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Surface polaritons in layered structures of anisotropic media
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We discuss the spectra of surface polaritons which can propagate in layered structures in which one of the
constituent media has an anisotropic dielectric function. Some unusual aspects of the surface-polariton spectra
are emphasized for slabs and superlattices, and are shown to be strongly influenced by the orientation of the
principal axis of the anisotropic material. The theory is employed to obtain numerical results for surface-
phonon-polaritons in layered structures containinguartz.[S0163-182@06)00528-0

I. INTRODUCTION to bee, (w). To obtain a description of phonon-polaritons we
assum
Collective electromagnetic excitation8ncluding bulk )
and surface modesn slabs and superlattices have been the il (w\'n —w?)
subject of intensive studies in the past decade oifsp El\(“’)zfllwiﬂl m @)
li

reviews of this subject see, e.g., Refs. L-Gn the experi-
mental side, the rapid progress of crystal-growth techniquespn terms of the ffequenCie@ﬁi and wl'” of the TO and LO
such as molecular-beam epitaxy and metal-organic chemicghonons, respectively. Here the indéxlabels the rest-
vapor deposition, has made possible the fabrication of goosdtrahlen bands, an, is the number of these bands: there is
quality specimens, and this has pushed forward the investan analogous expression fer(w). For examplem,=4 and
gations of their physical propertié4. m, =8 in the case oh-quartz>

The most interesting physical effects occurring in these Previous calculations of surface polaritons in anisotropic
systems arise due to the presence of surfaces and interfacgedia have mostly been for the single-interface geometry
For example, it is well knowrte.g., see Ref.)lthat an iso-  (S€€, e.g., reviews in Refs. 1, 2, anyl @hile some brief
lated dielectric-vacuum interface can support a surface excstudies for the two-interface geometfye., slabs or films
tation for appropriate values of the in-plane wave vecfor have been reportetf. The purpose of this paper is primarily
and frequencyw. A symmetric isotropic slab of finite thick- to examine thg role of anisotropic media in superlattices,
ness may typically support two such modes, one associatet€re interesting featuregompared to the one- and two-
mainly with each surface. The two modes couple to producémerface casgsoccur due to the Bloch periodicity of the

odd- and even-parity combinations, split by interaction pe.Multilayer structure. Specifically, we consider the phonon-

: golaritons in semi-infinite binary superlattices, where one
tween the two surfaces. In a superlattice, on the other han . L . .
the excitation within each layer may produce electric and” bnsmugnt mgtena! 'S amso.trop(e.g., a-quqrtz) and the
- L . other is isotropic. It is instructive first to consider the case of
magnetic fields that extend outside its boundaries. There ¢

hen b i ith th S £ 1h her | anisotropic slab bounded by an isotropic medium, since
then be a coupling with the excitations of the other layersyq il serve to introduce the theoretical method, and will

and, through Bloch's theorem, this can lead to a collectivey oy, numerical comparison with the superlattice case.
mode of the whole structure.

It is the aim of this paper to study collective mode of the
polariton type that can propagate in layered structures, such
as slabs and superlattices, containing anisotropic media. We Consider initially a single anisotropic slab of thicknéss
focus our attention orsurfacepolaritons in slabs and both occupying the regionr-1<z<0, where we assume the prin-
bulk andsurfacepolaritons in superlattices since, as we showcipal axisz to be perpendicular to the surfaces. The surfaces
later, they are strongly influenced by anisotropy in the di-are parallel to the Cartesiaxy plane, and the slab is sur-
electric function of the layés). The frequency-dependent rounded by the vacuum. We examine the physically interest-
dielectric function of the anisotropic medium is assumed tang case of g-polarized electromagnetic wave propagating
have a diagonal form with elemenig,(w), €,(w), and inthis slab. In general, the excitation will set up a fluctuating
¢, (w), relative to principal axes, y, andz. We focus on electromagnetic field in the vacuum regions above and below
uniaxial materials, taking one of these diagonal elements tthe slab. Translational invariance parallel to the surfaces en-
be ¢(w) (in the direction of the optic axisand the other two  sures that all elementary excitations are characterized by a

Il. SINGLE SLAB
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FIG. 1. Surface polaritons in a slab efquartz(thickness 4um) FIG. 2. As in Fig. 1, but with the optic axis in thedirection.

surrounded by vacuum. The optic axis of the crystal is orientedrhe long-dashed line represents the cunye e, w/c.
parallel to thex axis. Here the short-dashed line is the light line.
The notation for the different regions is explained in the text. pure imaginary quantities. On the other hand, for
w<co<eil2w, a, is real althougha, is pure imaginary,
two-dimensional wave vectay; parallel to the surfaces. We and there can be guided modes confined in the film. Region
chooseq, along thex axis, and the standard solutions of || hase,,<0 ande,,>0: herew, is pure imaginary whatever
Maxwell's equations then yielfwhere we omit for conve- the value of Oy, Which implies guided modes for all
nience common factors of efip,—iwt)] 0> w/c. Region Il corresponds te,,>0 and &0, there
. is no solution forg,<w/c. For the rangew<co,< €, w, «
E:(Exl’o’quExl/al)exq_alz) for 20, (2 is real and therr[gore the so-called g\]/irtualqéurfazcze-polélriton
modes’;® which would not occur in an isotropic medium, are
E={A exd —ay(z+1/2)]+B exf a,(z+1/2)],0, allowed to propagate. These modes usually terminate at a
. _ finite value ofq,. For q,> €, “w/c, a, is pure imaginary,
(10x€0dd azez) A il — az(2+1/2)] and guided modes canxpropz);gate in the slab. Finally, in re-

—B exg ax(z+1/2)]} for —1<z<0, (3)  gion IV (¢,,<0 ande,,<0), we have the propagation of real
surface-polariton mode§.e., those which are analogous to

E=(EX3,O,—inExslal)exr[al(zH)] for z<—1. the surface polaritons in an isotropic medjufor g,> w/c.
(4) In addition to the deformed real surface-polariton

2 2 2 , branches and the appearance of virtual surface-polariton
Here ~we have  denotedai=gx—w’/c® and a3  pranches, the anisotropy gives rise to a pronounced direc-
= (€0l €29 (5~ €,,07/C). tional dependence. This difference is clearly illustrated in

_Using the electromagnetic boundary conditions at the tWg-jg > \which is also for-quartz but with the optic axis now
interfaces, the solvability condition of the resulting four ho-;,™ the 7 direction perpendicular to the surfaces

mogeneous equations yields the implicit dispersion relatiorae
for the surface polaritons as >

2

= €yyT €, €= €)-

2

, (5

1-ajenla; I1l. SEMI-INFINITE SUPERLATTICE

exp2a,l)=

1+ / . S .
F1xx/ *2 We now turn our attention to a semi-infinite superlattice

which is consistent with previous work<. structure made up of alternating layers of two materfals
In Fig. 1 we show a typical region of the surface-phonon-andB. One of them(say mediumA) is the a-quartz aniso-
polariton spectrum calculated for a film afquartz with its  tropic material whose dielectric function is given as in Eq.
principal axisc (the optic axi$ oriented parallel to the axis. (1), while mediumB has a constant scalar dielectric function
We use the dielectric function defined in BEd), with pa- €. We consider the superlattice occupying the regier0
rameter values as quoted in Ref. 5, and in this cggee  with a layer of mediumA at its surface, while the vacuum
and €,,= €,,~ €, . The thick horizontal lines correspond to fills z>0. Again, the Cartesiaxy plane is chosen to be
optic-phonon frequencies® ,~450 cmi ?, w[,=495 cm '}, parallel to the surface of the layers. Theh unit cell of the
! 4=510 cm}, and wf|2:548 cm . Several different re- superlattice is bounded by the planes —(n—1)L andz
gions of surface-polariton behavior can be identified betweer —nL, with L=d,+dg being the size of the unit cell and
the horizontal lines as follows. Region | corresponds tod, (dg) denoting the thickness of th& (B) layer. The
€,.>0 ande,>0: in this case there is no solution for either solution of Maxwell’'s equations in thath unit cell in p

o< w/c or q,> e ?wlc, sincea; and a, are either real or polarization yields, withg, along thex axis as before,
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ENR(2) =AY exp(— apaz) + AYY explaaz), (6)
HIR(2)=[ —i wexx/ apl[ AR exp(— aaz) — AGY exp(aAzz]i
7
EWR(2) =AY exp— agz) + ALY explagz), (8)
HB(2)=[ —iweg/agl[AlR exp(— apz)— ALY explagz)], 8
9 s
where we have denoted :

aiZ y2q>2<— exxwzlcz, a§= qi— 6Bw2/C2 (10

with y=(e,,/ €,,) "% for the anisotropic medium.

The surface- and bulk-polariton modes of the superlattice
can now be found by a straightforward transfer-matrix cal- 4.4 . : ‘ :
culation(for full descriptions of the method see Ref. 3 9r 9 0 20 40 &9 80 100
generalized here to include the anisotropy in medAwfol-
lowing the procedure in Ref. 3, the transfer maffixelates
the coefficients of the electric field in one unit cell to those in  FIG. 3. Bulk and surface polaritons in a semi-infinite binary

the preceding cell according to superlattice where one of the constitueny {s a-quartz, with its
optic axis parallel to the axis. Hered,=100 nm,dg=50 nm, and
+1 =
A(lnA l;)_ (A(lnAz) a1 e=1.5.
n+ - n) |-
ASh AGR

with a2=q2— w?/c?. Equationg16) and(13), with Q—i 3,
The 2x2 matrix T can be written in product form as represent implicit equations which can be solved to obgain
T=N'MgNgM,, where and/orw for the surface modes.
Suppose thakg is positive, so that the optically active
f; 1/, 1 medium is the anisotropic onémedium A), taken to be
&Hfy - §J/f3)’ 3= & - §J>, (12) a-quartz. Figure 3 shqws the bulk- and sur_face-polarlton fre-
quencies plotted against, for the superlattice for the case
with J=A or B. Here we denotef;=exp(—ajd;), where the optic axis of the-quartz is parallel to the axis.
Ea= el ap, andég=e€p/ag. The bulk modes of the superlattice occur as bands with edges
The bulk superlattice polaritons are obtained by introduccorresponding to the line@L=0 andQL=1. For relatively
ing a Bloch wave numbe®, giving rise to the formal dis- small g, the bulk bands are wide and are shown shaded,

MJ:

persion relatior(e.g., see Ref.)3 while for largeq, they are narrow. The surface modes of the
N superlattice occur only in region I\defined as in Sec.)lin
cogQL)=3Tr(T). (13 this case and are labeled By For completeness, in Figs. 4

The general dispersion relation is rather complicated, but foRd 5 We also show the corresponding cases for superlattices
values of g, where retardation effects can be ignoredWhere the optic axis o&-quartz is oriented parallel to the

(apa=1v0y, ag=0,) the result simplifies to

5.2

cog QL) =cosh yq,d,)coshq,dg)
+ S(w)sinhyq,da)sinh(q,dg), (14

where

2 1
w {10  ecm )

S(w):[(7€B/€xx)+(7€B/€xx)_1]/2- (15

The calculation of the surface-polariton modes in the
transfer-matrix methotnvolves formally replacing in Eq.
(13) by i B, whereg describes the decay characteristiagth
ReB>0 for localization. Also, another condition foB is
obtained by considering the boundary conditiong=a0 (the
interface between the vacuum and the surface layer of the
anisotropic mediund). In the present case this leads to

48 F .

4.4 L L ' !
T1— T~ AT~ N 1T,=0, (16) 0 20 40 60 80 100

-t
q, (104 cm )

where

A= (€&act+ ap)l(exac— an), a7 FIG. 4. As in Fig. 3, but with the optic axis parallel to thexis.
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FIG. 7. As in Fig. 6, but with the optic axis in thedirection.
FIG. 5. As in Fig. 3, but with the optic axis parallel to thexis.
dation are relatively small, since typicalty> w/c. In Fig.
and z axes, respectively. These figures demonstrate hof» however, we show an example of bulk- and surface-

strongly dependent the polariton spectra are on the orientd20lariton frequencies plotted agaireg (for a fixed value of
gy dep P P L) in the regiong,<1x10* cm %, where the retardation

tion of the anisoyropy axis to theaxis (normal }o th? Igyebs effects on the modes are important. As one can infer, a com-

and thex axis (dlr_ecthn ofqy). When the optic axis is par- parison of this figure with Fig. Swhere retardation effects

allel to they axis (|r_1 Fig. 4 the spectrum is more ?'m"ar to were not considergdhows that only the surface mods)(is

tF?a]:[ for a supeilzitpc?h(_:omposeld (Ef |sotéop|((:j r;?(:]kzg} S€€ sensitive to retardation effects near the light line. Indeed, it is
el 3, sincey=1 in this case. In gs. © an € IréQUEN- ¢ ear now that this mode does not have a flat behavior, but

cies of the bulk modes are plotted agaiQut/= for the cases 4t it pends toward the light line, for the range of

of the optic axis parallel to th& and z axes, respectively. ,=0.05x10* cm™* (where it mergesto g, =0.2x 10 cm .

Results are shown in bloth figures for two different values offhe pulk bands, on the other hand, arexlargely unaffected by

Ox - Foqu:_5><10“ cm  the bulk bands are wide, as men- the retardation effects, as we might expect for this kind of

tioned previously, and so the corresponding curves in Figs. §ojariton mode.

and 7 show appreciable dispersion, whereasyfer50x 10*

cm ! the bulk bands are narrow and the curves are relatively IV. CONCLUSIONS

flat.
Finally, we note that the above numerical examples for We have presented calculations for the bulk and surface

superlattices correspond to cases where the effects of retdpolaritons in multilayer structures, particularly semi-infinite
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FIG. 6. Bulk polariton frequencies plotted agaiigL/ for a FIG. 8. Bulk (B) and surface §) polaritons for a binary super-
binary superlattice with the optic axis efquartz parallel to the lattice, as in Fig. 5, but now we focus on the region where retarda-

axis. We have taken two values qf : 5x10* cm™! (OOQ) and tion effects are importantg,<1x10* cm™3), taking QL/7w=0.02
50x10* cm™? (--+). Other parameters are as in Fig. 3. for the bulk modes.
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binary superlattices in which one of the materials has ann superlattices. Structures composed of layersv-afuartz,
anisotropic dielectric function, thereby generalizing earlieralternating with an isotropic inactive material, would be suit-
work on isotropic superlattices and on anisotropic slabs. Usable. Appropriate experimental techniques could use Raman
ing a-quartz as an example, the effects of anisotropy on thecattering or attenuated total reflection, or the recent ad-
phonon-polariton spectra were shown to be important, anstances in far-infrared Fourier-transform spectrosctpy.
dependent on the orientation of the optic axisaejuartz
relative to the direction of the in-plane propagatignand
the normal to the layers. This was the case even in the wave-
vector regime where retardation effects become small. We would like to thank the Brazilian Agencies CAPES
It would be of interest to have experimental data to tes{R.N.C.H and CNPgE.L.A. and G.A.F), as well as NSERC
our predicted anisotropy dependence of the polariton spectraf CanadaM.G.C.) for partial financial support.
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