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We report a surface exciton polariton spectrum in superlattices made up of two alternating
media A and B, where one of the layers shows spatial dispersion in its frequency dependent
dielectric function. We have used a theoretical approach based on the effective medium
theory to determine the surface exciton polariton dispersion relation. The inclusion of an
external magnetic field parallel to the interfaces of the superlattice is also considered, and it
leads to the so-called magnetoplasmon-polariton excitations. It is shown that, in the absence
of the external magnetic field, the surface modes are doubly degenerate, corresponding to
propagation in opposite directions for a given magnitude of the wavenumber k,. However,
in the presence of the external magnetic field, this degeneracy is removed. We have also
calculated the so-called Attenuated Total Reflectivity (ATR) to probe the surface exciton
polariton modes. The effective-medium description has been widely used in ATR spec-
troscopy of semiconductor superlattices, and it generally gives a good account of the data

together with a clear physical interpretation of the various spectral features.

I. Introduction

The study of the influence of exciton-polaritons
(EP) as coupled-mode excitations made up from dipole-
active excitons interacting with photons in the so-called
excitonic region has been the subject of intensive study
for many years. The main achievements of the EP de-
scription were postulated by Pekar!l, Hopfield?!, and
Hopfield and Thomasl®!. In their papers they proved
that the finite wavevector dependence in the dispersion
equation for the total energy of the exciton could play a
decisive role in the optical properties of a crystal in the
exciton energy region, leading to a significantly different
behavior from the simpler case of phonon-polaritons.
Indeed, the description of EP requires the inclusion of
a spatial dispersion term Bk? in the definition of the

usual dielectric function, i.e(:

2 _ 24 g2 2
e(w, k') = €eo (wz Cisz j_ 6—1];26_ iwl w(wwf ZT)
T
(1)

where €., is the background dielectric constant, wr (wr)

and wp, are the longitudinal LO (transverse TO) phonon

and plasma frequencies, respectively, and I' is an em-
pirical damping constant. Here G is the term re-
sponsible for the spatial dispersion, and is defined by
B = hwo/m*, with Twy being the frequency of the un-

coupled exciton mode, which has an effective mass m*.

The bulk EP dispersion relation is found by solv-
ing Maxwell’s equations with the use of the dielectric
function (1). This gives a longitudinal mode, defined
by e(w,k) = 0, and a transverse mode, defined by
k? = e(w,k)w?/c?. There are, therefore, two trans-
verse modes which propagate in the same direction of
the crystal and with the same polarization, at a given
frequency w. The most important qualitative change in
the EP dispersion relation is that there is no stop band
in the dispersion curve; at least one mode propagates

for every frequency w.

Suppose that an incident p-polarized light comes
from vacuum to the surface excitonic medium which
is parallel to the zy-plane. Two transverse modes,
of wavevectors k1 and ks, and a longitudinal mode of
wavevector ky are excited and can propagate in the

medium. It is then necessary to evaluate the reflection
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coefficient Rp, two “transverse” transmission coeffi-
cients 77, and 75, and a “longitudinal” transmission co-
efficient T7,. However, Maxwell’s equations provide only
two boundary conditions. Therefore we should consider
the so-called exciton’s additional boundary conditions
(ABC), where most of them, proposed so far, can be

cast int form (see [4] and the references therein):

P(z) + adP(2)/0z =0 at the surface . (2)

Here P(z) is the excitonic polarization vector field in
the spatially-dispersive crystal and « a phenomenologi-
cal parameter. This model was succesfully employed to
calculate optical properties, like RBS (Resonant Bril-
louin Scattering), reflectivity and transmissivity of crys-

tals in the excitonic region!®.

Expressions for the re-
flection and transmission coefficients for any value of «
value of a can be found in [6].

It is the aim of this work to extend our theory
presented in a previous paperl” to determine the EP
dispersion relation that can propagate in superlattices,
where one of the constituents media is excitonic. We
consider also the presence of an external magnetic field
By applied to the superlattice interfaces, along the y-
direction. We use again the framework of the effec-
tive medium approach, which has been successfillly em-
ployed in previous worksl"=11.

The plan of this paper is as follows: in section II we
calculate the frequency-dependent effective dielectric
tensor, taking into account the presence of the field as
well as the fact that one constituent of the superlattice
is excitonic. Then we determine the magnetoplasmon-
polariton dispersion relation for the bulk and surface
modes, for a particular choice of the ABC (3). As in
the case of an ordinary magnetoplasmon-polariton[!,
the latter exhibits the property of reciprocity, that is,
the mode frequency changes when the magnetic field
is reversed. Section III is devoted to the discussion of
attenuated total refection (ATR), which is the major
technique to study electromagnetically coupled surface

excitations.
II. Dielectric tensor and dispersion relation

The semi-infinite superlattice structure, occupying
the region z > 0, 1s composed alternating layers of ma-

terials A and B, one of which (medium A) is excitonic.
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Layers A a have thicknesses d4 and dp, and dielectric
functions €4 (w, k) and ep(w) respectively, where ep(w)
is given by (1) with # = 0. The cartesian axes are
chosen in such a way that the z-axis is normal to the
plane of the layers, and the structure is terminated at
the plane z = 0, with the half-space z < 0 filled with
a material that has a frequency-independent dielectric
function ec.

Following the approach of [13,14], the effective di-
electric tensor can be obtained from the relation of the
averaged displacement vector < D > and the averaged
electric field < E >, where the average is over the unit
cell of the superlattice. Considering that F, and D,
are independent of z inside layer A, and making use of
Maxwell’s boundary conditions together the ABC (eq.

3), the effective dielectric tensor can be given by:

Cro 0 _iExz
< E€>= 0 eyy 0 (3)
i€z, 0 €1z

where the elements of the dielectric tensor can be found
elsewherel'5],

Now assume that an electromagnetic wave, p-
polarized (TM mode), is incident from outside medium
onto the superlattice. Using equations of Huang type,
we can set up the coupling of the excitonic polarization
field P(z) to the macroscopic electromagnetic fields E
and H (see [15] for details). Surface polaritons are free
oscillations of the electromagnetic fields at an interface.
Following[16,17], they should not be forced by an inci-
dent wave, which means a reflectivity problem with zero
incident field, 1.e. a pole in the reflectivity. However,
the reflectivity is given, in general by the well know

formulal®l:

Z(non — local) — Z(local) . (4)
Z(non — local) + Z(local)

R, =

where Z, the surface impedance of the wave, is defined

by:

Z(local) = E,(07)/H,(07) for z< 0 (5)

Z(non — local) = E,(07)/H,(0%) forz>0 (6)

Therefore, the surface magnetoplasmon-polariton dis-

persion relation is given by:
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Z(local) + Z(non — local) = 0 (7)

This dispersion relation is rather complicated, and
it is difficult to draw general conclusions from it [15].
We believe that useful physical insight can be obtained
if we take the limit of small non-local effects, mainly if
one is more concerned with the importance of the roles
played by different ABC’s. Fortunately, for o = oo it
can be proved (see [19] for details) that the lowest-order
non-local correction vanishes identically. It is then easy
to show that in this approximation, the surface polari-
tons propagating perpendicular to the magnetic field
By have their dispersion relation obtained for an effec-
tive medium described by a k-independent gyrotropic
dielectric tensor, whose elements have been replaced
by the k-dependent one, derived from (1). Tts formal

expression is [10]:

2 1/2 2 1/2
(61;1; ki i w_2€eﬁ”) + o (ki _ (.d_) — kx €ra
C

€4z c?

with

(€. /€xr) 9)

Ceff = €pa —

Now, we present some numerical examples to illus-
trate the bulk and surface pola spectra. In what fol-
lows, we assume physical parameters typical of elec-
tron concentration in GaAs-GaAlAs superlattices. The
medium outside the superlattice is considered to be vac-
uum. We take thicknesses corresponding to d4 = 40 nm
and dg/da = 2. Also, we consider the following phys-
ical parameters in numerical calculations: €x 4 = 10.9,
€cop = 10.22, wp a4 = 5.496, wpa = 5.057, wrp = 6.979,
wrp = 6.731, and wps = wpp = 2.54 (all the frequen-

cies in units of 1013 Hz)

The applied magnetic field 1s measured through the
cyclotron frequency we, which is taken a the value of
the plasma frequency. The parameter 3, responsible for
the spatial dispersion in medium A, is equal to 2.055 x
10'3 Hz; the damping factor is taken to be zero in both

media.
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Figure 1. Surface-polariton spectra, p-polarization, within
the effective-medium approach, for &« = oo. The physical
parameters used here are described in the text.

Fig. 1 shows the surface polariton dispersion curves
given by (8), which is appropriate for the & = oo case
in the limit of small non-local effect. We have plot-
ted a reduced frequency w/wyp 4 against a dimensionless
wavevector ck, /wra. Here the dashed line means the
ATR scan line; the vacuum line (full line in the figure)
is defined by k, = w/ec. For completeness we have also
presented the bulk bands, which are given by [10]:
SEwte (10)

2 2 _
Gxxkx + €229, = (Exszz

Here,

02 = (w/e) €r — (€rafe:2)k3 (11)

For a given w the bulk modes may have any value of
ks, so they occupy the continuum region showed shaded
in Fig. 1. Also these modes are reciprocal, that is, they
are the same for +k, as for —k,. On the other hand
the surface polaritons, which are represented by dotted
lines in Fig. 1, are, as expected, non-reciprocal. The
points with the labels S1 to S6 are identified as being
the crossing of the ATR scan line with these modes. Ob-
serve that the points S1, S2 are so close to each other
that it is difficult to distinguish one from the other.
All the modes start at their low frequency end on the
vacuum light line.

It is possible to distinguish two different types of
surface polaritons: those, which perist as k, — oo are

the realsurface modes, while the others, merging at the
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high-frequency end into a bulk region at a finite value
of k;, are virtual surface modes. All the modes start at
their frequency end on the vacuum light line. Observe
that the degeneracy of the surface modes presented in
[7] in Fig. 2 of is now removed by the applied magnetic
field, leading to the modes labeled by the plus (+) and
minus (-) signs in Fig. 1. They correspond to propaga-

tion in opposite directions for the wavevector k.
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Figure 2. Calculated ATR spectrum for p-polarized incident
light and the parameters given in the text.

ITI. ATR spectrum

The surface polariton modes can now be studied
theoretically by means of ATR. The theoretical descrip-
tion of this method can be found in many papers on
this subject (for a good account of the method see Ref.
20), and we simply quote the analytical result. For in-
cidence plane xz and p-polarization, the ratio of the
incident to the reflected energy within the framework

of the effective medium approach is given by [21]:

Q exp(—2iqod) — (qoere — ¢:)(qoce + ¢.) |
Q@ — (qo€xz + ¢:)(qoes + qs) exp(—2igod)
12

|R?| =

where ¢s, qp are the z-component of the wavevector in
the prism (which is placed at a distance d above the
superlattice in this technique) and the air, respectively,
le. qj = [ej(w/c)? — k2)/?% for j = S or 0; also,

Q= (OGM + Qz)(GSQO - QS) (13)
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The theoretical ATR spectrum is shown in Fig. 2
(for the particular value of &« = 00). The dielectric con-
stant of the prism and air is given by ¢, = 10 (suitable
for a Si prism). Also g = 1 (vacuum), the thickness
for the air-gap is equal to 5 um, and we use a damping
factor corresponding to 4.0 x 107% w,4. The angle of
incidence #;, is choosen to be 20°, which is slight by
greater than the critical value 17.1° for internal total
reflection of a silicon-air interface.

The surface mode features in the ATR spectra, rep-
resented by the arrows, are here identified because their
frequencies coincide with the points where the ATR an-
gular scan line crosses the dispersion curve depicted in
Fig. 1, as well as due to a convenient choice of the
size the air gap. Of course, for smaller air gap, the
surface polariton may be perturbed by the proximity
of the prism, and one could not get all surface mode
dips. Conversely, with large air gaps, the coupling of
the evanescent wave to the superlattice is weak, and
some dips may not brought out as clearly.

Besides the ATR method, two other important tech-

(221 First the deposition of a

niques may be mentioned
grating on the specimen surface enables coupling of the
incident radiation to the surface and guided modes; in
general the increase of wavenumber k, by 2n7/A due to
the grating period A is relatively large, so that retarda-
tion effects are unimportant. Second, we can probe the
surface polariton mode by oblique-incidence reflectiv-
ity. Although we have not presented any discussion re-
garding this technique, the algebraic expressions can be
easily reached by taking the limit of the air-gap thick-
ness d tending to zero in the expressions derived here.
Furthermore, we can shown that the resulting spectra

have no more information than those discussed in this

paper.
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