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The assignments of fundamental mode frequencies in LiNb03 determined by IR- and Raman 
scattering-experiments show some characteristic differences. Comparative frustrated total reflection 
(FTR) - and Raman scattering-studies were carried out in order to find the origin of these discrep­
ancies. The most serious deviation was due to the fact that in one case the ordinary phonon is ob- 
seived by Raman scattering whereas the extraordinary mode is recorded only by FTR. It has been 
shown, on the other hand, that the oblique phonon dispersion technique did not provide arguments 
for the correct assignments. The main limit of the method is due to the fact that the influence of 
exciton states on polaritons hitherto is taken into account only by a constant high frequency di­
electric 'function' (e^). The uncertainty in the choice of a suitable e -̂value allows fittings of quite 
diverging sets of experimentally determined fundamental frequencies.

Introduction

The dependence of phonon frequencies on the 
wave vector direction in polar crystals is derived 
from the macroscopic phonon-polariton theory in 
the limit of large wave vector magnitudes. It quan­
titatively yields in uniaxial crystals

sin2 & x e T U  (oA u  -  <w2) f l  (coflTj -  w2) +
i-i ;=i (1) 
n i, «±

cos2 & x e r  n  (ojfiLj -  CO2) n  (co2±Ti -  w2) = 0 , 
j = l i = 1

see e. g .1. & denotes the angle between the wave 
vector direction and the optic axis, and are 
the "high frequency dielectric constants" for electric 
field polarizations perpendicular and parallel to this 
axis, and the eo^ and ft>ri are longitudinal and 
transversal fundamental mode frequencies. They are 
recorded for large wave vectors propagating parallel 
or perpendicular to the optic axis. The frequencies 
of totally symmetric modes with lattice displace­
ments parallel to this axis are indicated by a sub­
script || and twofold degenerate modes with polari­
zations lying in the optically isotropic plane by _L. 
/in and correspondingly are the number of modes 
in both cases.
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It is well known that the determination of the 
fundamental frequencies may in principle be 
achieved by simple well defined light scattering or 
infrared reflection measurements 2~4. It is well 
known too, however, that weak scattering intensities 
and small oscillator strengths may cause great dif­
ficulties especially in "more than two atomic"-crys- 
tals. As a result the number of polyatomic crystals 
with a complete assignment of the fundamental 
phonon spectrum still is surprisingly small. The 
importance of such assignments is obvious. Numeri­
cal lattice dynamical calculations of different crystal 
properties frequently start from this level because 
force constants usually are still less known. Detailed 
measurements of the phonons directional dispersion 
therefore showed to be a very helpful tool in the 
view of this aspect5' 6. From Eq. (1) it can be seen 
that an experimental fit of isolated directional dis­
persion branches is not possible in an arbitrary way 
because other branches which might be unambigu­
ously verified are always influenced by such a pro­
cedure. In the case of LiNb03 Claus and coworkers 
in 1972 could refine wave numbers given earlier in 
the literature and correct some errors which hardly 
would have been detected otherwise. Although 
LiNb03 nowadays is supposed to be one of the most 
well known crystals recent measurements of the 
phonon directional dependence by an infrared re­
flection technique showed deviations from the data
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obtained by Raman scattering. These differences 
were shown to be specific for the different experi­
mental methods. A comparison of experimental 
Raman- and IR-data of LiNb03 with calculated 
dispersion branches is used in the following to 
demonstrate the present limit of the directional dis­
persion analysis.

Results and Discussion
An infrared reflection technique to observe bulk 

phonons and polaritons has been described and 
demonstrated earlier on uniaxial a-quartz and 
K3Cu(CN)3 7~9. In these references the reflection 
spectra were taken from samples being "principal 
cuts" i. e. the optic axes were arranged perpendicu­
lar to one of the surfaces, respectively. In a recent 
paper 10 the method has been generalized for arbi­
trary cuts where the optic axis forms an angle ft with 
the surface normal. The reflectivity /?tm (a> w) 
of a transverse magnetic (TM) incident wave being 
a function of the angle ft, frequency oj and the re­
flectance angle a becomes

ätm (<*»#» oj) =
cos a — (oj/c)n BjC

(2)cos a + (co/c)n B/C 
where
B = (£|| cos2 ft

+ £_[_ sin2 ft) kz — (£|| — £j_) (cos ft sin ft)kx
and
C = (£|| cos2 ft + £i sin2 ft) kz2 + (£|| sin2 ft

+ £j_ cos2 ft)kx2 — 2 (£|| — £j_) (cos ft sin ft) kx kz.
The wave vector-component kx of the incident ray 
depends on the reflectance angle a in the usual
way kx= (oj/c)ns'm a. (3)
n is the refractive index of the first medium The 
component kz of the refracted wave in the second 
medium ist given explicitely by

k ,=
(f|l — £j_) cos ft sin ft 
£|l cos2 ft + £j_ sin2 ft kr± 1

£|l cos2 ft + £j_ sin2 ft
■V[k2-  (co2/c2) (£|, cos2 ft + eL sin2 ft)] ( -£ ||£ i )  .

(4)
It can easily be verified that the reflectivity de­
scribed by Eq. (2) reduces to the form earlier given 
in 7 and8 for ft = 0° or # = 90°. Equation (4) be­
comes the well known dispersion relation of extra­
ordinary bulk polariatons for kx = 0 i.e. a = 0 

k 2 c2 _  ______£|| £j_

Only in this special geometry the angles 0  from 
Eq. (1) and ft in Eq. (2) are identical.

The main advantage of the IR-reflection technique 
(FTR) described above is that it allows a separate 
recording of extraordinary modes whereas corre­
sponding Raman spectra are always mixed up by 
those of the ordinary modes. We illustrate this by 
the ideal bade scattering geometries sketched in 
Figure 1. For © = 0° the wave vectors k of the

0=0 _ E(T0) 
z(xy)z

0 = 90° E(T0)+E(L0) 
x(zy)x

OJ (£|l cos2 ft + sin2 ft) (5)

Fig. 1. Ideal bade scattering geometries for different angles 
between the wave vectors and the optic axis (z). kj and 

describe the incident and scattered wave. The assumed 
polarization has been indicated on the arrows. Symbols for 

the scattering geometries are given in the usual way.

observed elementary excitations propagate parallel 
to the optic axis (2). The fc-direction is the same as 
that of k j . The polarization of the incident (i) and 
scattered (s) waves have been indicated by arrows 
and dots. Symbols for the scattering geometries are 
given in the well known way such as z{xy)z. The 
Raman tensors element aiy allows the observation 
of twofold degenerate models (E-modes). Their lat­
tice displacements propagate in the optically iso­
tropic plane and because k  [ 2 there are only purely 
transverse modes for 0  = 0°. For arbitrary values 
of 0  (center picture) Raman scattering occurs due 
to the two tensor elements axy and azy simultane­
ously. Both of them cause light scattering by E- 
modes. The degeneracy of the pairs of two linear 
independent TO-modes recorded for 0  = 0 ,  how­
ever, is lifted now. One set of TO-modes with lattice
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displacements lying in the x?/-plane is left for all 
fc-directions. These are the ordinary E-modes. The 
others with linearly independent lattice displace­
ments in the xz-plane are the extraordinary modes 
showing a mixed Ar  and E-character. Because 
Raman scattering takes place only due to the tensor 
elements aiy and azy the E-components of their nor­
mal coordinates are recorded only. A spectra series 
corresponding to the different geometries shown in 
Fig. 1 is reproduced in Figure 2. The scans hardly

directionally independent ordinary phonons in LiNbOj see 
text.

show any frequency shifts of the phonons. This 
shows that light scattering from ordinary phonons 
is recorded mainly. Figure 3 shows a similar spectra 
series. (9 = 0°, however, corresponds to z(yy)z in 
this case and if the wave vector triangles are ar­
ranged to lie in the arz-plane for all values of & 
Raman scattering occurs only due to the a^-element 
in all the spectra, a^-scattering allows the obser­
vation of At- as well as E-modes and consequently 
these spectra should mainly show the directional- 
dependent extraordinary phonons which in fact they 
do (see the Raman tensors of the LiNb03-factor 
group C3v in e. g. Reference x) .

Discrepancies appear on three directional disper­
sion branches when comparing the Raman- and IR-

Fig. 3. Spectra series mainly showing the directional-depen­
dent extraordinary phonon modes in LiNb03 . All the scans 

are recorded due to the Raman tensor element <xyy .

data. Figure 4 shows the 13 dispersion branches of 
LiNb03 calculated on the basis of the Raman- 
dotted curves) and infrared-date (full curves).

Branch Nr. 12 is predicted as an almost disper­
sion-free curve from the Raman spectra. The LO-TO- 
splitting of only 4cm "1 from E (LO) 739 cm-1 to 
E (TO) 743 cm-1 is estimated from several spectra 
series. The branch is grouptheoretically determined 
to be polar and the mode strength thus should not 
vanish identically. Some of the corresponding Ra­
man-lines can be identified in the spectra in Fig­
ure 3. Recent investigations of surface polariton 
dispersion in LiNb03 by Yakovlev and coworkers 11 
seemed to show agreement with this assignment of 
branch nr. 12. Our own corresponding experiments, 
however, were not able to confirm the Raman data. 
Figure 5 shows two spectra series of the extra­
ordinary surface polaritons in the region. The re­
flection geometry in A was the following. The opti­
cal axis (z) of the sample was perpendicular to the 
surface. The x-direction being the wave propagation 
direction was perpendicular to z and of course par­
allel to the surface. In the geometry B on the other 
hand the optical axis was lying in the surface and 
parallel to the wave propagation. A KRS 5-hemi-
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Fig. 4. Directional dispersion branches of the polar phonons 
in LiNb03 . Full curves are calculated essentially on the 
basis of the infrared data and dashed curves on the basis 

of the Raman data.

cylinder at a distance d = 2.5 /«n from the sample 
was used as the ATR-medium. Variation of the 
refectance angle a allowed a variation of the mag­
nitude of the wave vector component parallel to the 
surface in the usual manner, see 10. The incident 
radiation was polarized transverse magnetically in 
both experiments. We point out that the band of 
reduced reflectivity in both cases crosses the posi-

planations, see text.

tion of the assumed polar E-branch at about 740 
cm-1 without showing only a hint of a reflection 
maximum which should necessarily appear from 
theory. Figure 6 shows another two reflection spectra 
of the region9' 12. Scan A represents the conven­
tional reststrahlen reflection spectrum recorded for 
a = 24°. The optic axis of the sample was perpen­
dicular to the surface and the incident radiation was 
polarized transverse electrically. B shows the ordi­
nary surface polariton spectrum recorded for a = 
35° and d = 0.7 jum when again using a KRS 5- 
hemicylinder. In none of the spectra there is an in­
dication of the branch at ~  740 cm-1 which was 
observed in the Raman-spectra, Figure 3. On the 
contrary the spectra in Fig. 6 obviously show a re­
flection minimum in the region slightly below
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Fig. 6. Reststrahlenbands and ordinary polaritons in the 
higher frequency phonon region of LiNb03 . A: TE-reflec- 
tion spectrum for « = 24°, optic axis z J_ surface. B: or­
dinary surface polaritons for a = 35°, ATR-crystal = KRS 5 

and d= 0.7 jum see text.

850 cm 1. These bands allow the assignment of two 
phonons: E (LO) 834 and E (TO) 836 cm-1. The 
IR-spectra thus suggest a first order polar mode in 
this region. A comparison with the Raman data 
shows that a very weak signal at ~846 cm-1 in the 
0  = 60° spectrum possibly might coincide with 
these infrared bands. The decision which of the two 
phonon couples is the first order polar mode cannot 
be achieved from our experiments. The pair 
E(LO) 739/E(TO) 743 cm-1 might be of first order 
but the LO-TO-splitting and consequently the mode 
strength could be much weaker so that an observa­
tion in the IR-spectra is impossible. Then the pair 
E(LO) 834/E (TO) 836 cm -1 most probably corre­
sponds to a second order process. The reverse situ­
ation, however, might be true as well. Directional 
dispersion measurements do not help to decide the 
question because both branches are almost flat, see

Figure 4. They do not give a significant contribu­
tion to the Lyddane-Sachs-Teller ratio and thus do 
not affect the other dispersion branches.

We now turn our attention to the lower frequency 
region. From Eq. (2) we can determine which areas 
in the o>/A;-diagram correspond to transparency and 
which to reflectivity. The two typs of areas are 
separated by the dispersion curves of bulk polari­
tons. In real reflection spectra the turning points of 
the edges of the reflection bands, correspond to 
points on the polariton curves, see 7~9. Figure 7

450 

400 

:3503 
!
300 

250

r}-0°
~]~7T

i

rt-ftrr "J-3

_L I A 1 1 II II 1

j
TLLLLUJJ_L_U-L1- m m iT r

| f f|LTftH 1

... ....... mi
1-rrTrrrrrrr

1—

.UJJ-L-LllLLL "1"17TTLrrrrm j ^

5 m

Fig. 7. Qualitative co/A;-diagrams of LiNbOs for # = 0°, 40° 
and 90° between the surface normal and the optic axis. 
Hatched areas correspond to full reflection, whereas the 
others correspond to transparency. The straight lines with 
squares show the traces which correspond to the reflection 

spectra in Figure 8.

shows three a)/A;-diagrams for different values of 
the angle $ between the optic axis (2) and the 
surface normal of the sample. Corresponding re­
flection experiments as shown in Fig. 8 allow the 
determination of polariton directional dispersion 
from IR-spectra. The traces in Fig. 7 directly cor­
respond to the three spectra in Figure 8. The 
squares are added in both figures in order to allow 
a better orientation.

A minor discrepancy between the Raman spectra 
and IR-measurements on the basis of the reflection 
method described above can be seen on branch 
nr. 8 in Figure 4. The phonon assignment derived 
from light scattering experiments was E(LO) 428/ 
E (TO) 431 cm-1. The IR-measurements, however, 
suggest E(LO) 420/E(TO) 431 cm-1. The frequen­
cy splitting thus is enlarged from ~  3 to ~  11 cm-1. 
We believe that this is still within the experimental 
error when taking into account the different in­
fluence of the line half widths in the Raman- and 
IR-spectra. The wave numbers given earlier 5 were 
averaged from a number of directional dispersion
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ui5 "L3
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Fig. 8. Reflection spectra of three samples of LiNbOs. The 
optic axis, respectively, forms the angles $ = 0°, 40° and 
90° with the surface normal. The spectra were recorded 
for a = 30°. They correspond to the traces indicated in 
Figure 7. The squares help to identify the spectra from 

the co//c-diagrams given there.

spectra series in combination with right angle scat­
tering experiments. The discrepancies between the 
wave numbers derived from the different spectra 
series can easily be realized from the two examples 
reproduced in Figs. 2 and 3 where the measured 
wave numbers are E(LO) 43C)/E(TO) 433 cm-1 and 
E(LO) 426/E (TO) 432 cm"1, respectively.

The last more serious difference finally occurs on 
branch nr. 7, see Figure 4. The average information 
from the Raman spectra is an almost dispersion-free 
branch between E(TO) and E(LO) both at 371 
cm-1. This can be verified from Figs. 2 and 3. In 
none of the Raman spectra there was an indication 
that the LO-mode should be located at a much lower 
frequency. This stands drastically in contrast with 
the IR-experiments which suggest the assignment 
E(LO) 342 cm -1 and E(TO) 361 cm"1. On the re­
flection spectra in Fig. 8 we observe the disappear­
ance of a strong minimum at ~  350 cm-1 when 
raising ft from 0° to 90°. The disappearance of 
this minimum can be explained only when the LO- 
frequency in question is located much lower at 
~ 342 cm-1. Figure 7 clearly demonstrates this: 
compare the region of transparency around 350

cm-1 in the three figures. The results obtained from 
the two experimental methods here differ in prin­
ciple. We believe that the solution of the problem is 
the following.

The Raman spectra show both ordinary and 
extraordinary phonons simultaneously. The IR-re- 
flection experiments, however, are determined by 
the extraordinary modes only. The results obtained 
from these spectra therefore seem more reliable for 
our problem. The Raman spectra here obviously 
mainly show the directionally independent ordinary 
branch whereas the extraordinary one seems to ex­
hibit too small scattering intensities.

A fit of the calculated directional dispersion 
branches to the experimental data was possible in 
both cases as can be seen from Figure 4. This seems 
somewhat unexpected at a first glance because the 
calculation is based only on the phonon data and 
the numerical values of the dielectric constants, see 
Equation (1). The values used of the latter were 
£y° = 4.2 for A^modes and £°£ = 4.5 for E-modes. 
These dielectric constants are of course known with 
a much higher accuracy as a function of frequency 
in the band gap from experiments 13. The macro­
scopic theory for phonon polaritons as used hith­
erto, however, roughly approximates the influence 
of all exciton-states on the dispersion effects in the 
infrared by constant values £j°° for the principal 
directions. This means that no frequency depen­
dence of £°° is taken into account for large ft>-values. 
The detailed experimental knowledge of the func­
tion £(to) in the band gap thus exceeds the possi­
bilities of the present macroscopic polariton theory. 
For the future it therefore should be advantageous 
to include at least the lowest exciton polariton state 
in the theory of phonon-polaritons by a simple reso­
nance term. This would make possible a fit of 
"£°°(co)" in the band gap by choosing a suitable 
value of the exciton oscillator strength and thus 
eliminate the uncertainty in the choice of a constant 
£°°. Such calculations, however, would not bring 
any new information on LiNb03 at the present time. 
They might only confirm the fact that the FTR- 
method was superior to Raman-scattering experi­
ments for the extraordinary branch 7, see above.
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