2

To calculate the surface impedanceZp(0) of the truncated
superlattice, we assume that the surface of the superlatti
at z50. A wave encountering the surface may excite t
outgoing ~transmitted! normal modes in addition to the re
flected wave withp polarization and the conversion fromp
to s polarization. The transmitted waves are characterized
the wave-vector componentsQ for the parallel andp for the
perpendicular directions to superlattice interfaces, w
Im(p).0 for the two physical solutions, while the other tw
possible modes with Im(p),0 cannot be normalized in
semi-infinite system, and furthermore their amplitudes m
be zero. The transmitted fields at the surface of the supe
tice can be written in terms of the eigenvectors of the
lowed modes as

V~01!5S Ex

Ey

Hy

Hx

D
01

5t1S Ex

Ey

Hy

Hx

D
01

~1!

1t2S Ex

Ey

Hy

Hx

D
01

~2!

, ~29!

where t1 and t2 are the two undetermined amplitudes, 01

stands for the right-hand side of the surface, and the up
indices 1 and 2 label the two modes. At this step, we invo
Maxwell’s boundary conditions to obtaint1 , t2, andr, with r
a-
d
tic

e

i-

.
n

is

y

h

st
t-

l-

er
e

the reflected coefficient. The conditions are the continuity
the tangential components of the electricE and magneticH
fields. At z501 one may write

Ex~01!5t1Ex
~1!~01!1t2Ex

~2!~01!, ~30!

Ey~01!5t1Ey
~1!~01!1t2Ey

~2!~01!, ~31!

Hy~01!5t1Hy
~1!~01!1t2Hy

~2!~01!, ~32!

Hx~01!5t1Hx
~1!~01!1t2Hx

~2!~01!. ~33!

Using these results in the surface impedance definition,
obtain

Z~01!5
Ey~01!

Hx~01!
5

t1

t2
Ey

~1!~01!1Ey
~2!~01!

t1

t2
Hx

~1!~01!1Hx
~2!~01!

~34!

and

t1

t2
5

ZsHy
~2!~01!2Ex

~2!~01!

Ex
~1!~01!2ZsHy

~1!~01!
, ~35!

whereZs5qzv /q0. Finally, once the amplitudesEr
p , t1, and

t2 are known,Er
s may be calculated. To obtain the properti

for superlattices of alternating a nonisotropic semiconduc
and an isotropic insulator, we setvp250 and use all the
results for the binary semiconductor superlattice.

III. RESULTS AND DISCUSSION

Numerical calculations are presented for semiconduc
superlattices, considering aB0 field applied along the growth
axis of the superlattice, perpendicular configuration. The
rameters used for the actual calculations are normalized
respect to the plasma frequency of the denser medium;
is, we take vp151, vp250.25vp1 , e l1513.13, ande l2
55.02. To investigate the magnetoplasmon optical prop
ties in the infinite superlattices, we diagonalize numerica
the 434 transfer matrix to obtain Bloch’s wave vectorp.
Then the reflectivityRpp for p-polarized light as well as the
conversionRps from p to s polarization are calculated for th
semi-infinite array. For the optical response we chose s
tions that represent physical situations; that is, we conside
cases where the imaginary parts ofpi ( i 51,2) are positive
or zero and the real parts as positive. Under these cho
collective excitations may propagate or decay exponenti
away from the surface into the volume.

First, we discuss the normal-mode dispersion relation o
superlattice made up of alternating layers of a semicondu
of thicknessa0 and an insulator of thicknessb0. As the in-
sulator we considered vacuum, therefore we tooke i51. In
Fig. 2, we displayv vs pd for e l5e l1513.13, vp5vp1 ,
a05b050.5c/vp , and two different cyclotron frequencie
vc50.35vp andvc50.10vp . For each wave we considere
Q5(v/c)sinu of the parallel wave vector, so that the di
persion relations correspond to those modes that may co
the incident light from vacuum at an angleu530°. The left
panel shows the real part and the right panel the imagin
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FIG. 2. Real ~upper panels!
and imaginary ~lower panels!
parts of p1 and p2 of the collec-
tive normal-mode dispersion rela
tions as functions of the applied
magnetic field,vc /vp50.1, 0.35
for a parallel component of the
wave vectorQ5(v/c)sin 30° and
a05b050.5c/vp1 .
o
s,
fre
,

di
e
t u
e
on

tor
we

s-
ow
, a

vity;

ore-
part of pd. The minima of the real part are consequences
the Fabry-Perot resonances in the semiconductor layer
discussed below, with the structure appearing in the
quency regionvc,v,vp . As the strength ofB0 decreases
the structure shifts to lower frequencies.

To understand the features of Fig. 2, we describe the
persion relation of the transverse modes that propagat
each semiconductor layer of the superlattice. For that, le
consider a single semiconductor crystal, with the wave v
tors a i ( i 51,2) as plotted in Fig. 3. Focusing the attenti
on either upper or lower panels, it is apparent that atv
f
as
-

s-
in
s

c-

,vc , of those two transverse waves in the semiconduc
layer, one is a propagating mode but the other is not, then
have a pseudosurface~PS! mode region. Abovevc , a sur-
face mode~SP! regime is obtained, which eventually tran
forms into a PS mode domain, with this taking place bel
vp . Finally, at frequencies above the plasma frequency
bulk polariton~BP! mode region is accounted.

The feature exhibited by the real parts ofp1 andp2 are in
close correspondence to that presented by the reflecti
that is, whenever the real parts ofp1 and p2 have finite
values, the reflectance also takes some finite value. M
lk
FIG. 3. Real~left panel! and
imaginary ~right panel! parts of
the dispersion relations v
5v(a1 ,a2) for the parameters of
Fig. 2. psi , spi , andbp label the
pseudosurface, surface, and bu
polariton frequency regions.
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FIG. 4. ReflectivitiesRpp in
the upper panels andRps in the
lower panels for superlattices o
alternating a semiconductor laye
and an isotropic insulator, as func
tions of the applied magnetic field
for the parameters of Fig. 2. Fo
simplicity, vacuum is taken as the
insulator.
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over, when the real parts ofpi vanish, no mode propagate
and the reflectivity (Rpp

2 1Rps
2 5R2) goes to unit. In this

case, finite imaginary parts ofpi , i 51,2 take place, yielding
exponentially evanescent modes away from the surface
the bulk. Whenp1 is real andp2 is imaginary or vice versa
we will obtain a pseudosurface mode of the truncated su
lattice. In Fig. 4 we exhibit the behavior ofRpp in the upper
panel andRps in the lower panel for a truncated stratifie
medium, for the same parameters of Fig. 2. The reflectiv
displays Fabry-Perot resonances as well as minibands
minigaps of bulk mode propagation in the superlattice an
shift to lower frequencies asvc decreases.

We now describe results of the binary semiconductor
perlattices. In Fig. 5 we display the dispersion relationsv vs
pid, with i 51,2, of the collective normal modes of magn

FIG. 5. Collective normal-mode dispersion relations of the
nary semiconductor superlattices. Left panel is for the real part
right panel for the imaginary part of Bloch’s wave vector. Para
eters are shown in the figure.
to

r-

y
nd
a

-

toplasma systems for the structural parametersa05b0

50.5c/vp1 and cyclotron frequenciesvc15vc25vc

50.35vp1. Furthermore, we havevp2,vc,vp1. The re-
duced scheme in the first Brillouin zone is used in the figu
For each wave, we gave the valueQ5(v/c)sin 30° to the
parallel wave vector. The figure exhibits two wave vecto
and contains a rich structure in the vicinities of the plas
and cyclotron frequencies that can be understood in term
the dispersion relationsv versusa i ( i 51,2) of the trans-
verse modes in the infinite crystals. These dispersion r
tions are shown in Fig. 3. On the other hand, these mag
toplasmon exhibit minibands of wave propagation into t
superlattice and minigaps of forbidden bulk waves.

We describe the results of the composed system in te
of the modes of the isolated crystals, as displayed in Fig
At frequenciesv,vp2, there exists one bulk wave and on
localized mode in mediuma and one or two transverse bul
modes in mediumb, then this is a pseudosurface mode r
gion (PS1). Consequently, the structure of the collective e
citations is composed of resonances of those propaga
modes and their coupling among themselves, with the e
nescent fields of the localized waves. Nearvp2, bulk modes
have short wavelengths; furthermore, they repeatedly m
the Fabry-Perot resonance condition, yielding the dips in
spectra. Forvp2,v,vc , layer a supports exponentially
evanescent waves, while layerb has two propagating modes
this induces a surface polariton window (SP1). Furthermore,
all the structures are originated by resonances in layeb,
treating these modes as guided waves since they cannot
out of the layer. However, these modes couple to those of
adjacent layers through the evanescent fields of layera, caus-
ing collective-mode propagation in the superlattice. Invc
,v,0.48 vp1, mediuma exhibits a forbidden gap for bulk
polaritons andb supports pseudosurface modes, then we
tain a pseudosurface mode (PS2) region.

Above 0.48 vp1, mediumb allows for bulk polaritons,

-
d

-
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10 848 PRB 59G. MARTÍNEZ et al.
but in a, different situations take place. As the frequen
increases (0.48vp1,v,0.84 vp1), mediuma allows for
surface polaritons, thus we obtain a surface mode reg
(SP2). At frequencies 0.84vp1,v,vp1 , a accounts for
one propagating mode, thus we obtain a pseudosurface m
region (PS3). Finally, atvp1,v, in a exists one bulk polar-
iton and one surface mode, but this surface wave evolve
such a way that eventually it transforms into a bulk polarito
Therefore, we start with a pseudosurface mode region (P4)
and switch into a bulk polariton~BP! region asv increases.
In summary, coupling of transverse modes of adjacent lay
may occur via traveling modes or through evanescent fie
yielding most of the structure in the collective normal mod

The description presented above on the dispersion r
tions of the collective normal mode in the superlattice
mains qualitatively correct for other choices of cyclotron fr
quencies, that is, different magnitudes of the appl
magnetic fieldB0. As the magnitude of the field decrease
vc decreases, and the resonances below the cyclotron
quency shift to lower energies, allowing for a wider forbi
den gap, as the real parts ofpi vanish, while the imaginary
parts take finite values.

In Fig. 6 we exhibit in the upper panel the optical refle
tanceRpp and in the lower panel the conversion fromp to s
polarization Rps calculated for a semi-infinte superlattic
upon whichp-polarized light is incident at an angleu530°,
for the same parameters of Fig. 5. The feature displayed
Rpp andRps are in close correspondence to that shown by
dispersion relation of the normal mode: there are series
peaks in the vicinity of the plasma and the cyclotron frequ
cies. All of them are consequences of the Fabry-Perot re
nances of the transverse mode in the layers. It is shown
in the forbidden gaps of bulk waves,Rpp approaches to uni
but is somewhat less due to the finite value ofRps .

It has been pointed out that most of the structure of
dispersion relation of the normal mode is manifested in
vicinity of plasma and cyclotron frequencies, then it is inte
esting to show how these features are in a close view.
this, in Fig. 7 we depict, in the left panel, the real parts a
in the right panel, the imaginary parts ofp1 and p2 in the
reduced scheme, within the first Brillouin zone below b

FIG. 6. ReflectivitiesRpp in the upper panel andRps in the
lower panel, for binary semiconductor superlattices. Parameter
shown in the figure.
n

de

in
.

rs
s,
.
a-
-
-
d
,
re-

-

y
e
of
-
o-
at

e
e
-
or
,

t

near the cyclotron frequency. The figure exhibits allowed
forbidden bands for bulk waves in the superlattice. These
manifested as having finite real or imaginary parts ofpi ,
respectively. As before, the structure is in close corresp
dence with the reflectance of light of the semi-infinite sy
tem. More precisely, in Fig. 8Rpp is displayed in the uppe
panel andRps in the lower panel to exhibit the resonance
allowed and forbidden bands of bulk polaritons. It is al
noted that in the forbidden bandsRpp<1, as produced by
finite values ofRps .

In conclusion, we have presented a study of magne
plasma modes in semiconductor stratified media accoun
for an external magneticB0 field in the perpendicular con
figuration. Incident light withp polarization has been consid
ered to solve the wave equation, construct the 434 transfer
matrix, then calculate the dispersion relations of the norm
mode, the reflectanceRpp and the conversion fromp- to
s-polarization reflectionRps for the binary semiconductor

re
FIG. 7. Collective normal-mode dispersion relations of the

nary semiconductor superlattices, in the vicinity of the cyclotr
frequency. Left panel shows the real parts and right panel the im
nary parts of Bloch’s wave vectorsp1 andp2.

FIG. 8. ReflectivitiesRpp in the upper panel andRps in the
lower panel, for binary semiconductor superlattices, in the vicin
of the cyclotron frequency. Parameters are as in Fig. 7.
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PRB 59 10 849MINIBANDS OF MAGNETOPLASMONS IN . . .
and of a semiconductor alternated with an isotropic insula
superlattice. Results ofRpp display structures interpreted i
terms of the normal-mode dispersion relations of the coll
tive excitations that either propagate or are localized near
surface of the superlattices, which are originated as the c
pling of the modes of adjacent semiconductor layers. M
bands and minigaps of bulk modes in the superlattices
obtained as functions of the structural parameters as we
of the strength of theB0 field. As the cyclotron frequency
decreases, the Fabry-Perot resonances shift to lower freq
a,
r

-
e

u-
i-
re
as

en-

cies and at the same time larger forbidden minigaps of b
modes take place. Variations of the parameters permit u
monitor the minibands for bulk wave propagation, and fu
thermore allow us to choose frequency regions of b
modes, useful for applications in filter devices.

ACKNOWLEDGMENT

This work was partially supported by CONACyT
Mexico Grant No. 26363-E.
1W. Luis Mochán, M. del Castillo-Mussot, and R. G. Barrer
Phys. Rev. B35, 1088~1987!.

2M. del Castillo-Mussot and W. Luis Mocha´n, Phys. Rev. B37,
6763 ~1988!.

3E. L. Olazagasti, G. H. Cocoletzi, and W. Luis Mocha´n, Solid
State Commun.78, 9 ~1991!.

4G. H. Cocoletzi and W. Luis Mocha´n, Phys. Rev. B39, 8403
~1989!; G. H. Cocoletzi, A. R. Perucho, and W. Luis Mocha´n,
ibid. 44, 11 514~1991!.

5P. Yeh, A. Yariv, and C. S. Hong, J. Opt. Soc. Am.67, 423
~1977!.
6P. Halevi and C. Guerra-Vela, Phys. Rev. B18, 5248~1978!.
7P. Halevi, Phys. Rev. B23, 2635~1981!.
8M. S. Kushwaha and P. Halevi, Phys. Rev. B35, 3879~1987!.
9M. S. Kushwaha and P. Halevi, Phys. Rev. B38, 12 428~1988!.

10M. Kushwaha, Phys. Rev. B40, 1692~1989!.
11M. Kushwaha, Phys. Rev. B41, 5602~1990!.
12W. L. Mochán, M. del Castillo-Mussot, and R. A. Va´zquez-Nava,

Phys. Status Solidi B174, 273~1992!; R. A. Vázquez-Nava, M.
del Castillo-Mussot, and W. Luis Mocha´n, Phys. Rev. B47,
3971 ~1993!.


