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Polariton modes and materials parameters in Li2GeO3
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We have observed polariton modes in Li2GeO3, and measured their dispersion curves by Raman scattering
in the near-forward-angle geometry. We determined the low-frequency dielectric constant«(0) by making a
theoretical fit to the dispersion curve for a low-frequency polariton, and also by using our measured values of
transverse-optical and longitudinal-optical mode frequencies in the extended Lyddane-Sachs-Teller relation-
ship. The two approaches yield«(0)515.060.3, a value that we compare to results from infrared data and in
the near-dc limit.@S0163-1829~97!03834-4#
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I. INTRODUCTION

Li2GeO3 is an interesting material because of the co
plexity of its phonon modes, and because it has potentia
use in acousto-optic, piezoelectric, and pyroelectric devic
In such a polar crystal, the transverse-optical~TO! phonons
interact strongly with infrared radiation. Hopfield1 has pro-
posed a general theory for these mixed mechanical and e
tromagnetic excitations, which he called polaritons. He
and Hopfield2 observed a polariton in Raman scattering fro
cubic GaP, and Porto, Tell, and Damen3 studied polaritons in
hexagonal ZnO. GaP and ZnO are simple crystals with
atomic lattice structure and a single TO phonon. In crys
with two or more TO modes, polaritons become far mo
complex. Scott4 measured three dispersive polariton mod
in a-quartz, which has nine atoms per unit cell and eight
phonons of symmetry typeE. Since then, polaritons hav
been observed in Raman scattering from various crys
with complex structures.5,6

In this study, we examine polariton modes withA1(z)
symmetry in single crystal Li2GeO3 by means of Raman
scattering, and determine their dispersion curves, wave n
ber vs frequency, by careful measurements of Raman
quency vs angle of incidence of the incoming light. We
the measured dispersion curve with polariton theory, wh
yields the low-frequency dielectric constant«(0) for
Li2GeO3. We obtain a second value of«(0) from the gen-
eralized Lyddane-Sachs-Teller~LST! relation,7 which uses
our measured values for all the transverse-optical~TO! and
longitudinal-optical ~LO! mode frequencies: and a thir
value from infrared reflectivity data. The dielectric consta
obtained from these methods are similar, and compar
with the near-dc value.8 Our results further elucidate pola
iton modes in complex crystals, and show how their Ram
analysis can give«(0) as well as the TO and LO frequen
cies, important materials parameters for Li2GeO3.

II. DISCUSSION AND RESULTS

The dispersion relation for a polariton is determined fro
its dielectric function«(v), which for a multipolariton sys-
tem is given by9
560163-1829/97/56~9!/5046~3!/$10.00
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2 2v2!21 ~1!

where the sum is overN vibrational modes;«(`) is the
high-frequency dielectric constant of the crystal;Si andvTi
are the dimensionless mode strength, and resonant
quency, respectively, of thei th normal TO mode. Lattice
damping has been ignored in Eq.~1!, which is not a serious
deficiency in the model. In the limitv→0, this expression
gives the low-frequency dielectric constant as

«~0!5«~`!1( Si . ~2!

The dispersion relation for the polariton is given by the de
nition

q25
v2

c2 «~v!, ~3!

whereq is the wave vector,v is the angular frequency, an
c is the velocity of light. In the low-frequency limit, this
gives a simple linear relation betweenq andv, namely

q5
v

c
A«~0!, ~4!

so that«(0) can be obtained from the slope of the dispers
curve asv→0. However, in this paper we employ a mo
definitive method: we fit our measured dispersion curve o
a range of frequency with Eq.~1!.

Another expression relevant to our determination of«(0)
is the Lyddane-Sachs-Teller~LST! relation derived by Lyd-
dane, Sachs, and Teller10 for a single undamped vibrationa
mode. That result has been extended into a generalized
relation for multiple modes through a specific model e
ployed by Kurosawa11 and Cochran and Cowley,12 which
yields
5046 © 1997 The American Physical Society
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«~0!

«~`!
5)

vLi
2

vTi
2

~5!

wherevTi and vLi are the transverse and longitudinal fr
quencies, respectively, for thei th mode. The product is take
over all the polar modes along one of the axes in the crys

A third way to determine«(0) comes from the measure
ment of infrared reflectivity asv→0: in practice, that mean
at frequencies much lower than the lowest TO frequency
Eq. ~1!. At normal incidence, the measured reflection coe
cient R is related to the low-frequency refractive indexn by
the relation

R5
~n21!2

~n11!2 ~6!

and«(0) is given byn2.
Our single-crystal sample of Li2GeO3 was grown in air by

the Czochralski method. Li2GeO3 is an orthorhombic crysta
with the C2V (mm2) point group. It has two Li2GeO3 mol-
ecules per primitive cell. Its vibrational modes, as calcula
by group theory, are 10A1(z)18A218B1(x)110B2(y).
Subtracting three acoustic modes gives the 33 optical vi
tional modes 9A1(z)18A217B1(x)19B2(y), which are all
Raman active. Figure 1 shows our Raman data, obtaine
the back and near-forward-scattering geometries, for the
TO and LO modes of theA1(z) type. Their frequencies ap
pear in Table I.

FIG. 1. Raman spectra in theA1(z) scattering geometry.~a!
A1(z) TO Raman spectrum.~b! A1(z) LO Raman spectrum.

TABLE I. Frequencies of theA1(z) TO and LO modes in
Li2GeO3 from Raman scattering. The backward and near-forwa
scattering geometries are used to obtain the TO and the LO mo
respectively.

Mode frequencies~cm21)

TO 178 267 330 396 413 486 496 697 81
LO 179 268 364 455 483 555 569 807 84
l.
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To determine polariton dispersion, we used the fact t
the wave vectorq depends on the scattering angleu between
the incident light, and the scattered light inside the crys
according to the expression that represents conservatio
photon momentum

q25kL
21kS

222kLkScosu, ~7!

wherekL andkS are the wave vector of the incident and th
Stokes-scattered light, respectively. Hence, by varyingu,q
can be swept through a range of values. To set and contru,
we remove the direct beam by using a beam stop with a h
oriented along the direction of the crystalb axis. For
u,2.5°, we vary the angle by moving the hole along theb
axis; for u.2.5°, we vary it by changing the distance fro
the hole to the crystal. This method allows us to measure
angle with high precision, giving a typical accuracy of 0.
in the value ofu that we use in Eq.~7!.

We measuredq vs v for all five A1(z) polariton modes
we observed that showed significant dispersion. In Fig. 2
display the clearest dispersion curve appearing for a lo
frequency polariton, theA1(z) TO mode at 330 cm21. We
fit this curve using Eqs.~1! and ~3!. In Eq. ~1!, we assumed
that near 330 cm21, none of the other eightA1(z) modes
shows significant frequency dependence compared to
from the 330 cm21 mode itself. Hence we approximated th
sum of oscillators in Eq.~1! with one oscillator of strengthS
at 330 cm21, and an additive constantC5«(`)1D«, where
D« is the constant contribution from the other modes. W
variedC andS to yield the excellent least-squares fit to th
data shown as the dashed line in the figure, and from thi
obtained«(0)5C1S514.8. Our Raman data yield a secon
measured result for«(0) when we insert the measured T
and LO frequencies, and the value«(`)52.9 given by Lurio
and Burns,8 into Eq. ~5!. The result is«(0)515.2, which
agrees within 2% with the value obtained from the dispers
analysis.

-
es,

FIG. 2. Measured and fitted polariton frequencies vs wave v
tor for theA1(z) TO mode at 330 cm21.
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A third value of «(0) comes from infrared reflectivity
data we obtained with a conventional Fourier transfo
spectrometer over the range 50–100 cm21, which give
«(0)513.3. This lies within 11% of the Raman result, re
sonable agreement considering that the infrared reflecti
was not measured to a high degree of accuracy. Our infra
result also agrees with the value 13.6 obtained by Lurio a
Burns at 10 kHz, that is, in the near-dc limit. However, t
result «(0)57.6 that Lurio and Burns report from their in
frared reflectivity data seems not to be valid. We are conti
ing to examine polaritons of other symmetries in Li2GeO3, to
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elucidate their behavior and to further explore the proper
of this material.
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