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Guided-wave polaritons (GWP) in thin uniaxial crystals of e-GaSe (D3~) have been stud-

ied by means of near-forward Raman scattering. GaSe was chosen as the convenient sam-

ple system for this study because it forms a layered compound crystal that can be cleaved

into very thin films with varied thickness and smooth surfaces. The samples were prepared

from bulk e-GaSe by cleavage with the crystallographic c axis normal to the plane of the

film. The film thickness (d) ranged between 2.7 and 6.5 pm. In a uniaxial crystal,

infrared-active phonons propagating along a general direction split into three modes: two

branches of extraordinary waves (EX~ and EX2 branches) and one branch of ordinary waves

(OR branch). The ordinary waves are pure TO phonons which form volume polaritons and

GWP. The extraordinary waves are admixtures of TO and LO phonons; thus these waves

also form volume polaritons and give rise to GWP in a film geometry. In this work both

the mode dispersion and the Raman scattering intensity of GWP and surface polaritons

were measured for the infrared- and Raman-active E' mode appearing between -180 and

-300 cm . The dispersion of the observed surface modes, including the film-thickness

dependence, agrees with theory after appropriate adjustments are made for the dielectric

function of e-GaSe in the far infrared. The Raman scattering intensity can be fitted with

the use of a phenomenological theory based on the bulk Raman tensor. The agreement be-

tween the measured and the calculated spectra is very good for thick samples (d )5 pm).
The deviation from the calculated spectra in the thinnest sample (2.7 pm) can be understood

when one takes into account the damping of GWP upon reflections at the surface.

I. INTRODUCTION

The existence of a surface in a semi-infinite crys-
tal gives rise to surface polaritons (SP) which pro-
pagate along the surface with a real wave vector k

~~

and whose amplitude decays exponentially away
from the surface. ' Corresponding to the amplitude
decay away from the surface, the wave-vector com-
ponent of SP normal to the surface (kz) is purely
imaginary. When there are two parallel surfaces,
i.e., in a film geometry, there are two kinds of sur-
face modes depending on whether k-z inside the film
is real or imaginary. If kz is imaginary, the mode
amplitude decays into the film and away from the
film exponentially. There are two modes of this
kind corresponding to SP's arising from the two sur-
faces (the upper-mode and lower mode, UM-SP and
LM-SP, respectively). These modes are degenerate
if the film thickness d is much greater than 2m. /k&,
but split into two distinct frequencies for d (2m/kz.
We call these modes SP; they are called double-
interface modes in Ref. 2. On the other hand, if kj
is real, the mode amplitude decays away from the
film but oscillates inside; these modes are called
guided-wave polaritons (GWP) because their ampli-
tude pattern is similar to that of waveguide modes.

Because of the finite thickness of the film, kt is
quantized to be near multiples of m/d, and the am-
pltiude variation along the thickness of the film has
a standing-wave pattern. ' In the visible and near-
infrared frequency regime, GWP's are used in in-

tegrated optics. The SP's in the far infrared that
arise from the optical phonons have been investigat-

ed by the attenuated-total-reflection (ATR) method'
and by Raman scattering. The GWP's formed by
optical-phonon polaritons were observed by Raman
scattering in cubic GaP by Valdez, Mattei, and
Ushioda (VMU).

The main purposes of this paper are threefold.
The first purpose is to extend the work of VMU to
GWP's in an anisotropic crystal where more com-
plex mode dispersions are expected. The second
purpose is to investigate the thickness dependence of
the GWP and SP dispersion relations. This kind of
study could not be made by VMU because of the
difficulty of preparing very thin samples (10—60
pm) of GaP by polishing. GaSe is an ideal crystal
because it can be easily cleaved into very thin films
of several micrometer thickness. The third purpose
is to assess the effect of surface roughness on the SP
and GWP dispersion relations and the Ram an
scattering intensities by using samples with atomi-
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cally smooth surfaces. VMU found that the mea-
sured Raman scattering intensity varied depending
on surface conditions and also that the intensity
predicted by theory did not agree with the experi-
mental results. In the case of the layered compound
e-GaSe, the surfaces of cleaved films are smooth on
the atomic scale. Adjacent layers are held by the
van der Waals force; hence, the cleaved surfaces do
not have any dangling bond and consist of wide ter-
races of atomically smooth planes. In this paper we
attempt to compare theory to experimental results
on SP and GWP in the absence of surface roughness
which could not be avoided on GaP surfaces.

We have chosen e-GaSe among the many layered
compounds, because its relevant properties in the far
infrared are reasonably well established. ' The e-
GaSe crystal has the D3~ space-group symmetry1

with 8 atoms per unit cell. The Raman-active
modes of this crystal have symmetries A &, E', and
E". The backscattering spectrum of these bulk pho-
nons are shown in Fig. 1 for reference purposes.
Among these modes only the E' modes are simul-

taneously Raman and ir active with the polarization
vector in the basal plane. The corresponding mode
with the polarization vector along the c axis has the
Aq' symmetry, which is ir active but Raman inac-
tive. Thus when the k vector is in the basal plane
(klc), the F.' modes split into the TO~ and LO~
modes both of which are Raman active. When the
k vector is parallel to the c axis (k~ ~c), the doubly
degenerate TO& modes are Raman active, but the
corresponding LO!! mode (A z mode with the polari-
zation along the c axis) is Raman inactive. This
situation is experimentally observed as illustrated in
Fig. 2. Note that for k

~
~c no LO peak is observed,

and also that the TO~ intensity for k
~

Lc is twice as
strong as for klc, corresponding to the double de-
generacy of the TOj mode for this configuration.
When the k vector makes an angle 8~ (8&&a,n /2)
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FIG. 2. Raman spectra of e-GaSe: TO and LO pho-
nons for large wave vectors propagating (a) normal to the
c axis and (b) parallel to the e axis. Arrows in the insets
indicate the wave vectors of the incident' and the scattered
light. The sample thickness is 6.5 pm.

with respect to the c axis, one of the modes is a pure
TO mode [ordinary wave (OR)] and two of the
modes (EX& and EX& extraordinary wave modes)
have a mixed character of the TO and LO phonons.
The relationship between the propagation angle and
the mode frequency is depicted in Fig. 3 for e-GaSe.
The small circles indicate that the modes corre-
sponding to these points are Raman inactive. Figure
3 also shows the plot of e!L(co) and ez(co) for e-GaSe.
The high-frequency extraordinary wave (EXq mode)
is a pure LO~~ mode when 8& ——0 and LOq mode
when 8& ——m/2, but contains some transverse com-
ponent for general propagation directions. Thus this
mode (EX~) as well as the two other modes (EX&
and OR) forms polaritons and GWP, showing split-
ting according to the values of kz and dispersion
with k~~.

e-GaSe turns out to be a very convenient system
to work with in other respects as well. It is semi-
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FIG. 1. Raman spectrum of e-GaSe in a backscattering
configuration.

FIG. 3. Dii'ectional dispersion of LO and TO phonons
and dielectric constants of e-GaSe.
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transparent in the visible spectrum, so that we can
measure Raman scattering in a near-forward direc-
tion from a thin film. The fact that it absorbs light
in the blue and green range means that we can ex-
pect Raman-intensity enhancement from near-
resonant conditions. This is an important considera-
tion when one works with the scattering path
lengths on the order of several micrometers. The
presence of nonpolar modes as shown in Fig. 1 al-
lows us to calibrate Raman intensities from spec-
trum to spectrum taken under different conditions.
We make use of this advantage in comparing the ob-
served Raman intensities of SP and GWP with
theoretical predictions.

In the following section we present a theory of SP
and GWP in an anisotropic film (Sec. II A). Section
IIB deals with a phenomenological theory of Ra-
man scattering intensities of SP and GWP. In Sec.
III we present the experimental results, and Sec. IV
is devoted to the discussion of the results. Section V
contains concluding remarks.

II. THEORY

A. Dispersion relations

2
0)/, i )),i) To)) t

2 2
NTO —N

ll. ~

e2][,i(at) =~ I).i+

where e„~~ & and coll z are the optical and static
dielectric constants, respectively; corp is the TO-

ll.~

phonon frequency with the polarization vector either
parallel (~ ~) or perpendicular (I) to the c axis. In Eq.

/~ c axis

Kg Kz

We consider electromagnetic waves that pro-
pagate parallel to the surface (x direction) in a free-
standing uniaxial film of thickness d—:2a with the c
axis normal to the surface. This geometry is illus-
trated in Fig. 4; media 1 and 3 have a frequency-
independent dielectric constant e& y0, and the uni-
axial film (medium 2) has frequency-dependent
dielectric constants e2i(co) and e2))(t)t ) for polariza-
tions perpendicular and parallel, respectively, to the
c axis. In the optical-phonon frequency regio~,
E3)( i(co) is given by

(1) we neglect the damping of optical phonons; con-
sequently, mode-damping effects are not explicitly
included in the equations that follow. However, we
will include small damping when we calculate the
theoretical Raman spectra later.

The A, Cartesian component of the electric field
amplitude of the electromagnetic waves in the three
regions of Fig. 4 can be written as

i (k))x mt) —az—

E(2)(~ } + (
iktz+ —iktz) i(k))x mt—)

E(3)(~ ) C i(k))x tzt)+—az

(2)

(4)

Here a—:(k
~)

—F)ci) /c }' is the real decay constant
outside the film, and k)~ and ki are the wave vectors
inside the film for x and z directions, respectively.
Ak, Bk, and Ck are the amplitude constants for the
three regions. When we substitute the above as-
sumed forms of the waves into Maxwell equations
with appropriate boundary conditions at z=+a,
dispersion relations and eigenvectors for the normal
modes of the geometry with different polarizations
are obtained.

When kj is real the extraordinary optical-phonon
branches (EXi and EX2) give rise to transverse mag-
netic (TM) polarized GWP's with the implicit
dispersion relations

and

ei/E) ——(ki/a)tan(kia) (5)

Eile) = —(ki/a)cot(kia),

ki [ei(to /c —k——
i)

/ei))]'

Here ei and e)~ are shorthand notations for e2i(tt))
and e2~)(co) of Eq. (1). The solutions represented by
Eqs. (5) and (6) are shown in Fig. 5 denoted by TM),
TM2, and TM„. The branches TM& and TM2 arise
from the extraordinary phonon branches EX) and

EX2, respectively, and TM„ is the upper branch of
TM which is mostly transversely polarized.

The ordinary optical-phonon branch (OR in Fig.
3} gives rise to transverse electric (TE) polarized
GAP's whose dispersion is given by

1 =(ki/u)tan(kia)

02: e& (m}
=Kii=Kx

and

—1 = (ki/a )cot(kia), (9)

FIG. 4. Film geometry and coordinate system. Media
I and 3 are air in the present experiment.

where

ki ——(rico /c —k )' (10)

The solutions given by Eqs. (8) and (9) are denoted
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cos(kiz}
Ei (x, t}=28i '. „,'e ' ll"

l sin~k&z~
(12)

since ki is real. This expression shows that the field
amplitude of GWP has a standing wave pattern
across the thickness of the film and propagates
sinusoidally along the surface plane. The integer m
in Eq. (11) corresponds to the number of nodes of
the standing wave. There is an alternative way of
looking at GWP from the viewpoint of ray optics.
GWP can be interpreted as a wave that propagates
in the film in a zigzag manner as illustrated in Fig.
6. The wave is totally reflected at the surface and

propagates with the real wave vector given by

by TE and TE„ in Fig. 5. We note that Eqs. (5), (6),
(8), and (9) determine discrete allowed values of ki
which in turn give the dispersion relations (co vs k}
through Eqs. (7) and (10). The above four equations
have a common asymptotic solution for large ki
given by

k&
——mm/2a,

where m is a positive integer mode number for
GWP's. For GWP's the electric field inside the film
given by Eq. (3) can be rewritten as

FIG. 6. Zigzag propagation model for GWP.

and

ei/@i ———(P/a) tanh(Pa ) (13)

kI~x+kzz, where x and z are the unit vectors along
the x and z axis, respectively. The propagation an-

gle 8~ has discrete values for a given value of k~~ as
kz is quantized. The increment between the allowed
values of ki is roughly given by n/d. In the thick-
film limit ki forms a quasicontinuum as in the case
of an infinite three-dimensional crystal. When the
mean free path of the modes is shorter than the film
thickness, kz is not quantized, and one should ob-
serve a continuum of GWP's.

When kj is imaginary, the Maxwell equations
with boundary conditions give the implicit disper-
sion relations for SP:

420 ei/e& ———(p/a )coth( pa ), (14)
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FIG. 5. Dispersion curves of GWP and SP in GaP and
e-GaSe. The film thickness is 10 pm. The dashed lines

show TE modes and the solid lines show TM modes. The
dot-dashed straight lines indicate the light line in vacuum.

where ip=ki is given by Eq. (7). Equations (13)
and (14) correspond to the upper mode (UM) and
the lower mode (LM) of SP's. In this case there is
only one solution each for ki from Eqs. (1'3) and
(14), and consequently there are only two branches,
UM-SP and LM-SP, arising from these two equa-
tions. For the parameters of e-GaSe used in Fig. 5

these branches are almost degenerate. For SP's the
electric field inside the film given by Eq. (3) can be
rewritten as

cosh(Pz)
Ei (x&t)=28i '

~

h(p )
'e

~

J

(15)

In Fig. 5 we show the dispersion curves of SP and
GWP in the cubic crystal GaP for comparison pur-
poses. The GaP sample thickness is assumed to be
10 pm; for this thickness the UM-SP and LM-SP
are almost degenerate. The same is true for a 10-
pm-thick sample of GaSe. Thus in both cases only
one curve can be seen for SP. In GaP both TM
GWP and TE GWP appear in the same frequency
region, because the directions normal and parallel to
the surface are equivalent. However, in the aniso-
tropic GaSe film with the c axis normal to the film,
TM GWP and TE GWP are split by the anisotropy.
The origins of different branches of GWP can be
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understood clearly if one compares Fig. 5 with Fig.
3 where the mode frequencies are shown for large
values of k in an infinite crystal of e-GaSe. The 8~
dependence of the mode frequencies were calculated
from the well-known equation for a uniaxial crys-
tal".

~!ck =e '(co)

ez(co)sin 8 +~~~(co)cos 9
(16)

eg(N)Bid(co)

in the limit of k~ oo. Hoff, Irwin, and Lieth' have
shown that Eq. (16) fits the experimental directional
dispersion of LO and TO phonons of y-polytype
GaSe at 0& ——0', 45', and 90'. We note that the oscil-
lator strength for EJ.c is much greater than that for
E~ ~c in e-GaSe. Thus the splitting between coTo and

coLo is much greater than the splitting between

To~~ and r. oil' both of which fall between a~To, and

Lo .
For clarity we show only a few lowest branches of

GWP of each group in Fig. 5. In the limit of
k~~~00, the asymptotic limiting frequencies of the
TM1-, TM2-, and TE-GWP approach ~To, pro, ,
and &TO,, respectively. In the limit of small k

TM2 GWP's converge to ~Io, while TM1-GWP
branches cross each other at coTo and then approach
the light line. The behavior of TE GWP is identical
to that of TE GWP in an isotropic crystal, ap-
proaching the light line for k~~ ~0.

In anisotropic dielectrics, new SP branches appear
in addition to the branches observed in isotropic ma-
terials. Such additional SP branches were observed
in quartz by the ATR method. ' In e-GaSe an extra
branch of SP appears between coI o and coLo near

tl

the vacuum-light line. The short segment is indicat-
ed by an arrow in Fig. 5.

B. Raman scattering intensity

The Raman spectra of GWP's in an isotropic
crystal (GaP) have been calculated by Subbaswamy
and Mills using a Green's function approach. Here
we use a simpler approach to calculate the Raman
scattering intensities of SP and GWP's in a uniaxial
crystal. First, we calculate the electric field strength
and the displacement amplitude of each GWP and
SP branch that correspond to a single. quantum of
these excitations. This is done by considering the
total energy-density expression for SP and GWP and
then by setting it equal to ~. Next these field am-
plitudes are substituted into the expression for Ra-
man scattering intensities that takes into account the
finite scattering volume determined by the film

geometry. The Raman-intensity expression for the
film geometry was derived by Mills, Chen, and Bur-
stein, ' and independently by Nkoma and
Loudon. ""

The total energy density of SP and GWP is given
17

where U~ is the A, Cartesian component of the atom-
ic displacement vector U, and uTo is the TO-

phonon frequency with the polarization in the A,

direction. The terms in the first set of small
parentheses represent the lattice distortion energy
and the terms in the second set represent the elec-
tromagnetic portion of the energy carried by the po-
lariton. Ug and H~ can be expressed in terms of E~
by

~Topi ( &oz —& x)~4']
2 2 -EA.

coTo —co
(18)

+ f, (e A&Eh, &+ &Hk &)d~

+ f (&Ex &+(IIX&)d, ,

where

~To,(~To„+~ )(~m —~.~)
2 2 2

Sg(co) =
8n(coTo —ro )

(21)

and angular brackets enclosing each quantity denote
a time average over the period.

With the use of the dispersion relation for each
branch of SP and GWP, the coefficients A ~, 8~, and
C~ in Eqs. (2), (3), and (4) are determined completely
in terms of one free amplitude coefficient. This last
degree of freedom corresponds to the degree of exci-
tation, and it is determined by setting' 8'=%co in
Eq. (20). Thus we can fix all the amplitude coeffi-
cients A~, 8~, and C~ which correspond to one
quantum of the excitation. Now from Eqs. (2), (3),
and (4) we have the expressions for (Ex ) that corre-
spond to the excitation of one quantum of SP or

H„=—(V XE)x.
CO

Using Eq. (17) and Eq. (18), we can write the total
energy due to SP and GWP contained in a column
normal to the film with a unit cross-section area as

IT'=2+ S~(co) f (E~)dz
0
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XN&Q~~ —k~~), (22)

where A is a constant, EQ=Q; —Q, is the difference
between the wave vector of the incident light Q; and
that of the scattered light Q, ; (Ei (z) ) '~ is the root
mean square of the electric field of the polariton dis-
cussed above, n(Q) is the Bose-Einstein factor, and
A=co; —co, is the difference between the incident-
light frequency co; and the scattered-light frequency
co, . bpri(Q) is given by

ei(Q) —e„i
b pri.«)=b pri. + apy~ ~

4mNeg
(23)

where N is the number of unit cells per unit volume,
ei is the transverse effective charge of the
polarized pure TO phonon, b~&~ is the electro-optic
coefficient, and ap&~ is the atomic displacement sus-

ceptibility tensor'; P and y denote the polarization
of the scattered and the incident light, respectively.¹Iin Eq. (25) can be determined from the oscilla-
tor strength of the TO phonon with A, polarization,
and the ratio blirxlapri can be determined from the
ratio of the TO-phonon and the LO-phonon scatter-
ing intensities, I(mLo )/I(coTo ).' Thus bp&i(Q)

can be determined experimentally within a multipli-
cative constant. By using (Ei(z))'~ from the
polariton-energy-density expressions, we can write
down the complete expression for the Ram an
scattering intensity given by Eq. (22) with one multi-
plicative constant still undetermined but common
for all thicknesses and branches. As we see in the
Appendix, the Raman scattering intensity for GWP
contains expressions such as

sin[(b, gi —ki )a] sin[(b, gi+ ki )a]+
~Qi —ki ~g, +k,

(24)

This factor represents the uncertainy in k, due to
the finite interaction length in the film confined
within —a &z & a along the surface normal. (In the
present experiment ad (1; so the effect of sample
thickness dominates over the effect of absorption in

GWP. (See the Appendix. )

The Raman scattering intensity I(Q) per unit film
volume can be calculated from the following expres-
sion which was adapted from the result of Mills,
Chen, and Burstein':

2 [n(Q)+ l]
2a

X g bpri(Q ) J e' "(Ei,(z) ) '"dz
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FIG. 7. Raman spectra of GWP and SP for e-GaSE

calculated from Eq. (22).

determining the uncertainty in ki.) For SP the cor-
responding factor has the form (P +hgi) ' in the
limit of d~ co.

Figure 7 illustrates the calculated Raman spectra
of SP and GWP for e-GaSe of thicknesses 2.7 and
6.5 pm. The film surface is assumed to be normal
to the c axis, and the exciting laser beam at 5145 A
is incident on the film normal to the surface. The

k~~ values of 10 and 3500 cm ' correspond to
near-forward scattering angles. For each line the
mode-damping constant of 0.5 cm ' is assumed.
The ratio of I (coi o )/I(coTo ) is set equal to the mea-

sured value of 3.5. We note that two or three peaks
appear for each group of GWP branches. This is a
result of the relaxation of the wave-vector conserva-
tion along the thickness of the film. Also note that
in the thicker film (6.5 pm) the SP peak is weak re-
lative to the GWP peaks while they have compar-
able intensities in the thinner film (2.7 pm). This is
due to the fact that the field strength of SP is local-
ized at the surface. In contrast, most of the field
strength of GWP is spread inside the film; hence the
GWP intensity increases with film thickness.
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III. EXPERIMENT

Single crystals of e-GaSe were grown by the
Bridgman method and the polytype was determined
to be of the e-type using x-ray diffraction and Ra-
man scattering. The thin-film samples used in the
present experiment were prepared by cleaving a
large bulk sample. The thickness of the film was
determined from the period of a Fabry-Perot —type
transmission spectrum obtained by a beam of white
light normally incident on the film. In calculating
the thickness we used the value of the refractive in-
dex derived from ellipsometry measurements. The
uncertainty in the measured film thickness is es-
timated to be less than + 10%.

Raman scattering measurements were made at
room temperature using the 5145-A line of an
argon-ion laser as the excitation source. The in-
cident beam of 50 mW (cw) was directed normal to
the film surface, and the spectrum of the scattered
light emerging in the near-forward direction at
varied angles was measured. In order to coHect all
the light emerging at a given scattering angle, we
used an annular aperture, and aligned the directly
transmitted beam to fall at the center of the blocked
portion of the annular aperture. The experimental
geometry was identical to the one shown in Ref. 2.
At 5145 A the absorption coefficient of e-GaSe is
2&10 cm ', which corresponds to the skin depth
of 5 p,m. The range of sample thickness was 2.7 to
6.5 pm. Thus a sufficient amount of the scattered
light could emerge in the forward direction even
after absorption within the sample. The incident
laser energy is more than 0.4 eV away from the
nearest band edge; hence, we did not have to be con-
cerned about the variation of the resonance enhance-
ment factor within the measured frequency range.

The Raman-intensity data were collected digitally
using a Digital Equipment Corporation LSI-11 min-
icomputer interfaced to a double grating spectrome-
ter and photon counting electronics via a CAMAC
system. Typical photon counting rates for the GWP
peaks were in the range of 1 to 100 counts per sec
with the spectral resolution set at 3 cm ' and the
scattering angle resolution set between 10% (for
k~~) 5000 cm ') and 30% (k~~ &4000 cm '). The
accumulation time necessary to obtain a reasonable
signal-to-noise ratio was 60 to 120 sec for each spec-
tral data point. The incident laser beam was linearly
polarized, and the scattered light was collected for
all polarizations.

In order to compare the calculated Raman inten-
sities with the measured values, it is necessary to
normalize the measured spectrum against a standard
that does not vary with the scattering angle 8~ (or
k~~) or from one run to another due to changes in

minor optical alignment. %e used the A'I mode that
appears at 135 cm ' as the intensity calibration
standard. Since the A'I mode is nonpolar, its scatter-
ing intensity does not depend on the scattering an-

gle, and it is proportional to the film thickness. The
A I-mode intensity does depend on the polarization
of the incident and the scattering light; however,
since the light polarization is kept essentially normal
to the c axis in all of the measurements, the polari-
zation dependence does not affect our results. Thus
by taking the relative intensities of the GWP and SP
peaks with respect to the 3'~-mode intensity in each
spectrum, we automatically make corrections for the
variation in the solid angle of collection, sample
thickness, scattering angle, and other parameters
that vary from run to run. The accuracy of this
normalization procedure is estimated to be about
+10%.

The Raman spectra of volume polaritons propa-
gating with a large wave vector (k=10 cm ') were
obtained first (Fig. 2). As we indicated in Sec. I,
these spectra agree with the expected selection rules;
furthermore, the peak positions give the frequencies
of the TO& and LO& phonons listed in Table I. Fig-
ure 8 shows an example of the Raman spectra of
GWP's measured at k~~

——13 500 cm ' for two sam-
ples of thickness, 2.7 and 6.5 IMm. The peak at
-210 cm ' is due to TE GWP and the prominent
peak at -250 cm ' is due to TMz G%P. The fre-
quencey of these modes does not depend sensitively
on the sample thickness. The very weak peak be-
tween the two large peaks is due to TMI GWP. The
frequency of this mode is a sensitive function of the
film thickness. %e note that the scattering intensity
per unit volume is higher in the 6.5-pm sample than
in the 2.7-pm sample by a factor of 1.3. The (upper)
TE„and (upper) TM„modes lie far above the fre-
quency range shown in Fig. 8. %e did not attempt
to observe these modes in this paper.

The dispersion of the observed G%P's and SP
(squares) are compared with the theoretical predic-
tions (solid curves) in Figs. 9 and 10 for the two
samples of thickness, 2.7 and 6.5 pm. The theoreti-
cal dispersion curves are shown only for branches
for which the relaxed wave-vector conservation rule,

~ Agi —ki
~

a & n., is satisfied. The branches that do
not satisfy this selection rule are expected to contri-
bute very weak Raman spectrum as we have indicat-
ed in Sec. IIB. In both Figs. 9 and 10 we see that
only the strongest branches are detected in our spec-
tra, and that many weaker branches allowed by the
above kq-selection rule do not appear in the ob-
served spectra.

Figures 11 and 12 show the theoretical fit of the
Raman spectra of G%P and SP for different values
of k~~ (equivalent to different scattering angles) and
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TABLE I. Dielectric constants and polar phonon frequencies (cm ') of e-GaSe.

&oj.

'oil
COyp

LO j.

II

Lol
I

10.6

211

irb

10.6
6.18

213.5

254.7

237.0

245.5

211.6

253.8

6.22

236.5

246.0

Raman'

215+2

252. 1

Capacitance

8.0+0.3

Present
work

9.8
7.6

213.0

254.2

236.0

244.5

'Reference 21.
Reference 10.

'Reference 22.
"Reference 23.
'Reference 8.
Reference 9.

for the two sample thicknesses. The theoretical
spectra were generated using Eq. (22} with the fol-
lowing procedure. First, co~a, and mLO were deter-

mined from the spectra of Fig. 2. Since the disper-
sion of TE GWP is determined completely by piro,
pit,o, and @pi, the value of e'pi was fixed by fitting

the theoretical dispersion curve of TE GWP to the
data points. Second, e„z was calculated from the
Lyddane-Sacks-Teller relation using the values for
coqo, , coro, and co&. The remaining parameters

GaSe

K~i= l3500 cm '

{a) 2.7~m

ro~~ r. o and e'p~~ were determined by fitting the

dispersion curves for TM, -GWP and TM2-GWP
branches. The values of these parameters that pro-
duce the best fit to the observed dispersion relations
of the three branches are summarized in Table I.
The uncertainties for the values of e's and the listed
frequencies are +0.3 and +0.75 cm ', respectively.
The present results for the phonon frequencies Epi,
and e„q show good agreement with the previously
obtained values from the ir measurements' ' '

and the Raman measurements at large wave vectors
(k=10 cm '}. However, the present values of Ep~l

and e„~~ show a significant deviation from the ir
measurement results. ' '

When the above-mentioned parameters are fixed,
Eq. (22} contains only two free parameters. One of
them is the constant A which determines the abso-
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K

{b) 6.5 p. m

O
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~ Log

E
~ LO(l

~ 240-
LLi
l8

220-
UJ

GOSe 2.7 yam

~ ~ ~ ~

~ ~

200-

i04

K)) (c~ )

2x IO

200 220 240 260
WAVE NUMBER (cm '}

FIG. 8. Raman spectra of thin films of e-GaSe for (a)

0=2.7 JMm and (b) d =6.5 pm at kll ——13 500 cm

FIG. 9. Measured (squares) and calculated (solid lines)

dispersion curves of GWP and SP for the 2.7-pm film.

The calculated dispersion curves include only the

branches satisfying
~
AQi —ki

~

a & rr
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Ga Se 6.5p.

K„= (cm-i)

~7000 TE
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check of the basic soundness of the calculated spec-
tra.

The Raman tensor b~&~ goes through a zero at
158 cm ' due to the cancellation between the apz~
and by„i terms in Eq. (23). Experimentally, the Ra-
man intensity decreases toward lower frequencies
below AT~, and no GWP peak was observed below

190 cm '. In contrast to the suggestion given in the
previous work on GWP of GaP, 5 the generally good
agreement seen in Figs. 11 and 12 indicates that the
theory based on the bulk Raman tensor is appropri-
ate for GWP's in thin films down to a few microme-
ters. This conclusion is reasonable, since GWP is
essentially a volume polariton in a confined
geometry. It is also consistent with the experimental
results for SP in GaP, where the Raman selection
rule was found to be determined by the bulk Raman
tensor. We must conclude that the anomalous re-
sults found by VMU was caused by extrinsic condi-
tions such as surface roughness.

As we have described earlier, the necessary
parameters for spectral calculations were fixed using
the top spectrum of Fig. 12 for the 6.5-pm sample
at k~~=17000 cm '. Thps naturally the fit is best
for that spectrum. The cause for the excess of the

~ s
~

s ~ ~

200 220 240 280
WAVE NUMBER (cm-i)

FIG. 12. Measured (dots) and calculated (solid lines)
Raman spectra of GWP and SP for 6.5-pm sample.

observed intensity for 4500 cm ' & k~~ & 10000
cm ' around the TM2 peak in the 6.5-pm sample
(Fig. 12) is not known at this time. An extra peak
seen in these spectra at 213 cm ' is due to the re-
flection of the backscattering by TE and TM&
GWP's with large ki values (kj=2X10 cm '). In
our simplified formulation of Raman intensities,
backscattering processes were not included; hence,
the theoretical curves do not show a peak here. The
backscattering by TM2 GWP with large kz values
does not appear in the spectra, because it is polar-
ized mostly along the z direction and bp is zero.

The dispersion curves in Figs. 9 and 10 were
drawn with the assumption that the peaks for which
the wave-vector conservation condition

~
EQi —ki

~

a & n is satisfied will appear in the spec-
tra. However, we see in Figs. 9 and 10 that some of
the branches that satisfy this condition are not ob-
served experimentally. This difference arises be-
cause all peaks are broad and some weak peaks are
masked by a neighboring stronger peak. In fact,
some of the peaks cannot be resolved in the calculat-
ed spectra of Figs. 11 and 12. For example, three
TM2-GWP and SP peaks are well resolved for
d=6.5 pm and k~~

——10000 cm ' when the damping
widths are assumed to be narrow (Fig. 7), but these
four peaks merge into one peak and a shoulder in
the third spectrum of Fig. 12, where the actual
damping width is greater. We note in Fig. 9 that,
for the 2.7-pm sample, the observed peak positions
are consistently lower than the expected value. This
observation is discussed below.

Although the agreement between the calculated
and the experimental spectra is remarkable, we note
that the discrepancy between the two spectra is
greater for the 2.7-JMm sample than for the 6.5-pm
sample. The agreement for a 5.4-pm sample (spec-
tra not shown) is similar to the 6.5-pm sample. The
peak positions in the 2.7-pm sample are approxi-
mately 3 cm ' lower than expected and the peak in-
tensities are noticeably lower than the calculated re-
sult particularly for TM2 GWP (see Fig. 11). We
can obtain a better fit between theory and experi-
ment if we assume that the made-damping parame-
ter is greater for the 2.7-p, m sample than for the
6.5-p, m sample. This dependence of the damping
parameter on sample thickness can be understood, if
the mean free path of the bulk mode is much longer
than the sample thickness and significant damping
occurs as GWP is reflected at the surface. This line
of reasoning is detailed in what follows.

8. Damping of GWP at the surface

In the zigzag propagation picture of GWP shown
in Fig. 6, GWP is totally reflected at the film sur-
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CO 27K
Ib

———
I k

(27)

For I =2 cm ' and k =2)(10 cm ', lb-400 pm.
In comparison Nd/cos8& in Eq. (26) is much longer
in the 6.5-pm sample; hence, the effect of reflection
loss is not very important in the 6.5-pm sample. On
the other hand, Xd/cos8& becomes comparable or
less than lb in the 2.7-pm sample. Since we have
chosen the spectral parameters by optimizing the fit
for the 6.5-pm sample, the damping caused by sur-
face reflection (Nd/cos8& term) did not affect the
relative intensity for different k~~. In the 2.7-pm
sample the surface reflection damping plays an im-
portant role in reducing L of Eq (26). T.hus the fit
for this sample is worse than for the 6.5-pm sample.
At some k values, L may become as short as 200 pm
in the 2.7-pm sample. Since the peak Raman inten-
sity scales with L, we may make an error of as much
as 50lo for the peak intensities in the 2.7-pm sam-
ple. We believe that this shortening of the mean free
path in the thinner sample is the main cause of
discrepancies seen in Fig. 11. Since frequency shift
and damping correspond to the real and imaginary
parts of the surface-induced variation in self-energy,
it is not surprising that a shift of peak positions on
the order of -3 cm ' is also observed in the 2.7-pm
sample. Similar effects were observed on a
roughened GaP surface.

face. Imperfections at the surface, such as rough-
ness or a dust particle, cause diffuse scattering of
GWP. Tiny steps introduced in the cleaving process
are probably the origin of surface imperfections in
our GaSe samples. In this imperfect reflection pro-
cess some part of GWP is radiated into air or con-
verted into other GWP and/or SP. These loss
mechanisms contribute to increased damping. In
the following discussion we assume that these loss
mechanisms are unimportant for the nonpolar A~
mode that we use for intensity calibration.

The GWP intensity after n, reflections at the
crystal surface is

I(n„)=I(0)R ", (25)

where R is the intensity reflection coefficient very
close to unity. The effective mean free path L of
GWP is then given by

] cosop———+ (26)
Ib Nd

where lb is the mean free path of the bulk polariton,
and N = —1/lnR is the number of reflections after
which the GWP intensity decreases to 1/e of the
original value. We assume here R=0.99, and then
N=99. lb can be written in terms of the bulk polar-
iton damping constant I as

In the case of polished samples that were used by
VMU, the crystal surfaces are expected to be much
rougher than that of the samples used in this work.
In estimating the values of L for GaSe, we assumed
the reflectivity R to be 0.99. But at a polished sur-
face of GaP, R should be appreciably lower. If we
assume R =0.9, the number of reflections within one
mean free path will be only nine times. Then there
will be an uncertainty in k~~ as well as in kq. The
uncertainty in k~~ will broaden the linewidths, and
the uncertainty in kz will relax the kz conservation
even more than is indicated by Eq. (24). The net
consequence will be to increase the number of GWP
peaks that can be observed by Ram. an scattering.
This may be the situation that VMU observed in the
GaP slabs.

This appears to be the first time that the effect of
a finite sample size was clearly observed on polari-
ton damping. The sample-size effect on polariton
damping is an interesting subject that deserves more
detailed theoretical and experimental investigation.
Further details on this effect will be reported in a
separate paper when more experimental evidence is
accumulated.

C. Dielectric constants

The parameters used in the calculation of the
dispersion relations of GWP's and SP's are summa-
rized in Table I. Although the dielectric constant
for L polarization and the polar phonon frequencies
derived in this paper agree well with those reported
earlier, the dielectric constant for

~~
polarization

shows considerable discrepancy between the present
result and the value derived from the ir reflection
spectrum. ' ' The ir measurements to deduce the
parameters for

~~ polarization were performed on
polished surfaces normal to the layer. Such surfaces
are not smooth but are damaged in the polishing
process. The effective dielectric constant Ep)~ at
damaged surfaces is likely to be different from the
bulk value. Indeed, our @0~~ agrees with the value de-
rived from capacitance measurements for cleaved
films. Ushioda et al. suggested that the dielectric
constant decreases near a GaP surface which is
roughened by polishing. @0~~ derived for a polished
surface in e-GaSe is also smaller than so~~ deduced in
this work or by capacitance measurements.

V. CONCLUSION

The Raman spectra of GWP and SP in thin films
with atomically smooth surfaces were measured in
cleaved e-GaSe films with the thickness of several
micrometers. Although the dispersion of GWP in
e-GaSe is quite complicated, the measured scattering
intensities and the dispersion relations of GWP and
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SP agree very well with theoretical calculations
based on the bulk Raman tensor. In the thinnest
2.7-pm sample, however, the measured scattering in-
tensity is appreciably weaker than the theoretical ex-
pectation. Using the picture of zigzag propagation
of GWP, this discrepancy can be explained in terms
of the scattering of GWP by surface imperfections
upon reflection. In polished samples, which may
contain much more surface imperfections than
cleaved surfaces, scattering of GWP by surface im-
perfections is expected to modify the Raman spectra
and dispersion relations considerably.

Note added in proof. Very recently we found that
the main cause of disagreement between theory and
experiment for the spectrum of the 2.7-p, m sample
(Fig. 11) was due to heating of the sample by the ex-
citing laser beam. When we changed the incident
laser wavelength to 6328 A, where absorption is
essentially negligible (ad=0), both the peak posi-
tions and the intensities of GWP agree well with
those of the calculated spectrum. By taking into ac-
count the backscattering contribution from TOj and
the uncertainties in O„we obtained theoretical spec-
tra that agree well with the measured results for
both samples; this could be accomplished without
invoking the effect of surface roughness.
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APPENDIX

Here we exhibit the explicit expressions that were
used in calculating the Raman spectra of SP and

I

For TM(t) GWP

GWP. For clarity we write down the six dispersion
relations presented in Sec. II and assign the branch
designations:

For TM(t) GWP

ei/ei ——(ki/a )tan(kia) . (Al)

For TM(c) GWP

ei/e& ———(ki/a)cot(kia) . (A2)

For TE(t) GWP

1=(kiia )tan(kia) . (A3)

For TE(c) GWP

1=—(ki/a)cot(kia) . (A4)

For UM-SP

ei/ei ———(P/u)tanh(Pa) . (A5)

For LM-SP

ei/ei ———(P/a )coth(Pa) . (A6)

When these dispersion relations are used in conjunc-
tion with the relations derived from the Maxwell
equations and the boundary conditions A~, B~, and
Ci of Eqs. (2)—(4) can be expressed in terms of one
of B~'s for each branch. Then the resultant expres-
sions for Ei and Hi are substituted in Eq. (20).
When we set W =duo, we can solve the equation for
the undetermined coefficient 8„,8„,or 8,. The fol-
lowing shows the expressions for Bi for each
branch.

2 Sip +S~~f p+ 1 2k„sin 8 e„ip +e„~~fp++(c/co) (k, +fk, ) p+
8~ ~3 k,

For TM(c) GWP

2 Sip++Siif p 1 2k„cos 8 e„ip++e„iaaf p +(c/co) (k, +fk„)p

(A7)

(AS)

For TE(t) GWP

2 Sip+ 1 (1+c (a +k„)/co )cos 8 e„ip++(c/co) (p k, +p+k~)
+ "'

k, 8m a z

For TE(c) GWP

Sip 1 (1+c (a +k„)/co )sin 8 e ~ (c+/co) (p+k, +p k„)
+

k, 8m. a 2

(A9)

(A10)
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For UM SP

z Siq +S~~f q+ 1 2k„sinh 8 e„jq +e„~~f q++(clio) (p —k„f) q+
(Al 1)

For LM SP

z Sjq++S~tf q 1 2k„cosh 8 e„iq++e„~~f q +(clio) (p k„f)—q

L

Here

k,a for GWP

Pa for SP,

hei ~ [k&ell(~)] for GWP

k„ei(co)/ [Pell(co)] for SP,

p
+—=8+—,sin(28),

q
+—=+8+—,sinh(28),

and Si——S„z(co) and S~~ =S,(co) are defined in Eq. (21).
Finally the expression

e ' (E (z))'i dz—a

in Eq. (22) is given in terms of Bi by

sin[(bgi —k, )a] sin[(hgj+k, )a]
Bi (for GWP),

Age —k, bgi+k,
where the + sign is for modes with the electric field of the form

(Ei (z) ) 'i =Bicos(k,z),
and the —sign is for modes with the electric field of the form

(Ei (z) ) '~ =Bisin(k, z),
and the same expression is given as

P sin(hg&a)cosh(Pa) —b,gj cos(b,gia)sinh(Pa)
4

2 2 Bi (for SP),P'+~gi
when

(Ei (z) ) '~ =Bisinh(Pz),

and as

P cos(hgia)sinh(Pa)+ Eg&sin(b gia)cosh(Pa) z4
2 Bi (for SP),P'+ ~gi

when

(Ei (z) ) 'i =Bicosh(Pz) .

(A12)

(A13)

(A14)

(A15)

(A16)

(A17)

(A18)

(A19)

(A20)

(A21)

(A22)

(A23)
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