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Abstract. Recent progress in the field of optical surface modes in semi-infinite crystals is
reviewed. The basic equations for surface polaritons originating from phonons, plasmons,
excitons and magnons are given. Their observation by ATR, the resulting information and

possible applications are discussed.
PACS: 63.78

In the lossless limit, surface polaritons occur at the
interface between two media, one having a negative
dielectric or magnetic permeability and the other a
positive one. Surface polaritons propagate along the
interface and decay exponentially for directions nor-
mal to the interface.

Depending on the physical mechanism responsible for
the negative permeability, surface polaritons may be
divided into surface phonon-, surface plasmon-, sur-
face exciton-, and surface magnon polaritons. In ad-
dition to these pure surface states, there may occur
coupled surface modes especially of the plasmon-
phonon type in semiconductors. With the exception of
surface magnons arising from optical modes in the IR
spectral range, all these surface excitations so far have
been observed experimentally.

Several experimental methods for studying surface
polaritons have been developed in recent years. All
types of surface polaritons can be observed by the
methods of attenuated total reflection (ATR). In ad-
dition, coupling of an IR beam to the surface exci-
tation via periodic gratings, Raman scattering and
low-energy electron loss spectroscopy have been ap-
plied successfully to the observation of surface modes.
This review gives a survey on the basic aspects of the
different types of surface polaritons propagating at
plane interfaces. For small spheres and cylinders we
refer to [1, 2]. The review covers the literature up to
Fall of 1977. With regard to experimental techniques,
special emphasis is laid upon ATR since up to now it

seems to be the most efficient method for the detection
of surface polaritons. Extensions of the theory es-
pecially with regard to damping processes were dis-
cussed in [3-5].

1. General Properties of Surface Polaritons

The basic aspects of surface polaritons are most easily
demonstrated for the case of a single interface. Let a
semi-infinite dielectric medium (a) with dielectric con-
stant ¢, occupy the upper half space z>0. The lower
haif space z <0 is filled by a second dielectric medium
(b) characterized by an isotropic frequency dependent
dielectric function g,(w).

Solving the wave equation

Px Vx E+(1/c?)8*D /o2 =0 (1)

together with the constitutive relation relating the
macroscopic electric field E and the dielectric displace-
ment field D

D=¢E ©)

in both media and imposing the usual boundary
conditions for z=0, it is found

Ea,b :E0(1= 07 _kx/kza,b)

-explitk,x+k,, z—owt)], (3a)
H, ,=(w/c)Ey0,¢, ,/k., 1 0)
-explitk,x+k,, ,z —wt)], (3b)
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where the wave vectors k, , are given by k,,
=(k,,0,k,, ,) with

g =(0?/c?)e 8y/(e,+ ) (4a)
and
kza,b = i (‘Sa,b('o/c) (8:1 + gb)7 1z . (4b)

From (3) it is seen that surface polaritons on isotropic
dielectric media are transverse magnetic (TM) polariz-
ed waves. Equation (4a) represents the dispersion
relation. The attenuation constants «, ,=ik,, , of the
surface wave in both media are determined by (4b). As
in the lossless limit «, , must be real and hence k,, ,
pure imaginary, surface modes exist in the frequency
region where g(w)=< —s, In the unretarded limit
k,— oo the frequency w, of the excitation is given by
()= —g,

The two interface case may be treated in an analogeous
way. Such a configuration corresponds for example to
a semiconductor film (b) with thickness L epitaxically
grown on an insulating substrate (¢) and covered with
air (a), or a thin plate (b) covered on both sides with air
(a=c).

The dispersion relation for this case is given implicitely
by [6]

(SakZb — gbkza) (80 kzb - 8bkzc) . .
Gt o)y o) o PGkL), (5)

c'vzb
where

k= +(@Y’e— k)", j=ab.c. ©)

We note, as expected, that when L— o (5) reduces to
kza/kzb = Sa/gb i kzc/kzb = 8c/‘c':b > (7)

which are the corresponding relations for the single
interface configuration, cf. (4b).

In the symmetrical case of a plane slab with thickness
L (5) results in the well known relations [7]

&, =6k y/lc,p) tanh (i, L/2), (82)
&, =s,(k,,/k.,) coth(ik,,L/2), (8b)

representing odd and even parity solutions with re-
spect to the mirror plane z=0.

Surface polaritons at anisotropic dielectric media
exhibit a number of new phenomena not occurring on
isotropic samples. In the single interface configuration
of an anisotropic dielectric medium (b) with dielectric
tensor g,(w) and covered with an isotropic dielectric
medium (a), the surface modes in general are no longer
pure TM modes but have mixed polarization TM +TE
(TE: transverse electric). The analysis shows [3] that
for the existence of TM surface excitations on or-
thorhombic samples, one principal axis of the dielectric
tensor g, must be parallel to the interface and per-

pendicular to the direction of propagation of the
surface wave. For such special crystal cuts the disper-
sion of the surface excitation is given by [3]

€ ey — 8

xb%zb a“zb (9)

! ’ 2
Exvbzp &g

k2 =w?/c?e,
where ¢, £, denote principal components of g, and ¢,
the component of g, normal to the interface. In the
static limiting case k,— co one obtains from (9)

ExhEp — 83 =0 (10)

which is independent of the crystal cut.
If the crystal is cut perpendicular to a diclectric
principal axis we have ¢, =¢,,, and from (9) [8]
k2= @2 fc2e e, -2t (11)
xb®zb _Sa
which for isotropic samples (g}, =¢.,=¢,) yiclds re-
lation (4a) again.
A further characteristic property of anisotropic sam-
ples is the existence of photon-induced excitation
surface modes [9, 10], i.e. solutions of (9) which occur
only for a limited range of k. values. The analysis
shows [3] that the longitudinal and transverse parts of
such a surface wave outside this range disintegrate into
pure longitudinal and pure transverse bulk waves.
The fact that surface excitations on dielectric aniso-
tropic media, in general, show mixed polarization
TM+TE and hence ellipticity, furthermore leads to
the occurence of so-called pseudo-surface polaritons. It
turns out that surface excitations on such media are no
longer described by the simple ansatz (3) with only one
attenuation constant o, =ik, inside the sample but
that two constants o.,,«,, and hence a superposition
of two particular waves is required for a proper
matching of the excitations at the interface. For a
bonafide surface excitation, o, and o,, should be real
but there are situations where «,, becomes pure imag-
inary while o, remains real. Under these circum-
stances the excitation is bound to the interface via its
first component but loses energy because of radiation
damping of its second component. It is obvious that
such a type of excitation requires a careful inclusion of
damping into the theory [3].
The two interface configuration for anisotropic dielec-
tric samples so far has been treated only for the
simplest case where the dielectric principal systems of
all media are parallel, and in addition, the normal to
the interfaces as well as the direction of propagation of
the wave coincide with a dielectric principal direction.
For this special geometry the surface excitations are
TM polarized. The dispersion is described by
(S;cakzb_g;bkza) (8/ k _S;bkz.:) _

xc zb — 2ik 12
(E,Ixakzb + 8;cbkza) (g;ckzb + 8;cbkzc) exp( ' ZbL) ’ ( )
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. Jj=abc. (13)

The results outlined above are based on the assump-
tion that spatial dispersion and effects due to dielectric
inhomogeneity may be neglected. Spatial dispersion,
i.e. nonlocal optical response, means that the displace-
ment field D at position x does not only depend on the
value of the electric field E at x but also on the values
of E in the vicinity of x

D(x,m)= [ d*x'e(x, x', 0) E(xX, ). 29

If the medium is translationally invariant so that
e(x,x',w)=e(x—Xx', ), (2") can be Fourier transformed
as

D(k, 0)=¢(k, w)E(k, w), (14)

ie. in the case of a nonlocal response the dielectric
function depends not only on the frequency of the
propagating wave but also on its wave vector.
Spatial dispersion in general may be neglected when
the frequency of the excitation is in the visible or
infrared part of the spectrum and one is interested in
the long wavelength limit [11]. This is the usual
situation for surface modes of the phonon and plas-
mon type observed by light reflection or light scatter-
ing experiments. However, spatial dispersion becomes
important when the frequency of the excitation is close
to the fundamental edge of the crystal as it occurs for
surface exitons. We will return to this point in more
detail in Sec. 6.

If nonlocal effects are neglected, (2} becomes

Dix,w)=¢(x, w)E(x, w). (2"

The dielectric relation is now local but ¢ may vary for
every position x due to inhomogeneities of the ma-
terial. Such situation is typical for doped semicon-
ductors like n-InSb which contain a depletion region
near the surface wherein the number of free charge
carriers is reduced compared to the bulk. The analysis
shows [12] that a depletion layer affects the dispersion
curve only for large values of the wave vector. This
range is difficult to observe by ATR and the usual
approximation of ¢ to be uniform and equal to the bulk
value up to the surface is thus reasonable,

So far we have excluded the case of an external static
magnetic field acting on the dielectric media. This
restriction enabled us to treat ¢ as a symmetric tensor
which, for orthorhombic crystals and those of higher
symmetry, becomes diagonal in the system of crystallo-
graphic principal axes. This property of ¢ would
remain valid even in the presence of damping processes
which have been neglected throughout this chapter. If

an external static magnetic field H, is applied, the
dielectric medium shows uniaxial or lower symmetry
with ¢ fulfilling

ex(H)=¢g({—H,). (15)
In the lossless limit ¢ will be hermitean
Eie = &3 - (16)

Dielectrics which show a significant effect of H_ on ¢
are called gyrodielectrics. With respect to surface
excitations, important gyrodielectrics are doped semi-
conductors and metals in external magnetic fields. The
most striking effect occurring in such substances is a
nonreciprocal behaviour, i.e. the dispersion curves for
surface modes propagating along +x and along —x
are different, cf. Sec. 4.
In writing down (1) it was assumed that the dielectric
media are nonmagnetic. The effect of a static magnetic
permeability u; can be taken into account relatively
easily, resulting in slightly more complicated disper-
sion relations. For example, (4a) for the single interface
configuration now has the form

w? eleyp, —efe, )
kizc—zm———“ bi}"_g% Ha (4a’)
For dielectrics, such a generalization usually is not
very important as the approximation p,~1, p,~1 is
reasonable, in general.
The situation changes completely when the magnetic
permeability shows dispersion, ie. u=gu(w). As
Maxwell’s equations and the boundary conditions are
invariant under the exchange operations E—H, e—p
and @ — — w, surface excitations may occur also at the
interface between magnetic substances or dielectric
and magnetic substances, provided u(w) is negative in
some frequency region. Important examples of such
systems are the ferrl- or antiferromagnetic insulator
and the ferromagnetic insulator in an external mag-
netic field. As these magnetic systems exhibit a strong
effect of the magnetic field on u(w) and hence are
gyromagnetic materials, the corresponding dispersion
relations become more complicated compared to
dielectric systems. We shall discuss these magnetic
configurations in more detail in Sec. 7.

2. Experimental Methods

The dispersion of surface polaritons on insulators and
conducting materials has been investigated success-
fully by the ATR method. In Fig. 1 a dispersion curve
(A") of surface phonon polaritons is displayed as it is
calculated by (4a) for the boundary air-crystal. TM
polarized radiation which is incident on a semi-infinite
crystal ¢an not interact with the surface modes.
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Fig. 1. Dispersion of surface phonon polaritons. A, A’, B, B’,a, b:see
text. wpo and w,, are the frequencies of transverse and longitudinal
optical bulk phonons
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Fig. 2. Experimental arrangement
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Fig. 3. Arrangement for the double prism measurement of the
propagation length of surface waves [15]

Depending on the angle of incidence o one measures a
reflectivity spectrum for wave vectors and frequencies
which lie in the (w,k) diagram to the left of the
dispersion of light in air (A). This limitation is over-
come by a modification of the well known ATR
method [13]. At the base plane of a prism or hemi-
cylinder (Fig. 2), the radiation is totally reflected when
the angle of incidence exceeds the critical angle. In this
case an evanescent wave exists behind the base plane.
Its wave vector in x direction is given by k=(w/c}nsina
with n being the refractive index of the hemicylinder
material. Now the experimental accessible range ex-
tends in the (w, k) diagram to the left of line B. The

wave vectors corresponding to B are determined by the
refractive index of the hemicylinder and the highest
experimentally possible value of «. Frequency scans at
fixed angle of incidence yield spectra recorded along
line a. Angle scans at fixed frequency correspond to
spectra recorded along line b. Resonance at the in-
tersection of lines a or b and the dispersion curve A’
may occur only when an air gap (Fig.2:d) is left
between the hemicylinder and the sample. If the sample
is brought into direct contact with the hemicylinder
the surface waves propagate in these two materials and
the refractive index n enters in (4a). The dispersion
curve A’ for the boundary air—sample then is replaced
by the dispersion curve B'. Obviously, no resonance
can occur under these conditions. The air gap which
may be filled with an appropriate dielectric is the
essential point of the method. Its thickness is on the
order of the wavelength of the light.

The situation is changed when a slab is investigated
instead of a semi-infinite sample. In [14], the slab is
brought into direct contact with the hemicylinder. For
this configuration of two interfaces one of the two
branches, calculated with (5), falls into the experimen-
tal accessible range.

The choice of material of the hemicylinder depends
upon its transmission in the different spectral ranges
and upon its refractive index. According to the polari-
zation of surface magnon polaritons, these modes
should be observable using TE polarization for the
incident radiation.

The prism coupling technique is used in two other
types of experiments concerning surface waves. As it is
shown in Fig. 3, two prisms are applied for the in-
vestigation of the propagation length of surface waves
[15]. This experiment will be described in Sec. 8. The
output prism may be used only when the surface waves
are excited by optical mixing of two laser beams [16].
Results of this method were reported in [17] where,
however, the surface modes are detected by coherent
scattering at a probe beam.

Wave vectors of the incident radiation to the right of
line A in the (w, k) diagram may be achieved by a
second optical method. A periodic grating with grating
spacing d is ruled in the surface of the sample. The lines
are perpendicular to the plane of incidence. Near the
surface, the electromagnetic field of the incident ra-
diation is disturbed by the grating and exhibits wave
vector components parallel to the surface
k_=(w/c)sina+m(2n/d) with m=0, +1, £2, ... at the
frequency of the incident radiation. The mechanically
produced grating may be replaced by ultrasonic sur-
face waves which act as a dynamic grating [18].
With Raman scattering, surface polaritons so far are
only observed by forward scattering at slabs [19]. The
backward scattering intensity of surface modes at one
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or two interfaces has turned out to be very weak
[20].

Surface polaritons with wave vectors to the right of
line B in Fig. 1 are investigated by inelastic electron
scattering. For summaries of this method we refer to
[21,22].

3. Surface Phonon Polaritons

The dielectric tensor for insulating crystals with or-
thorhombic or higher symmetry, in the lossless limit,
can be written generally in the form [23]

gw)= n

Herein o =x, y, z denotes the crystallographic principal
directions ‘s;" the high frequency dielectric constant
and w2, oI the frequencies of pure longitudinal and
pure transverse phonon modes, respectively.

An alternative form for & (w) is

TO2 (,02’

LO) (J) ( . 7)

T02

efw)=¢: +Z (18)

where 4mng,, is the oscillator strength of the mode. In
the case of a diatomic cubic crystal, (18) reduces to

)=t S (19
gw)—=¢ 1—((0/Q)T0)2,
with e =¢(c0w=0).

The first experimental observation of a surface phonon
polariton has been performed in 1971 by Bryksin et al.
[24] for a thick NaCl plate (L~ 3 mm) by means of the
ATR method. Measurements of surface phonon pola-
ritons on anisotropic samples were reported by the
same authors in 1972 for uniaxial MnF, and TiO,
[25].

Figure 4 shows the dispersion curve of the surface
phonon polariton in GaP [26]. The solid line was
calculated from (4a) and (19). Starting at w=w"9, the
branch approaches in the limiting case k,—oo the
frequency w, given by

0 1/2
w, = (8 +8“> wT®. (20)
£ +e,

As an example for surface phonons on more com-
plicated crystals, Fig. 5 shows the dispersion of surface
and pseudo-surface phonon polaritons on wa-quartz
[27]. The corresponding ATR spectra are shown in
Fig. 6. The crystal cut, the direction of propagation of
the mode and the frequency range under investigation
where chosen to allow for the appearance of a photon-
induced excitation surface mode (b) and a pseudo-
surface wave (c), in addition to the usual surface
phonon (a).
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Fig. 4. Dispersion of surface phonon polaritons in GaP [26]
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Fig. 5. Calculated and observed dispersion of surface phonon
polaritons on a-quartz [27]. I: experimental values. Curved solid
lines: calculated dispersion (without damping). ———: calculated
dispersion (damping included). - - - : calculated dispersion (damping
included) of pseudo-surface phonon polaritons
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Fig. 6a-c. Spectra of surface phonon polaritons in Fig. 5 [27]. (a)
Real excitation surface phonon polariton, (b) photon-induced sur-
face phonon polariton, (c) pseudo surface phonon polariton



216 G. Borstel and H. J. Falge

cale. d=25 xp. ds25 cale. d=2

.
SEEER

3
n /\f
a=34°
810 790 810 790 80 730
-— (crﬁ' )

Fig. 7. Comparison of calculated and measured spectra of surface
phonon polaritons in Fig. 5 [27]
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Fig. 8. Dispersion of the surface plasmon at a silver-air interface [13]

A great advantage of the ATR method is the fact that
it may be treated easily theoretically, allowing for the
simulation of the actual experiment on a computer.
Figure 7 shows the results of such a procedure together
with some experimental data of Fig. 6. For details of
the calculation and specific problems connected with
the inclusion of damping into the theory we refer to
[3].

There exist now numerous experimental data on sur-
face phonon polaritons in a wide range of dielectric
materials. The spectroscopy of surface phonons turned
out to be an efficient method to determine phonon
frequencies and damping parameters in complicated
crystals very accurately. For review articles especially
devoted to surface phonon polaritons the reader is
referred to [2, 3, 22, 28, 29].

4. Surface Plasmon Polaritons

Surface excitations on metals have been known since
1941 when Fano [30] showed Wood’s anomalies on
metal gratings [31] to be caused by surface
plasmons.

For a free electron metal the dielectric function in the
lossless limit is given by

sw)=1—(w,/w)*, (21)

where w, is the plasma frequency. Combining (4a) and
(21) we get for the dispersion relation of the surface
plasmon in the single interface configuration

2 2 2
k2= w w COP

— . 22
¢l ga(sa—i—l)wz—wf, (22)

It is seen that surface plasmons exist in the frequency
region from w=0 to w=w, where

o=, +1)"Pao,. (23)

For copper (w,=6.51-10*cm™") bounded by air
(e,=1) (23) yields w,=4.6-10*cm™' or A,=2172A.
Thus surface plasmons in principle should be observ-
able from the far infrared up to the near ultraviolett
part of the spectrum.

The first direct observation of a surface plasmon by
ATR was reported in 1968 by Otto [13] for silver.
Figure 8 shows the dispersion of the surface plasmon
in Ag [13]. The solid line was calculated from (22).
If damping is included via the carrier relaxation time
the dielectric function takes the form

COZ

g(w)=1— m (24)

Fitting theoretical ATR spectra of surface plasmons to
experimental ones may then serve as a precise method
to determine optical constants of metals [32].

The observation of surface plasmons in the two in-
terface configuration furthermore allows for studying
metallic film structures and very thin coatings on
metals. Thus various applications of surface mode
spectroscopy in the study of adsorbates, catalysis and
corrosion may be anticipated [33]. The study of
depletion and accumulation layers in nonpolar semi-
conductors may be included here as for such materials
(21) simply may be replaced by

slw)=e"[1—(w,/w)*], (25)

where &* denotes the high frequency dielectric
constant.

As mentioned before, observation of surface polaritons
is also possible via coupling of light to the surface
excitation by means of optical gratings or, more

generally, by surface roughness. If the mode is excited
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by ATR, it is thus possible to study the surface
roughness spectrum. Corresponding experiments show
[34] that with increasing roughness the frequency is
shifted to lower values. For a quantitative measure-
ment of the roughness spectrum we refer to [35], more
recent theoretical aspects are treated in [36].
Magneto-optical studies of surface plasmons on metals
and nonpolar semiconductors in dc magnetic fields
yield new information on the excitation spectrum of
solids. The theory of surface plasmons in magnetic
fields has been developed since 1972. Metals are
discussed in [37], nonpolar semiconductors which in
magnetic fields show different effects are treated in
[38]. In the following we shall summarize some of the
results for semiinfinite samples.

Generally in such gyrodielectric media, the orientation
of the static magnetic induction B, relative to the
sample normal z and the direction of propagation x of
the surface plasmon is important. The three main
configurations used so far in experimental studies are
the Faraday case B |z, the Voigt case B, Lz, B, 1 x, and
the case where B, 1z, B_llx.

For metals, an extensive discussion of all three con-
figurations is given in [37], the results of which are
reported here. In the Faraday case the surface plasmon
shows mixed polarization TM +TE due to the cyclot-
ron motion of the electrons. The dispersion is strongly
affected by B.. For a metal bounded by air (¢,=1) the
surface plasmon frequency in the limit k_— co is shifted
from a)s=cop/]/§ [cf (23)] to ws=(a)§+wf)1/2/]/§.
Herein @, denotes the cyclotron frequency.
Furthermore the beginning of the dispersion branch is
no longer at =0 but at @w=w,. This is due to the fact
that a magnetic field allows for the propagation of
helicon waves in the range w<w,, so that localized
surface modes can not exist.

For the Voigt case, the surface excitations remain TM
polarized when the magnetic field is applied. This case
is thus more easy to handle by ATR as ellipticity of the
reflected beam is zero. The configuration exhibits
nonreciprocity: Two dispersion branches of surface
plasmons are found corresponding to wave propa-
gation in + x and — x direction. Starting at @ =0, these
branches approach in the static limit |k |—oo the
frequencies w,, given by

wer =22+ /D' Fw,/2. (26)

In the third configuration B,lz, Blx the surface
plasmons have mixed polarization again, The disper-
sion branch starts at w=0 and approaches in the limit
k,— oo the same frequency as in the Faraday case, i.c.
= (02 + o))"/ )/2.

The dispersion curves for all three configurations are
sketched in Fig. 9. If ¢, is increased, the limiting

0.4 ] a
0.2
0 T T T T T T
I 0.4 1 b
‘3?; 0.2:
S~ 1] { B B B B S S |
3
0.2
0 L} LI L) L] L4 T
0 2 4 6 8

Fig. 9a—c. Dispersion of magneto-plasmon surface waves at metals
[37]. (a) Faraday configuration, (b) Voigt configuration, upper
branch: k, <0, lower branch: k.>0, (¢c) Configuration B, lz, B jx

frequencies for k,— oo decrease. In the first and third
case they approach w,, in the second one the upper
branch goes to w,, the lower one to zero. It must be
emphasized, however, that the results outlined here are
valid only for w <, which is the usual situation in
metals. If w, becomes comparable with w, the situation
changes drastically. For example in the Faraday case
for w,/w,=1.5 a surface plasmon may not exist any-
more [39].

In nonpolar semiconductors the situation becomes
rather intricate as now ¢® >1 and o, may be compara-
ble to w,. The dispersion curves of magneto-plasmons
so far have been discussed only for definite samples
like n-InSb (¢® = 15.68) since more general conditions
for the existence of surface excitations are difficult to
obtain. Though n-InSb is polar (w'®=181cm ?,
@™?=192cm™?), the coupling of magneto-plasmons
and phonons may be neclected provided the carrier
density n is large enough (n210'® cm ™), as then w,, is
well above @™,

The dispersion curves of magneto-plasmons in #-InSb
have been discussed in [39] for all three magnetic
principal configurations. Compared to metals, new
features are the occurence of photon-induced surface
excitations, pseudo surface waves and the appearance
of a gap in the dispersion relation for the Voigt case.
Figure 10 shows the dispersion branches of magneto-
plasmons on rn-InSb for the Voigt configuration with
w,/w,=0.5[39]. Corresponding ATR experiments are
reported in [40], but the agreement between theory
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Fig. 10. Dispersion of magneto-plasmon surface waves for n-InSb in
the Voigt configuration [39]

and experiment was only qualitative. This indicates
that the model of a spatially homogeneous dielectric
medium underlying the calculations in [39] is in-
appropriate for n-InSb and thus inhomogeneity and
nonlocal effects must be taken into account.

The influence of depletion and accumulation layers on
surface plasmons in semiconductors was treated in
[41] for zero magnetic field and in [42] for nonzero
field. Recent calculations based on more realistic mo-
dels for the charge layer indicate [84] that a depletion
layer may result in the existence of a series of guided-
mode branches in addition to the usual surface plas-
mon branch. Similarly samples with an accumulation
layer may show a second dispersion branch lying
above the usual surface plasmon branch. It is expected
that such calculations combined with ATR experi-
ments will give information on the free carrier profiles
in charge layers.

Surface magneto-plasmons in the weak spatial disper-
sion region were discussed in [43] for the Faraday
case. It is found that a nonlocal surface mode with
frequency near the second harmonics of the cyclotron
frequency (Bernstein mode) may appear in addition.
So far only magneto-plasmons at metals or semicon-
ductor surfaces bounded by vacuum have been con-
sidered. An extension of the theory to sandwich struc-
tures formed by semiconductor-semiconductor was
given very recently in [44].

5. Plasmon-Phonon-Coupling

In polar semiconductors the free negative carrier plas-
mon may interact with the longitudinal optical pho-
non. The dielectric function then is given by a linear
superposition of (19) and (25) in the form

(80___800) (a)TO)Z a)z

-2z 7

)= 4+ —smr—5—
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The first experiments on plasmon-phonon surface
modes have been performed by Marschall et al. [45] for
n-InSb by means of coupling via optical gratings. The
first ATR experiments were reported by Bryksin et al.
[46]. The dispersion dependence of surface plasmon-
phonon modes on n-InSb with carrier concentration
n=2-10"7c¢cm™3 is shown in Fig. 11 [46]. The solid
lines are calculated from (4a) and (27), the dashed lines
are the dispersion branches for uncoupled plasmons
and phonons. Obviously the interaction of the plas-
mon and the longitudinal optical phonon results in a
level repulsion near the crosspoint of the dispersion
curves of uncoupled excitations. The same pheno-
menon is seen in Fig. 12 [46] where the frequencies of
coupled modes have been plotied for an angle of
incidence o=23° (k,~1.3w/c for Si prism) against the
squared plasmon frequency, which is proportional to
n. As expected, the strongest level repulsion occurs for
w2/e® ~ (") If w,>w", ie. for high carrier con-
centrations (n2 10*® cm™?), the interaction obviously
may be neglected.
If damping is included phenomenologically (27) may
be written as

0 © TO\2 2
e AT
'Y -0’ —il'eo  olw+iy)

sw)=e*+ (

Extracting the phonon damping parameter I' and the
electronic damping constant y from ATR spectra,
several groups found these values to be greater than
expected from bulk measurements [46, 47]. These
discrepancies were attributed to different selection
rules for the decay of surface modes compared to bulk
excitations [46], inhomogeneous carrier density and
decreased mobility of the carriers near the surface [47].
The influence of depletion, accumulation and inversion
layers on the ATR resonance in semiconductors was
discussed in [41]. Though all these effects in ATR
experiments in general are small, such investigations
are expected to give information on carrier profiles,
mobility and nonparabolity of the conduction bands of
semiconductors near the surface.

Application of a dc magnetic field to the sample gives
rise to magneto-plasmon-phonon type surface pola-
ritons. Such experiments allow for changing the fre-
guency of a characteristic excitation without changing
the carrier concentration in the material. As in the case
of magneto-plasmons on semiconductors, the coupled
magneto-plasmon phonon surface modes so far have
been discussed only for specific materials. Figure 13
shows dispersion curves for n-InSb in the Voigt con-
figuration for k_>0 [48]. It is seen that both disper-
sion curves (cf. Fig. 11) are split into two branches.
A discussion of surface magneto-plasmon phonon
excitations for all three principal magnetic configu-
rations is given in [49] for GaAs.
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The first experimental study of coupled magneto-
surface polaritons by ATR was reported by Palik et al.
[50] for n-InSb for the geometry B lz, BSHx. The
Voigt configuration for the same material has been
investigated in [51]. As in the case of surface magneto-
plasmons on semiconductors, measured ATR spectra
so far could be correlated only qualitatively to the
calculated dispersion curves [51]. The nonlocal shift of
magneto-plasmon-phonon modes on n-InSb has been
discussed recently for the unretarded limit [85].

6. Surface Exciton Polaritons

For surface excitons, in contrast to other macroscopic
surface excitations, effects due to spatial dispersion are
no longer negligible as now the frequency of the
excitation is close to the fundamental edge of the
crystal.

Since in unbounded, nonlocal or spatially dispersive
media the dielectric function & depends on the wave
vector k, e=¢(w, k), the dispersion relation w=w(k)
will be of higher degree in k than in the local case,
resulting in the propagation of “additional” electro-
magnetic waves [5Z]. Due to the presence of additional
waves for a bounded spatially dispersive medium, the
usual Maxwell boundary conditions are not sufficient
to determine the complete mode structure, ie. ad-
ditional boundary conditions (ABC) are required to
obtain an unique solution of the boundary problem.
In earlier work it was assumed [53] that the ABC can
follow only from a detailed microscopic theory of the
excitation, taking into account the effects of the bound-
ary. More recent investigations have shown, however,
that such procedure is not correct. Microscopic theory
must be used to derive the form of the nonlocal
dielectric tensor of the medium, but once this form is
explicitely specified, the ABC follows directly from the
nonlocal macroscopic Maxwell’s equations [ 54, 55].
Thus attention today is focused on the investigation of
microscopic models for the bulk dielectric suscepti-
bility y,, the dielectric susceptibility y; near the surface,
and the passage from y5 to ys [56, 57].

As these microscopic investigations are still in pro-
gress, the ABC used so far to calculate the dispersion
and ATR response of surface excitons differ. It has
been suggested [58] that experiments may elucidate
the applicability of the various microscopic models but
a definite decision is still lacking,

The ABC most commonly used have a form where
either the polarization field (exciton ABC) or the
derivative of the polarization field (plasmon ABC)
vanishes at the surface z=0. The influence of both
ABC on the surface exciton dispersion relation re-
cently has been discussed in [59], the results of which
are reported here.

For the plasmon ABC 0P, (0)/0z=0, which corres-
ponds to the symmetry condition E (z)=E (—z), H(2)
= —H (—2) originally proposed in [60], the disper-
sion relation for a semiinfinite sample bounded by air
(e,=1) is given implicitely by

207 %
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The exciton ABC P _(0)=0, corresponding to E (z)=
—E(—2z), H(z)=H (—z) [61] results in

o0

(k2 — ?/c?)~ 12 = % [ dk,—5 . (29b)
0

Fw?jcte, —k*

Herein ¢, and ¢, denote the transverse and longitudinal
dielectric functions which in the hydrodynamic ap-
proximation have the form

2
dmowy

g =&% : .
W= B —wlet i)

(30)

The coefficients f, , are inverse proportional to the
transverse and longitudinal effective exciton masses.
In the unretarded limit, the two integrals reduce to

2k, % dk,
- Bl o1
and

2k ®
— X f dk,e,/k*. (31b)

If the dielectric functions (30) are introduced into the
integrals the integration may be carried out resulting

in explicit dispersion relations. The analytic ex-
pressions are rather cumbersome and were given in
[597 for (29a) and (29b), in [62] for (31a) and in [63]
for (31b). For interacting excitonic resonances we refer
to [86].

Figure 14 shows the surface exciton dispersion re-
lations (solid lines) derived from (29a) and (29b) for
ZnO [59]. It is seen that for the plasmon ABC the
dispersion curve approaches the bulk longitudinal
dispersion curve gw, k)=0. For the exciton ABC the
dispersion curve rises to a maximum (not shown in
Fig. 14) and in the unretarded limit k,— co approaches
the local limit g(w)= ~ 1.

The first observation of a surface exciton was reported
in 1976 by Lagois and Fischer for ZnO [64].
Subsequently data on CuBr [65], ZnSe [66], and CuCl
[67] have been published. Figure 15 shows the resuits
for ZnO [64] together with the theoretical curve
calculated from (29a). Comparing Figs. 14 and 15 it is
seen that the range of k, values accessible so far by
ATR is too small to allow for a definite decision
between the two dispersion relations (29a) and (29b).
This experimental restriction stems from the lack of
suitable prism materials with a large index of re-
fraction in the visible and ultraviolett region.

A further effect of spatial dispersion on the surface
exciton becomes obvious from a comparison of Figs. 4
and 14. In Fig. 4, a clear gap for bulk excitations exists
between o’ and w™® which prevents energy stored in
the surface excitation from leaking into the crystal’s
interior. In a spatially dispersive medium no gap is
present (Fig. 14) and the surface polariton may leak
energy into the interior of the crystal. Consequently
the surface mode is damped even in a lossless dielectric
medium. This contribution to the damping rate in
principle may be investigated by an analysis of the
ATR lineshape and corresponding studies thus might
serve as a test for different ABC in model calculations

[68].

7. Surface Magnon Polaritons

It is well known that magnetic crystals may exhibit
optical magnons in the infrared spectral region.
Examples are magnetite or yttrium-iron garnet for
ferrimagnets and FeF, or CoF, for antiferromagnets.
The dispersion of the bulk polaritons of these elemen-
tary excitations has not yet been investigated experi-
mentally. Theoretical considerations are given in [69—
72, 87]. Corresponding surface magnons (high-frequen-
cy surface magnons) have also not yet been measured.
For low-frequency surface magnons, observable by
microwave techniques, theoretical results concerning a
single-interface geometry are given in [22, 73, 74]. The
theoretical treatment of coupled photon surface mag-
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non modes on a semi-infinite crystal is rather similar to
the phenomenological treatment of surface phonon
polaritons when the appropriate magnetic permea-
bility tensor is evaluated. This applies for bulk pola-
ritons in magnetic crystals, too [69]. Depending upon
the magnetic character of the crystal and upon an
applied static external magnetic field, a rich variety of
bulk and surface polaritons is expected. Here we
summarize the results for TE polarized surface polar-
itons on ferromagnetic insulators [74]. This example
shows the basic properties of magnon type surface
polaritons.

The geometrical arrangement is given in Fig. 16. For
simplicity, the dielectric functions are assumed to be ¢,
=1. The dispersion of bulk polaritons propagating in
the x direction with H,=0 and Elz is determined by
ko= (/€Y phy = P + 12,/ Iy, 15 the Voigt configuration
magnetic permeability function. Figure 17 shows its
frequency dependence. The dispersion of the bulk
magnon polaritons is displayed in Fig. 18 by the dash-
dotted curves. They are symmetrical for k propagating
in +x and —x direction. This is not the case for the
dispersion (full curves) of the magnon surface modes.
The nonreciprocal nature of the propagation arises
because the magnetic field H of both the +k and —k
modes rotate in the same sense according to the
precession of spin waves about the static magnetic
field. The .polaritons which correspond to —k so-
lutions do not exist without a driving field.
Furthermore, the condition y,>1 has to be fulfilled. In
contrast to the behavior of surface phonon polaritons,
the —k solutions are also propagating in a frequency
region where bulk polaritons exist simultaneously. The
+k solution reaches, for k— oo, the frequency of
unretarded surface magnons w,,. It starts at the fre-
quency o, which is dependent on the external field H,,.
If the dielectric permeability &(w) of the crystal has
anomalous dispersion in the frequency range of in-
terest, the sitnation becomes much more complicated.
Then, for example, bulk modes exist in frequency
ranges of negative u(w) when s(w) is negative, too [75].
This seems to be the case in the infrared spectral region
for many ferrimagnets [76]. The corresponding modes
in semi-infinite samples should be observable by the
ATR technique [77] as well as TE and TM polarized
surface modes by the modified ATR method [13]. It is
expected that this field will be developed in the next
years.

8. Further Remarks

As it has been pointed out in the preceeding sections,
the investigation of surface polaritons is in a state
where many of the theoretical predictions have been
confirmed experimentally. Furthermore the ATR me-
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Fig. 18. Dispersion of surface polaritons for the two non-equivalent
directions of propagation on a gyromagnetic medium [74]

thod is useful in obtaining information about optical
data of very different solids. In this context appli-
cations concerning the propagation length L of surface
modes should be mentioned [15, 33, 78-81].

In [15] it has been shown that it is possible to measure
the propagation length of surface polaritons by a
double prism method. The experimental set-up is
shown in Fig. 3. The 10.6pum output of a 250 mW
cw CO, laser was used as the source of input radiation
which is converted into surface polaritons by the first
prism. The back-convert for optical detection is main-
tained by the output prism. Then the intensity of the
output beam, normalized to the incident radiation, is
measured as a function of the distance between the two
prisms. From the slope of the resulting plot the
propagation length L, ie. the distance at which the
mode intensity decays to l/e of its initial value, is
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evaluated. These experiments are performed using the
CO, laser because at the investigated metal/air in-
terface L has appreciable higher values in the infrared
than in the visible (L<10"*cm). For a copper-air
interface in [15], L=19cm has been obtained. Data
for other materials are given in [ 70]. In the review [33]
the application of this method to the study of thin
films, catalysis, corrosion and other surface problems
is anticipated.

Another type of application was proposed in [82]. In
the region of phase transitions, the intensity of dielec-
tric permeability fluctuations increases due to fluc-
tuations of the order parameter. This should lead to a
decrease in the propagation length of surface pola-
ritons. The temperature dependence of the Rayleigh
wave velocity, investigated in [83], confirms that
acoustic surface modes are sensitive to the critical
properties of a solid. It is thus expected that similar
experiments in the optical range will allow to study the
fluctuations of the order parameter in solids exhibiting
phase transitions.
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