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PHYSICAL REVIEW B

VOLUME 15, NUMBER 12

15 JUNE 1977

Surface electromagnetic waves with damping. II. Anisotropic media*

G. S. Kovener,! R. W. Alexander, Jr., I. L. Tyler, and R. J. Bell
Physics Department, University of Missouri-Rolla, Rolla, Missouri 65401
(Received 17 May 1976; revised manuscript received 9 March 1977)

The technique of plotting the attenuated-total-reflection (ATR) reflectance as a function of both frequency
and incident angle using a three-dimensional plot is applied to surface electromagnetic waves (SEW) in a
uniaxial material, MnF,. It is shown that dispersion curves calculated without absorption do not completely
describe the ATR reflectivity. Experimental data confirming the reflectance surface features are presented.
Also, additional minima in the reflectance surface not associated with SEW are discussed.

I. INTRODUCTION

The three-dimensional ATR reflectance surface
technique has been previously applied to isotropic
materials in order to explain various aspects of
the ATR spectra including the bend-back behavior
of the surface electromagnetic wave (SEW) dis-
persion curves.!’? This technique of plotting re-
flectance as a function of both frequency and inci-
dent angle can be used for anisotropic materials,
and we present a treatment of the attenuated total
reflection (ATR) spectra for MnF,, a uniaxial
material, using the reflectance surface technique.

We have experimentally measured several
branches of the SEW dispersion curves of MnF,,
and these results will be discussed. Several other
features predicted by the reflectance surface ap-
proach to SEW have been confirmed experimental-
ly.

II. THEORY

The description of SEW.on anisotrqpic materials
was first presented by Lyubimov and Sannikov?®
although surface magnetoplasmons which have a
uniaxial dielectric tensor were treated earlier.*””
For nonmagnetic anisotropic materials, the first
experimental observations of SEW using the ATR
technique of Otto® were made by Bryksin, Mirlin,
and Reshina®''® on MgF, and TiO,, followed by
Falge and Otto!! on quartz, and by Perry, Fischer,
and Buckel on CdS.'?

Numerous articles have appelared discussing the
theory of surface electromagnetic waves on uni-
axial3+4+6:10+13717 apd biaxial'® media and recently a
review article appeared.’® Thus only a few perti-
nent results are summarized here, Otto and his
co-workers have thoroughly discussed the uni-
axial case for crystal quartz including experimen-
tal results.!*'20'3! QOnly three simple geometries
were used for our measurements, namely; (I) the
optic axis perpendicular to the surface (which is
thus isotropic); (II) the optic axis parallel to the
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surface and k parallel to the optic axis; and (III)
the optic axis parallel to the surface and % per-
pendicular to the optic axis. The x axis is taken
along the direction of propagation and the z axis
is the outward normal from the surface. The dis~
persion relations for the three cases are?

case I: k,=(w/0)[(€n€L‘en)/(“:ut].—1)]1/2 ’ (1a)
case II: &, =(w/c)l(€j€,~€,)/(€€, ~1)] 1/2’ (1b)
case III: &, =(w/c)e, /(e,.—1)]*, (1c)

The dielectric functions parallel and perpendicular
to the optic axis are €, and €,, respectively. The
dielectric functions were obtained from Ref, 22,
The real parts of €, and €, are plotted versus
wave number in Fig. 1, The dispersion curves ob-
tained from Eqs. (1) are plotted in Fig. 2. In plot-
ting the dispersion curves the damping was set
equal to zero, as is usually done. If damping is in-
cluded, two problems arise. First, one must now
take k, or w complex in Egs. (1). If &, is taken to
be complex, the dispersion curves bend back, just
as in the case of an isotropic crystal.!’? Although
we have not attempted the solution of Egs. (1) for w
complex and k, real, there is no apparent reason
for it to differ from the isotropic case®® for which
k, approaches infinity as w— w,. Since Ref, 2 con-
tains a detailed discussion of bend back, we will
not consider it further, .

A second problem with complex dielectric func-
tions arises in connection with defining the exis-
tence of SEW. It is shown in Ref. 3 that existence
of SEW require that €, (w)<0 and €,(w)e, (w)>1,
This condition was obtained by requiring that the
electromagnetic fields of the SEW decay exponen-
tially normal to the surface in both directions.
With complex dielectric constants, the fields al-
ways decay into the crystal and these conditions
must be examined, Bryksin, Mirlin, and Reshina'®
proposed using just the real part of €,(w) and
€, (w) but this leads to inconsistencies in the as-
signment of SEW to minima in the ATR spectra.

This point is best illustrated by considering the
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FIG. 1. Real part of the dielectric functions of MnF,.
The subscripts || and L refer to the diagonal tensor com-
ponents relative to the optic axis. Taken from Ref. 22.

dielectric function of MnF,. Using the seven phons
on model parameters for €,(w) and the three phonon
model parameters for €, (w) as given by Weaver
et al.?? the real part of € (w) is plotted in Fig. 1.
Note the small peak at 244 cm™ in €, (w). This
is due to a resonance at 254.1 cm™, but this os-
cillator strength is not sufficient to force the real
part of €, (w) to be negative. Therefore no SEW
should exist; yet, with no damping €, (w) (which is
now real) is negative and a SEW should exist. An
inconsistency is present at this frequency regard-
ing the presence or absence of a SEW while, in
fact, a minimum was observed in the experimental
data near 258 cm™! (case-I orientation). Thus Egs.
(1) are to be used with €,(w) and €, (w) calculated
with absorption neglected. As mentioned above
this has been done in Fig. 2, where the dispersion
branches for all three orientations are plotted in
one graph. The solid lines are case I, the dash-
dot lines are case II, and the dashed lines are
case III. The arrows A indicate the maximum
wave vector allowed for the extraordinary SEW as
discussed below. For branch 2, the two cases I
and III are not sufficiently different in frequency to
be separated on this scale. Note that there is no
case II extraordinary SEW until 280 cm™!, The
solid line labeled “light line” is the dispersion
line of free-space photons, and the line labeled
“silicon line” is the maximum wave vector avail-
able with a silicon ATR prism. Thus only one ter-
minating branch, branch 1, would be accessible
using a silicon prism. All three upper branches
are asymptotic.

In Fig. 2 there are two branches which terminate
for a finite value of the wave vector 2. This ter-
mination occurs at the frequency and wave vector
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FIG. 2. Dispersion curves for MnF,. The solid line
is case I, the dash-dot line is case II, and the dashed
line is case III. The arrows A indicate the termination
points of the extraordinary SEW. The case-Iand case-
III curves are overlapping for the second branch on the
scale. The line labeled “light line” is the free-space
photon dispersion line, and the line labeled “silicon line”
is the maximum momentum available with a silicon ATR
prism.

where the surface electromagnetic wave disper-
sion curve crosses the longitudinal bulk optic pho-
non dispersion curve (which is flat), Thus, at the
termination point the propagation vector is given by

kp = (@y;/c)en(w )], C))
where w;; is the longitudinal optic-phonon frequen-

cy of the jth oscillator of €, .

III. EXPERIMENTAL

The ATR spectra of MnF, were measured using
a RIIC FS-720 Michelson Fourier transform spec-
trometer with a Golay cell detector. The data were

‘obtained by fixing the angle and “scanning” the

frequency. In most cases, the apodized resolution
was 2.0 cm™!, and the uncertainty in the incident
angle was +2.0°, A sample holder for use with the
RIIC TR-5 Micro ATR unit was fabricated to press
the silicon (z, =3.418) hemicylinder prism against
the crystal. The gap spacing was provided by
Mylar spacers (2.0 um), or if smaller gaps were
required, the prism was pressed directly against
the sample. The spacing was estimated using visi-
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FIG. 3. Experimental dispersion curves for case I
and case III. The solid line is the case-I dispersion
curve and the dashed line is the case-III dispersion curve
(see Fig. 2). The triangles are the experimental data
points for the case-I configuration, and the squares are
the data points for the case-III configuration. Point A

is the theoretical termination point of the case-I extra-
ordinary SEW.

ble-light interference fringes seen through the
transparent MnF,. The crystals were purchased
from Optovac, Inc., and the surfaces were po-
lished to 1/4) (Na) flatness over a minimum of
80% of the surface. We have found that a large
area must be flat in order to couple effectively
(the incident beam diameter was approximately
5 mm). One face had the optic axis normal (basal
face) and one face had the optic axis parallel to an
edge (CA face). Since MnF, is a transparent uni-
axial material, the orientation of the crystal is
easily done with crossed polarizers. The beam
divergence inside the prism was estimated to be
1.0°, All data were taken at room temperature.
The propagation vector of the surface electro-
magnetic wave %, was determined from the fre-
quency of the ATR minimum w . in the usual man-
ner using

kx = (wmin/c)nl’ Si'nemin ’ (3)

where 7, is the index of refraction of the prism.
The results are plotted in Fig. 3. The triangles
are the data points for case I and the squares for
case III. The solid line is the case-I dispersion
relation, and the dashed line is the case-III dis~
persion relation. The data for case III, branch 1,
was taken with a 2.0-um gap spacing while the gap
spacing was 0.5 pm for the case-III branch-2 data.
The data for case I was taken with a 0.5-pum gap.
The experimental points are slightly lower in fre-
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FIG. 4. Experimental ATR spectra showing a termina-
ting branch. The orientation was case I, and the incident
angles are as indicated. The gap was approximately
0.5 pm. The curves are offset for clarity. Note the
abrupt disappearance of the lower frequency minimum,
while the minimum at 258 cm™ remains in the spectra
at 60°.

quency than the theoretical values due to the use
of finite gaps in the experiment. If one includes
damping and the effects of the prism, both of which
tend to lower the frequency of the observed mini-
mum, good agreement is obtained with the mea-
sured dispersion curves. “One of course includes
damping and prism effects by calculating the ATR
reflectivity using Fresnel’s equations and plotting
the minima in the reflectivity as the dispersion
curve. Sohler has given Fresnel’s equations for a -
layered system of anisotropic absorbing media.**
The higher-lying branches were not observed.
The branch near 350 cm™ is very weak while in-
sufficient energy was available with our inter-
ferometer above 400 cm™ . The termination of the
extraordinary SEW at point A (for case I) was ob-
served by noting the disappearance of branch 1
while branch 2 remained as the angle of incidence,
and hence &,, was increased. The experimental
spectra are shown in Fig, 4. The minimum near
200 cm™! disappears at about an angle of incidence
of 60°. This angle is smaller than that predicted
from Eq. (2), which gives an angle of 72°, Note,
however, that other structure exists in the re-
flectivity in this region, which is discussed below.
Figures 5 and 6 show the calculated ATR reflec-
tivity as a function of both the frequency of the in-
cident radiation and the angle of incidence upon
the prism base (for case I). The gap was 2 and
0.5 pm, respectively, for Figs. 5 and 6. If an
experimental ATR spectra is measured by fixing
the incident angle and scanning the frequency, the
results will follow a cross section going from left
to right. Conversely, if the ATR spectra is mea-
sured by fixing the frequency and scanning the
incident angle, the results will follow a cross sec-
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tion going from bottom to top. This is discussed
further elsewhere.!’? Some general comments can
be made. The dispersion of branch 3, for example,
can be seen as the turning of the “valley” near

450 ecm™! toward lower w as 6 decreases. For a
given w, decreasing 6 corresponds to decreasing
k, through the governing ATR equation

k, = (w/c)n, sin(6), 4)

where 7, is the prism index of refraction. For
small angles of incidence, the reflectivity is small
below 150 em™! because both €, and €, are positive
and considerable transmission occurs across the
gap which is small compared to the wavelength.
It is important to note that the low reflectivity is
due to transmission across the gap into the MnF,
crystal which is transparent in this frequency re-
gion and not due to absorption. At about 200 ecm™
a valley can be seen, which for small angles of
incidence (i.e., small values of %,) turns “left”
towards smaller w. The bottom of this valley is
the dispersion curve in Fig. 3 shown by the lower

s

500

solid line. As seen in Fig. 6 (0.5-pm gap), con-
siderable distortion of the dispersion curve has
occurred because the presence of the prism is
strongly felt by the surface electromagnetic wave.
The valleys of the branches of the dispersion
curves near 250 and 400 cm™! can also be seen.
For the 0.5-um gap one sees rather severe dis-
tortion for small angles of incidence, but it can
be seen that if one wishes to look at large angles
of incidence (and hence large k,), that the smaller
gap is required. Consider the 200-cm™! branch
which terminates. Equation (1) predicts a ter-
mination at an angle of incidence of 72°, The mea-
sured reflectivity for several angles of incidence
are shown in Fig. 4 for a gap of 0.5 um. The mini-
mum near 200 cm™! is very deep for an angle of
incidence of 45°, but has essentially disappeared
for an angle of incidence of 60°, Note that the
minimum near 260 cm™! becomes progressively
weaker as the angle of incidence increases, but
does not disappear. It, of course, is due to a
nonterminating branch of the dispersion curve. It
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is difficult to determine exactly the angle of inci-
dence at which the 200 cm™! branch terminates
because additional structure develops in the re-
flectivity at large angles of incidence. This is
clearly seen in the calculated reflectivity (Fig. 6)
where the terminating valley washes into a second

REFLEC TANCE

]
300 350

FREQUENCY (cm™)

1 1
150 200 250
FIG. 7. Experimental ATR spectra of case-I MnF,.

The incident angle is fixed at 30°. The division along the
ordinate are reflectance increments of 10%.

valley for angles of incidence larger than about

60° This second valley at large angles of inci-
dence is not apparent at larger gaps (see Fig. 5),
but the branch of the dispersion curve one wishes

to measure is also very weak then. One can see a
similar problem in the ATR spectra for terminating
modes in crystal quartz,'® although this problem
was not discussed there. This second valley is

due to the penetration of the incident radiation

o

REFLECTANCE

100 200
FREQUENCY (cm™)

300 500

FIG. 8. Fixed-angle cross section of the reflectance
surface for case-II orientation with a gap of 2.0 um.
The incident angle is 30°. The small dip at 280 cm™
is the lowest frequency SEW predicted using the dispers-
ion relation.
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deeper into the MnF, crystal. That is, calculation
shows that the imaginary part of 2, decreases in
the valley region. Hence, one finds that the energy
absorbed in the crystal increases so that the re-
flectivity decreases.

The branch seen just above 250 cm™ is due to
the weak oscillator 254 cm™!, which was mentioned
earlier. If damping is included, the real part of
€, (w) is positive as shown in Fig. 2, Clearly
however, this branch is observed in agreement
with the dispersion curves calculated without
damping. Figure 7 shows the measured ATR re-
flectance for an angle of incidence of 30°, showing
observation of both the 200 and 250 cm™! branches.

Figure 8 shows the calculated reflectance for
case-II orientation for an angle of incidence of
30°, Note the pronounced minimum near 250 cm™*
and yet even with no damping, €, is positive in
this region. The lowest predicted SEW branch for
this orientation is near 280 ecm™! where a small
dip in the reflectance can be seen, Our experi-
mental measurements where not sufficiently good
to see this minimum, although the other two were

1

TYLER, AND BELL 15

observed. What causes the dip near 250 cm™!?

In this region €,(w) is becoming large so that the
refractive index of MnF, is exceeding that of the
silicon prism so that the total reflection is being
frustrated in this frequency region. A calculation
of the z component of the wave vector shows that,
indeed, a propagating wave exists in the region of
this reflectance minimum,

IV. CONCLUSION

The dispersion curves of surface electromagnetic
waves (TM polarized) on MnF, have been measured
for several branches using attenuated internal re-
flection. A three-dimensional plot of the ATR re-
flectivity is found to be a good method for interpre-
ting the experimental data, particularly in under-
standing dips in the ATR reflectivity not caused
by surface electromagnetic waves.
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