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The influence of a glass matrix on the spheroidal and torsional vibrational modes of microcrystals embedded
into the matrix is analyzed. The low-frequency Raman scattering data are used to show that the influence of the
matrix on the frequencies of the acoustic phonons confined in the microcrystals is significant even if Lame’s
constantsl andm and mass densities of a microcrystal and a matrix are quite different from each other. It was
found that surface vibrations arise as microcrystals are embedded in a matrix. These vibrations are caused by
the restoring force which limits the free rotation of microcrystals. Most likely, just these vibrations take part in
the low-frequency Raman scattering described in a number of papers.

I. INTRODUCTION

Many of the anomalous thermal and electrical properties
of microcrystals are attributable to the influence of surface
and size effects on the phonon spectrum of these particles. In
semicondutor microcrystals, not only the electronic but also
the lattice vibrational modes become discrete due to three-
dimensional confinement. As the size of microcrystals de-
creases, phonons with a larger wave vector are involved in
the electron-phonon interaction. Hence, the electron-phonon
interaction with acoustic phonon modes becomes more pro-
nounced as compared to the scattering of electrons by optical
phonons. It was found, for example, that electron-phonon
interactions with acoustic phonons were found to be respon-
sible for the decay rate of the excitonic polarization in semi-
conductor microcrystals.1 It turned out that size-quantized
acoustic phonon modes in microcrystals can be observed
with the help of low-frequency Raman scattering in the range
of the spectrum;10 cm21

.
2 After that, similar low-

frequency Raman scattering spectra for various microcrys-
tals, embedded in a glass matrix, were reported by other
authors.3–7 In all these papers, on the basis of the fact that
Lame’s constantsl and m and the mass densityr of the
microcrystals and a matrix are much different from each
other, experimental data are interpreted under the assumption
that the microcrystal surface is free.

In the present paper, using the theory of Tamuraet al.,8

we consider the influence of the matrix on the spheroidal and
torsional vibrational modes of microcrystals, which brought
about an interpretation of the low-frequency Raman spectra.
We have studied the heterophase system, consisting of Ge
microcrystals embedded in a GeO2 glass matrix.

4 To gain a
better understanding of the influence of the crystal-matrix
boundary we have also analyzed some other chemical com-
positions of microcrystals and matrices with different rela-
tions between elastic constants and densities such as CdS in
a GeO2 matrix and Ag in a SiO2 matrix which were obtained
in Refs. 6,7. We have found that surface vibrations arise
when microcrystals are embedded in a matrix. These vibra-
tions are due to the restoring force which limits the free

rotation of microcrystals. Most likely, just these vibrations
take part in the low-frequency Raman scattering described in
a number of papers.4–7Also, it was found that the matrix had
a different influence on the eigenfrequencies of the spheroi-
dal and torsional vibrational modes. It is related to the fact
that the torsional modes are purely transverse whereas the
spheroidal modes are mixed modes of transverse and longi-
tudinal nature. Here we show that one cannot disregard the
influence of the matrix even if Lame’s constantsl andm and
the mass densityr of microcrystals and a matrix are very
different from each other.

II. EXPERIMENT

In our work4 it was shown that experimentally, by choos-
ing the proper technological conditions, germanium quantum
dots, embedded in the solid transparent matrix, were ob-
tained. We are able to produce transparent films of GeO2
with Ge microcrystals embedded in them with given sizes
from 5 nm to the greater using the reaction 2GeO~gas! 5 Ge
1 GeO2. The ratio between amorphous and crystalline
phases of the germanium microparticles depends on the film
growth temperature, as appears from the Raman scattering
spectra. The structure of a heterofilm~the amount of the
amorphous and crystalline phases of the germanium micro-
particles, the particles sizes, the transformation Ge to
GeO2, and removal of the amorphous matrix GeO2 from the
film! could be modified by special treatments such as anneal-
ings, oxidation, and etching.

Raman measurements were carried out in a conventional
90° scattering geometry at room temperature. The spectra
were excited by the 514.5- and 647.1-nm lines of Ar-ion and
Kr-ion lasers and recorded by a Jobin Yvon U-1000 spectro-
photometer equipped with a double monochromator and
photon-counting system.

III. RESULTS AND DISCUSSION

A. Eigenfrequencies of torsional vibrational modes
of microcrystals

In Ref. 9 it was shown that due to selection rules for
Raman scattering on spherical particles, only spheroidal
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modes with even angular momentum quantum numbersl can
be seen in the Raman spectrum. However, in practice the
form of the microcrystals in a glass matrix may have devia-
tions from a perfect spherical one. In this case, the selection
rules can be relaxed, and not only spheroidal modes with
even l , but torsional vibrational modes with oddl can be
seen in the Raman spectra.

According to Ref. 8, eigenfrequencies of the torsional vi-
brational modes of the microcrystals embedded in a glass
matrix can be determined from the equation

Dm
t 50, ~1!

whereDm
t is the determinant of the following matrix:

S ~ l21!

h i
j l~h i !2 j l11~h i ! j l~h i !

C1C2A p

2hm
F ~ l21!

hm
Kl11/2~hm!2Kl13/2~hm!G A p

2hm
Kl11/2~hm!

D ,
where j l(h) is the spherical Bessel function of the first kind,
hn,l5vn,ld/2v t is the dimensionless frequency,vn,l is the
angular frequency of (n,l ) vibrational modes,l is the angu-
lar momentum quantum number,n is the number of the har-
monic, andd is the diameter of a microcrystal. We obtain the
angular frequenciesvn,l from the eigenvalueshn,l and then
we arrive at the Raman-shift wave numbers
nn,l5vn,l /2pc, where c is the velocity of light.
Ap/2hKl11/2(h) is the modified spherical Bessel function of
the third kind, hm5h iv t i /v tm , C15Amm /m i ,
C25Arm /r i , v t is the transverse sound velocity,m is
Lame’s constant, andr is the mass density. The indexm
corresponds to the matrix andi to a microcrystal. Let us note
that Ref. 8 reports erroneous termsd21 andd22 of the matrix
Dm
t . In Fig. 1~a! the shift of vibrational eigenfrequencies

hnl
T of a microcrystal is shown as a function of the ratio

C1 /C2 at fixedC2 . In other words, it is the evolution of a
shift when the matrix stiffness increases relative to that of the
microcrystal. In Fig. 1~b! the radial distribution of the vibra-
tional amplitudesu and the energy densityu2R2 of the sur-
face vibrational mode are shown as a function of the ratio
C1 /C2 . Figure 1~a! shows that the transverse surface mode
(n50! with the angular momentuml51 is absent for micro-
crystals with a free surface~dashed lines!. This is natural,
because this mode corresponds to the rotation of the micro-
crystal as a whole. If a microcrystal is embedded in a matrix,
then there appears a new solution for the surface mode with
the angular momentuml51. This mode arises because of the
restoring force which limits the free rotation of the micro-
crystal.

Figure 1 shows that the surface vibrational mode of the
microcrystals embedded in the matrix~i.e., the mode with
n50! does not disappear; its eigenfrequency increases and
the maximum of the vibrational amplitude shifts inside the
microcrystal with increasing of the matrix stiffness. The
same happens with the inner vibrational modes (n>1), as it
was pointed out earlier in Ref. 5. In Ref. 8 an erroneous
conclusion was made that the influence of the matrix over
the microcrystal leads to the opposite effect; i.e., the surface
mode disappears and the inner vibrational modes soften.
Hence, contrary to Refs. 6,7, the frequency of the Raman
peak for the surface torsional mode with angular momentum
l51 for the microcrystals embedded the matrix does not
equal n1

T51.83v t /dc as would be in the case of the free
surface. Indeed, the existence of the matrix results in the
appearance of a new solution of~1! for the surface mode
with l51; its eigenfrequency increases, for example, from
0.2 v t /dc to 1.4 v t /dc when the matrix stiffnessC1 /C2
increases 0.1–3.5@Fig. 1~a!#.

B. Eigenfrequencies of spheroidal vibrational modes
of microcrystals

Eigenfrequencies of the spheroidal vibrational modes of
the microcrystals, embedded the matrix, can be determined
from the equation

Dm
s 50, ~2!

FIG. 1. ~a! The shift of the eigenfrequencies of the torsional
vibrational modes of the microcrystals for the surface mode
(n50) and the inner modes (n51,2) as afunction of the matrix
stiffness, i.e., as a function of the ratioC1 /C2 at fixedC250.77.
The dashed lines correspond to the case of the free microcrystal
surface. The discrete values of the frequencies for different angular
momental are joined by the line which is a guide for an eye.~b!
The radial distribution of the vibrational amplitudesu and the en-
ergy densityu2R2 of the surface vibrational mode of a microcrystal
as a function of the ratioC1 /C2 at fixedC2 .
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whereDm
s is the determinant of a~434! matrix which is

given in the Appendix. In this case the number of variables
and parameters is twice as large in comparison with the case
of the torsional vibrations. Respectively, the influence of the
matrix on the eigenfrequencies of the spheroidal vibrational
modes of a microcrystal becomes more intricate. First of all,
in this case, just as in the case of torsional modes, a new
solution for the surface mode (n50! with l51 can arise@see
Fig. 2~b!#. The frequency of this mode increases with in-

creasing stiffness of the matrix in such a way that the mode
with frequencyn1

S51.17v t /dc, which in the absence of the
matrix was a surface mode withn50,6,7 now becomes an
inner mode withn51. The other surface modes, with angu-
lar momenta l50,2,3, . . . , show a different behavior as
compared to the torsional surface modes. They are softened
when the stiffness of the matrix increases~see Fig. 2! and
can disappear completely at some definite values of the elas-
tic constants of microcrystals and matrices. Usually it is as-
sumed that microcrystals can be considered as free when
Lame’s constantsl, m and the mass densityr of a micro-
crystal and a matrix are quite different from each other. We
believe that according to our results, this assumption is in-
correct. The torsional surface modes do not disappear even at
close values of the parametersl, m, andr of a microcrystal
and a matrix, but the spheroidal surface modesn0

S ( l50) and
n2
S ( l52), which are active in Raman scattering, have a
tendency to disappear at quite different values of the param-
eters. For example, in case of Pb microcrystals in porous
glass8 the moden0

S disappeared. It would exist ifmm<m i ,
(C1<1), but atmm.m i , (C1.1) the solution disappears,
although all parameters exceptm for microcrystals and a
matrix are drastically different. The moden2

S becomes softer
after embedding Pb particles in a SiO2 matrix, but it does not
disappear completely as is mentioned in Ref. 8; it softened
from 0.85v t /dc to 0.6v t /dc.

C. Comparison of theory to previous experimental results

Let us consider now the interpretation of low-frequency
Raman scattering on the CdS microcrystals embedded a
GeO2 matrix.

6 In this paper it was assumed that the surface
of the microcrystals is free. The most distinct spectra were
obtained on microcrystals withd5 7.5 nm. For parallel po-
larization the frequency of the maximum wasn uu uu 5 14.5
cm21, while for the crossed polarizationn uu'5 7.1 cm21.
The authors have assumed that the totally polarized signal at
14.5 cm21 can arise only from the spheroidal inner mode
with l50, n51 and that the signal from the surface mode
with n50 at 6 cm21 is masked by diffusion scattering. Ac-
cording to their estimation, the authors ascribed the signal at
7.1 cm21 to the surface mode withl52. We have recalcu-
lated the eigenfrequencies of the microcrystals CdS in a
GeO2 matrix at the following values of the parameters:

rCdS54.82 g/cm3, v l54.253105 cm/sec, v t51.863105 cm/sec ~Ref. 6!,

rGeO253.6 g/cm3, v l53.433105 cm/sec, v t52.143105 cm/sec ~Ref. 10).

Coefficients in the determinantsDm
s andDm

t were found to
beC15 0.99,C2 5 0.86,C352.28,C451.6; the results of
the estimation are shown in Fig. 2~a!. As was mentioned
above, the spheroidal surface modes withl50 must disap-
pear when the parameterC1 goes to 1. In the present case the
moden0

S softened from 0.78v t /dc to 0.35v t /dc and became

equal to 2.9 cm21 @Fig. 2~a!#. It means that the authors of
Ref. 6 were not able to observe this mode. The next inner
modes with l50, as seen in Fig. 2~a!, are situated at
1.69v t /dc and 1.94v t /dc, i.e., at 14 and 16 cm21, respec-
tively. They correspond to the experimental value 14.5
cm21. However, one has to remember that the strength of

FIG. 2. The distribution of the vibrational eigenfrequencies for
the spheroidal and torsional vibrational modes of the microcrystals
embedded in the glass matrices. The dashed lines correspond to the
case of the free microcrystal surface forn5 0 and 1.
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the light interaction with higher harmonics sharply de-
creases, because under the relaxation of the wave vector se-
lection rules, which takes place in microcrystals, the spec-
trum of the wave vectors of the phonons becomes Lorentzian
instead of ad function near the center of the Brillouin zone.
Contrary to that, in Ref. 6 the intensities of a signal for the
surface harmonic at 7.1 cm21 and for the inner harmonic at
14.5 cm21 are approximately equal. The second reason
which leads to suppression of the inner harmonics in the
Raman spectrum is the broad size distribution of microcrys-
tals. It results in a large half-width of the experimental spec-
trum. For example, we have observed the inner harmonics on
a single epitaxial film with a half-width of the signal equal to
5 cm21 ~Ref. 11!; in Ref. 6 the half-width of the signal is 10
cm21.

Let us discuss now the depolarized signal at 7.1 cm21.
The spheroidal surface mode withl52 was also softening
from 0.85v t /dc to 0.35v t /dc and became equal to 2.9
cm21, Fig. 2~a!. The authors of Ref. 6 could not also observe
this mode. Most probably, the mode used in Ref. 6 at 7.1
cm21 is the torsional surface mode withl51, which oc-
curred when the microcrystal was embedded in a matrix and
which can be observed due to deviation of the microcrystal
shape from the ideal spherical form. As one can see in Fig.
2~a!, the frequency of the surface torsional mode is equal to

n1
T 5 1.18v t /dc 5 9.7 cm21. This is somewhat higher than
7.1 cm21; however, we have to take into account the fact
that the spectra are measured in the presence of a strong
diffusional scattering which leads to a shift of the peak maxi-
mum in the direction of low frequencies. After subtracting
the diffusional scattering from the experimental spectrum the
frequency of the maximum must shift from 7.1 cm21 to the
theoretical value 9.7 cm21.

Let us consider now the case of Raman scattering on Ag
microcrystals embedded in a SiO2 matrix given in Ref. 7. It
was also assumed in this paper that the microcrystal’s surface
is free. This assumption is based on the fact that the param-
eters l and r for Ag are very different from those for
SiO2 . In Ref. 7 it was pointed out that for microcrystals with
a size larger than 4.0 nm the agreement between the theory
and the experiment is poor. In the experimental spectra for
particles of size 4.1 nm the position of the maximum is equal
to 14.2 cm21 and for particles of size 5.2 cm21 is equal to
12.1 cm21. The authors assumed that these spectra are
caused either by surface spheroidal modes withl50 or by
spheroidal modes withl52, as they are partially depolarized.

We calculated eigenfrequencies of the vibrational modes
of Ag microcrystals in a SiO2 matrix at the following values
of parameters:

rAg510 g/cm3, v l53.653105 cm/sec, v t51.663105 cm/sec ~Ref. 7!,

rSiO252.2 g/cm3, v l55.953105 cm/sec, v t53.763105 cm/sec ~Ref. 12!.

Coefficients in the determinantsDm
s andDm

t are found to be
equal toC151.06,C250.47,C352.2,C451.5. The results
of the estimation are shown in Fig. 2~b!. Here, as in the
previous case, the parameterC1 is close to 1; it means that
the surface spheroidal vibrations withl50 must damp. Fig-
ure 2~b! shows that the frequencyn0

S softens from
0.78v t /dc to 0.2v t /dc and is equal to 2.7 cm

21 for particles
with d5 4.1 nm and 2.4 cm21 for particles withd5 5.2 nm.
From these results one can conclude that these modes cannot
be observed because they are masked by diffusional scatter-
ing. The spheroidal surface vibrations withl52 also soften
and have an eigenfrequency much smaller than the experi-
mental value, Fig. 2~b!. We come to the conclusion that the
only possible suggestion is that these vibrations are torsional
surface modes withl51 which appear when the crystals are
embedded in a matrix and are active in Raman scattering due
to deviations of the microcrystal shape from a spherical one.

As one can see from Fig. 2~b!, for particles withd54.1 nm
the frequency of the torsional mode is equal to
n1
T51.11v t /dc515 cm21 and for particles withd55.2 nm is
equal to 11.9 cm21, which is very close to the experimental
values 14.2 cm21 and 12.1 cm21.

D. Comparison of theory to our experimental results

Let us now consider our experimental data. We measured
the Raman scattering from Ge microcrystals in a GeO2 ma-
trix. In Fig. 3 the Raman spectra of a sample with different
polarizations are shown. One can see that the peak maximum
at polarized scattering (ii) is shifted to higher frequencies in
comparison with the maximum at depolarized scattering
(i'), as was in the case of Raman scattering from CdS mi-
crocrystals in a GeO2 matrix. The estimation has been done
with the following values of parameters:

rGe55.33 g/cm3, v l55.253105 cm/sec, v t53.253105 cm/sec ~Ref. 4!,

rGeO253.6 g/cm3, v l53.433105 cm/sec, v t52.143105 cm/sec ~Ref. 10!.
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Coefficients in the determinantsDm
s andDm

t are found to be
equal toC150.54,C250.82,C351.62,C451.6. The results
of the estimation are shown in Fig. 2~c!. The frequencies of
the spheroidal modes withl50 are equal ton0

S50.8v t /dc;
i.e., they are not different from the vibrations of the particles
with the free surface. This is due to the fact that the param-
eterC1 is farther from 1 than in the cases of CdS and Ag
particles. It is known that the depolarized scattering is gov-
erned by spheroidal modes withl52 or torsional modes with
l51. In an effort to determine which modes are involved in
the scattering in the case in question we now turn to the
low-frequency Raman spectra~Fig. 4! which were measured
in Ref. 5 for the same sample with two wavelengths of ex-
citing light, 514.5 and 647.1 nm. It turns out that the modes,
located deeper under the surface of a microcrystal, on which
the less absorbed light withl5 647.1 nm is scattered, have
a higher vibrational frequency. Consequently, the spectra in
Fig. 4 are due to torsional vibrational modes, because only

their frequency smoothly increases at increasing stiffness of
the matrix and because they are located deeper under the
surface of a microcrystal, as seen in Fig. 1. Evidently, a
spread in frequency of the surface mode is due to the inho-
mogeneous form of the microcrystal-matrix interface. Just
the surface modes take part in the Raman scattering, and it is
seen from Fig. 2~c! that all the inner modes withn>1 are
situated much farther in frequency than the difference of the
frequencies observed in the experiment, both for the spheroi-
dal and the torsional modes.

From all the above experiments it is clear that depolarized
scattering is governed by surface torsional modes withl51
which appear when the crystals are embedded in a matrix.
Furthermore, from the calculations it follows that the influ-
ence of the matrix on the frequencies of the acoustic
phonons, confined in the microcrystals, is significant even if
Lame’s constantsl, m and the mass densities of the micro-
crystal and the matrix are quite different from each other,
especially forn 5 0 and 1~see Fig. 2!.

IV. CONCLUSION

In conclusion, we note that the electron-phonon interac-
tion with acoustic phonon modes in small microcrystals
arises mainly through the deformation-potential coupling.
The most dominant term can be described byEd•divuW ,
whereEd is the deformation potential anduW is the lattice
displacement vector.1 If microcrystals have a perfect spheri-
cal form, torsional modes would not contribute to this cou-
pling because of their transvere character. The deviation of
the microcrystalline shape from the perfect spherical form
may cause changes in symmetry and the Raman selection
rules. The torsional modes become the mixed modes of the
transverse and longitudinal nature and therefore it is possible
to observe them by low-frequency Raman scattering.
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APPENDIX

The components of the matrixDm
s which are used for

determination of the eigenfrequencieshnl
s of the spheroidal

vibrational modes are

d115C3
2 j l~j i !2

2

j i
F l ~ l21!

j i
j l~j i !12 j l11~j i !G ,

d1252C2
2C3

2A p

2jm
HC1

2Kl11/2~jm!

2
2

jm
F l ~ l21!

jm
Kl11/2~jm!12Kl13/2~jm!G J ,

d1352C2
2C3

2l ~ l11!
1

h i
F ~ l21!

h i
j l~h i !2 j l11~h i !G ,

FIG. 3. Polarization dependence of the reduced~by the Bose-
Einstein occupation factor! low-frequency Raman spectra of Ge mi-
crocrystals embedded in a GeO2 matrix.

FIG. 4. The low-frequency depolarized Raman scattering spec-
tra of Ge microcrystals of the sized 5 9 nm for two wavelengths of
the exciting light.
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d14522C2
2 1

hm
A p

2hm
F ~ l21!

hm
Kl11/2~hm!2Kl13/2~hm!G ,

d215
2

j i
F ~ l21!

j i
j l~j i !2 j l11~j i !G ,

d22522C2
2C3

2 1

jm
A p

2jm
F ~ l21!

jm
Kl11/2~jm!2Kl13/2~jm!G ,

d2352C2
2C3

2F S 2~ l 221!

h i
2 21D j l~h i !1

2

h i
j l11~h i !G ,

d245C2
2A p

2hm
F S 2~ l 221!

hm
2 21DKl11/2~hm!

1
2

hm
Kl13/2~hm!G ,

d135 j l~j i !, d4150,

d3252C4
2A p

2jm
Kl11/2~jm!, d4250,

d3350, d435C2
2C3

2 j l~h i !,

d3450, d4452A p

2hm
Kl11/2~hm!,

jn,l5
vn,ld

2v l
, C35$~l i12m i !/m i%

1/2,

C45$~lm12mm!/mm%1/2.
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