
VOLUME 56, NUMBER 19 PHYSICAL REVIE%' LETTERS

Vibration Eigenmodes and Size of Microcrystallites in Glass: Observation
by Very-Low-Frequency Raman Scattering
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(Received 26 February 1986)

The observation of very-low-frequency bands by Raman scattering in a nucleated cordierite glass
is described. The frequency of the maximum of scattering is proportional to the inverse diameter
of the particles, which are spherical spinel microcrystallites. It is sho~n that vibrational surface
modes of particles are responsible for this Raman scattering.

PACS numbers: 61.40.+b, 68.35.3a, 78.30.—j, 81.20.Qf

After the specific-heat measurements of small metal
particles, carried out by Novotny, Meincke, and at-
son, ' and Novotny and Meincke, 2 many theoretical
researches have been made on the lattice dynamics
of small particles. The vibrations of spherical particles
have been studied a century ago by Lambs who dis-
cussed the problem of the homogeneous elastic body
in a spherical shape. Two types of modes, spheroidal
and torsional, are derived from the stress-free bound-
ary condition of a spherical surface. The recent
theoretical works of Tamura and co-workers6 7 are an
extension of Lamb's theory and consider various ef-
fects surrounding a small particle: matrix effect, sur-
face relaxation effect, local clamping effect, and shape
effect.

The aim of the latest theoretical studies was princi-
pally to interpret the specific-heat measurements.
However, it should be possible to observe by infrared
absorption or Raman scattering the modes which obey
the transition selection rules. Some years ago Hayashi
and Kanamori9 observed the Raman scattering from
the surface phonon mode in GaP microcrystals. The
energy of the observed modes was between the bulk
TO and LO phonon peaks. In the work which is
presented in this Letter we were rather interested in
the Raman scattering from particle modes, the ener-
gies of which fall in the acoustic of the bulk, and
which contribute to specific heat.

Actually, the first observation of particle modes by
Raman scattering at very low frequency in a nucleated
glass is presented in this Letter. This Raman spectros-
copy follows a detailed study of nucleation and precise
characterization of nuclei or microcrystals, carried out
partially in our research group. '

The base glass, nucleation of which has been stud-
ied, has a composition close to that of the mineral cor-
dierite: 52 Si02, 34.7 A1203, 12.5 MgO, with 0.8 Cr203
(wt. '/o). Nucleation was induced at a temperature
higher than 800'C by Cr + ions which are well known
as a good nucleating agent. The characterization of
nuclei or microcrystallites ~as carried out by several
techniques. The size of the particles was determined

principally by small-angle neutron scattering, '0 and
also by small-angle x-ray scattering and electron mi-
croscopy. '2 The nature and structure of the microcrys-
tallites were precisely determined by electron paramag-
netic resonance, ' ' laser spectroscopy, " and electron
diffraction. '2

The process of nucleation and crystallization was
described as follows. At first there is a diffusion of
Cr + ions in the glassy matrix giving rise to a cluster-
ing of these ions and the formation of a mixed
MgCr204-MgA1204 spinel. Microcrystals appear and
grow with the heating time. The samples studied by
Raman scattering, the results of which are given in this
Letter, contain microcyrstallites having a shape which
in a first approximation can be considered as spherical.
The diameters are between about 100 and 400 A from
neutron and x-ray scattering.

Raman scattering is a good technique to study the
order at small or long distance in glasses. Shuker and
Gammon were the first who showed by theory and ex-
periment the breaking of the momentum selection
rules by the disorder in amorphous materials and the
possible observation of first-order Raman scattering by
acoustic phonons. '" Martin and Brenig gave a model
which relates the maximum of Raman scattering, or
the so-called "boson peak,

" with the correlation
length in glass. '5

Our experimental configuration to observe Raman
scattering from the nucleated glass samples was con-
ventional. The incident light was emitted by a 4-W ar-
gon laser. Various lines were used, in particular 4880
and 5145 A with a mean power of 400 mW. Light
scattered at ~/2 from the incident beam was analyzed
with a double monochromator, Jobin-Yvon model
U1000. An EMI photomultiplier and a photon-
counting system ~ere Used for detection.

In our cordierite samples a boson peak was observed
at 80 cm '. After heat treatment, its intensity de-
creased and a new band at very low frequency ap-
peared at the foot of the Rayleigh line. '6 Figure 1

sho~s the Raman scattering spectrum for a sample
heat treated for 4 h at 875 'C and 2 h at 900 C. In ad-
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FIG. l. Stokes Raman scattering for a cordierite glass
sample heated 4 h at 875'C and 2 h at 900'C. Arrows indi-
cate (a) the maximum of boson peak, (b) the band due to
microcrystallites.
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FIG. 2. Stokes and anti-Stokes very-low-frequency
Raman-scattering bands due to microcrystallites after heat
treatment. (a) 4 h at 875'C and 2 h at 900'C, (b) 4 h at
875'C and 4 h at 900'C, (c) 2 h at 875'C and 10 min at
1050'C.

dition to the boson peak, a band was clearly observed
near the Rayleigh line (the maximum of the boson
peak and the very-low-frequency band are indicated by
arrows in Fig. 1).

These new Stokes and anti-Stokes bands which ap-
peared with the nucleation are shown in more detail in
Fig. 2 for different heat-treated samples or different
sizes of particles. Several observations were made on
these bands. The intensity increased with the size of
the particles. By neutron scattering it was determined
that the number of particles was constant after a pre-
treatment at 875'C. The intensity of the bands de-
creased with the temperature and the variation was in
agreement with a first-order Raman scattering. The
new Raman bands are strongly polarized ~ith the same
polarization as the laser beam. This point is in agree-
ment with the existence of spherical sources of scatter-
ing. "

The more interesting experimental result was the
linear dependence of the position of the Raman peak
on the inverse diameter of the particle or microcrystal-

lite as determined by small-angle neutron or x-ray
scattering. The Raman shift is plotted against the in-
verse diameter in Fig. 3.

These different observations make it evident that
the new Raman bands which appear with the nu-
cleation of glass are due to scattering from spherical
microcrystallites.

As mentioned before vibrations of a homogeneous
elastic body of spherical shape have been studied by
Lamb. Two types of modes are distinguished: spheri-
cal and torsional. The spheroidal modes are character-
ized by the angular momentum l =0, 1, 2, . . . , and
by the numbers lt or k such that

h = cuba/~~ and k = cuba/u, ,

where co is the pulsation, a the radius of sphere, and ~~
and ~, the longitudinal and transverse sound velocity,
respectively. The torsional modes are characterized by
the angular momentum I=1, 2, 3, . . . , and the
number k.

The modes with smaller lt or k have large amplitudes
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From selection rules only I = Q and I = 2 modes can
give Raman scattering of the light at first order. If one
compares experimental results (Fig. 2) and the energy
distribution of modes, 6 it appears clearly that only a
narrow band of modes is responsible for the Raman
scattering.

From Brillouin measurements the velocity of acous-
tic ~aves in a sample containing both an amorphous
part and spinel microcrystallites is obtained's (ut
= 7Q20 + 100 m s ' v, =4025 + 50 m .s '). From
this, the velocity of sound in microcrystallites them-
selves can be estimated to be close to 8500 and 5500
m s ', respectively. The frequencies of the different
modes of a spherical particle are proportional to the in-
verse diameter: Experiment agrees with theory (Fig.
3). However, it appears that only modes with lower
frequencies are active. From theoretical results of
Lamb and Tamura et al. the frequency co( (in cm ')
of the lowest-energy spherical mode of a free particle
of spinel corresponding to I = 0 is

Ql( —0.7U(/2aC. (2)

4~10" Sx10 (rr-&)

The frequencies cuf and cu2T of the lowest-energy
spheroidal and torsional modes, respectively, are prac-
tically equal:

FIG. 3. Position of the very love-frequency Raman peak
as a function of the inverse of the particle diameter as ob-
tained by small-angle neutron scattering.

at the particle surface and are considered as surface
modes. 6 Tamura, Higeta, and Ichinokawa6 have deter-
mined the matrix effect. A complete contact between
particle and matrix eliminates the surface modes and
softens the torsional modes. With partial contact or
clamping the disappearance of surface modes is not
evident. Furthermore, considering that the elastic
properties of spinel microcrystallites are different from
those of glass matrix (spinel is certainly much harder
than the modified surrounding glass), one may think
that surface or interface modes exist even with con-
tact.

(uf —cu2r —0 85v, /2ac. (3)
In these expressions c is the vacuum light velocity.
The diameters 2a determined by Raman scattering are
compared to the same diameter determined by elastic
scattering (neutron, x ray, or electron) in Table I.
Modes with higher frequency would give too large di-
ameters.

Comparison between theory and experiment seems
to indicate that only the lowest-energy modes or sur-
face modes are active in Raman scattering from spheri-
cal particles. At the present time we have no sound
explanation of this fact. But it is likely that there ex-
ists strong coupling between surface vibrational modes
and surface electronic modes, the energies of which
would be not very different from the incident photon
energy.

TABLE I. Comparison of the particle's diameter as determined from small-angle neu-
tron scattering and from Raman scattering [Eqs. (2) and (3)) for different heat treatment
of the cordierite glass.

Heat treatment

Particle's diameter, Particle's diameter Particle's diameter
elastic scattering obtained from coo obtained from ~2

(i) (A) (i)
4 h 875 C

+2h900 C
4 h 875'C

+4h900 C
2 h 875'C

+10 min 1050'C

280

350

212

283 222
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In Table I, it appears that the diameters given by Ra-
man scattering from free particles are not very dif-
ferent from diameters obtained from elastic scattering
(neutron, x ray, or electron). Therefore, from the
above discussion it can be deduced that the contact
between microcrystallites and the glass matrix is not
very close.

The first observation of the eigenmode of a spheri-
cal particle by Raman scattering is interesting in itself.
Furthermore, the experimental results described in
this Letter show that the techniques of Raman scatter-
ing can be a simple and good method to determine the
size of particles: aggregates or microcrystallites. Pre-
liminary measurements have been carried out to study
the nucleation in other glasses, oxides, or fluorides,
where the nuclei are clearly observed by Raman
scattering. This simple method is complementary to
small-angle neutron or x-ray scattering. We can hope
to observe particles the sizes of which vary between
about 10 and 500 A.
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