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Abstract

Vitreous (v) and molten (m) GeO2 were studied by Rayleigh and Mandel’shtam–Brillouin scattering spectroscopy and high-temper-
ature acoustics. Original measurement apparatus and procedure were used that included Bayseian deconvolution of light scattering spec-
tra of vGeO2 and a specially designed high-temperature (up to 1500 �C) acoustic interferometer to measure temperature and frequency
dependence of ultrasonic (US) velocity and attenuation in mGeO2. Landau–Placzek ratios for vGeO2 were found optically (from the
light scattering spectrum) and acoustically (through the Schroeder’s formalism). Dispersion of optical and other physical parameters
of vGeO2 found by many authors is explained by the existence of small amount of GeO in the samples. It means that properties of vGeO2

are under the influence of redox synthesis conditions controlling the GeO2 M GeO and coordination [GeO4] M [GeO6] equilibrium in
vGeO2. Measurements of temperature dependencies of longitudinal ultrasonic velocities in mGeO2 and in the PbO–GeO2 glass melts
as a function of PbO concentration shows existence of ‘water-like anomaly’ in mGeO2 and in liquid germanates with the rich content
of GeO2 where equilibrium sound velocity increases with the temperature.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

GeO2 is less studied glass-forming oxide in comparison
with SiO2 and B2O3. However, the interest to it becomes
more and more pronounced significant being caused by
searching for materials for drawing fiber with smaller
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absorption losses in the middle IR range as compared to
silica glass [1–7].

The most important parameter of optical fiber seems the
elastic light scattering losses. These losses are a sum of light
scattering losses due fiber drawing and to light scattering
by glass micro inhomogeneities. They include technological
inhomogeneities (bubbles, striae, crystalline or glassy inclu-
sions, fiber bending) and micro inhomogeneities of fluctua-
tion molecular origin. These kinds of technological losses
can be minimized by technological means and will be not
considered here, but it is important that any efforts aimed
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at the losses reduction through improvement of glass syn-
thesis and fiber drawing technology seem justified only if
it is known in advance that elastic light scattering losses
are sufficiently small for supposed kind of optical fiber
application.

Measurements of light scattering indicatrix and spectral
dependence of scattering intensity showed in glassy GeO2

that elastic scattering follows Rayleigh law as in the major-
ity of single phase glasses. It means that scattering centers
have dimensions not exceeding 10% of the incident light
wavelength [3,8].

It seems to be generally agreed that Rayleigh scattering
losses are caused by light scattering from density, concen-
tration, and anisotropy fluctuations of a glass melt ‘fro-
zen-in’ at its cooling [9–12]. In the case of a single-
component glass the concentration fluctuations are absent
and, as was shown for silica glass, the scattering is deter-
mined mostly by ‘frozen-in’ isobaric density fluctuations
(entropy fluctuations) [9].

It should be noted that samples of silica glasses prepared
through different technologies are characterized by close
values of such parameters as density and refractive index.
Dispersion of Rayleigh scattering losses values does not
exceed 20% [10,11]. It was explained by the presence of
micro impurities in raw materials that leads to alteration
of the static isobaric compressibility and the temperature
dependence of viscosity and, consequently, the temperature
of ‘freezing’ of isobaric density fluctuations [12,13].

On the contrary, samples of vGeO2 synthesized in differ-
ent laboratories are characterized by wide dispersion of
optical and physical parameters including Rayleigh scatter-
ing losses that was not explained up to now [9,14–16].

The present study is aimed at the identification of Ray-
leigh scattering losses origin in vitreous germania (vGeO2)
by means of Rayleigh and Mandel’shtam–Brillouin scatter-
ing spectroscopy (RMBS). This problem seems actual
because it is expected that experimental optical fiber with
a core made from pure vGeO2 will be characterized by min-
imum losses as low as 0.15 dB/km at k = 2 lm [1].
2. Theoretical background

As is well known, there exist adiabatic fast density fluc-
tuations in media caused by molecular oscillations. These
fluctuations may be described as a result of interference
of hypersonic waves modulating an electromagnetic wave.
This is a physical reason for the appearance of doublets
at m ± Dml and m ± Dmt frequencies in a light scattering spec-
trum. In the case of isotropic solids, for instance a glass,
spectral shifts Dml and Dmt follow the equations [17]:

Dml

m
¼ 2n

vl

c
sin

h
2
; ð1Þ

Dmt

m
¼ 2n

vt

c
sin

h
2
; ð2Þ
where vl, vt are the velocities of longitudinal (l) and trans-
verse (t) hypersonic waves, c is the light velocity, n is the
refractive index, h is the scattering angle.

Mandel’shtam–Brillouin scattering (MBS) intensity
IMBS by longitudinal hypersonic waves, and the intensity
of scattering by transverse hypersonic waves, It, follow
the equations:

IMBS � I inc V

L2k4
ðn4p12Þ

2kTc�1
11 ð1þ cos2 hÞ; ð3Þ

I t � I inc V

L2k4
ðn4p44Þ

2kTc�1
44 ð1þ cos2 hÞ; ð4Þ

where p12 and p44 are the Pockels coefficients, V is the scat-
tering volume, L is the distance from V to the observation
point, Iinc is the intensity of incident light, c11 ¼ qv2

l ,
c44 ¼ qv2

t are the elastic constants, q is the density. Intensi-
ties IMBS and It assumed intensities of scattering spectrum
measured at parallel VV and perpendicular VH polariza-
tions of incident and scattered light.

As was found in [9], IMBS monotonously varies with
glass composition. It means that IMBS can be used as the
inner reference and both Rayleigh scattering losses and
structural information may be extracted from the ratio of
Rayleigh scattering intensity to the sum of MBS intensities,
the so-called Landau–Placzek ratio RL–P = IRS/ 2IMBS.

Rayleigh scattering losses, as (cm�1) or a0s (dB/km), may
be found from RMBS spectrum of the glass under study
and that of a reference sample using the following equa-
tions [18]:

as ¼ ðRL–P þ 1Þ 8p3

3

kT

k4
ðn4p12Þ

2c11; ð5Þ

a0s ¼ 0:434� 106as: ð6Þ

In terms of above mentioned conception of ‘frozen-in’
fluctuations the Landau–Placzek ratio of a single-compo-
nent vitreous medium can be written as

RL–P ¼ ðIq þ IanisÞ=2IMB ¼ Rq þ Ranis; ð7Þ
where Iq, Ianis, Rq, and Ranis are the contributions of ‘fro-
zen-in’ density and anisotropy fluctuations into Rayleigh
scattering intensity and Landau–Placzek ratio,
correspondingly.

Ranis may be estimated from the depolarization coeffi-
cient of Rayleigh scattering component, DV ¼ IRS

VH=IRS
VV

where IRS
VH and IRS

VV are Rayleigh scattering intensities mea-
sured at parallel and perpendicular polarizations, and rela-
tionship for 90� scattering [19]:

IRS
iso ¼ IRS

VV � ð4=3ÞIRS
VH; ð8Þ

where IRS
iso is the isotropic Rayleigh scattering intensity.

Hence, Landau–Placzek ratio estimation includes the
measurement of RMBS spectrum at VV and VH polariza-
tion and application of the relationship:

Rq ¼ RL–P½1� ð4=3ÞDV �: ð9Þ
On the other hand, Rq may be found independently
through the following equation [9]:



A.V. Anan’ev et al. / Journal of Non-Crystalline Solids 354 (2008) 3049–3058 3051
Rq ¼
T g

T
ðb0;T g

c11 � 1Þ; ð10Þ

where Tg is the glass transition temperature, T – tempera-
ture of RMBS experiments (usually assumes 293 K), b0;T g

is the static isothermal compressibility at T = Tg. It can
be estimated from the equilibrium adiabatic compressibil-
ity of melts at T = Tg, b0;S;T g

� ðqv2
0Þ
�1
T g

, where v0 is the equi-
librium ultrasonic velocity in a melt at T = Tg because for
oxide glasses usually b0;T g

� b0;S;T g
[20,21].

In the case of two component glass,

RL–P ¼ Rq þ Ranis þ RC; ð11Þ

where RC is the contribution of Rayleigh scattering from
‘frozen-in’ concentration fluctuations into Landau–Placzek
ratio that can be written as

RC �
ðon=ocÞ2PThDC2i

2IMBS
; ð12Þ

where hDC2i is the mean square fluctuations of concentra-
tion C that is the measure of chemical inhomogeneity of a
glass.

Therefore, low-scattering glass compositions supposedly
can be found among single-component glasses only. It
means that single-component glasses including vGeO2

should be characterized by the minimum Rayleigh scatter-
ing losses as compared to multi component glasses. Below
we will show that it is not valid for vGeO2, because it can-
not be considered as a true single-component glass.

As it follows from above mentioned hypothesis, it seems
important to estimate the contribution from ‘slow’ (frozen-
in) fluctuations into Rayleigh scattering. For such estima-
tions according Eq. (10) are necessary to know Tg, q, sound
velocity data for glasses vl, vt and their melts v0. Measure-
ments of v0 usually are complicated and need specially
designed high-temperature experimental apparatus.
3. Experimental procedure

3.1. Synthesis

vGeO2 for the optical study was prepared at the
Research and Technological Institute of Optical Material
Science (Saint Petersburg, Russia) by melting crystalline
GeO2 powder of high purity grade in laboratory electric fur-
nace at 1400–1450 �C during 2 h with stirring. Glass melt
was casted on metallic plate and annealed in a muffle.

vGeO2 for the acoustic study was prepared at the Sili-
cate Chemistry Institute (Saint Petersburg, Russia) by
layer-to-layer melting of GeO2 crystalline powder in alu-
mina crucible during 2 h at 1570 �C and annealed in a
muffle.
3.2. Measurement

Refractive index was measured with IRF-23 refractom-
eter; density was measured by hydrostatic weighting in tol-
uene. RMBS spectra were taken through Brillouin
scattering spectrometer including a helium–neon laser,
pressure scanned single-pass Fabry–Perot interferometer,
and photon counting system. To increase the contrast of
interference pattern the computer processing of the spectra
using Bayesian deconvolution was applied. The procedure
can be described as follows [22].

As is well known, the relationship between the observed
spectrum M(m0) taken via spectrometer characterized by the
instrumental function R(m,m0) and the true spectrum T(m)
can be described by the following equation:

Mðm0Þ ¼
Z

Rðm; m0ÞT ðmÞdmþ Nðm0Þ; ð13Þ

where N(m0) is the noise component of observed spectrum.
In the case of discrete spectrum Eq. (13) may be written

in matrix form:

M ¼ R � TþN; ð14Þ

where R is the matrix, M, T, and N are the vectors.
Eq. (13) may be solved on the base of the Bayesian pos-

tulate which can be written as the iteration procedure [23]:

T ðmþ1Þ
i ¼ T ðmÞi

X
k

Rki
MkP

j
RkjT

ðmÞ
j

; ð15Þ

where m is the iteration index.
As any iteration procedure the Bayesian deconvolution

needs the choice of initial approximation. If a priori infor-
mation is not available an observed spectrum may be taken
as the initial approximation. However, reasonable choice
of another initial approximation does not restrict the con-
sequent iterations and can significantly reduce the number
of iterations needed for restoration of a true spectrum.

The instrumental function is a result of convolution of
laser shape and complex contour of the spectrometer
and, therefore, it is difficult to be numerically fitted. An
experimental RMBS spectrum of a glass with high Ray-
leigh intensity was used as an instrumental function. In this
case Brillouin lines are complete hidden by intensive Ray-
leigh edges and do not make any influence on result of
deconvolution. Typical RMBS spectra of vGeO2 glass
before and after deconvolution are presented in Fig. 3.
Applicability of Bayesian deconvolution technique to pro-
cessing RMBS spectra of inorganic glasses was checked in
[24].

Therefore, deconvolution procedure, which is easily
realizable with a personal computer, ensures the accurate
measurement of RMBS spectra of glasses by means of
the inexpensive and simple single-pass Fabry–Perot spec-
trometer. Criterion of validity of the measurement results
was the coincidence of Landau–Placzek ratios and spectral
shifts obtained for different samples of commercial glasses
with the literature data.

Velocity of longitudinal ultrasonic (US) waves in GeO2

and PbO–GeO2 melts were measured by high-temperature
(to 1450 �C) apparatus. Its initial design partially described
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Fig. 1. High-temperature ultrasonic interferometer for velocity measurements in glass melts (circuit diagram). 1 – sine wave generator; 2 – frequency
meter; 3 – time-gated amplifier; 4 – high-frequency power amplifier; 5 – generator of gate and synchronization pulses; 6 – attenuator; 7 – broadband
preamplifier; 8 – oscilloscope; 9 – acoustic cell with a melt and two ceramics rods as delay lines. Upper rod moves up and down. Piezoelectric transducers
are mounted on the outer ends of the rods.

3052 A.V. Anan’ev et al. / Journal of Non-Crystalline Solids 354 (2008) 3049–3058
in [25] was considerably upgraded. Diagram of electronic
unit and cross-sections of the furnace and acoustic cell
are shown in Figs. 1 and 2. In our early studies of silicate
and borate melts we used Tamman’s furnace supplied with
cylindrical heater made of dense graphite functioning in
short-circuit regime. To reduce the heat radiation losses
the heater was surrounded by a cylindrical graphite reflec-
tor located at approximately 1–3 cm. To prevent oxidation
of the molybdenum crucible and acoustic delay lines the
space between the crucible and the heater was filled-in by
inert gas (helium or argon). The space between that and
the outer water-cooled wall of the furnace was filled with
soot as a heat insulator.

It should be noted that there was a danger of chemical
interaction of gaseous CO emitted by heated graphite with
oxide melts under study. When studying alkali silicate
melts there was no noticeable interaction as registered by
chemical analysis of glasses before and after the experi-
ments. On the contrary, in the case of GeO2 and germa-
nates the active interaction was observed leading to their
total or partial reducing. Therefore the graphite heater
and heat reflector were substituted by cylinders made of
0.25 mm thick Nb or Mo foil. The heat-insulating soot fil-
ler was exchanged for ceramic crumble.
The previously crumbled glass sample was loaded into
ceramic crucible (55 mm internal diameter, 70 mm height)
glued by the liquid B2O3 onto a vertical ceramics rod
(15 � 180 mm) serving as the lower ultrasonic delay line
(see Figs. 1 and 2), and melted in situ. A similar rod
entering the crucible from top could be micrometrically
moved along the vertical axis for US velocity and atten-
uation measurements. All space inside the water-cooled
walls could be pumped out and filled-in with inert the
inert (argon or helium) gas. To protect lead–zirconium–
titanate ceramic piezoelectric transducers mounted on
the outer ends of the rods from depolarization at high-
temperatures special brass holders cooled by water were
used. Temperature of samples was controlled by cali-
brated W-Re thermocouple fixed inside of bottom part
of the crucible.

Velocity of US waves was measured by changing the
acoustical path in melt by moving the upper rod by some
3–5 mm (a few US wavelengths kUS in melt). US velocity
is calculated as v = kUS � f, where f is the frequency of US
vibrations. In our experiments packets of radio pulses of
5 ls duration, with the carrier frequency f = 1–5 MHz were
used. The phase of received acoustic signal was interfero-
metrically compared to that of attenuated continuous wave



Fig. 2. Design of the furnace and acoustic cell of high-temperature ultrasonic interferometer for velocity measurements in glass melts. 1 – water-cooled
walls of the furnace; 2 – cylindrical electric heater (Mo or Nb foil); 3 – cylindrical heat reflector (Mo or Nb foil); 4 – heat insulator (ceramic crumble); 5 –
water-cooled cooper plate dicks (holders for electric heater and reflector); 6 – water-cooled steel disks (holders for external elements of the set); 7 – copper
electric power line bar; 80, 80 0 – upper and downstairs ultrasonic delay lines (ceramic rods); 9 – ceramic crucible; 10 – glass melt; 11 – thermocouple; 12’, 12’’
– piezoelectric transducers; 130, 130 0 – upper and downstairs water-cooled brass holders for ultrasonic delay lines; 140, 140 0 – high-frequency coaxial cables;
15 – micrometrically moved position sensor for upper delay line; 16 – cooling water; 17 – tube for furnace space pumpdown and inlet of inert (He or Ar)
gas.
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voltage from standard signal oscillator (1 in Fig. 1). The
latter was coherent with the voltage used for carving out
the pulses by modulator 3. The wave length was found
from the acoustic path change and the corresponding num-
ber of signal’s interferometric minima on the screen of the
oscilloscope 8.

At temperatures below 920 �C moving the upper rod
was precluded by high melt viscosity. Therefore in the
922–600 �C range we used the traditional pulse method
of US velocity, v, measurement by direct registering the
pulse delay time s at constant path length l in the melt:
v = l/s. US velocities were measured within ±(0.5–1.5)%
error. Accuracy increases with the temperature increasing
(viscosity decreasing).

Measurements were started by heating a sample in cru-
cible from the temperatures somewhat above the melting
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temperature. One hour of thermal stabilization was found
to be sufficient to remove bubbles and stabilize the temper-
ature field in the furnace.

4. Results

4.1. Optical measurement

Results of optical measurements and deconvolution
application for determination of vGeO2 spectra are shown
in Fig. 3. Optical, acoustical and other physical parameters
of various samples of vGeO2, vSiO2, and vB2O3 are summa-
rized in Table 1. The Table shows significant dispersion of
Landau–Placzek ratios, depolarization coefficients, density
and refractive indices for glass samples studied by different
authors. If our data for vGeO2 is close to that for vSiO2, the
data of [9,15] makes vGeO2 rather similar to vB2O3.

4.2. Ultrasonic measurements

Fig. 4 demonstrates the temperature and frequency
dependencies of US longitudinal velocity vl in mGeO2.
For comparison, hypersonic data for glassy and molten
GeO2 from [27] are also shown. The behavior presented
here is typical for structural relaxation. The curves can be
tentatively divided into three characteristic ranges. At tem-
peratures below Tg � 500 �C (range I) we have a solid glass
with no velocity dispersion (frequency dependence) and
temperature dependence of vl ¼ vsolid

l . The latter more or
less continuously runs into range II (500–1400 �C) as the
solid-like, or instantaneous, velocity vl1. Note the anoma-
lous (positive) temperature coefficient of velocities (TCV)
both for vsolid

l and vl1. Range II for ultrasonic frequencies
can be called the relaxation proper, with v strongly decreas-
ing with temperature and increasing with frequency x; its
middle approximately corresponds to xs = 1 (where s is
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the average relaxation time) and maximum value of sound
attenuation a (see Fig. 4 (insert)). Range III for ultrasonic
frequencies (above 1200 �C) is the ‘equilibrium’ one, v = v0,
xs� 1. Here again there is no dispersion, temperature
dependence is weak, and TCV for v0 in mGeO2 seems to
be anomalous (positive). Regrettably, we could measure
v0 only in a narrow interval 1200–1260 �C. At higher tem-
peratures, when viscosity decreases, the amplitude of
acoustic signals propagating through the melt sporadically
changed in time which precluded further application of our
method of velocity measurement.

The question of TCV sign in range III is important
because extrapolation of v0 value to Tg is needed for esti-
mating the equilibrium compressibility b0 and Rq in Eq.
(10) (density q weakly depends on T and its room-temper-
ature value can be used with the error not exceeding ±2–
3%). We think that sufficient indirect evidence support
our interpretation of TCV in range III as positive. Fig. 5
(insert) shows that in PbO–GeO2 melt with 5% PbO con-
tent high-temperature TCV for v0 is definitely positive.
Moreover, its dependence on PbO concentration in PbO–
GeO2 melts (Fig. 5) is more or less linear, thus allowing a
convincing extrapolation to pure GeO2.

5. Discussion

In the case of single-component glasses including GeO2,
Rq values determined from RMBS spectra generally seem
to agree with values calculated via Eq. (10) from tempera-
ture and frequency dependencies of US velocity in the glass
melt based on the linear extrapolation for v0 described
above. But in latter case the spectroscopic values seem a lit-
tle too high. Another important problem arising in connec-
tion with the extrapolation is a physical meaning of the
positive TCV for v0 (and v1) usually referred to as
‘water-like anomaly’. The present discussion will deal with
these two problems starting with the second one.

5.1. Water-like anomaly

The anomaly has been found, besides water, in quite a
few liquids including melts of Al2O3, B2O3, GeO2, SiO2

and of binary glasses with high content of glass formers
B2O3, GeO2, SiO2. Up to now it seems unclear whether
there exist a common for all these cases mechanism of
the anomaly. The general idea is that it is caused by co-
existence in these liquids of at least two structures differing
by polyhedral types and chemical bonding. In the frame-
work of two-structure model developed in [28,29] on the
basis of ideas put forward by Bernal and Fowler [30], it
is supposed that the temperature growth induces the struc-
tural transformation considered as increasing the content
(or, to say better, role) of high density structure in the sys-
tem leading to denser packing.

According to [28], the structure of water can be consid-
ered as an ideal mixture of molecules existing in two states
with different values of coordination number. One of those



Table 1
Parameters of some glassy oxides

Parameter/glass GeO2 SiO2 B2O3

IR (GeO2)/IR (SiO2)
(k = 632.8 nm)

2.06 3.8 (k = 1060,
530 nm)

3.68a 68.7 2.2 1.0

RL–P 19.5 ± 0.5 24 34.3a 21.9 18.6a

DV 0.05 0.31 0.05 0.30
Rq = RL–P � Ranis 18.3 24.3 20.5a 13.3
n (k = 632.8 nm) 1.6040 ± 0.0002
1.6110 ± 0.0002 1.47143 1.45689
nD 1.6075 1.603
q (g cm�3) 3.643 ± 0.004 3.65 ± 0.01 3.659 ± 0.004
2.229 ± 0.002 1.818 ± 0.02
c11 � 10 10 (dyn cm�2) 51 ± 2 51.4 ± 0.5a 51.54 77.857 20.71
c44 � 10�10 (dyn�cm�2) 19.2 ± 0.8 18.8 ± 0.3 18.28 30.966
p12 0.268 0.288 ± 0.008 0.254 ± 0.006 0.270 0.298
p44 0.072 0.065 ± 0.003 0.0718 0.024
Rq calculated through Eq. (10) 18 ± 1 21.5 14.3
Tg (K) 837 833 ± 6 828 817 1473 553
b0

T g
� 1012 (cm2 dyn�1) 14 ± 1 6.80 39.0

Reference Our data [1] [3] [9,15] [16] [26] [9,15] [9,15]

a Note: Calculated from the literature data.
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corresponds to tetrahedral coordination, the other ones
relates to approximately dense packing structure. This is,
of course, not quite consequential model since the changes
of intermolecular structure are hardly reducible to varia-
tion of separate molecules’ state. But this ‘two-state model’
is widely used for quantitative describing the structural
relaxation processes.

Let the molar volume in the states 1 and 2 to be V1 and
V2, respectively, the corresponding molar Gibbs’ energies
U1 and U2 = U1 + DU > U1, isothermal compressibility b1

and b2. As was assumed in [29] the state 1 of water was
characterized by a large molar volume V1 and compress-
ibility b1, the state 2 – by smaller molar volume
V2 = V1+DV (DV < 0) and compressibility b2. Transition
between two states requires surmounting some potential
barrier and is connected with breaking directional bonds
(in the final state of 1?2 transition they may be considered
bent rather than broken [31]). The relative molar fractions
of two structures x1 and x2 follow Boltzman distribution
law:

x2

x1

¼ e�DU=RT : ð16Þ

This model explained the difference between water and
other, so-called normal liquids.

At the process of ice melting and, supposedly, oxides
with presumably directional intermolecular bonds (such
as B2O3, GeO2, SiO2, Al2O3, As2O3, TeO2, P2O5 and the
others) the long-range order breaks up, mostly because of
flexibility of hydrogen (or covalent) bonds but the forma-
tion of holes (as defined in the model of liquids), evidently
does not play substantial role [32].
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Hence, the total molar volume V of liquid can be found
from the two-state model and Eq. (16) for structures’ molar
fractions. Differentiating V by pressure p gives the equilib-
rium compressibility:

b0 ¼ ðV 2=V Þb2 þ ½ðV 1b1 � V 2b2Þ=V �x1

þ ðDV 2=VRT Þx1ð1� x1Þ; ð17Þ

where x1 = (1+e�DU/RT)�1.
The first two terms in Eq. (17) constitute the instanta-

neous compressibility b1, while the third term, accounting
for the transition between states 1 and 2 caused by pressure
variation in US wave, is called structural, or relaxational,
compressibility brel. According to Eq. (17), the temperature
dependence of specific volume and compressibility, includ-
ing the appearance of a minimum for water can be
explained by the following three processes accompanying
the T growth:

1. General increase of intermolecular distances leading to
b1 increase (‘normal liquid’s behavior’). This effect
may become dominant at high-temperatures and in bin-
ary glass melts with high modifier content.

2. Increasing the relative content of molecules in the sec-
ond structure. In accordance with [28,29] it leads to
b1 decrease. At high-temperatures, when the enthalpy
of two states tends to equalise, this effect becomes small.

3. The change of structural (relaxation) contribution brel.
It comprises a substantial part of b0, and thus its behav-
ior is significant for determining the sign of temperature
coefficient of velocity (TCV) in the corresponding tem-
perature range.

In spite of the fact that all the processes mentioned
above led to complicated process of viscoelastic relaxation
it should be concluded that water-like anomaly (and its
traces) and structural relaxation are strongly intercon-
nected. If the process of viscoelastic relaxation is related
to transition between states with small enthalpy difference,
the temperature growth can lead to decrease in relaxation
contribution into volume and shear equilibrium complianc-
es. These effects should be sufficiently intensive to be
noticeable on the background of ‘normal’ temperature
dependence of US velocity in liquids (process 1).

Naturally, transition of a glass-forming oxide from
liquid to glassy state should cause ‘freezing’ molar ratio
between the two structures. Therefore, two-structure model
does not contradict to the model of polymorphism of H2O
[33] and glassy SiO2, B2O3, GeO2 [34–36].

As is well known, transition from a single-component
glass-forming system to two- component one by the inclu-
sion of a modifier oxide causes the partial destruction of
covalent bonding network and appearance of areas with
high bonding ionicity. As a result, the growth of ionic con-
stituent in the glass-forming network accompanies the
gradual weakening and disappearance of anomalous type
of US propagation that was shown for borate and silicate
systems [21,27,37–39]. As shown in Fig. 5, similar behavior
takes place in PbO–GeO2 melts. It is just what made possi-
ble (as shown earlier) to use the dv/dT taken from the data
of Fig. 5 to estimate v0;T g from the data of Fig. 4.

The two-state model was used to explain acoustical
properties of glassy SiO2 [34]. Later this model was devel-
oped in [35,36] for explanation of temperature dependence
of volume and elastic properties of glassy SiO2 and GeO2.

5.2. Explanation of dispersion in GeO2 properties

Table 1 shows that parameters of vSiO2 and vB2O3 esti-
mated by the procedure mentioned above evidence the suf-
ficient coincidence between optical and acoustic values of
Rq. The latter confirmed the validity of formalism devel-
oped in [9] for description of ‘frozen-in’ fluctuations in sin-
gle-component glass-forming oxides and glasses. In
opposite to vSiO2 and vB2O3 the samples of vGeO2 synthe-
sized and studied in different laboratories are characterized
by the dispersion of parameters including RL–P and Ray-
leigh scattering losses exceeding the measurement errors.
This fact allows us to suppose that there is another source
of light scattering losses in addition to the ‘frozen-in’ den-
sity and anisotropy fluctuations.

Earlier the hypothesis was put forward about ‘polymor-
phous’ constitution of vGeO2 based on study of GeO2 sur-
face layers and viscoelastic relaxation of vGeO2 [40,41].
Authors of [42] supposed that the structural peculiarities
of vGeO2 originated from the presence of two-valence Ge
impurity. This model explains the observed irreproducibil-
ity of the data in Table 1. Indeed, one can expect that Ge2+

should play a role of modifier in glass network, that is
vGeO2 must be considered as two component glass belong-
ing to (100 � x)GeO2–xGeO glass series where modifier
oxide concentration is a function of synthesis conditions.
If partial contributions into refractive index of GeO2 and
GeO are different, the effect of synthesis conditions on Ray-
leigh scattering intensity and RL–P should be more pro-
nounced if this difference is great. On the contrary, as a
rule, MBS intensity and spectral shifts should slightly
depend on GeO content because small dopants of modifier
usually lead to small monotonous variation both elasto-
optic and elastic parameters.

For the data processing the results of study of GeO2�x

amorphous films were used. It was found that increase in
the portion of GeO in the system caused the growth of
refractive index and density that was followed by the
decrease in glass transition temperature (Fig. 6) [42]. One
can conclude that, the growth of refractive index is con-
nected with the structure densifying because polarizability
estimated through the Lorentz–Loretz formula was found
to be constant.

The (100 � x)GeO2–xGeO system is characterized by
the metastable miscibility gap that causes the phase decom-
position in glasses heated to 400 �C. Morphological differ-
ence of two phase structure makes it possible to suppose
that the glasses containing from 12.5 to 100 mol% GeO
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with highly dispersed (50–100 Å) interconnected structure
are capable to phase decomposition following the spinodal
model while the glasses containing about 10% GeO decom-
pose under the model of nucleation, growth and coales-
cence. Glasses with 0–10 mol% GeO retained their
homogeneity after the secondary heat treatment [42].

Assuming the linear dependence refraction index and
GeO concentration one can easily estimate GeO concentra-
tion in vGeO2 samples synthesized at various conditions.
As follows from Fig. 6 concentrations of GeO in the sam-
ple studied in [9,15] and the sample under study here are
equal to �2.3 and 0.6 mol%, correspondingly. Taking into
account the great partial contribution of GeO into n index
of (100 � x)GeO–xGeO glasses, it should be expected that
even negligible change of hDC2i will cause the significant
variation of Rayleigh scattering intensity. It seems neces-
sary to take into account the existence of low-temperature
immiscibility that should promote the remarkable increase
in hDC2i for glass compositions approaching to the misci-
bility gap. Hence, it seems evidently that for
(100 � x)GeO2–xGeO glasses the term ðon=oCÞ2PThDC2i in
Eq. (12) is a function strongly increasing with concentra-
tion and determining the concentration dependence of
Rayleigh scattering intensity in spite of the fact that Tg/T
decreases with concentration (Fig. 6, curve 3).

An argument in favor of this interpretation lies in the
fact that measured here Pockels coefficients are slightly
higher than found in [9,15]. Indeed, as is shown for silicate
glasses, lowering Pockels coefficients correlates with the
growth of modifier oxide percentage [15]. Results of com-
parison of the smallest published value of Landau–Placzek
ratio for vGeO2 containing 0.6 mol% GeO with Landau–
Placzek ratio estimated through Eq. (10) should be consid-
ered as the criteria of our model validity. As shown in Figs.
4 and 5 our sample is characterized by TCV close to zero.
To decrease the error of extrapolation of ultrasonic veloc-
ity to Tg the US data for PbO–GeO2 glasses was used. In
Fig. 5 the composition dependence of TCV for these glasses
is shown from which TCV of vGeO2 can be easily found.
Results of calculation are listed in Table 1 demonstrating
satisfactory coincidence of Landau–Placzek ratios deter-
mined by optical and acoustical methods.

Let us analyze the depolarization coefficients. Looking
at the structural peculiarities of GeO2 it should be noted
that crystalline GeO2 has two modifications: one of them
has tetragonal rutile structure in which a germanium atom
is surrounded by 6 oxygen atoms, and the other modifica-
tion, isostructural to low-temperature a-quartz, is stable at
room-temperature. In latter case the coordination number
of germanium equals to 4 [32].

Comparison of the data of direct structural sensitive
methods (X-ray scattering, Raman scattering spectra, IR
absorption spectra, ESR spectra of gamma irradiated sam-
ples) applied to investigation of GeO2 in liquid, crystalline,
and glassy states showed that vGeO2 is built of [GeO4] tet-
rahedra [43,44]. However, the rate of coordination rear-
rangement is not very high and the melt quenching can
lead to retaining of some [GeO6] octahedra. In the case
of crystalline SiO2 the situation is quite different: in spite
of the huge number of various modifications the conven-
tional crystallization leads to forming quartz structure with
coordination number 4 because ionic radii of Si4+ and
Ge4+ are quite different and the ratio of Ge4+ and O2� radii
is close to 0.44 while the coordination number varies from
4 to 6 [23]. Therefore, some amounts of [GeO6] octahedra
along with [GeO4] tetrahedra should form germanate glass
network because the nearest neighborhood in glasses, as a
rule, corresponds to that in crystals.

Table 1 shows that depolarization coefficient of vGeO2

under study is close to that of vSiO2 while vGeO2 studied
in [9,15] is characterized by depolarization coefficient close
to vB2O3. This difference can be explained by ‘freezing’ of
both valence GeO2 M GeO and coordination equilibria. It
is well known that small depolarization coefficients indicate
insignificant optical anisotropy of structural units. Evi-
dently, both [SiO4] and [GeO4] tetrahedra are optically
more isotropic than plane [BO3] triangles and boroxol
rings. However, due to symmetry the [GeO6] octahedra
should be more isotropic than [GeO4] tetrahedra.

Hence, it should be expected that the intensity of aniso-
tropic Rayleigh scattering and depolarization coefficient
would be highly sensitive to coordination rearrangement.
A great quantity of 6-coordinated germanium seems to
be a reason of proximity of vGeO2 and vBO3 depolariza-
tion coefficients in opposite to the sample under study.
Not contradicted interpretation of all RMBS spectroscopy
data needs the adoption of mutual relationships of
GeO2 M GeO and [GeO4] M [GeO6] equilibrium in vGeO2.
It is obvious that the factor controlling these equilibria lies
in redox synthesis conditions which, unfortunately, were
not considered by authors in detail. Therefore, we can only
suggest that the vGeO2 sample studied by authors of [9,15]
was synthesized in reduction conditions that caused the
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appearance of significant amount of two-valence germa-
nium and [GeO6] octahedra.

6. Conclusions

Difference of densities, refractive indices, elastic and
elasto-optic coefficients of vGeO2 samples synthesized in
various laboratories are explained by the presence of two-
valence germanium in glasses the percentage of which is a
function of synthesis conditions and varies in 0.6–
2.3 mol% GeO range.

Difference of Rayleigh scattering losses are caused by
existence not only ‘frozen-in’ density and anisotropy fluctu-
ations but the presence of fluctuations of GeO
concentration.

For single-component glasses Landau–Placzek ratios
found by spectroscopic and acoustic methods coincides.
Difference of depolarization coefficients of Rayleigh scat-
tering is caused by variation of ratio of 4- and 6-coordi-
nated germanium concentrations.

Propagation of ultrasonic waves in molten and glassy
GeO2 is characterized by the anomalous increase in ultra-
sonic velocity with temperature.
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