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The frequencies, polarizations (transverse or longitudinal), and symmetry species of the normal optical
phonons in RbC10, (those which propagate parallel or perpendicular to the optic axis) have been
determined from polarized Raman spectra. Using only the Raman data, the dielectric transition strengths,

damping constants, and plasma frequencies of all of the polar phonons have been calculated. The
room-temperature values of the static dielectric constants were found to be slj=4.97+0.14 and

e)= 5.17+0.11. The directional dispersion of each of the oblique optical phonons (those which propagate at
an acute angle to the optic axis) has been measured from the Raman data and calculated using the
phenomenological coupled-harmonic-oscillator model of Onstott and Lucovsky. Agreement between theory
and experiment was excellent. Infrared transmission spectra of mull samples have been recorded. The
structural features of these spectra were found to be consistent with the polarized Raman data. Isotope
splittings of some of the transverse optical phonons have been observed in both the Raman and infrared

spectra and compared with the corresponding splittings of the chlorate-ion vibrational modes.

I. INTRODUCTION

Both NaC103 and KC103 have been the subject
of a large number of optical investigations during
the past several years. Most recently, Hartwig
et al. carried out a thorough study of optical pho-
nons in NaC103. Qn the other hand, the chlorates
of rubidium, lithium, and cesium have received
little attention from optical spectroscopists and
solid-state physicists in general, The interest in
NaC103 and KC103 is in part a manifestation of the
ease with which these materials can be prepared
as large optical quality single crystals. 4 To the
contrary, LiC103 and CsC1Q, have to date defied
preparation as nonpowdered single crystals, while
we have only recently been successful in obtaining
decent single crystals of RbC103.

There are a number of properties of rubidium
chlorate which make it an interesting material,
especially in comparison with NaC103 and KC103.
It has a monomolecular five-atom rhombohedral
primitive cell belonging to space-group symmetry
Cs„(Rsm). ' Thus, RbC10s is an ionic crystal with

.relatively high symmetry and, at the same time,
very few optical modes. In contrast, KC1Q3 has
both low symmetry and two molecules per cell,
while NaC103 has high symmetry but four mole-
cules per cell. ' Like NaC103, RbC103 is piezo-
electric but, in addition, is uniaxial. It has the
unusual property that all of its Raman active pho-
nons are polar and all of its polar phonons are
Raman active. Therefore, RbC10, is an ideal
crystal for examining the effects of both anisotropy
forces and long-range electric forces on the direc-
tional dispersion of phonons.

It is well known that the interionic forces in the
alkali chlorates are much weaker than the intra-
ionic forces. Like a molecular crystal, the modes
of RbC10, can be characterized as internal and ex-
ternal. 8 However, the internal modes exhibit no
factor group splitting; there is a one-to-ene cor-
respondence between the vibrational modes of the
free chlorate ion and the internal modes of RbC103.
From a group-theoretical point of view then,
RbC103 possesses a very basic and simple trigonal
structure. Nevertheless, an analysis of the mixed
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phonon modes which propagate at oblique angles to
the optic axis involves considerable complexity.

Apart from the intrinsically interesting proper-
ties of RbC103, our primary concern with this ma-
terial originates with a prediction that its high-fre-
quency phonons and polaritons could be optically
pumped with a CO~ laser. We have observed
Raman scattering from optically pumped hot pho-
nons and polaritons in RbC103 and have been able
to tune the pumped phonons over a large frequency
range. This work will be reported in another
paper. In order to analyze the hot-phonon data,
it is first necessary to understand and categorize
the symmetry properties and directional dispersion
of the normal and oblique phonons of RbC103. This
we do in the present paper, in which the polarized
Raman spectra of the single crystal and infrared
mull spectra of the powder are reported and ana-
lyzed. Further, from our data the static dielec-
tric constants of RbC103, as well as the dielectric
transition strengths, plasma frequencies, and

damping constants, have been determined for pho-
nons polarized parallel and perpendicular to the
optic axis.

II. EXPERIMENTAL

Several methods of preparing optical-quality
single crystals of RbC103 were tried including
growth from solution by the slow-cooling, slow-
evaporation, and diffusion techniques and growth
from the melt. The slow-cooling technique was
somewhat successful and yielded single -crystal
platelets of typical dimension 5x 3x0. 1 mm. The
(100) faces of these platelets were extremely
rough, the major flaws being striations parallel to
the [011]direction (rhombohedral notation). More-
over, the crystals were too thin and brittle to op-
tically polish. It is important to note that RbC1Q3
is highly explosive and decomposes on heating
by the following reactions:

4RbC103- SRbC104+ RbC1,

RbClQ4- RbC1+ 2034 .
Its melting point was measured to be (332+2)'C.
Although decomposition begins at temperatures as
low as 200 'C, it was thought feasible to use the
Bridgman method to grow RbClQ3 from the melt at
a rate that would produce a tolerable level of de-
composition impurities. This, however, was not
possible because the molten material exploded be-
fore crystal growth could be initiated.

In order to eliminate the anisotropy-induced
phonon broadening and artificial depolarization '
associated with uniaxial crystals of poor optical
quality, all but one of the Raman spectra reported
here were recorded using an index matching im-
mersion technique, the details of which are given

elsewhere. " The spectra were excited with up to
1 W of 5145-A argon-laser radiation from a CRL
model No. 526 laser, processed by a Jarrel-Ash
25-100 double monochromator, and detected by
an ITT FW 130 phototube' coupled to a photon-
counting system. A five-window Andonian cryo;-
stat" of the throttling type was used for low-tem-
perature measurements. In order to verify that
the observed spectra did not result from lumines-
cence or ghosts, other argon-laser lines besides
5145 A were used for excitation, and anti-Stokes
spectra were recorded. Samples were oriented
to within 1', using back reflection Laue x-ray
photographs, and studied in the right-angle scatter-
ing geometry. When, of necessity, the scattered
radiation propagated along the optic axis of the
crystal, depolarization effects'6 were checked by
limiting the collection aperature.

All Raman spectra reported in this paper are
labeled according to the standard notation i(jk)l, ~7

corresponding to a measurement of the square of
the Raman-tensor component z». Here j and j
(l and k) represent, respectively, the propagation
and polarization directions of the incident (scat-
tered) radiation. While the rhombohedral cell of
RbC103 is primitive, it is convenient to label the
Raman spectra by the orthogonal axes x, y, and g
defined by Nye for the hexagonal unit cell, i.e. ,
s~ j~ tt!q l= x~ p~ or z.

Directional dispersion of the phonons was mea-
sured in the following way. The propagation di-
rections of the incident and scattered radiation
were fixed in the right-angle geometry. As a re-
sult of conservation of crystal momentum, the pho-
non created in a first-order Raman process was
forced to propagate iv the scattering plane at - 45'
to the incident photon. With the crystal oriented
with its z axis (optic axis) in the scattering plane
and x axis normal to the plane, polarized Haman
spectra were recorded for various phonon propa-
gation angles (measured from the optic axis) by
rotating the crystal about its x axis. From these
Raman spectra, the relation between phonon fre-
quency and propagation angle, i. e. , the directional
dispersion, was obtained.

As mentioned above, optical surfaces could not
be prepared on the RbClQS platelets nor could their
thickness be reduced. For these reasons it was
not possible to obtain infrared reflection .or trans-
mission spectra from the available single crys-
tals. However, we had no difficulty whatsoever in
obtaining infrared mull spectra of a powdered sam-
ple. The techniques for preparing mull samples
are well known' and need not be elaborated upon
here, except to note that Nujol oil was used as the
suspending medium.

A Perkin —Elmer model No. 180 double-beam
spectrophotometer~o was used to obtain spectra in
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TABLE I. Correlation table for RbC103.

C10s
Free C10s ion Site symmetry

Csv Csv

(.„.,) A,

Factor group symmetry
Csv

A, (v„v,+1 acoustic
+ 1 external)

A2

(vS, v4) E
A2 A2(1 external)

E (vs v4 + 1 acoustic
+ 2 external)

the near infrared between 200 and 4000 cm ',
while a Perkin-Elmer model No. 301 dual-beam
spectrophotometer~o was used for the far infrared
between 50 and 650 cm '. The infrared spectra
reported here were recorded at room temperature
with the spectrophotometers operating in the con-
stant Io mode.

III. RESULTS AND DISCUSSION

A. Group Theory and the Raman Tensors

The five-atom rhombohedral primitive cell of
RbC103 is shown in Fig. 1. Not only is the crystal
symmetry C3„, but also the site symmetry of the
C103 ion and the free-ion symmetry ' are both C3„.
The simple correlation effects shown in Table I
are a manifestation of these symmetry properties.
Significantly, there is no factor group splitting of
the internal modes of the C1O3 ion.

Using group theory, 3~ it is possible to divide the
12 degrees of freedom of the free chlorate ion into
3A&+ 1A&+4E irreducible representations of the C3„
point group. Of these, there are 1A~+ 1E transla-
tional modes, 1A~+1E rotational modes, and 2A&

+2E vibrational modes. Similarly, the 15 degrees of

freedom of RbC10, correspond to 4A&+ 1A&+ 5E ir-
reducible representations, of which there are 2A,
+ 2E internal modes in one-to-one correspondence
to the 2A~+2E vibrational modes of the chlorate
ion, Az+A~+2E external modes, and Aj+E acoustic
modes. Herzberg" has labeled the four vibrational
modes of the chlorate ion, v~ and v2 (Aq symmetry)
and v~ and v4 (E symmetry). The frequencies of
these modes are 930, 610, 982, and 479 cm, re-
spectively. ~' On the basis of gr &up theory and
Table I there should be four internal-mode Raman
lines in RbC1O3 with similar frequencies and iden-
tical symmetries to the vibrational modes v, -v4.

Since the A~ mode of the C3„group is silent and
the A& and E modes are Raman active, group
theory predicts a total of seven Raman lines, 3A&

+4E, for RbC103. Each of the Raman-active
modes is polar, i.e. , simultaneously infrared ac-
tive, and will therefore be split by the long-range
electric forces into transverse-optical (TO) and
longitudinal-optical (LO) components. The Raman
tensors for the A& and E species of the C3„point
group, referred to the orthogonal g, y, and z axes,
are given below (letters in parentheses indicate
the direction of polarization of the phonons):

(aoo)
A()= o o

00 bf
tt'c 0 0) (0 —c —d)

E(y)= 0 —c d, E( x)= —c —0 0
0 d 01 (-d 0 0

When transformed by a rotation of 45' about the
taxis to the x, y, z coordinate system which is
also used in this study, the above tensors become

a 0

g( )
a+b

2 2
a+b f

c 0

E'(y) = 0 d ——
2

C
4 FR)

0 0

Note that, for any rotation 8 about x where 0 & 8
& —,'v, the A (z) and E (y) tensors have identical
form. Nevertheless, the Raman shifts and sym-
metries determined from measurements in the un-
primed system provide the necessary constraints
to render measurements in the primed system un-
ambiguous.

B. Normal Phonons

The Raman spectra of the normal phonons of
RbC103, those which propagate parallel or perpen-
dicular to the optic axis, are shown in Figs. 2 and

Rb: ~
Cl: a
p: o

a = 86'58'

o, = 4.440A

FIG. 1. Rhombohedral
primitive unit cell of
RbC103.
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FIG. 2. Raman spectra of the Ag (TO), E (TO), and

E (LO) normal phonons of RbC103 recorded with the sam-
ple immersed in CC14 and with a spectral slitwidth of 3
cm ~. Relative gain is labeled "G.".The abscissa is
linear in wavelength rather than wave number.

FIG. 4. Low-temperature Raman spectra of the A~ (TO),
E (TO), and E (LO) external normal phonons of RbC103
recorded with the sample immersed in ethyl alcohol and
with a spectral slitwidth of 3 cm . The symbol * indi-
cates polarization leakage. The abscissa is linear in
wavelength.

3. These spectra were recorded with the sample
immersed in CC14 for index matching. Also shown
are the sample orientations, phonon wave vectors
k, and the polarization configurations. The Raman
lines marked CC14 arise from the index matching
fluid.

Identification labels for the Raman lines of
RbCl03 have been deduced in the standard way by
considering the propagation direction, polarization,
and Raman tensors of each phonon. All symmetry
and polarization assignments made in Figs. 1 and
2 are consistent with the group-theoretical selec-
tion rules. Some of the external modes (Raman
shift '& 200 cm ') are weak and poorly resolved in
these room-temperature measurements; therefore,
additional low-temperature spectra of the external
phonons were taken using ethyl alcohol as the im-

mersion fluid. These spectra are shown in Figs.
4 and 5. While no ethyl alcohol Raman lines appear
(hv, „=435 cm ~ for ethyl alcohol), the Rayleigh
wing of this liquid, evident in the z (x x )y and
z'(x' x') y' spectra of Figs. 4 and 5, inhibits mea-
surements in the region hP = 0-50 cm . This dis-
advantage is of no consequence for RbC103 since
the minimum Raman shift for this material is 81
cm '. Comments made above in reference to the
identification and labeling of phonons in Figs. 2 and
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FIG. 3. Raman spectra of the Ag (LO) and E (TO) nor-
mal phonons of RbC103 recorded with the sample im-
mersed in CC14 and with a spectral slitwidth of 3 cm
The symbol * indicates polarization leakage caused by
index mismatch and finite collection aperature. The
abscissa is linear in wavelength.

FIG. 5. Low-temperature Raman spectra of the
A~ (LO) and E (TO) exte~/ normal phonons of HbC103
recorded with the sample immersed in ethyl alcohol and
with a spectral slitwidth of 3 cm ~. The abscissa is
linear in wavelength.
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FIG. 6. Raman spectrum
of RbC103 showing isotope
splitting of the 2k~ (TO) and

3A~ (TO) modes. The spectrum
was recorded at 20'K with the
sample in He gas and with a
spectral slitwidth of 3 cm ~.

The scattering configuration
was y(zz+sy)x. However, as
a result of multiple reflection
and refraction of the incident
and scattered photons in a non-
immersion measurement (see
Ref. 11), each of the six in-
dependent Raman-tensor com-
ponents makes a finite contri-
bution to the scattering inten-
sity. The abscissa is linear in
wavelength.

3 apply equally well to Figs. 4 and 5. The normal
phonon frequencies deduced from Figs. 2-5 and
from similar data not shown are tabulated in Table
G for T=25 and -100'C.

C. Isotope Effects

The two isotopes of chlorine 'Cl and ' Cl, in
principle, generate an isotope splitting of each
Raman and infrared band of RbCl03. We have ob-
served, at room temperature, isotope splitting of
the 2A~ (TO) and SA~ (TO) Raman lines and the
2A, (TO) infrared absorption band. To improve
resolution, a nonimmersion Raman measurement
was made with the sample in He gas at 20'K. This

measurement is shown in Fig. 6. Anisotropy-in-
duced phonon broadening attendant to such a mea-
surement~' causes the continuum scattering in the
943-1013-cm ' region. As can be seen, the
SA, (TO) isotope splitting is very well resolved,
while the 2A~ (TO) splitting is just barely resolved.
On going from 300 to 20'K, the Raman lines cor-
responding to internal modes shift by at most 1
cm ' towards higher frequency, while the external
modes shift in the same direction by as much as
15 cm . Therefore, to within experimental error
(+lcm ), the isotope splittings of the TO phonon
lines remain constant. A summary of the isotope
splittings of the internal modes of RbClOS is given

TABLE II. The frequencies of the normal phonons and the»rmonic-oscillator parameters of RbC103.

Mode

L4.g

RAg

3A, g

TO frequency
(cm-')

81+1
612 +1
928 +1

LO frequency
(cm-')

119+1
621+ 1
935+ 1

T-25 C

(cm-')

2. 4+0.8
2. 6+0.8
3. 5+0.8

Q

(cm ~)

89+ 2
106+8
1126 12

2. 668+ 0. 142
0. 066+0. 010
0. 032 a 0. 007

1E
2E
3E

1Ag

2Ag

3Ag

104+1
141+1
486+1
943 +1

82. 5+1
612+ 1
928 +1

&,"=4.97+0.14

130+1
150+ 3
492+ 1

1013+ 1

123+1
621+1
935+ 1

T- —100 'C

3.8+0.7
4. 4+1.8
2. 0+0.4
3.6+0.8

1.8+0.4
1.7+0.4
1.6+0.4

96+ 2
32+9
83+9

367+4
J0 ——5. 17+ 0.11

93+ 2
106~ 8
112+ 12

2. 125+ 0. 095
0. 127 +0. 054
0. 071+0. 015
0. 373 +0.008

2. 816 + 0. 143
0. 065+ 0. 010
0. 032+0. 007

2E

4E

106+1
146 +1
486+1
943+ 1

co=5. 12+0, 14

131+1
155+3
492+1

1013+ 1

2. 0+0, 4
2, 6+1.2
0.7+0.5
2. 0+0.4

94+2
36 +9
83+9

367 +4
ep+ 5. 03+0.11

1.961+ 0. 092
0. 154+0.052
0. 071+0. 015
0. 373+0.008
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TABLE III. A comparison for T~ 25'C of the ~Cl, Cl isotope splittings in RbC103 and the free C103" ion.

Isotope

35Cl

Cl

"Cl
Cl

"Cl
Cl

Mode

3Ag

RbC103 crystal
TO frequency

(cm ~)

486

612
608

928
921

Splitting
(cm ~)

Splitting
(cm"~)

4. 5

11.3

Free C103 ion
Vibrational

frequency (cm" )

482. 0
480. 8

625. 0
620. 5

935.0
927. 0

983.0
971.7

Mode

p4

in Table III, where they are compared with the
corresponding values given by Hollenberg and
Dows ~ for the free chlorate ion.

Between each pair of TO modes of the same
symmetry species, there must be a LQ mode of
that species. Thus, the LO isotope line of Cl
must fall between the corresponding 3 Cl and Cl
TQ modes. But in RbClO3 the isotope splitting of
the TQ modes is weak and, except for 2Aq (TO) and

3&~ (TQ), unresolved. Moreover, the calculated
TO-LQ splitting of the Cl 3A& mode, for example,
is 1 cm '. ~ It is not surprising then that the TO-
LO splittings of the ~Cl isotope lines are not dis-
tinguished in our measurements. The l. 2 cm '
isotope splitting of the 3E (TO) mode is unresolved
evgn at 20'K, as are the extremely small split-
tings expected for the external modes. Apparently,
the "Cl 4E (TO) line is weak and obscured by the
'Cl 3A, (TO) mode.

DI. Dielectric Properties

The dielectric functions of a uniaxial crystal are
determined from an analysis in which the normal
modes of the crystal are separated into two sets
associated, respectively, with displacements
parallel and perpendicular to the optic axis. Each
set is treated as an assembly of N damped har-
monic oscillators with transition strengths S&,
transverse-optical frequencies &» and damping
constants y& . Such an analysis, when applied to
RbC103, yields the following dielectric functions:

NAy p

tt( )
~ Q JAg jAg (1)

(d —&yy~~

e'((o) = e'„+ Z' (2)
~

~ e&@ — —icky;@

where It and J. refer' to polarization (displacement)
of the mode (oscillator) parallel to or perpendicular
to the optic axis of the crystal. The high-frequency
dielectric constants e'„and &'„' are obtained from

&'„'=N, = 2. 202,

&„=No= 2. 471,
where No= l. 5V2 and N, = 1.484 are the ordinary and
extraordinary indices of refraction. The sun. s in
Eqs. (1) and (2) are over only A~ or E modes, re-
spectively, N» and N~ being the total number of
each. In principle, Ng&=6 and N~=8, since the
~Cl- 'Cl isotope splitting doubles the number of

polar modes determined group theoretically. How-
ever, in the limit of weak isotope splitting as is
the case for RbClQS, it can be shown that the in-
clusion of only the "Cl isotope modes in Eqs. (1)
and (2) (i.e. , N~& = 3 and Ns = 4) does not signifi-
cantly alter the dielectric function. Traditionally,
the parameters S. , y, , and &,. are determined by
computer fitting:

l&~ "(-)P"-IVae"(-)i'" » 1'

I& I "(~)j'"—» ~& ~ e'(~) j'"+I)
I

'

to the reflection spectra of the material obtained
with incident light having extraordinary and ordi:-
nary polarizations, respectively. For the reasons
discussed above, reflection spectra could not be
obtained from the available samples of RbC103.
However, the parameters of interest can be de-
termined solely from our Raman data.

The damping constants y& are related approxi-
mately by

&g~, g) = 2

to the full width at half-maximum (FWHM) b, ~&&„, »
of the TQ phonons observed in the Raman spectra.
The damping constants y,. deduced from the line-
widths h&&&&~ » after correcting the latter for the
spectral slitwidth of the spectrometer3' are listed
in Table II for T= 25 and —100'C. At both of these
temperatures, A~&«w& for all j and the damping
terms are negligible in Eqs. (1) and (2). In the
limit of no damping (y& = 0 for all of j), the poles of
Eqs. (1) and (2) occur at the TO frequencies cu&
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while the zero's of these equations occur at the LQ
frequencies ~, . Considering the zero's of Eqs.
(1) and (2), we find in the limit of no damping,

((dkA1) —0 = e«, + ~ 2 —ss

(6)
Se (~as) =0= e + Z

j=1 +j& AZ
&=1, . .. , 4.

(7)
If the TQ frequencies w jA, and LO frequencies w»
of the A1 modes are known, the three equations in
(6) can be solved simultaneously to obtain the
strengths of the three A1 modes. The strengths of
the four E modes are calculated in exactly the same
way using Eq. (7). The values of S,. determined by
the above procedure are listed in Table II for T=25
and —100'C. In the limit of zero damping, the
static dielectric constants go and fp are calculated
from the S&'s (Table II) using Eqs. (1)-(4):

3

(0) = eo~ = e + ZSy~1 y

j"-1

4

(0) = eo = ass + Q Sy@
j-"1

(6)

With the assumption that the high-frequency dielec-
tric constants are temperature independent in the
range 25 to -100'C, we find that &0 =4 97+0 14
and cp=5. 17+0.11 at 7.'=25 C, and at —100'C,
eo ——5. 12 + 0. 14 and co = 5. 03 + 0. 11. Unfortunately,
it is not possible to rigorously check these results
by direct measurement of Eo and Eo. To our
knowledge, there exists no reliable experimental
method for accurate direct measurement of the
static dielectric constants of an anisotropic ma-
terial which exists only as a powder or a poor
quality single crystal with irregular surfaces. 32

Realizing this, we nevertheless used the capaci-
tance bridge technique'2 to measure the static di-
electric constant of a disc of RbC1Q3 pressed from
the powder and found e(100 kHz)„„~,= 4.4 + 0. 6.
This value is in reasonable agreement with the
average room-temperature static dielectric con-
stant (ep)= 340 +3ft= 5, 10%0, 09,

E. Oblique Phonons

Oblique phonons are those phonons which propa-
gate at some angle 8 to the optic axis with 0' & 8
& 90' . These phonons have the property that their
frequency, polarization (TO or LO) and symmetry
species depend on 8. For uniaxial crystals which
have one polar phonon of symmetry A1 and one of
symmetry E, e.g. , crystals with the Wurtzite
structure, the oblique phonons can be characterized
as modes with pure symmetry, but mixed polariza-
tion and vice versa, depending on whether the
short-range anisotropy forces (SRAF) or long-

~ 0 2 /zeX m
A1+ jA1 !A1 hefA1/ ), Z = 1 ~ ~ ~

for A1 modes and

u;g + (u;@us~ = (e;s/M) Eq,

(i2)

for E modes, where u; and eg are the normal co
ordinate and dynamic effective charge of the ith op-
tical-phonon mode of indicated symmetry, M is the
mode mass assumed equal for all modes, 3~ and
E„(E,) is the component of the macroscopic elec-
tric field parallel (perpendicular) to the c axis.
The macroscopic field for an infinite medium must
be along the direction of phonon propagation, and
for RbC103 it has a magnitude

3 4
E= —ssN E ef„, ,„, ossZsSef s, sisS):,

j=l j=i
(14)

where N is the number of primitive cells per unit
volume. Then, E„=Ecos8 and E,=Esin8. It is
convenient to define a set of plasma frequencies 0j
by the equation

range electrostatic forces (LREF) in the crystal
are dominant. Simple analytic expressions for
the directional dispersions in Wurtzite-type crys-
tals have been derived by Loudon2' and are given
by the following:

LREF dominate:

~T'o =(&uT1o)'sin'8+ (u&To)'cos'8, Quasi TO mode

~~Lo = (~L1o)~ cos28+ (&go)~ sin~8, Quasi LO mode;

SRAF dominate:
~10~

(o'„, = ((uT'o)' sin'8+ ((u1,o)'cos'8, Quasi A, mode

&os~ = (uP») cos 8+ (uFL&&) sin 8, Quasi E mode ~

(ii)
Equations (10) and (11) have not only been used to
calculate the directional dispersion of phonons in
Wurtzite-type crystals, but also have been applied
extensively to crystals such as RbC1Q3 with many
polar phonons and in which neither the LRAF or
SRAF dominates. The latter application is, in
principle, incorrect since, at oblique angles, each
polar phonon mixes with every other polar phonon
in the crystal. Both Merten. 3 and Qnstott and
Lucovsky36 have developed theories for calculating
the directional dispersion of the phonons in quartz,
a crystal which, like RbC1Q3, is trigonal and has
several polar phonons. Merten's theory is based
on a dielectric constant formalism, whereas
Onstott and Lucovsky have a,dopted a phenomeno-
logical but more tractable coupled-harmonic -oscil-
lator approach. Below we outline the approach of
the latter, modified where necessary in order to
apply to RbC1Q3.

The equation of motion of the ith undamped-har-
monic-oscillator (phonon) mode is
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—PQ,.sQ»&sin8cos8u» =0, i,=1, . . . , 4.

5=1

(18)
With Eqs. (17) and (18) and our Raman data, the
directional dispersions of the optical phonons in
RbClO3 are determined in the following way. First,
we note on letting 8 = 90' in Eq. (1V) and 8= 0' in
Eq. (18) that «)&A, and &u&s are the A, (TO) and E (TO)
normal phonon frequencies. Also, at 8=0, Eq.
(1V) reduces to

=1, k= 1, . . . , 3 (19)
4=1 CekA1 4't A1

while, at 8= 90', Eq. (18) becomes

60-
0

I

15' 30' 45' 60 75 90

e (deg.)
FIG. 7. Directional dispersion of the optical phonons

in 81C103. The solid curves are from the theory of On-
stott and Lucovsky and the data are shown as solid cir-
cles. Unless otherwide indicated, the error in phonon
frequencies is +1 cm"1.

Q ~

&A @&
= (4&TN/M) (8j&A s&) (15)

4
—Q Q;A, Q» sin8 cos8u;« = 0,

/=1
i=1 3

(17)

4

I-~ +&a;s+Q,.asm 8ju;~+ Z Q;sQ,.s s&n 8u, s
jAj

The plasma frequencies are related to the dielec-
tric transition strengths $& by

Q)'(A(~z& = (sg(A&~s) &dy(Ag~s) )/e~ ' (16)

With the assumption of sinuosidal solutions for the
u's, substitution of Eqs. (14) and(15) into Eqs. (12)
and (13) yields

3
(- (gp+ QP&A&+Q~&A~ cos 8)u&A~+ ZQ&A~Q&A cos 8u)A&

where wkA and &» are the frequencies of the nor-kA1
mal A, (LO) and E (LO) phonon, respectively. On

substitution of Eq. (16) into Eqs. (19) and (20), the
latter, as expected, yields Eqs. (6) and (7). The
frequencies of the transverse-optical and longitudi-
nal-optical normal phonons have been obtained
from the Raman data and are given in Table II.
Therefore, the plasma frequencies 0,» and Q,~
can be obtained as solutions to the simultaneous
equations in (19) and (20), respectively, or from
Eq. (16). The plasma frequencies calculated in
either way are, of course, identical and are tabu-
lated in Table II for T=25 and —100'C. Having
determined the TO phonon frequencies &,~ and &,.A
and the plasma frequencies Q,.~ and Q,.A, the
eigenfrequencies and eigenvectors of the oblique
phonons are calculated for any angle 8 by diagonal-
izing the coefficient matrices of Eqs. (1V) and (18).

Using an appropriate computer program for ma-
trix diagonalization and Eqs. (1V) and (18), we have
calculated the eigenf requencies and eigenvectors
~f the oblique phonons of RbC10, for T™—100'C
and for propagation angles between 0' and 90'.
The directional dispersions of the phonons of
RbCl03 obtained from this calculation are plotted
as solid lines in Fig. 7 while in Table IV a typical
set of eigenvectors is given. Also shown in Fig. 7

TABLE IV. Eigenvectors of the mixed oblique phonon modes calculated for T= -100'C and for a propagation angle of
45' measured from the optic axis.

IQuasi TO

+Quasi LO

+Quasi 2g

NQuasi 3E
+Quasi 2'
+Quasi 3'
+Quasi 4E

0. 878
—0. 421
-0, 225
-0.014

0. 011
0, 002

—0. 018

0. 476
0. 809
0. 343
0. 016

-0.013
—0, 002

0. 020

0. 038
-0.409

0. 912
0. 005

-0.004
-0.001

0. 007

0. 005
-0.017
-0.014

0. 999
-0.028
—0. 002

0. 022

Q2A1

-0.004
0. 014
0. 011
0. 029
0. 999
0. 003

—0. 035

&3A1

—0. 002
0. 006
0. 005
0. 007

—0. 011
0. 976

—0. 216

0. 006
—0. 019
-0.016
-0.021

0. 035
0. 217
0. 975



NORMAL AND OBLIQUE OPTICAL PHONONS IN RbC100 851

T~ 25'C
I / I

y (xx)z
LLJ

CO
c/c I—0r IAJ
mrs

fX c//c

y
kP

l00

90
5 80

70

T 25'

0

CA

CD

rn

c0-(+

0--

IIOO I000

y (xy) z

--0

800

CLI

+I
A

600

LIJ
I—

L/)

Raman Shift in cm '

--0
400 200 0

c 60-
50

1050 950 850 750 650
Frequency in cm

550 450

FIG. 10. Infrared transmission spectrum of the in-
ternal modes of BbC103 recorded using a mull sample and
with an average spectral slitwidth of l. 5 cm ~. The ab-
scissa is linear in wave number.

FIG. 8. Raman spectra of the mixed oblique optical
phonons of RbC103 recorded for 8=45' with the sample
immersed in CC14 and with a spectral slitwidth of 3 cm
The symbol * indicates polarization leakage {see Bef. 16).
The abscissa is linear in wavelength.

as solid circles are the experimental data points
for the directional dispersion. Agreement between
theory and experiment is remarkably good consid-
ering the fact that no adjustable parameters were
used. The data and calculation of Fig. 7 corre-
spond to —100'C since that is the highest tempera-
ture at which the oblique external modes are suf-
ficiently resolved experimentally. Theoretical and
experimental directional dispersions of the oblique
internal modes have also been determined for 25'Q.
Given the weak temperature dependence of these
modes, i.e. ,

( I. + ( IAEL)c]-100cC I. +((A),E) j00 C)/(+I (A),0) j05~C 0 c

their room-temperature and low-temperature di-
rectional dispersions are essentially the same.
The experimental points of Fig. 7 were measured
from spectra such as those shown in Figs. 8 and

9, which exhibit oblique internal and external modes
for 8=45'. As can be seen from Table IV; the
eigenvector of each oblique phonon contains some
admixture of a,ll of the other polar phonons. W' e
have, nevertheless, for convenience, labeled the
mixed phonon modes of Figs. V-9 "Quasi A1" etc. ,
in order to indicate their dominant symmetry or
polarization characteristic.

F. Infrared Transmission Spectra

The room-temperature infrared transmission
spectra of mull samples of RbClQ3 are shown in
Figs. 10 and 11, in which the Raman frequencies
of the normal phonons have been indicated by ar-
rows. The data of Table II could, in principle, be
used with either the dielectric formalism or cou-
pled-harmonic-oscillator formalism to calculate
the spectra of Figs. 10 and 11 if proper care was
taken to correctly average over the random orien-
tations and thicknesses of the crystallites in the
mull sample. We have not calculated the mull
spectra of RbC1O3 because such a calculation is not
only extremely tedious, but also yields no new in-
formation. Rather, we show that the spectra of
Figs. 10 and 11 are qualitatively consistent with
our Raman-data and mixed-mode results.

Consider first the 943-1013-cm 1 region (Fig.
10) of the quasi 4E mode (see Fig. 7). This mode

C3

0-—
C3

//c

—-0

CO

CD

0-— --0
0200 I 50 IOO 50

R(jman Shift in cm'

FIG. 9. Low-temperature Raman spectra of the mixed
oblique external optical phonons of RbC103 recorded for
8=45' with the sample immersed in ethyl alcohol and
with a spectral slitwidth of 3 cm" . The symbol * indi-
cates polarization leakage (see Bef. 16). The abscissa
is linear in wavelength.
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FIG. 11. Infrared transmission spectrum of the ex-
ternal modes of BbC103 recorded using a mull sample
and with an average spectral slitwidth of 5 cm ~. The
abscissa is linear in wave number.
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is predominantly of E symmetry and has mixed
TO and LO polarization. Since the infrared pho-
nons couple only to transverse components of the
mixed mode, it is not surprising that the absorp-
tion is peaked at 4E (TO) and decreases to a much
smaller value at 4E (LO). The above analysis is
not altered by the inclusion of the dependence of
absorption on crystallite orientation. The shapes
of the 3A&, 2A&, and 3E absorption peaks of Fig.
10 and of the 2E peak of Fig. 11 can be understood
in the same way as the 4E peak. Note that, though
the shape of the 3A, peak is resolution limited, it
still shows maximum absorption at SAt(TO). In
contrast to the modes discussed above, the 1A& and
1E modes are very strongly coupled, as can be
seen from Table IV. Though the oblique phonons
resulting from these modes have been labeled
Quasi TO and Quasi LO, they have considerable
Quasi At and Quasi E character. Therefore, we

expect, and observe in Fig. 11, strong infrared
absorption between the frequencies of lent (TO) and

1E (LO).

IV. CONCLUSION

Crystals such as RbClO, which have point"group
symmetry Cs„(as well as those with symmetry C, ,
C„Ca, and C,) have the unusual property that all

of their Raman-active phonons are polar, while
conversely all of the polar phonons are Raman ac-
tive. We have shown that it is possible to deter-
mine the dispersion parameters, directional dis-
persions, plasma frequencies, and static dielectric
constants, as well as the symmetry and polariza', -
tion properties of the phonons of such crystals and,
in particular RbCIO3, from the Raman data alone
without resorting to computer fits of ref lectivity
data. In fact, in order to obtain reliable reflec-
tivity data, it is necessary to have polished single
crystals of good optical quality and typical surface
dimensions -1 mm, requirements which, as in the
case of RbC103, cannot always be satisfied. Final-
ly, we have measured the infrared transmission
spectra of mull samples of RbClO3 and have quali-
tatively reconciled the structural features of those
spectra with our Raman data.
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Theory of Inelastic Scattering of Slow Electrons by Long-Wavelength Surface of
Optical Phonons: Multiphonon Processes
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We describe a quantum-mechanical theory of the inelastic scattering of low-energy electrons
by multiphonon processes, from the surface of a semi-infinite crystal. A model introduced
in an earlier paper is also employed in this work. The model describes the interaction of an
incident low-energy electron with surface optical phonons by means of the macroscopic elec-
tric field set up outside the crystal by the ion motion. The model may be used to describe
scattering either from ionic crystals, such as ZnO, or from nonionic crystals. In this paper,
we find an explicit expression for the wave function of the outgoing electron, and we obtain an

expression for the probability that n phonons are created or absorbed in the scattering pro-
cess. Two cases are considered. First we examine the cross section for scattering off
thermal phonons, and second from a coherent surface wave excited by external means.
For the first case, our result agrees with the earlier semiclassical theory of Lucas and Sun-
jic. However, the model here is more general than theirs, since it is fully quantum mechan-
ical. We show explicitly that the energy-loss cross section is proportional to the intensity of
the specular beam, for scattering off both ionic and covalent crystals. For the second case
(scattering from surface optical phonons generated coherently by an external source), we ob-
tain a closed expression for the cross section. The physical origin of differences between
the expressions is discussed.

I. INTRODUCTION

The study of the inelastic scattering of low-ener-
gy electrons by phonons from crystal surfaces pro-
vides a powerful method for the study of the vibra-
tional properties of the surface region, in principle.
However, until recently, it has proved difficult to
carry out such measurements, primarily because
it has proved difficult to produce electron beams
sufficiently monoenergetic so the energy spread of
the incoming electrons is small compared to pho-
non energies. However, Propst and Piper' re-
ported an experimental study of the inelastic scat-
tering of electrons by vibrational motions of hydro-
gen and other molecular species absorbed on a
tungsten surface. More recently, Ibach has studied
surface optical phonons on the surface of the ionic
crystal ZnO, ' and on the (111) surface of silicon
by means of inelastic low-energy electron scatter-
ing.

In the case of Zno, it is clear from the data that
the scattering is produced by the interaction of the
electron beam with the macroscopic electric field
set up outside the crystal by the ion motion. This
is so because the inelastically scattered electrons

have an angular distribution sharply peaked about
the specular direction. The absolute scattering in-
tensity, the dependence of the inelastic-scattering
cross section on incident electron energy and on the
number of phonons created in the scattering pro-
cess are in remarkable agreement with the semi-
classical theory of Lucas and Sunjic. ' In the the-
ory of Lucas and Sunjic, the electron is treated as
a classical point particle which moves along the
specular trajectory, at constant speed. The elec-
tric field of the electron excites the surface optical
modes (Fuchs-Kliewer modess) of the ionic crys-
tal. Lucas and Sunjic calculate the energy trans-
ferred to the surface modes, by a method which
takes due account of the quantized character of the
surface modes.

The data obtained on the silicon surface are in-
triguing, in that the inelastics emerge with an an-
gular distribution that is also narrowly peaked
about the specular direction. This means that even
though the atoms in the bulk have a dynamic or di-
pole-moment effective charge of zero, the atoms in
or near the surface layer have a nonzero effective
charge. This is presumably because the atoms
very close to the surface feel the absence of an in-


