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Minibands of magnetoplasmons in semiconductor superlattices
in a perpendicular external magnetic field
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Studies are performed on the minibands and the optical response of magnetoplasmons in periodic stratified
structures of highly doped semiconductors accounting for an external ma@gdfiild in the perpendicular
configuration. Incident light op polarization is considered to calculate the reflectivitgg of p polarization
andR of the conversion fronp 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 theB field decreases. Variations of the structural parameters and the magnetic field permit us to
monitor the minibands and minigaps of mode propagation in the superlafi8®@K53-18209)02516-3

. INTRODUCTION verse magnetic fiel®,. Dispersion relations were discussed

in terms of magnetic-field strength to exhibit the miniband
Optical properties of multilayer systems have attracted thetructure of the bulk modes and surface modes for the trun-
attention of many works in the past few years since theycated superlattices. However, to our knowledge, no attention
exhibit interesting features useful for technological applica:nas been given to the optical response for the truncated het-
tions. In particular, literature has focused on the minibancerostructure and dispersion relations of the collective normal

structures of periodic superlattices and the optical reflectancdd©des on the periodic artificial media in terms of the Bloch

. oo o wave vectort?
of electromagneti¢€EM) waves incident on semi-infinite su- L L .
perlattices o? two¢ diff)erent materials? Alternatively, the Nonlocal theoretical investigations on the optical response

. : . of bimetallic superlattices including plasma mode excitations
dispersion relations of surface as well as bulk modes havgaye peen reported. A method has been developed to calcu-

also been studietTwo different transfer-matrix approaches |ate thep-polarized optical reflectand,,, using the transfer-
have been developed, with the dimensions of the matricegatrix approach? This method is suitable for our problem at
beingN XN, andN being the number of waves traveling in a hand; furthermore, we outline that procedure for calculating
layer. One method constructs the EM fields as a superposR,,. The first step is to calculate the transfer matrix of a
tion of propagating waves and then uses the boundary corsingle film, then use the boundary conditions to obtain the
ditions on the EM fields at the interfaces of adjacent layers t¢orresponding matrix of a period and invoke Bloch’s theo-
write equations in terms of the amplitudes and then construd€m to calculate the wave vectprof the normal-mode dis-
the matrices. The resulting matrices, in general, contain inP€rsion relations. Finally, p-polarized wave incident on the
formation of both layerS.In the alternative theord;” the f[runcated binary metalh_c. superlattice can excite two outgo-
EM fields are constructed in the same way, and a relation i{'9 Normal modes, additional to the reflected one. The two
obtained for the fields at the layer surfaces in terms of théransmltted waves are characterlzedct»yt nfw/c]sing and
transfer matrix, with this matrix characterizing the singlelm(p)>o’ wheren is the index of refraction of the left half-

layer. The resulting equations are then used in the bounda ace in contact with the superlattice, wiitbeing the angle

conditions to obtain the transfer matrix of multilayer systemsoi Itrr]g(jtsvrgce'rggcea:i?\e tﬁggg‘;ttfﬁeﬁgfjnzg W(r:'ct)tﬁgi tlir(;r:i”;rse
as a simple matrix multiplication. In this paper, we follow propagating ' y

this latter approach to study the collective excitations of the"’lppl'ed o calculate the transmitted amplitudes and thus the

magnetoplasma and the optical reflectivity of fpolarized opt_:%eg re;leé:ta_mcéi ented as follo In Sec. Il we describe
light incident on the truncated superlattice. Paper IS pres S WS. W Scrl

Studies of magnetoplasma polaritons have been carriettg]e ax4 transfer-matrix approach, then the dispersion rela-
out at interfaces of a semiconductor and a metallic screef°NS of the collective nor_ma_l magneto_plasma modes and the
accounting for external magnetic fielBg both in the Voig? _optlcal response for the |nC|deptpo_Iar|ze(_1 light, agcount-
and Faradayconfigurations. Results of the dispersion rela-'"9 for aB, field along the SuDerlatt'Ce.aX'S' An:_;xlyuc c_:alcu—
tions exhibit propagation windows for the Voigt geometry lations .are_also shown for the reflec'qwh%p of light with
and a mode that terminates at the cyclotron frequency for thB pqlarlzatlon and:‘TPS of the conversion froer s polqr— .
Faraday arrangement. Surface magnetoplasma fdads Ization. Results, discussions, and conclusions are given in
films have also been reported to propagate: two in the Faras—ec' .
day geometry; and surface, bulk, hybrid surface-bulk, and
“complex” modes in the perpendicular configuration. Re-
cent literature deals with the collective excitations in trun- The heterostructure under study is depicted in Figz 1,
cated semiconductttand metalli¢* superlattices in a trans- being the growth axis and they plane parallel to the inter-

Il. FORMALISM
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where Yi=— [equé_ qgj_ QZ]/exng and :Bj = [Equg_ q?]

— Q% e,/ €,85— Q] €yy, With j=1,2. We now write a re-

lationship between the fields at two different poimtandz’
FIG. 1. Schematic representation of the binary semiconductol @ layer,

superlattice. We indicate the coordinate system and layer thick-

A A
nesses, andhy,. ! =T(z—-2") ! , (10)
A2 7 A2 2/

faces of the superlattices. The magnetic fiBjdis along the . 7 a7 oz oz i

growth axis; that is, it is considered the perpendicular conWhereT(z) =diad e*+*,e” “1,e?*,e” "] is a diagonal ma-
figuration. Since we are concerned with a local theory, thdfix- Finally, using Eqs(8) and(10) one finds a relationship
dielectric-response tensors of the layers are only frequen tween the fields evaluated at the film surfaces. This may

and magnetic-field depende?ég for layera and?b for layer ake the form

b, and their thicknesses, andbg, respectively. Maxwell's E E
wave equation in a layer can be written as (H) = Ml( H) , 11
7 Z
VX (VXE)—qje E=0, (1) wherez" andZ' stand for the right and left surfaces, respec-
. _ tively, and M, is a 4X4 transfer matrix of a layer with
whereqy= w/c is the vacuum wave vector. We consider the, .
i ) : ) thicknessd,,
following nonzero elements of the dielectric tensor in each
medium: M1=G;T(dy)G; 2, (12)
€= e,_[l—wf)/(wz—wi)], ) with the elements having the form
_ ) s 2 M11=[y2C1— v1C2l/Ay,  Myp=[—Ci1+Co]/A,,
Exy™ — Eyx=1 GL[a)pr/w(w —wg)], ) (13
€= € [1- w3l w?], (4) Mis=ido[ B2S1/ a1~ B1Sz/azllAy, (14
where e, w,, and w. are the background dielectric con- M1s=iqol —Si/as+sy/az]/Ag, (15
stant, plasma frequency, and cyclotron frequency, respec-
tively. The dispersion relations obtained from Efj can be Ma1=[C1=Caly1¥2/A2, Ma=[—y1C1+ ¥2C2l/A;,
written® as — 2= a7 ,, with (16)
1 Mas=[B2y1S1/a1— B1y2S2/ az]ido/A, (17
2 _ 2 2 24
=—{(et € —2Q0€xx€,,- [ (64— €
a2 2622{( XX zz)Q qo xx€zz [( XX zz) Q M24=[— y151/a1+ ')’252/a2]qu/A17 (18)
2_ 42 2 2 1 .
+4(Q*— g€z Ugeny € "} (5 Ma1=[—a1y:S1+ a2 ¥1S2]i/[ Aol 2], (19
The electric field has the form .
Mao=i[@1S1— a@3S,]/[doA 2], (20
E(r,t)=E(2)€'(Q~ Y, 6
(r.H)=E(2) © M33=[B2C1— B1C2l/A1, Mg=[—cCi1+Cy]/A,,
with @D
E(Z) — EI’ e¥Z4 EI e 124 E; e¥22 4 E2— e aZZ' (7) M41: I [ _ﬁla172sl+ 32a27152]/[%A2]: (22)
and the magnetic field is obtained from one of the Maxwell Maz=i[Bre181~ Bo2S,]/[QoA2], 23
equations, namelyV XE=i[w/c]H. Following a familiar _ _ o
proceduré;*1?we write a matrix equation, Mag=B1BalCi=CallA1, Mas=[ '81C1+'8202]/A1(’24)
(E) Al) ® wherec; = coshgd), s;=sinh(d) with i=1, 2, and
=G , 8
Al A, Ar=Bo—Bi. Ay=yr— 1. (25
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Assuming thatp-polarized light is incident on the semi- the reflected coefficient. The conditions are the continuity of
infinite superlattice, the electric-field components for0  the tangential components of the electiand magnetitd

have the form fields. Atz=0" one may write
E,(z)=EPel92?—EPe 192, E, (z)=Efe 922 (26) E,(0")=t,EX"(07)+t,E?(0"), (30)
et o Ko 00 -LEN ) LEF 00, (@
as’ Hy(0%)=tH{M(0") +t,HZ(0"), (32
m;‘%z, (27) H,(0")=t;HP(0") +t,HZ(0"). (33)

whereZ, = cos(f) and is the angle of incidence. We outline Using these results in the surface impedance definition, we

how to obtainZ,(0) and the reflectivityR,s=|Ej]* of the obtain

conversion fromp to s polarization for the systems under t

study. E.(0%) t—E;1>(o+)+E;2)(o+)
Although the incident light is wittp polarization, inside Z(0")= _2 (34)

the semiconducting layers, waves have no definite polariza- Hy(0") t—lH(l)(O+)+H<2)(O+)

tion. As illustrated above, the transfer matrix of an isolated t, X X

semiconducting layer in the presence of an external magnetic

field By is of dimension 4 4; furthermore, the correspond- 2"

ing matrix of a two layer system is alsox# and is con- (2 it 2t

structed using the boundary conditions at the interface. The t_lzsty (07)—E(07) (35)

result may be written as!t=M,M,, where the subindices 1 t, E;1>(0+)_ZSH<Y1>(0+) '

and 2 label layers 1 and 2, respectively. If we consider peri-

odic structures with periodd=ag+b, of two layers and WhereZs=q,,/d,. Finally, once the amplitudes?, t;, and

invoke Bloch'’s theorem, we may write t, are knownE; may be calculated. To obtain the properties
for superlattices of alternating a nonisotropic semiconductor

ipd E _ and an isotropic insulator, we set,,=0 and use all the
[M—1e®7] H =0, (28) results for the binary semiconductor superlattice.
z
where p is again the one-dimensional Bloch wave vector. . RESULTS AND DISCUSSION

From this equation one obtains the normal-mode dispersion ) ) )
relation by solving the %4 determinant. Results should Numerical calculations are presented for semiconductor
give four values ofp with two of them representing modes Superlattices, consideringg field applied along the growth
traveling to the right and the other two to the I&ft. axis of the superlattice, perpendicular configuration. The pa-
To calculate the surface impedarg0) of the truncated rameters used for the actual calculations are normalized with
superlattice, we assume that the surface of the superlattice i§SPect to the plasma frequency of the denser medium; that
at z=0. A wave encountering the surface may excite twoiS: W€ take wp =1, wp;=0.250p;, €,=13.13, ande,
outgoing (transmitted normal modes in addition to the re- =5.02. To investigate the magnetoplasmon optical proper-
flected wave withp polarization and the conversion from ~ ti€s in the infinite superlattices, we diagonalize numerically
to s polarization. The transmitted waves are characterized bji¢ 4<4 transfer matrix to obtain Bloch's wave vectpr
the wave-vector componen@ for the parallel ang for the hen the reflectivityR,, for p-polarized light as well as the
perpendicular directions to superlattice interfaces, withcOnversiorR,s fromp to s polarization are calculated for the
Im(p) >0 for the two physical solutions, while the other two Semi-infinite array. For the optical response we chose solu-
possible modes with In)<O cannot be normalized in a tions that represent physical situations; that is, we considered
semi-infinite system, and furthermore their amplitudes musgases where the imaginary partsmf(i=1,2) are positive
be zero. The transmitted fields at the surface of the superla®' zero and the real parts as positive. Under these choices,
tice can be written in terms of the eigenvectors of the al-collective excitations may propagate or decay exponentially

lowed modes as away from the surface into the volume.
First, we discuss the normal-mode dispersion relation of a
E, E.,\ E,\ @ superlattice made up of alternating layers of a semiconductor
E E E of thicknessa, a_nd an insulator of thickneds,. As the in-
vio=| | =t| 7| +t| Y| , (29 sulator we considered vacuum, therefore we tapk1l. In
Hy Hy Hy Fig. 2, we displayw vs pd for €=¢€;=13.13, 0,= w1,
Hy/ o Hy/ o Hy/ o ap=bp=0.5c/w,, and two different cyclotron frequencies

0.=0.350, andw=0.10w,. For each wave we considered
wheret; andt, are the two undetermined amplitudes! 0 Q=(w/c)sin@ of the parallel wave vector, so that the dis-
stands for the right-hand side of the surface, and the uppeyersion relations correspond to those modes that may couple
indices 1 and 2 label the two modes. At this step, we invokehe incident light from vacuum at an anghe=30°. The left
Maxwell's boundary conditions to obtatn, t,, andr, withr  panel shows the real part and the right panel the imaginary
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FIG. 2. Real (upper panels
and imaginary (lower panels
parts ofp; and p, of the collec-
tive normal-mode dispersion rela-
tions as functions of the applied
magnetic field,o./w,=0.1, 0.35
for a parallel component of the
wave vectoiQ= (w/c)sin 30° and
ao=b0=0.5C/wpl.

Re(pd) Im(pd)

part of pd. The minima of the real part are consequences oK w., of those two transverse waves in the semiconductor
the Fabry-Perot resonances in the semiconductor layers, &syer, one is a propagating mode but the other is not, then we
discussed below, with the structure appearing in the frehave a pseudosurfad®S mode region. Abovev., a sur-
quency regionv.<w<w,. As the strength oB, decreases, face mode(SP regime is obtained, which eventually trans-
the structure shifts to lower frequencies. forms into a PS mode domain, with this taking place below
To understand the features of Fig. 2, we describe the disw,. Finally, at frequencies above the plasma frequency, a
persion relation of the transverse modes that propagate inulk polariton(BP) mode region is accounted.
each semiconductor layer of the superlattice. For that, let us The feature exhibited by the real partsmfandp, are in
consider a single semiconductor crystal, with the wave vecelose correspondence to that presented by the reflectivity;
torsa; (i=1,2) as plotted in Fig. 3. Focusing the attentionthat is, whenever the real parts pf and p, have finite
on either upper or lower panels, it is apparent thatwat values, the reflectance also takes some finite value. More-

1.44 S bp E
1.2
> ps,
1.0 = b,
0.8 N T
Media a
061 g, =13.13 [ P ]
049 @, = 1.00 [ 5] FIG. 3. Real(left pane} and
_ 02 o, =0.35 3 1% imaginary (right pane] parts of
ea 00 ) X , ) - , , P the dispersion relations o
’\8 14l L ] = w(a,,a,) for the parameters of
e =505 P Fig. 2.ps;, sp., andbp label the
2r u')z — 025 i bs. pseudosurface, surface, and bulk
10} 0)92 : 0‘35 L os polariton frequency regions.
c2 T " LI
08F r Media b ]
0.6 - sp,
04} E
P51
02l R .- « . -Sp‘
ps,
% 1 2 3 s 5 0 1 2 é s 5 6

Re(o) Im(c)
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FIG. 4. ReflectivitiesR,, in
o2} 1 the upper panels anR in the
lower panels for superlattices of
0.0 . ' ' ' : alternating a semiconductor layer
101 F 1 and an isotropic insulator, as func-
tions of the applied magnetic field
08 - ] for the parameters of Fig. 2. For
simplicity, vacuum is taken as the
JoeT I ] insulator.
Qo
o
0.4+ - i
02 & F 1
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o /o,

over, when the real parts @ vanish, no mode propagates toplasma systems for the structural parametags=b,

and the reflectivity Ry, +R3s= Rz) goes to unit. In this  =0.5c/wy; and cyclotron  frequencieswe; = we,= wc
case, finite imaginary parts of , i = 1,2 take place, yielding =0.350,,. Furthermore, we have,<w.<wp;. The re-
exponentially evanescent modes away from the surface intduced scheme in the first Brillouin zone is used in the figure.
the bulk. Whenp, is real andp, is imaginary or vice versa, For each wave, we gave the val@=(w/c)sin30° to the

we will obtain a pseudosurface mode of the truncated supeparallel wave vector. The figure exhibits two wave vectors
lattice. In Fig. 4 we exhibit the behavior &, in the upper  and contains a rich structure in the vicinities of the plasma
panel andR in the lower panel for a truncated stratified and cyclotron frequencies that can be understood in terms of
medium, for the same parameters of Fig. 2. Thg reflectivity[he dispersion relations versuse; (i=1,2) of the trans-
displays Fabry-Perot resonances as well as minibands angl;se modes in the infinite crystals. These dispersion rela-
minigaps of bulk mode propagation in the superlattice and &,ns are shown in Fig. 3. On the other hand, these magne-

shift to lower freq_uenmes adc decrez_ases. _ toplasmon exhibit minibands of wave propagation into the
We now describe results of the binary semiconductor Su'superlattice and minigaps of forbidden bulk waves.
perlatt?ce_s. In Fig. 5 we display the dispersion relatianes We describe the results of the composed system in terms
pid, with 1=1,2, of the collective normal modes of magne- ¢ \o 1odes of the isolated crystals, as displayed in Fig. 3.
At frequenciesw<wp,, there exists one bulk wave and one
localized mode in mediura and one or two transverse bulk
| ] modes in mediunb, then this is a pseudosurface mode re-
L 4 gion (PS). Consequently, the structure of the collective ex-
citations is composed of resonances of those propagating
= modes and their coupling among themselves, with the eva-
0= 30° I I nescent fields of the localized waves. Negp, bulk modes
) a,=0.5,b,=05 ] have short wavelengths; furthermore, they repeatedly meet
E o6l @, =1, 0, = 0.25 the Fabry-Perot resonance condition, yielding the dips in the
' ©; =035, 0, =035 ] spectra. Forw,<w<w., layer a supports exponentially
g, =13.13,¢,=5.01 p . .
" e J evanescent waves, while laylehas two propagating modes,
- this induces a surface polariton window ($PFurthermore,
. all the structures are originated by resonances in ldyer
1 treating these modes as guided waves since they cannot leak
3 4 5 & out of the layer. However, these modes couple to those of the
Re(pd) Im(pd) gdjacent Ia_yers through the ev_ane_scent fields of Ia_yeaus—
ing collective-mode propagation in the superlattice.dp
FIG. 5. Collective normal-mode dispersion relations of the bi-<®@<0.48 w,;, mediuma exhibits a forbidden gap for bulk
nary semiconductor superlattices. Left panel is for the real part an@olaritons and supports pseudosurface modes, then we ob-
right panel for the imaginary part of Bloch’s wave vector. Param-tain a pseudosurface mode (@P$egion.
eters are shown in the figure. Above 0.48 w,;, mediumb allows for bulk polaritons,

) S e
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| FIG. 6. IRfefqutlwnestp_ n (tjhetupper p?ntf_l an%’s in thte FIG. 7. Collective normal-mode dispersion relations of the bi-
OWer panél, for binary semiconductor superiatlices. Farameters atHeary semiconductor superlattices, in the vicinity of the cyclotron
shown in the figure.

.

frequency. Left panel shows the real parts and right panel the imagi-

but in a, different situations take place. As the frequency"" parts of Bloch's wave vectops andp,.

increases (0.48w,;<w<0.84 wp;), mediuma allows for i o

surface polaritons, thus we obtain a surface mode regioRea" the cyclotron frequency. The figure exhibits allowed or

(SP). At frequencies 0.84w,;<w<w,;, & accounts for forbidden bands for bulk waves in the superlattice. These are
: -0%Wp pls

one propagating mode, thus we obtain a pseudosurface mofenifested as having finite real or imaginary partspof
region (PS). Finally, atw,,< o, in a exists one bulk polar- respectl\{ely. As before, the structure is in closg correspon-
iton and one surface mode, but this surface wave evolves iflence with the reflectance of light of the semi-infinite sys-
such a way that eventually it transforms into a bulk polariton.leM- More precisely, in Fig. &y, is displayed in the upper
Therefore, we start with a pseudosurface mode region)(PS Panel andR,s in the lower panel to exhibit the resonances,
and switch into a bulk polaritofBP) region asw increases. allowed an(_JI forbldder) bands of bulk polaritons. It is also
In summary, coupling of transverse modes of adjacent layerd0ted that in the forbidden bandg,,<1, as produced by
may occur via traveling modes or through evanescent fieldd/Nit¢ values ofRps.
yielding most of the structure in the collective normal mode. !N conclusion, we have presented a study of magneto-
The description presented above on the dispersion relglasma modes in semu_:ond_ucto_r stratified med_la accounting
tions of the collective normal mode in the superlattice re-fOr @n external magnetiB, field in the perpendicular con-
mains qualitatively correct for other choices of cyclotron fre-figuration. Incident light wittp polarization has been consid-
quencies, that is, different magnitudes of the app”eoered_to solve the wave equgtlon, ponstruqt theddtransfer
magnetic fieldB,. As the magnitude of the field decreases,matr'x* then calculate the dispersion relathns of the normal
, decreases, and the resonances below the cyclotron fr820de, the reflectanc®,, and the conversion fronp- to
quency shift to lower energies, allowing for a wider forbid- s-polarization reflectionR, for the binary semiconductor,
den gap, as the real parts pf vanish, while the imaginary
parts take finite values. 1.0
In Fig. 6 we exhibit in the upper panel the optical reflec-
tanceR,, and in the lower panel the conversion frgnto s
polarization R, calculated for a semi-infinte superlattice
upon whichp-polarized light is incident at an angke=30°, .
for the same parameters of Fig. 5. The feature displayed by = 98
R,p andRy are in close correspondence to that shown by the 1
dispersion relation of the normal mode: there are series of 0.7 |———"~»+4——"-~1——
peaks in the vicinity of the plasma and the cyclotron frequen- I
cies. All of them are consequences of the Fabry-Perot reso I
nances of the transverse mode in the layers. It is shown tha , 494
in the forbidden gaps of bulk waveR,,, approaches to unit x

8=30°
a,=0.5,b,=0.5
0,=1,0,=025
®, =035, m,=035

& =13.13,¢,=501

0.06

but is somewhat less due to the finite valueRpt. 0.02
It has been pointed out that most of the structure of the
. . : : ; : 0.00 — L el
dispersion relation of the normal mode is manifested in the 0.346 0.347 0.348 0.349 0.350
vicinity of plasma and cyclotron frequencies, then it is inter- ol
P

esting to show how these features are in a close view. For

this, in Fig. 7 we depict, in the left panel, the real parts and, FIG. 8. ReflectivitiesR,, in the upper panel an&,s in the

in the right panel, the imaginary parts pf andp, in the lower panel, for binary semiconductor superlattices, in the vicinity
reduced scheme, within the first Brillouin zone below butof the cyclotron frequency. Parameters are as in Fig. 7.
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and of a semiconductor alternated with an isotropic insulatocies and at the same time larger forbidden minigaps of bulk
superlattice. Results d®,, display structures interpreted in modes take place. Variations of the parameters permit us to
terms of the normal-mode dispersion relations of the collecmonitor the minibands for bulk wave propagation, and fur-
tive excitations that either propagate or are localized near thihermore allow us to choose frequency regions of bulk
surface of the superlattices, which are originated as the counodes, useful for applications in filter devices.

pling of the modes of adjacent semiconductor layers. Mini-

bands and minigaps of bulk modes in the superlattices are ACKNOWLEDGMENT

obtained as functions of the structural parameters as well as
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