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Abstract
The fragility and the anharmonicity of (Ag2O)x(B2O3)1−x borate glasses have
been quantified by measuring the change in the specific heat capacity at the glass
transition temperature Tg and the room-temperature thermodynamic Grüneisen
parameter. Increasing the silver oxide content above X = 0.10 leads to an
increase of both the parameters, showing that a growing fragility of a glass-
forming liquid is predictive of an increasing overall anharmonicity of its glassy
state. The attenuation and velocity of ultrasonic waves of frequencies in the
range of 10–70 MHz have also been measured in silver borate glasses as a
function of temperature between 1.5 and 300 K. The experimental data reveal
anelastic behaviours which are governed by (i) quantum-mechanical tunnelling
below 20 K, (ii) thermally activated relaxations between 20 and 200 K and
(iii) vibrational anharmonicity at even higher temperatures. Evaluation of
tunnelling (C) and relaxation (C∗) strengths shows that C is independent of
the structural changes affecting the borate network with increasing metal oxide
content and is at least one order of magnitude smaller than C∗. The latter
observation implies that only a small fraction of the locally mobile defects are
subjected to tunnelling motions.

1. Introduction

The ‘fragility’ of a glass-forming liquid, a concept introduced by Angell [1, 2], is an
important property which measures the thermal degradation of the glassy structure over the
glass transition region by the departure from the Arrhenius behaviour of its viscosity η. It
has been initially defined by the parameter m = [ d log η

d(Tg/T )
]T =Tg , that is the limiting slope

of the viscosity curves at the glass transition temperature Tg; this permits us to place glass-
forming liquids in the interval between the two extremes ‘fragile’ and ‘strong’, corresponding
to the highest and the lowest value of m, respectively. ‘Fragile’ liquids, such as hydrated
Ca(NO3)2 and o-terphenyl, are substances with non-directional interatomic or intermolecular
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bonds which permit drastic changes in local order at the glass transition leading to pronounced
deviations from the Arrhenius behaviour for the viscosity. By contrast, ‘strong’ liquids (such
as SiO2 or GeO2), characterized by strong covalent bonds which preserve the main structural
characteristics over broad ranges of temperature, exhibit an Arrhenius dependence of the
viscosity. A close correlation between transport behaviours and thermodynamic properties
of glass-forming liquids has been also established [3, 4], fragile glass-formers exhibiting large
excess heat capacities �Cp at Tg as opposed to small �Cp characterizing strong systems.
According to these findings, the change in heat capacity �Cp at Tg represents an alternative
evaluation of fragility.

A further important but poorly understood subject in glassy materials is the propagation
of sound, mainly because many competing mechanisms are responsible for the behaviours
observed in the different temperature and frequency ranges [5]. Low-energy defect states
are responsible for anomalies in the acoustic attenuation and the sound velocity of glasses at
low temperatures, exhibiting coherent or incoherent tunnelling effects below about 20 K [6]
and thermally activated relaxations at higher temperatures [7]. Despite a large amount of
experimental [8] and theoretical work [6, 9, 10], a consistent and convincing picture explaining
the nature of low-energy excitations and accounting for the correlation existing between
quantum-mechanical tunnelling and classical activation is still lacking.

Quite recently [11], it has been shown that the ultrasonic loss and the sound velocity of
lithium borate glasses are mainly regulated by the contributions of tunnelling local motions
below about 20 K and of thermally activated relaxations and the vibrational anharmonicity
between 20 and 300 K. The results of that investigation emphasized that (i) differently
from relaxing defects, tunnelling systems appear to be independent of structural changes
characterizing a glassy network and (ii) the anharmonicity of a glass is closely correlated with
the fragility of its liquid phase. We now extend this work to include silver borate glasses,
with the aim of providing further data for investigating both the fragility behaviour and the
relation between quantum tunnelling and classical activation in glasses. Vitreous B2O3 is a
glassy prototype characterized by a connectivity (defined as the number of bridging oxygens
per network forming ion (NFI)) of 3. The addition of silver oxide to B2O3 changes the network
connectivity markedly, because it mainly assists the formation of charged BØ4 tetrahedral
groups (Ø = oxygen atoms bridging between two network forming boron ions) by crosslinks
between the BØ3 planar groups building up the borate skeleton [12–15]. The concentration of
BØ4 groups increases up to about X = 0.20 with a rate close to R = X/(1 − X) [13], which
corresponds to the formation of two BØ4 groups for each oxygen introduced by the metallic
oxide. This leads to an increase of the connectivity from 3 up to 3.25 and to a stiffening of
the structure, as proved by the marked increase in the elastic moduli [16]. Higher silver oxide
contents (X � 0.20) cause the breaking of B–O–B linkages leading to growing numbers of non-
bridging oxygens (NBO), occurring mainly in triangular BO3 groups [17]; as a consequence,
the coherence of the glassy network and the rate of increase of elastic moduli decline [16].

The paper is organized as follows. In section 2 we briefly describe the experimental
details. In section 3 we present and discuss the experimental results of (i) specific heat
capacity through the glass transition region, used to determine the composition behaviour of
fragility in (Ag2O)x(B2O3)1−x glasses, (ii) linear thermal expansion coefficients between 100
and 350 K, used to determine the room-temperature thermodynamic Grüneisen parameters
and (iii) ultrasonic attenuation and velocity between 1.5 and 300 K, used to determine the
spectral densities of TLS (tunnelling or two-level systems) and of asymmetries � of double-
well potentials schematizing the relaxing defects. In particular the experimental data will
be analysed in the light of the theory, paying particular attention to the relation between
anharmonicity and fragility and to the link between tunnelling states and relaxing defects γG,th.
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Table 1. Room-temperature values of the density ρ, the velocities of longitudinal (vl) and transverse
(vt) ultrasounds, the Debye temperature �D, the adiabatic shear (G) and bulk (B) moduli, and
the anharmonicity coefficient �l in (Ag2O)x (B2O3)1−x glasses. The values of the glass transition
temperatures Tg are also included.

Samples ρ Tg vl vt �D G B
X (kg m−3) (K) (m s−1) (m s−1) (K) (GPa) (GPa) �l

0.0 1838 546 3367 1872 267 6.44 12.26 0.026
0.04 2109 575 3488 1929 279 7.85 15.19 0.021
0.09 2522 622 3885 2043 302 10.33 23.58
0.14 2856 670 4176 2233 330 14.24 30.82 0.015
0.20 3193 697 4253 2249 332 16.15 36.22 0.016
0.25 3560 702 4353 2289 339 18.65 42.59
0.33 3927 704 4314 2250 328 19.88 46.58 0.090

2. Experimental details

Glasses of the (Ag2O)x(B2O3)1−x system, where 0 � X � 0.33, were prepared and
characterized following the same specific procedures already described [11].

The specific heat capacities of the samples were determined using a Perkin Elmer
differential scanning calorimeter (DSC-Pyris). Discs of each glass of mass approximately
15 mg were encapsulated in aluminium pans and subjected to the same thermal cycles: the
as-quenched glasses were subjected to a first heating (from 300 K to about 650–780 K
depending on their Tg) and subsequent cooling run, both at 20 K min−1, followed by reheating
at 20 K min−1. The first run was necessary to erase the previous thermal history of as-quenched
glasses, which causes effects of enthalpy recovery [18]. Calibrations of the DSC output were
performed using a standard sapphire sample.

The attenuation and velocity of longitudinal and shear ultrasonic waves were measured
between 1.5 and 300 K using a conventional pulse-echo ultrasonic technique in the 10–70 MHz
frequency range.

Thermal expansion measurements were made from 100 K up to room temperature using
a Netzsch Industries silica pushrod LVDT horizontal dilatometer with a heating rate of
2 K min−1.

3. Experimental results and discussion

3.1. Thermal transitions and fragility

Figure 1(a) shows the heat capacity curves for selected (Ag2O)x(B2O3)1−x glasses, as typical.
Above 300 K the specific heats of all the studied systems varied smoothly with increasing
temperature, except for the usual endothermic peak at Tg which overlapped with a sudden
jump from glassy to liquid-like behaviour through the glass transition temperature. The
complete absence of melting endotherms in the explored temperature interval indicates that
(Ag2O)x(B2O3)1−x glasses can be regarded as homogeneous amorphous systems. The Tg s of
these borate glasses are reported in table 1 and, as expected [12], they increase with increasing
Ag2O content. As a measure of the fragility, we have chosen the dimensionless ratio between
the variation �Cp (=Cp,l −Cp,g) of the specific heat capacity and Cp,l. Cp,l and Cp,g represent
the specific heats in the liquid and glassy regions, respectively, where Cp,g corresponds to the

value of Cp at about 100 K below the temperature of the endothermic peak. The values of �Cp

Cp,l
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Figure 1. (a) Temperature variation of the heat capacity in (Ag2O)x (B2O3)1−x glasses obtained by
DSC at a scan rate of 20 K min−1: X = 0.0, solid line; X = 0.09, dotted line; X = 0.25, dashed
line. (b) Compositional dependence of

�Cp
Cp,l

in (M2O)x (B2O3)1−x borate glasses: present results

for M = Ag, (◦); data for M = Li (�) and M = Na (�), taken from [18].

obtained with increasing Ag2O concentration are reported in figure 1(b) and show a minimum
at X ∼ 0.1 followed by a monotonic increase for higher concentrations.

According to Angell’s classification scheme [3, 19], B2O3 is quite a strong glass-former
having a fragility of m = 32; as a consequence, silver borate systems are strong glass-formers
which become increasingly fragile as the silver oxide content increases above X = 0.1. A
similar trend has been also revealed in (Li2O)x(B2O3)1−x glasses over the concentration range
0.1 � X � 0.5 [18] and the �Cp

Cp,l
values (taken at a heating rate of 10 K min−1) are also

included in figure 1(b) for comparison. Unfortunately data for the specific heat capacity for
concentrations of lithium oxide lower than X = 0.1 are not available, preventing the possible
observation of a minimum in the fragility behaviour as determined by calorimetry. It is worth
noting, however, that a minimum at X ∼ 0.08 has been revealed in the fragility behaviour
of lithium borate systems, also determined by calorimetric techniques [20]; in this case, the
fragility has been evaluated by considering the ratio between Tg and the width �T of the
temperature interval over which the calorimetric glass transition takes place.
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The structural mechanism driving the decrease (for X < 0.1) and the next increase (for
X > 0.1) of fragility in these silver borate systems could be explained in terms of changes
altering the short- and medium-range structure of the borate network when the glass liquefies
crossing the glass transition region. The effect of temperature on sodium, potassium and lithium
borate glasses has been investigated by NMR [21], high temperature Raman spectroscopy [22]
and molecular dynamics studies [23]. These investigations proved that, in alkali borate glasses
(M2O)x(B2O3)1−x with X � 0.20, increasing temperature above Tg causes a decrease of
BØ4 tetrahedral groups which transform into triangular BO3 groups containing one or two
NBOs in agreement with the following isomerization reactions [23]: [(−)Ø3B–Ø–BØ2] ↔
[BØ2O(−) + BØ3] and [(−)OØB–Ø–BØO(−)] ↔ [(2−)O2B–Ø–BØ2]. The former implies the
transformation of charged tetrahedral groups into charged borate triangles with one NBO and
the latter the transformation of linked charged borate triangles containing one NBO each in
linked borate triangles, one of them with two NBOs (doubly charged). The metallic cations
occupy specific positions within the different anionic environments of the host structure in order
to preserve the electrical neutrality. Therefore, it is believed that, for a Ag2O content lower than
X ∼ 0.1, the formation of BO4 groups strengthens the borate network which remains quite
stable also in the melt. The construction of the four-coordinated borate network in the glassy
state continues to proceed for X > 0.1, but to the detriment of its chemical stability [18]. This
is recovered in the liquid state by the isomerization reactions which retransform BØ4 groups
in triangular BO3 groups containing one or two NBOs. The collapse of the four-coordinated
network gives rise to supplementary degrees of freedom: the increasing jumps �Cp of the
specific heat capacity observed at Tg for X > 0.1 could be associated with these changes
which give rise to increasing variations of the configurational entropy. This explanation is also
consistent with the smaller fragility exhibited by (Ag2O)–(B2O3) systems when compared to
(Li2O)–(B2O3) systems. In fact, improved NMR spectroscopy measurements [24] revealed
that, among alkali borate glasses having corresponding compositions, the fraction of BO4

groups decreases as the alkali cation size increases, lithium borates being characterized by
the largest fractions of these groups. Therefore this finding should account for the higher value
of �Cp of lithium borate when compared to that of sodium borate glass [18], also reported in
figure 1(b), because a larger excess of additional degrees of freedom is expected from a larger
number of fragmented BO4 groups. Unfortunately, the same refined analysis has not been
extended to silver borate glasses for which only quite old NMR data exist [13]. Assuming,
however, that the trend revealed in alkali borate glasses is also valid for silver borates, the
smaller proportion of BO4 groups expected in silver borates when compared to lithium borates
should lead to lower values of �Cp, as observed.

3.2. Thermal expansion and anharmonicity

Figure 2(a) shows the temperature dependence of the linear thermal expansion coefficient αth

of selected silver borate glasses. Above 100 K, αth(T ) increases linearly with temperature
with about the same slope for all the studied glasses. The room-temperature values of αth,
compared with those of lithium borate glasses [11, 25] in figure 2(b), show a well-defined
minimum at X = 0.20, characteristic also of alkali borate glasses [25]. This is attributed to
the competition between the two main structural mechanisms, the formation of BØ4 groups
and (for X � 0.20) of NBOs, driving the expansion of the glassy network in two opposite
directions. The former increases the connectivity of the network leading to tighter structures
having smaller thermal expansion coefficients, while the latter introduces weak links favouring
the expansion capability. In order to have more insight into the composition behaviour of the
anharmonicity, the room-temperature coefficients αth have been combined with the adiabatic
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Figure 2. (a) Temperature dependence of the linear thermal expansion coefficient in
(Ag2O)x (B2O3)1−x glasses: X = 0.0, solid line; X = 0.04, dashed line; X =
0.14, dotted line; X = 0.20, dashed–dotted line; X = 0.33, dashed–double dotted line.
(b) Compositional dependence of the linear thermal expansion coefficient in (M2O)x (B2O3)1−x
glasses: present results for M = Ag (◦) and M = Li (�); data for M = Li (�), taken from [25].
(c) Comparison between the compositional dependences of the thermal Grüneisen parameter γG,th

in (M2O)x (B2O3)1−x glasses: M = Ag, (◦); M = Li, (�).

bulk modulus B S, the molar volume Vm and the molar heat capacities at constant pressure Cp

in order to obtain the thermodynamic Grüneisen parameter γG,th = 3αth BT Vm
CV

= 3αth B S Vm
Cp

. In this

relation, CV is the molar heat capacity at constant volume and BT the isothermal bulk. The
elastic parameters determined at ultrasonic frequencies in the present study are the adiabatic
bulk (B S = ρV 2

l − 4
3 GS) and shear (GS = ρV 2

t ) moduli; in the following and in the tables,
they will be referred to as B and G. A quasi-harmonic solid can be considered as a set of
harmonic oscillators having frequencies which are volume dependent; each oscillator has a
modal Grüneisen parameter given by [26]:

γG,i = −d(ln ωi )

d(ln V )

where ωi is the frequency of the i th mode. The thermodynamic Grüneisen parameter is then
obtained by summing over these modes:

γG,th =
∑

CiγG,i
∑

Ci
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where each γG,i is weighted by the heat capacity Ci of the mode. Thus γG,th includes the
contributions from all the vibrational modes and is a convenient parameter for analysing the
effects of anharmonicity. The estimated γG,th are compared with those of lithium borate
glasses [11] in figure 2(c): the values are small and range between 0.2 and 0.6, as commonly
observed in a number of glasses. Tetrahedrally bonded SiO2 and GeO2 [27], vitreous
As2S3 [27], sodium silicate [28] and Ge–Se [29] glasses have room-temperature γG,th values
ranging between 0 and 1. Low values of γG,th imply the presence of vibrational modes
having small or negative γi . In fact, ultrasonic measurements under pressure on silver
borate glasses [30] revealed that, in clear contrast with the positive values determined for the
longitudinal acoustic-mode Grüneisen parameter γG,l (X), the shear acoustic-mode γG,t (X)

are negative; as a consequence, the mean acoustic-mode Grüneisen parameters γG,el (X) in
the long-wavelength elastic limit are still positive, but very small. In vitreous SiO2 both
the longitudinal and shear acoustic-mode Grüneisen parameters are negative: the presence of
vibrational modes having negative γi has been explained by considering the open structure of
this glass which allows bending vibrations of oxygens bridging between two silicon atoms [31].
This model emphasizes the importance of low-frequency transverse vibrations whose frequency
increases with increasing volume. The low values of γG,th (X) imply that bending vibrations
could also play a significant role in the vibrational anharmonicity of silver borate glasses.

Since the anharmonicity of solids is too complex an argument to be described adequately
by a single parameter, we would like to remark that the following considerations must be
regarded as highly tentative. In terms of a highly simplified view, the compositional dependence
of γG,th (X) can be explained by considering the structural changes caused by network modifier
ions (NMI) to the borate network. For X < 0.1, the formation of BØ−

4 groups stiffens and
tightens the system, giving rise to a significant reduction in the thermal expansion coefficient.
With increasing Ag2O concentration, the anharmonic rattling of Ag+ modifier ions within their
local cages affects markedly the motion of BØ−

4 groups and (for X � 0.2 [13, 24]) of NBOs
as a consequence of Coulombic interactions which cause restoring forces for the motion of
oxygen atoms. The restoring forces increase the bulk modulus of the whole network with
increasing silver concentration and enhance the expansion capability of the vibrational modes
following the short-time motions of Ag+ ions in asymmetric binding potentials determined by
their Coulombic interactions with oxygen atoms. In addition to this, for concentrations higher
than X ∼ 0.20, NBOs tend to soften the borate network, giving rise to the formation of weak
links and favouring the enhancement of the expansion coefficient. These two mechanisms
work in competition with the network tightness due to BØ−

4 groups, resulting in an overall
larger anharmonicity of the vibrational modes for X > 0.10. In this context, the smallest
values of γG,th (X) characterizing lithium borate glasses account for the highest cation field

strength of Li+ ions (1.88 Å
−2

) when compared to that of Ag+ ions (0.77 Å
−2

). The cation
field strength q/r 2, given by the ratio between the formal charge q of the ion and the squared
ionic radius r , has been evaluated using the values of r reported by Shannon [32] for the
coordination numbers estimated by neutron diffraction experiments (NLi–O = 4.1 ± 0.5 and
NAg–O = 3.7±0.5, [15]). It is believed that the highest field strength constrains Li+ ions within
less asymmetric binding potentials, limiting the amplitude of their short-time motion and the
overall expansion capability of the network.

Finally we would like to emphasize that the variation with composition of γG,th in silver and
lithium [11] borate glasses is qualitatively similar to that of fragility, showing that the addition
of metal oxide drives the system towards a structure which is less resistant to the thermal
degradation of its molecular aggregation, as a consequence of a larger expansion capability
of the vibrations. These observations imply that the fragility regulating the dynamics of a
glass-forming liquid at the glass transition could play a significant role in determining the
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Figure 3. (a) The temperature dependence of the attenuation of longitudinal ultrasonic waves
at selected driving frequencies in (Ag2O)0.14(B2O3)0.86 glass. (b) The effect of silver ion
concentration on the temperature dependence of the internal friction Q−1 of 50 MHz longitudinal
ultrasonic waves in (Ag2O)x (B2O3)1−x glasses: X = 0.04, (�); X = 0.14, (◦); X = 0.20, (�);
X = 0.33, (+). (c) Temperature dependence of the fractional sound velocity Vl(T )

Vl,rt
of 10 MHz

longitudinal ultrasonic waves in (Ag2O)x (B2O3)1−x glasses: X = 0.0, (•); X = 0.04, (�);
X = 0.14, (◦); X = 0.20, (�); X = 0.33, (+).

anharmonicity of the resulting glass. ‘Fragile’ as opposed to ‘strong’ glass-formers should
have an overall larger anharmonicity regulating their vibrational properties.

3.3. Ultrasonic attenuation: tunnelling and relaxations

The temperature dependence from 1.5 to 300 K of the attenuation of longitudinal ultrasonic
waves in (Ag2O)0.14(B2O3)0.86 glass at selected frequencies is shown in figure 3(a), as typical
of the studied glasses. As the temperature is increased from 1.5 K the attenuation rises until it
reaches a plateau which extends up to about 10 K. Above this region the attenuation increases
up towards a broad peak, whose maximum shifts to higher temperatures as the ultrasonic
driving frequency is increased. These observations imply that, in the temperature range
above about 20 K, the acoustic behaviours are governed by thermally activated relaxations
of structural defects, characterized by a distribution of relaxation times τ as a consequence of
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the inherent randomness of the glassy topology. Increasing the Ag2O concentration leads to a
decrease of the relaxation peak, as shown in figure 3(b) which shows the internal friction Q−1

(=0.23αdbv/ω, where αdb is the attenuation in db cm−1, v the sound velocity and ω the angular
frequency) of 50 MHz longitudinal waves for (Ag2O)x(B2O3)1−x glasses. In particular, the
glass with X = 0.33 exhibits a loss peak which merges into the low-temperature tail of a sharp
increase of attenuation due to the ionic migration peak, whose maximum is located at about
400 K in the MHz frequency range [33]. This glass, in fact, is a good ionic conductor and is
used as main component for synthesizing a class of vitreous fast ionic conductors [33]. We do
not give the attenuation for shear waves, except to report that over the whole temperature range
explored the internal friction was found to be about the same as that for longitudinal waves, as
found also [11, 34] for alkali borate glasses.

The explored frequency range is quite limited and enables us only to get rough evaluation
of the average activation energy Eact and the characteristic frequency τ−1

0 of the relaxation
process. The Arrhenius plot of the frequencies versus the reciprocal temperatures of the
acoustic loss maxima gives values of Eact/kB and τ−1

0 for (Ag2O)x(B2O3)1−x glasses, which
are close to about 700 K and 1013 s−1, respectively.

To analyse quantitatively the temperature dependence of the ultrasonic internal friction
Q−1 of silver borate glasses we will follow the same lines already discussed in a very
recent paper [34], where the relaxation processes were described by the asymmetric double-
well potential (ADWP) model [35, 36]. Since the tunnelling model is also based on
asymmetric double-well potentials, application of the ADWP model permits a connection
between tunnelling and classical activation, because for both mechanisms the ultrasonic strain
interacts with the defect states by modulation of the asymmetry �. Therefore only a short
account of the theoretical approaches explaining the experimental data will be given in the
following.

The low-temperature plateau of internal friction, whose onset shifts to higher temperatures
with increasing frequency (see figure 3(a)), has been explained in terms of phonon-assisted
tunnelling of two-level systems and is directly related to the tunnelling strength Ci [37]:

Q−1
i,plateau = π

2

[
P̄γ 2

i

ρV 2
i

]

= π

2
Ci . (1)

Here Vi is the ultrasonic wave velocity, γi the deformation potential that expresses the coupling
between the ultrasonic stress and the system, P̄ the TLS spectral density, ρ the sample density,
while the index i refers to the different polarizations (l stands for longitudinal and t for
transverse). A background of ultrasonic attenuation, which is temperature independent but
frequency dependent, has been discarded using the procedure described in detail in [38]. The
calculated values of the product P̄γ 2

i increase with increasing Ag2O concentration (table 2),
a trend which mainly reflects the growth of the deformation potential γl. The deformation
potentials for silver borate glasses were deduced by linear interpolation from the plot of the
values of γl, experimentally determined in lithium borate glasses [39], versus the corresponding
glass transition temperatures Tg [40]. The resulting TLS spectral density P̄ does not show
any definite variation with increasing Ag2O concentration. It is also worth noting that the
longitudinal tunnelling strengths Cl show a magnitude ranging between 10−3 and 10−4, as
universally observed in almost all the glasses [8].

With increasing temperature above the region of the plateau, the internal friction rises
and, at still higher temperatures, exhibits a maximum associated with thermally activated
relaxations of structural defects over the potential barriers. A contribution to the increase of
Q−1 between about 8 and 20 K, i.e. the region between the plateau and the loss peak, can arise
from incoherent tunnelling effects within the two wells as a consequence of increasing thermal
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Table 2. Values of the parameters related to the phonon-assisted tunnelling (Cl, P̄γ 2
l , γl, P̄) and to

the thermally activated relaxation (C∗
l , V0, τ0, and f0γ

2
l and f0) in (Ag2O)x (B2O3)1−x glasses.

Samples Cl P̄γ 2
l γl P̄ C∗

l f0γ
2
l f0 V0/kB τ0

X (10−4) (107 J m−3) (eV) (1045 J−1 m−3) (10−3) (108 J m−3) (1046 J−1 m
−3

) (K) (10−14 s)

0.0 2.4a 0.52a 0.21 4.5a 8.28 1.73 15.3 725 9.6
0.04 6.93 1.78 0.34 6.0 17.2 4.41 14.86 893 2.9
0.11 4.83b 1.93b 0.5 3b

0.14 5.2 2.59 0.57 3.1 15.3 7.62 9.14 740 6.18
0.20 3.97b 2.46b 0.64 2.4b 14.14 8.17 7.77 924 5.4
0.33 5.68b 4.47b 0.65 4.1b

a Values taken from [39].
b Values taken from [38].

motion which prevents the phase coherence of TLS tunnelling motion [6]. Limiting the present
analysis to the temperature region above 20 K where only the relaxation process is dominant,
the loss peak can be described by the ADWP model following the procedure described by
Gilroy and Phillips (GP) [36]. In the GP framework, barrier heights V varying randomly over
the defect sites with an exponential distribution, g(V ) = V −1

0 exp(− V
V0

), and asymmetries �

having a constant distribution, f (�) = f0, have been used. In the model, the relaxation time
τ of the process has been approximated by the usual Arrhenius law, τ = τ0eV0/kBT , where the
average activation energy is the parameter V0 of the distribution and the characteristic time τ0

is related to the vibrational frequency of the relaxing defect in a single well. This gives the
following expression which accounts for the temperature dependence of the acoustic loss with
an error of a few per cent in the ultrasonic range [36]:

Q−1
i,rel = π

(
f0γ

2
i

ρV 2
i

)

a (ωτ0)
a = πC∗

i a(ωτ0)
a. (2)

In equation (2) C∗ is the relaxation strength, a = kBT
V0

= T
T0

and the other parameters are defined

above. The values of C∗
l , V0 and τ−1

0 obtained by numerical evaluation of the experimental data
are reported in table 2 and a typical fit of the relaxation loss, reproducing quite well the shape
of the experimental results, is shown by a solid line in figure 4(a). It should be pointed out that
similar fits have been carried out also by using a constant distribution of asymmetries f0 and
a Gaussian distribution for g(V ), but agreement with the experiment was then not so good as
that obtained by using the exponential distribution, as already observed [34].

Figure 5(a) shows an important result of the present analysis: the relaxation strength C∗
l is

found to be more than one order of magnitude larger than the tunnelling strength Cl.
From the values of C∗

l we have deduced the spectral density of asymmetries f0, which
decreases with increasing Ag2O concentration from 15.3 × 1046 J−1 m−3 in pure B2O3 to
7.7 × 1046 J−1 m−3 in the glass with X = 0.20 (see table 2). According to a previous
evaluation [34], an order of magnitude of 1026 m−3 has been obtained for the number of
relaxing particles which also decreases by going from pure B2O3 to (Ag2O)0.20(B2O3)0.80

glass. This excludes a significant contribution of OH− impurities to the relaxation losses [11],
because FTIR (Fourier transform IR) analysis of the glasses studied here revealed no sign of
these extrinsic defects within experimental accuracy. In addition to the decreasing density
of relaxing defects, there is an apparent activation energy V0 which does not show any
definite variation with increasing Ag2O concentration. It is considered that the latter feature
should be attributed to relaxing particles whose local arrangement is not greatly influenced
by structural modifications induced by network modifier ions. The absence of an adequate
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Figure 4. (a) Comparison between the experimental data for the internal friction at 50 MHz
across the broad relaxation peak in (Ag2O)0.04(B2O3)0.96 glass and the theoretical fits with the
exponential distribution of activation energies (continuous line). (b) Comparison between the
temperature dependence of the fractional sound velocity of 10 MHz longitudinal ultrasonic waves
in (Ag2O)0.04(B2O3)0.96 glass and the theoretical curve (continuous line) obtained by the relaxation
and anharmonic contributions evaluated using equations (4) and (5), respectively.

model to describe the microscopic nature of defect states in glassy B2O3 led us to try a possible
explanation for the observed anelastic effects. Both the findings involving f (�) and V0 could
be considered as an indication of structural relaxations which originate from some kind of
local motion of BØ3 groups building up the borate network. Since the addition of silver oxide
converts BØ3 groups to BØ−

4 tetrahedrons and (for X � 0.20) BØ2O− triangles, Coulombic
interactions between Ag+ cations and these charged groups, leading to a reduction of their
degrees of freedom and of their local mobility, are expected. These additional interactions
could represent the source for the observed decrease of the number of relaxing units. In
this context, a larger cation field strength should be more efficient in reducing the number
of relaxing particles. Numerical evaluation of the relaxation strength C∗

l of the loss peaks
observed in (Li2O)0.04(B2O3)0.96 and (Li2O)0.14(B2O3)0.86 glasses [11] leads to values of f0

(9.6 × 1046 J−1 m−3 and 3.7 × 1046 J−1 m−3, respectively) that are significantly smaller than
those obtained in silver borate glasses having the same molar ratios (see figure 5(b)).

Comparison between the tunnelling strength Cl and the relaxation strength C∗
l (figure 5(a)),

quantities determined quite directly by the experimental data, and between the spectral densities
P̄ and f0 (figure 5(b)), reveal differences of more than one order of magnitude. Furthermore the
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Figure 5. (a) Comparison between the tunnelling (•) and relaxation (�) strengths of
(Ag2O)x (B2O3)1−x glasses. The dotted lines are only guides for the eye. (b) Comparison between
the spectral densities of TLS ( P̄) and asymmetries ( f0) of (M2O)x (B2O3)1−x glasses. The dotted
lines are only guides for the eye.

slight oscillation in P̄ with increasing Ag2O and Li2O (values taken from [11]) concentration
contrasts with the clear-cut decrease observed for f0. If the same microscopic origin drives
tunnelling effects and classical activation [6], the above differences imply that only a fraction
of the relaxing centres experiences tunnelling motion.

A further consideration results from the close similarity between the concentration
behaviours of both f0 and αth up to X = 0.20. This implies that the Coulombic interactions
between NMIs and the charged BØ−

4 tetrahedrons impose severe restrictions on the expansion
capability of the network and its thermally activated local mobility. The present observations
lead to the conclusion that glasses having a structure modified by increasing NMI addition leave
the TLS density almost unaltered, confirming once more their universal nature as inherent to
the glassy state, but alter the thermally activated local mobility substantially.

3.4. Sound velocity: relaxations and vibrational anharmonicity

In figure 3(c), the temperature variations of the sound velocity vl of 10 MHz longitudinal
waves in (Ag2O)x(B2O3)1−x glasses are reported as vl(T )/vl,rt, vl,rt being the value at room
temperature. There is a continuously changing slope for temperatures varying in the interval
between about 2 and 100 K and a nearly linear trend for higher temperatures. The decrease
observed at temperatures between 10 and 100 K becomes increasingly smaller with increasing
concentration up to X = 0.20, while the slope of the linear behaviour above 100 K decreases
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by going from pure B2O3 to (Ag2O)0.14(B2O3)0.86 and then increases with growing silver ion
concentration.

As already observed in alkali borate glasses [11, 34], the sound velocities of silver borate
glasses decrease with increasing temperature in the whole investigated range, but exhibit
a larger slope at low temperatures. With respect to dynamical mechanisms driving the
temperature behaviour of the sound velocity, we can distinguish three different regimes: (i)
quantum mechanisms having TLSs as mainly responsible between 1.5 and 20 K, (ii) thermally
activated relaxations causing the significant drop observed between 20 and 120 K and (iii) the
vibrational anharmonicity regulating the nearly linear trend at even higher temperatures. The
temperature dependence of the variation of longitudinal sound velocity Vl in the range between
20 and 300 K can be expressed well by [34]:

(
�Vl

Vl,0

)

=
(

�Vl

Vl,0

)

rel

+
(

�Vl

Vl,0

)

anh

(3)

where �Vl = Vl(T ) − Vl,0 and Vl,0 is the sound velocity at the lowest temperature in the
experiment.

In the right-hand side of equation (3) the relaxation term is given by [36]:
(

�Vl

Vl,0

)

rel

=
(

f0γ
2
l

ρV 2
l

)
[
(ωτ0)

α − 1
] = C∗

l

[
(ωτ0)

α − 1
]

(4)

and the anharmonic term by [41, 42]
(

�Vl

Vl,0

)

anh

=
(

L

L0

) 3
2
[

1 − �l F

(
T

�

)] 1
2

− 1 (5)

where L is the length of the sample, L0 the length of the sample at T = 0 K and � the
Debye temperature. F( T

�
) is the usual function determining the internal energy of a Debye

solid and the anharmonicity coefficient �l, a dimensionless parameter mainly depending on
the mean acoustic-mode Grüneisen parameter γG,el, has been assumed to be temperature
independent [11, 34].

Using the parameters obtained by the numerical evaluation of the relaxation loss (table 2)
in equation (4) and the room-temperature values of � (table 1) in equation (5), the temperature
behaviours of the sound velocity have been evaluated by using �l as the only parameter of the
fit. The values of �l are reported in table 1 and a typical fit of (�Vl

Vl,0
) is shown by a continuous

line in figure 4(b). �l decreases with increasing concentration showing a minimum in the range
between X = 0.14 and X = 0.20 and then a sharp increase at X = 0.33. The concentration
behaviour of �l appears to reflect that of αth, which shows a well-defined minimum at X ∼ 0.2
(figure 2(b)).

4. Conclusions

Silver and lithium borate glasses represent good model systems for investigating the relations
existing between (i) fragility and anharmonicity and (ii) quantum tunnelling effects and
classical activation. Increasing addition of metal oxide leads to controlled variations of the
elementary structural groups building up the borate network, permitting us to get useful
information on the microscopic origin of the observed behaviours. The observed increase of
fragility with increasing metal oxide content has been interpreted in terms of isomerization
reactions which transform BØ4 groups into triangular BO3 groups containing one or two NBOs
with increasing temperature over the glass transition region. The parallel enhancement of the
anharmonicity of the glass, as estimated by the room-temperature Grüneisen parameter, implies
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that metal cations have a stronger temperature dependence of the vibrational amplitudes than
the rest of the host borate network as a consequence of their anharmonic rattling within their
local cages. To the extent to which this simple picture describes appropriately the role of
cations, it is tentatively suggested that they drive the system towards a structural configuration
which is less resistant to thermal degradation as the temperature is increased to and above Tg,
probably triggering the discussed isomerization reactions.

The acoustic attenuation and the sound velocity show temperature behaviours over the
range between 1.5 and 300 K mainly governed by localized motions of structural defects and
by the anharmonicity. The locally mobile particles experience quantum tunnelling motions
below 10 K and classical activation over potential barriers above 20 K. The tunnelling strength
Cl ranges between 10−4 and 10−3 for both silver and lithium borate glasses and is found to
be independent of the structural changes of the borate network. The relaxation strength C∗

l ,
however, is found to be of the order of 10−2 and exhibits a well-defined decrease with increasing
metal oxide content which causes a significant reduction of the triangular BØ3 groups building
up the skeleton of boron dioxide. Despite the lack of an adequate microscopic model describing
the low-energy excitations in borate glasses, these observations lead us to associate the defect
states with some kind of local motion of BØ3 groups within the borate network, also revealing
that only a small fraction of relaxing particles are involved in tunnelling local motions below
10 K. The totality of observations lead to the conclusion that, differently from thermally
activated relaxing centres, TLS spectral density is largely independent of the morphology of
an amorphous solid, confirming its universal nature as intrinsic to the glassy state.
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