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Using the coherent-potential approximation in heterogeneous-elasticity theory with a log-normal
distribution of elastic constants for the description of the Raman spectrum and the temperature
dependence of the specific heat, we are able to reconstruct the vibrational density of states and
characteristic descriptors of the elastic heterogeneity of a wide range of glassy materials. These
descriptors are the non-affine contribution to the shear modulus, the mean-square fluctuation of the
local elasticity, and its correlation length. They enable a physical classification scheme for disorder
in modern, industrially relevant glass materials.

We apply our procedure to a broad range of real-world glass compositions, including metallic,
oxide, chalcogenide, hybrid and polymer glasses. Universal relationships between the descriptors on
the one side, and the height and frequency position of the boson peak, the Poisson ratio and the
liquid fragility index on the other side are established.

In contrast to crystalline materials, glasses
exhibit aperiodic heterogeneity in local den-
sity, chemical composition and structural rigid-
ity. This complicates the extraction of structure-
property correlations and predictive tools for ex-
perimental materials design or classification. On
the other hand, statistical information may be ob-
tained from the vibrational spectrum of the ma-
terials, which can be probed by Raman light scat-
tering and by measuring the temperature depen-
dence of the specific heat. Here we use a mean-
field theory, which links the vibrational spectrum
to the statistics of elastic heterogeneity, to charac-
terize glasses according to their disorder strength
and the characteristic correlation length of spatial
elastic fluctuations. These descriptors are shown
to be related to the elastic properties of the glass
and the temperature dependence of the viscosity
of the melt (“glass fragility”) and may therefore
be helpful for designing new materials for specific
applications.

The extraordinary spatial homogeneity of glassy ma-
terials underlies their many applications, as it leads to,
e.g., optical transparency, characteristic fracture pat-
terns, distinct mechanisms of charge, heat and sound
transport, or specific solvation behavior. In turn, the
ultimate limit of all of these properties lies in the length
scale below which material homogeneity is broken. Fol-
lowing the curious observation that the density of a glass
is usually lower than that of its crystalline counterpart
(when chemical compositions were equivalent) early hy-
potheses of network formation [1] and excess free volume

[2, 3] were formulated for different classes of glass. These
led to the qualitative paradigm of glass structure, where
aperiodic heterogeneity in the atomic packing density, in
network rigidity and/or in the distribution of chemical
species constitutes the primary difference to a crystalline
lattice. Although the process by which a supercooled liq-
uid acquires the rigid glassy state remains poorly under-
stood [4, 5], such types of structural heterogeneity have
been related to the heterogeneous dynamics of the liquid
[6], liquid fragility [7] and the non-ergodicity factor [8].

However, across all types of glass, quantitative descrip-
tors for structural heterogeneity have been elusive, due
to the inability to describe glass structure beyond short
length scales. As a result of structural disorder, the
fundamental tool for understanding crystal properties,
namely the lattice symmetry, is not available for glasses.
Instead, empirical or semi-empirical regression models
are frequently used for property predictions. For ex-
ample, the elasticity of multi-component glasses is often
described through mean-field regression analysis of bond
energy density [9, 10]. Although useful in their simplicity,
such practical approaches ignore localization phenomena
and non-affinity, which are common to disordered mate-
rials across the broadest range of length scales [11] and
material chemistries [12]. For example, for brittle glasses
with strongly covalent bonding, heterogeneous network
topology has been identified to mediate nanoscale ductil-
ity [13] and macroscopic plasticity [14, 15].

It turned out that an important property of glasses is
the presence of random spatial fluctuations of local elastic
constants. It was shown that such heterogeneous elastic-
ity is intimately related to the orrurrence of non-affine
displacements [16–20]. In metallic glasses, a parameter
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denoted flexibility volume was extracted from the spa-
tial distribution of the atomic mean-square displacement
as probed by computational simulation [21]. For two-
and three-dimensional Lennard-Jones glasses, correlated
particle displacements with a correlation length of 20-30
interparticle spacings were found [18, 19]. Similar ob-
servations were made in a computer-generated model of
amorphous silica [19].

When compared to crystals, the vibrational density of
states (VDoS) of glasses exhibits an anomalous excess in
the THz regime, which forms a maximum if the VDoS
is divided by the square of the frequency (“boson peak”)
[22–24]. The VDoS is directly accessible by means of
inelastic nuclear [25] and incoherent neutron scattering
[26], but only indirectly by inelastic coherent neutron
[23, 24, 27], X-ray [28–30], and Raman [14, 31–33] scatter-
ing. Further information on the VDoS in the THz regime
can be obtained from the temperature (T ) dependence of
the specific heat C(T ) [34, 35], where the boson peak is
observed if plotted as C(T )/T 3. The possible origin of
the boson peak has been discussed rather controversely
[36–40]. However, many groups nowadays agree that in
most cases spatial fluctuations of the local elastic mod-
uli cause this anomaly [41–43], hence, studies of the THz
vibrational anomaly in the VDoS - in principle - provide
access to the descriptors of spatial elastic fluctuations.

The boson peak related anomalies, including a char-
acteristic shoulder in the temperature dependence of
the thermal conductivity, can be rather successfully ex-
plained and described by heterogeneous-elasticity theory
(HET, [44]). Combined with the self-consistent Born
approximation (SCBA) a relation of the excess VDoS
with the sound attenuation coefficient was established
[45] and the results where tested in detail against exten-
sive molecular-dynamics simulations [41]. In the latter
study it was also shown that the decrease of the value of
the shear modulus with respect to the average one is due
to non-affine elasticity, and that HET accounts for this
effect.

As HET describes microscopically the vibrational dy-
namics of a glass, all spectroscopic data can be expressed
in terms of the wavenumber-dependent dynamic suscepti-
bilities, which are obtained from the statistics of the fluc-
tuating elastic constants. In particular the Raman spec-
tra are given as wavenumber integrals of these suscepti-
bilities [31]. Therefore, by means of HET, it is possible
to unambiguously extract the VDoS from Raman data
[31, 33, 46]. This procedure has been demonstrated to be
more reliable than using a phenomenological frequency-
dependent coupling constant C(ω), as is widely done in
the literature [14, 31, 32].

However, within SCBA the description of the elastic
disorder is restricted to weak and Gaussian fluctuations.
As this is not sufficient for the description of a very broad
range of disordered materials, HET has been generalized
by means of the coherent-potential approximation (CPA)
[36, 47]. Within CPA an arbitrary distribution of local
elastic constants can be implemented, and there is no re-

striction to weak disorder. However, a systematic analy-
sis of a broad class of glasses by means of HET-CPA has
not yet been conducted.

We now present the results of a disorder classification
of modern glasses using HET-CPA with a log-normal
distribution density of spatially fluctuating elastic con-
stants. This variant of HET features specific descriptors
of the statistics of the shear modulus, namely the vari-
ance, the geometric mean and the coarse-graining size,
which is proportional to the correlation length of the
fluctuations. Using the scaling properties of the CPA we
obtain a relation between the first two quantities, which
reduces the descriptors to the disorder parameter σ2 and
the coarse-graining wavenumber ke. Evaluating the vi-
brational spectra of a large number of glassy materials
we obtain correlations of these descriptors with the bo-
son peak frequency, the boson peak height, the Poisson
ratio and the liquid fragility index. We achieve this goal
with experimental input from THz Raman spectroscopy
and low-temperature heat capacity, covering all known
classes of glass, from metallic to non-metallic, chalco-
genide, polymeric and hybrid materials.

Theory

HET-CPA

Within HET-CPA the spatially fluctuating local shear
moduli G(ri) ≡ Gi are converted to a macroscopic com-
plex, frequency-dependent modulus G(z) (z = ω + iε,
ω = 2πν is the angular frequency) by the self-consistent
CPA equation〈

Gi −G(z)

1 + 1
3

[
Gi −G(z)

]
Λ(ke, z)

〉
P

= 0 (1)

The (arithmetic) average 〈. . . 〉P is performed with a log-
normal distribution density

P (Gi, G0, σ) =
1

σ
√

2π

1

Gi
exp

{
− 1

2σ2
[ln(Gi/G0)]2

}
(2)

We chose this distribution, because for weak disorder
σ2 � 1 it reduces to a Gaussian distribution (see Fig.
1)1, but for σ2 values around and larger than 1 it ac-
counts for a broad range of non-Gaussian disorder [47].
G0 and σ2 are the first two descriptors of our classifi-
cation. G0 is the geometric mean of the Gi, also called
“typical value”, which is for this distribution equal to
the median. σ2 = ln

{
1 + Var[Gi]/〈Gi〉2P

}
is the disorder

parameter, related in the indicated way to the relative

1 We note that for weak disorder the CPA [47] reduces to the self-
consistent Born approximation, SCBA [41, 44], which is based
on Gaussian elastic heterogeneity.
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variance. Λ(z) is the susceptibility function, which is a
linear combination of the longitudinal and transverse lo-
cal susceptibilities χL,T (ke, z)

Λ(z) =
3

k3e

∫ ke

0

dkk4
[

4

3

1

−z2 + k2v2L(z)
+ 2

1

−z2 + k2v2T (z)

]
=

4

3
χL(ke, z) + 2χT (ke, z) (3)

The upper wavenumber cutoff ke is the third descriptor
of our classification. ke = 3

√
2π2/Vc is related to the

minimum possible coarse-graining volume Vc for obtain-
ing statistically independent local shear moduli Gi [47].
Therefore ke is inversely proportional to the correlation
length ξG of the fluctuating elastic constants2 Gi. The
complex frequency-dependent sound velocities are given
by

ρvT (z)2 = G(z) ρvL(z)2 = Kexp +
4

3
G(z) (4)

Here ρ = MN/V is the mass density, M the molecular
mass, N the number of molecules, V the sample volume,
and Kexp the experimentally determined bulk modulus.
In our model the fluctuations of the local bulk moduli
are considered to be negligible [36, 41].

It is easily checked from Eq. (3) that the relation
χL,T (k, 0) = vL,T (0)−2 holds. Therefore in the static
ω = 0 limit the descriptor ke becomes irrelevant. The
zero-frequency limit of the frequency-dependent sound
velocities are the experimentally measured sound veloc-
ities vT = vT (0) =

√
G(0)/ρ =

√
Gexp/ρ, vL = vL(0) =√

[Kexp + 4
3Gexp]/ρ. These quantities, together with ρ

are used as input for our fit procedure for obtaining
the material descriptors. The dynamical input are the
Raman spectra and the temperature dependent specific
heat. Within HET-CPA these vibrational spectra are ob-
tained from the dynamic sound velocities (see Materials
and Methods, MM) vL,T (z), which are related to G(z)
via relation (4). The latter is calculated self-consistently
from the CPA equations (1), (3), and (4) with the condi-
tion G(0) = Gexp, using the log-normal distribution [2].
The output are the desciptors G0, σ

2 and ke. We empha-
size that these descriptors have a well-defined physical
meaning.

Static descriptors and non-affinity

Before we discuss the material characterizations ob-
tained by our fit procedure, we now establish a relation
between the first two descriptors G0, σ

2 and Gexp. As

2 Comparing our obtained value of ke = 0.345Å−1 for SiO2 with
the correlation length ξG = 33Å obtained in a SiO2 simulation
[19] we have keξG = 11.4 as proportionality factor.
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FIG. 1: Panel a: Distribution P (Gi, G0, σ) for some archety-
pal glasses. The labels indicate the characteristic value of
G0. Panel b: Ratio of the shear modulus Gexp and the typical
shear modulus G0 vs. the disorder parameter σ2 (symbols).
Curved red line: G(0)/G0 vs. σ2 for f(κ=2) = 0.8 according
to the CPA relation (20). Straight dashed lines: Low-disorder
CPA relation (6) for several values of f . The shaded area in-
dicates the accessible region within the limits of f(κ).

shown in MM, the CPA equation (Eq. (20)) for the ratio
G(0)/G0 = Gexp/G0 does not depend further on G0, so
this ratio is a function of σ2 with the parameter

f(κ) =
1

3

(
2 +

4

4 + 3κ

)
κ =

Kexp

Gexp
(5)

which varies very slowly with the ratio κ between the
limits f(∞) = 2/3 and f(0) = 1. As further shown in
MM, in the small σ2 limit the relation between Gexp/G0

and σ2 takes the form

Gexp

G0
= 1− σ2

(
f(κ)− 1

2

)
≡ 1− n (6)

It has been demonstrated [41, 43] that the lowering of
the macroscopic shear modulus with respect to the local
average is due to non-affine elasticity. Therefore we call n
(which increases almost linearly with σ2) the non-affine
parameter. Then, relation (6), or its exact counterpart,
Eq. (20), combine the parameters G0 and σ2 into a single
descriptor, i.e., σ2 or n.

Results

Non-affinity and ratio Kexp/Gexp

In Fig. 1 we have plotted the ratio Gexp/G0 = 1 − n
vs. σ2 as obtained for a wide range of glassy materials.
The full red line corresponds to the exact relation (20)
with f(κ) = 0.8, which corresponds to κ = 2, being a
representative value for most of our materials. We further
see from Fig. 1 that the CPA line for f = 0.8 closely
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FIG. 2: Example of the CPA fit procedure for vitreous glyc-
erol. The parametric descriptors G0, σ2 and ke are provided
in Supplementary Table S3 [48]. In Panel a the CPA fit is
shown for the isobaric heat capacity Cp with experimental
data extracted from Ref. [49]. Panel b shows the reduced Ra-
man spectra IV V,V H/ω[n(ω) + 1] extracted from HET-CPA
for VV and VH geometries , respectively, with experimental
data from Ref. [50] (175 K) and using the depolymerization
ratio of Kojima [51]. In Panel c the resulting reduced VDoS
g(ω)/gD(ω) = g(ω)ω3

D/3ω
2 are shown. Corresponding exper-

imental VDoS data obtained by inelastic neutron scattering
[52] are provided for reference. The dashed red line indicates
the Debye level 3/ω3

D.

follows the straight dashed line given by equation (6) for
f = 0.75 in the regime σ2 < 1, i.e., for low disorder
strength.

Spectral properties and the correlation length

We now turn to the discussion of the influence of dis-
order on the spectral properties of glasses. We use the
term “boson peak”3 relating to the prominent maximum
of the reduced VDoS g(ω)/gD(ω) with gD(ω) = 3ω2/ω3

D.
The Debye frequency is given by ωD = kDvD, where
kD = 3

√
6π2N/V is the Debye wavenumber and vD =

vT
[
1
3

(
2 + [κ + 4

3 ]−3/2
)]−1/3

is the Debye velocity. It
has been demonstrated in the literature that the bo-
son peak frequency ωb coincides with the so-called Ioffe-
Regel frequency at which the disorder-induced mean-
free path becomes equal to the transverse-acoustic wave-
length [41, 42]. In the frequency range above ωb the dis-
order dominates the vibrational spectrum

3 Very often in the literature the peak in the reduced Raman spec-
trum is also called “boson peak”, which causes some confusion.
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FIG. 3: Frequency positions of the maxima in the reduced
Raman intensity (grey diamonds) and in the reduced VDoS
(blue triangles) against ω0 = kev0.

In Fig. 2 we demonstrate our fitting procedure for the
archetypal example of glycerol. In Panels a and b we
plot the the reduced specific heat C(T )/T 3 and the re-
duced Raman intensity IV V,V H(ω)/ω[n(ω)+1] (see MM)
together with the corresponding CPA fits. It is remark-
able that the VDoSs obtained from the two data sets
(displayed in Panel c) almost agree to each other. Fur-
themore, there is a fair agreement with the VDoS data
obtained by coherent inelastic neutron scattering [52].

In Fig. 3 we have plotted the boson peak frequency
ωb vs. the characteristic frequency ω0 = kev0, related to
the descriptors ke and G0 = ρv20 . We see that a precise
linear relationship

ωb = 0.333ω0 (7)

is obtained. Because ω0 ∝ ξ−1G , we verify that the
Ioffe-Regel crossover from wave-like vibrations to disor-
der dominated ones happens, when the wavelength be-
comes of the order of the correlation length ξG. In other
words, if the mesoscopic transverse sound velocity v0 is
used to convert from the length scale to the frequency
scale ξG determines the boson peak frequency.

ωb ∝ ω0 ∝
1

ξG

vT√
1− n

. (8)

In Panel a of Fig. 4 we have plotted the height of the
boson peak max{g(ω)/gD(ω)} vs. the relative boson peak
position ωb/ωD. We obtain a power-law relationship

max{g(ω)/gD(ω)} = 0.46

(
ωb

ωD

)−0.8

= 1.11

(
ω0

ωD

)−0.8

, (9)

where the second equality is obtained from Eq. (7). An
even more accurate power-law relationship is displayed
in Panel b of Fig. 4 for another dimensionless represen-
tation of the boson peak height:

ω3
0max{g(ω)/ω2} = 2.19

(
ke
kD

1

1− n

)2.42

(10)
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of the reduced VDoS g(ω)/gD(ω) vs. ω/ωD with gD(ω) =
3ω2/ω3

D. Panel b: Double-logarithmic plot of the maximum
of ω3

0g(ω)/ω2 vs. ke/kD(1−n)−1. The grey lines indicate the
exponent 0.8 (panel a) and 2.42 (panel b), respectively.

Relations (7), (9), and (10) relate unambigously the po-
sition and the height of the boson peak to the descriptors
ke and G0.

Correlation length, poisson ratio and fragility

In Fig. 5a we have plotted ke/kD against the Poisson
ratio ν as well as against κ = Kexp/Gexp, showing that
the empirical correlation can be better represented by a
linear relation with ν than by a linear relation with κ.
The correlation with ν is ν = 0.06 + 0.56ke/kD.

The Poisson ratio is a rather important figure for de-
signing new glass materials for applications [53, 54]. For
example, for ν > 0.3 one expects a brittle-to-ductile tran-
sition, therefore, values of ke/kD > 0.5 would point to a
ductile material. This makes sense intuitively, as a large
value of ξGkD will lead to a rather rigid network.

A further characteristic property of glasses is the
fragility index m of its corresponding liquid [7], which
is the relative curvature of the logarithm of the tem-
perature dependence of the viscosity η near the glass
transition temperature Tg. It is defined by m =
∂ log10 η/∂[Tg/T ]|T=Tg . Novikov and Sokolov [55, 56]
proposed an empirical relationship between the Poisson
ratio and m for a number of non-conducting glasses. This
had been challenged by Yannopoulos and Johary [57],
presenting a large number of exceptions. Later it became
clear that such relationships appear only in certain mate-
rial classes [58]. Very recently Østergaard et al. collected
viscosity and elasticity data for a very large number of
glasses [54]. They have shown that rather than a corre-
lation a trend exists for larger m values in materials with
larger ν values, see Fig. 6. In Panel b of Fig. 5 we have
plotted m against ke/kD of those materials involved in
our present study for which viscosity data is vailable in
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FIG. 5: Panel a: Poisson ratio ν (red circles, left scale) and
κ = Kexp/Gexp (blue triangles, right scale) vs. ke/kD. Panel
b: fragility m vs. ke/kD. Symbol code as in Fig. 1. The grey
lines represent linear datafits.

the literature. Indeed we find a weak but notable posi-
tive correlation between m and the ratio of ke/kD. If we
combine this correlation with the one shown in Panel a
of Fig. 5 we find m = 218ν − 17, which is inserted as
red dotted line into the trend picture of Østergaard et al.
in Panel b of Fig. 6. We add Sokolov’s correlation for
non-metals [58] m = 29κ− 12. It is seen that it also fits
into Østergaard’s trend. For our classification it is im-
portant to note that large ke/kD values prevail for fragile
materials.

Discussion

We have already emphasized that our disorder classifi-
cation essentially reduces to two descriptors, the disorder
parameter σ2, which is proportional to the non-affinity
n = 1 − Gexp/G0 and the upper momentum cutoff ke,
which is inversely proportional to the correlation length
ξG of the fluctuating elastic constant.

The non-affine reduction of the macroscopic shear
modulus Gexp, which appears in all types of glass, may
be interpreted in terms of acoustic percolation [47]. The
local sound propagation is fastest in regions of high rigid-
ity and, in turn, the strain energy is localized in the soft,
non-affing regions. Under shear, the rigid backbone re-
gions then enclose the non-affine soft regimes, which fea-
ture rotational patterns. Metallic glasses with low σ2

exhibit less pronounced non-affine features. In the more
interconnected morphologies, softer modes become a se-
rious obstacle for sound propagation, leading to an en-
hanced acoustic path length and therefore a reduction of
the effective velocity. This is in perfect analogy of the
percolational reduction of the conductivity in disordered
networks due to disorder [59] and is the reason for the
remarkable relation between non-affinity n and σ2.

The remaining descriptor, the correlation length ξG of
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by Østergaard et al. [54]. Dotted red line: Present empirical
correlation as obtained from the data of Fig. 5. Dash-dotted
green line: Empirical correlation obtained by Sokolov [55, 56,
58] for non-metallic glasses. The grey-shaded region marks
the overall trend of reported experimental data.

the spatial rigidity fluctuations features strong correla-
tions with the frequency position ωb and the height of
the boson peak. On the other hand, it is related to the
ratio of the shear and bulk modulus κ, and hence to the
Poisson ratio ν and – trendwise – to the fragility m.

Let us start discussing the relation ωb = 0.333ω0, re-
vealed in Fig. 3. As ω0 = ke

√
G0/ρ is inversely propor-

tional to ξG, so is the boson peak position. Such a corre-
lation between ωb and the inverse of a structure-related
correlation function was already conjectured in the early
days of the discussion of the boson peak [60, 61], but had
never been unambiguously quantified. The velocity con-
necting the boson peak frequency and the inverse correla-
tion length turns out to be not related to the macroscopic
transverse sound velocity vT but to the average local one,
v0, i.e., the one related to the typical local shear modu-
lus. Only when a proportionality with vT is enforced, a
structure-related pre-factor appears:

ωb ∝ ω0 ∝
1

ξG

vT√
1− n

. (11)

We see, if vT /ξG is used instead of v0/ξG, a correction
factor [1− n]−1/2 appears, which is similar to an empir-
ical “shape factor”, introduced by Duval et al. [61] for
accounting for specific material properties in order to im-
prove the correlation between ωb and vT /ξG. Instead of
the shape of rigid inclusions [61], our correction factor ac-
counts for the non-affinity and, by the CPA equivalence
(6), to the disorder strength.

Summarizing the trends displayed in Fig. 6, and com-
bining the findings of Figs. 5 and 1, we may say that
with increasing liquid fragility, the correlation length (rel-
ative to the intermolecular distance) decreases and non-
affinity (weakly) increases. The former observation is
a strong confirmation for the correlation between liq-
uid heterogeneity and heterogeneity in the solid (glassy)
state which was previously found for molecular glass for-
mers and colloidal suspensions [62, 63], where the grow-
ing size of correlated regions was identified as the origin

of the dynamic slow-down during glass formation (fur-
ther support may be found in the correlation between
liquid fragility and structural fragility which was discov-
ered for metallic glasses [64]). It is, indeed, known that
structures presenting an abundance of soft elastic modes
tend to have a higher length scale of shear fluctuation
ξG and are strong (low Poisson’s ratio). Previous mod-
elling studies [65] found that the amplitude of the boson
peak (in Debye units) correlates well with the inverse
of the fragility, 1/m. Our data provide experimental
confirmation for this observation, as relation (9) implies
max{g(ω)/gD(ω)} ∝ (ke/kD)−0.8 ∝ m−0.8.

The metal-organic framework glass represents a par-
ticular case. A glass formed from ZIF-62, termed ag-
ZIF-62, was obtained through structural collapse of a
nanoporous crystal at temperatures only mildly above
Tm. As a relic of the crystalline state, the resulting glass
contains pores on the scale of 0.5 nm [66], which rep-
resents a disperse morphology of soft modes. In terms
of the governing length scales and the function of f(κ),
their properties are similar to metallic glasses. However,
among all the considered glass chemistries, they exhibit
the highest non-affinity and the highest disorder param-
eter.

Conclusion

In conclusion, we implemented heterogeneous-
elasticity theory in conjunction with the coherent-
potential approximation using experimental input from
a broad variety of glass chemistries in order to extract
the vibrational density of states and the probability
distribution density of the local shear modulus of glassy
materials. The exclusive use of physically meaningful
fitting parameters enables widespread application of our
approach to real-world materials, revealing remarkable
trends which appear to hold across all classes of glass
(despite pronounced differences in bond directionality
and localization).

In analyzing our data, we extracted three universal de-
scriptors of disorder and the statistics of elastic hetero-
geneity: The typical value G0 and the disorder parameter
σ2, which characterize the log-normal distribution func-
tion, and the momentum cutoff ke, which is inversely
proportional to the correlation length scale ξG. Using
experimental information on the macroscopic shear mod-
ulus Gexp, we find a one-to-one relation between the non-
affinity n = 1 − Gexp/G0 and σ2. This leaves only two
independent descriptors, the disorder parameter σ2 and
the cutoff wavenumber ke, viz. the correlation length.
We found a linear one-to-one correlation between the fre-
quency ω0 ∝ ke

√
G0 and the boson peak position ωb and

a power-law relation between the boson peak amplitude
and frequency positions in Debye units. We further find
a correlation between ke and the Poisson ratio and the
fragility.

It remains to be explored how disordered materials
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derived from techniques other than liquid quenching
(e.g., the prolific superstrong glasses [67] or pressure-
amorphized crystals [66]) would fall into the observed
trends. Furthermore, extending the range of observa-
tion to materials at the extremes of disorder and with
enhanced non-affinity, respectively, would be a signifi-
cant step in understanding the further role of structural
heterogeneity on macroscopic properties through refin-
ing the discovered relations, for example, by considering
pressurized or autoclaved glasses and mesoporous hybrids
beyond the very few examples which are known today.
Such insight will open new routes for specific and inde-
pendent tailoring of non-affinity and structural hetero-
geneity towards macroscopic properties. Aside mechani-
cal and vibrational behavior, this concerns also transport
coefficients sound propagation, heat and ion conduction.
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Materials and methods

Materials

The glass samples used in this study were chosen on the
condition of individual material homogeneity and avail-
ability of general physical data so as to cover a broad
range of materials with variable bonding character and
variations in fundamental structural motifs and network
dimensionality. All studied compositions are summa-
rized in Table S1 [48], together with their glass transition
temperature Tg, liquid fragility index m, mass density ρ
and calculated values of the volume density of bond en-
ergy < U0/V0 > and of the atomic packing density Cg.
The experimental (macroscopic) shear, bulk and Young’s
modulus Gexp, Kexp and Eexp, respectively and Poisson’s
ratio ν are given in Table S2 [48]. Most glasses were pre-
pared by conventional melt-quenching techniques. Some
commercial samples were used as obtained, including a
standard soda-lime silicate glass (Marienfeld Superior,
Paul Marienfeld, Lauda-Königshofen, Germany), a low-
alkali borosilicate glass (Borofloat-33, Schott TGS, Jena,
Germany), two variants of vitreous silica (Suprasil, Her-
aeus Quarzglas, Hanau, Germany, and R300, prepared by
a modified chemical vapor deposition route (MCVD), re-
spectively) and a range of optical glasses (Schott, Mainz,
Germany). Detailed information on the fabrication pro-
cedures are provided in the References given in Tables S1-
2 [48]. All materials were used in the form of disks with

a thickness of 1-5 mm and a diameter of 2 mm, polished
to optical grade using CeO2 suspensions. X-ray diffrac-
tion (MiniFlex600, Rigaku) was conducted on all samples
in order to confirm the absence of any detectable crys-
talline species. The glass transition temperatures were
determined by differential scanning calorimetry (Netzsch
STA 449 F3 Jupiter) in flowing nitrogen, employing heat-
ing rates of 20 K/min for the MeP, SP and ag-ZIF-62
glasses, 40 K/min for Cu46Zr46Al8 (40 K/min) and 10
K/min for all other glasses. Density data were obtained
with an Archimedes balance using distilled water or dry
ethanol as immersion media. Where not already avail-
able from previous studies (for References, see Table S2
[48]), the macroscopic (effective) elastic properties were
analyzed through ultrasonic echography at room temper-
ature. The longitudinal and transversal sound velocities
vL and vT were derived from the corresponding sound
wave propagation times (recorded with an accuracy of ±
1 ns by piezoelectric transducers operating at frequencies
of 8 to 12 MHz) and the exact thickness of the polished
glass plates (determined with an accuracy of ± 2 µm us-
ing a micrometer screw). The macroscopic elastic moduli
were calculated from these values.

Vibrational spectra

Raman scattering spectroscopy was carried-out using
a Renishaw inVia confocal Raman microscope equipped
with a low-frequency notch filter covering the frequency-
range of 0-200 cm−1. Samples were excited with an Ar-
gon ion laser operating at 514.5 nm. The signal was
collected with a CCD camera at a spectral resolution
of 2 cm−1, using a grating with 2400 lines/mm and a
50x microscope objective. All spectra were collected in
two polarization geometries, VV and VH, by means of
a polarizer/half-wave plate set-up inserted in the laser
beamline between the notch filter and the monochroma-
tor. For the chalcogenides and the metallic glasses, the
vibrational properties were investigated by heat capacity
(Cp) measurements at low temperature. For the chalco-
genides, this was a precautious measure because the rel-
atively harsh Raman excitation conditions might have
induced experimental artifacts, which would compromise
subsequent data analyses. For the metallic glasses, they
are generally unsuitable for Raman spectroscopy because
first-order Raman bands result from a change in the po-
larizability of the molecule and metallic materials are in-
finitely polarizable. Further low-temperature heat ca-
pacity data on vitreous silica and on the aluminosili-
cate glasses (AS) were extracted from a previous study
[68]. Cp analyses of the chalcogenide glasses As38Se62
and GeSe4, and of the metallic glasses Pd40Ni40P20 and
Zr52.5Cu17.9Ni14.6Al10Ti5 were conducted on a physical
property measurement system (PPMS, Quantum Design)
at temperatures down to approximately 2.3 K. Cp data
on vitreous As2S3 [69] and Cu46Zr46Al8 [70] were taken
from literature, as were all experimental data of glycerol
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[49–52].

CPA calculation of spectral functions

From the CPA equations (1), (3), and (4) the dynamic
sound velocities vL,T (z) are obtained via G(z). From
these quantities the VDoS is obtained as

g(ω) =
2ω

3π

3

k3D

∫ kD

0

dkk2
[

1

−z2 + k2v2L(z)
+2

1

−z2 + k2v2T (z)

]
(12)

Here kD = 3
√

6π2N/V is the Debye wavenumber. The
temperature dependent specific heat is given by

Cp(T ) = Ac

∫ ∞
0

g(ω)
ω2

T 2

e
~ω
kBT(

e
~ω
kBT − 1

)2 dω (13)

Ac is a prefactor and ~ and kB are Planck’s and Boltz-
mann’s constants. The depolarized (V H) and polarized
(V V ) Raman spectra are [31, 36, 46]

IV H(ω) = AV H [n(ω)+1]

(
4

3
[χL(ka, ω)]′′+2[χT (ka, ω)]′′

)
(14)

IV V (ω) = AV V [n(ω) + 1][χL(ka, ω)]′′ +
4

3
IV H(ω) (15)

AV H , and AV V are prefactors and ka is a cutoff re-
lated to the correlation length of the Pockels-constant
fluctuations n(ω) = [e~ω/kBT − 1]−1 is the boson occu-
pation number (to which the boson peak owes its name).
In addition to σ2, G0, ke the Raman spectra feature two
further descriptors (“Raman descriptors”), which are the
wavenumber cutoff ka ∝ ξ−1a , where ξa is the correla-
tion length of the pockels-constant fluctuations and the
amplitude ratio AV V /AV H of the two types of Pockels-
constant correlation functions [31]. As in previous studies
[31, 33, 46], ka turned out to be very near to ke, see Table
S3 [48].

CPA equation for ω = 0

The CPA equation for ω = 0 is

0 =

〈
Gi −G(0)

1 + 1
3 [Gi −G(0)]Λ(0)

〉
P

⇔ G(0) =

〈
Gi

1 + 1
3 [Gi −G(0)]Λ(0)

〉
P

(16)

We have

1

3
Λ(0) =

1

3

(
2

Gexp
+

4

3

1

Kexp + 4
3Gexp

)
= f(κ)

1

Gexp
(17)

with

f(κ) =
1

3

(
2 +

4

4 + 3κ

)
κ =

Kexp

Gexp
(18)

We note that f(κ) is a very slowly varying function with

f(∞) =
2

3
≤ f(κ) ≤ f(0) = 1 (19)

We now introduce dimensionless variables into the second
version of Eq. (16): gi = Gi/G0 and Q = Gexp/G0 and
obtain

Q =
1√
2πσ

∫ ∞
0

dgi
e−

1
2σ2

ln{g2i }

1 + f(κ)
[gi
Q − 1

] (20)

We see that Q is an implicit function of σ2 (and vice
versa) with f(κ) as parameter

CPA calculation of Gexp in the small-disorder limit

We now define new deviatoric moduli:

Gexp = 〈Gi〉P − Σ Gi = 〈Gi〉P −∆i (21)

The CPA equation (16) becomes

0 =

〈
∆i − Σ

1− f(κ)
Gexp

[∆i − Σ]

〉
P

⇔ Σ =

〈
∆i

1− f(κ)
Gexp

[∆i − Σ]

〉
P

(22)
We now treat ∆i and Σ to be of order σ and obtain to
lowest (quadratic) order

Σ ≈ f(κ)

〈Gi〉P
〈∆2

i 〉P (23)

Therefore

Gexp

〈Gi〉P
= 1− Σ

〈Gi〉P
≈ 1−f(κ)

〈∆2
i 〉P

〈Gi〉2P
= 1−f(κ)

(
eσ

2

−1

)
(24)

and finally

Q =
Gexp

G0
=

G(0)

〈Gi〉geo
= e

1
2σ

2

[
1− f(κ)

(
eσ

2

− 1

)]
≈ 1−

(
f(κ)− 1

2

)
σ2 (25)

Numerical implementation

The CPA equation can be solved numerically within
a few iterations. The resulting solution, the frequency-
dependent shear modulus G(z), was then used to
obtain the vibrational density of states g(ω). Fits
were constructed in terms of a least square minimiza-
tion of the difference between the experimental data
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and the corresponding theoretical predictions of Eq.
(13-15). There were, therefore, two independent fit-
ting procedures involved in this work: the Cp-fit and
the Raman-fit. The Cp-fit produced (σ,G0, ke) while
taking (vL, vT , kD, Cp(2.3 < T < 20K)) for input.
The Raman-fit produced (σ,G0, ke, ka, A21) by using
(vL, vT , kD, IV V (ω), IV H(ω)) for input, where A21 =
AV H/AV V . The frequency ranges for Raman spectra
were selected from 15 cm−1 below the Raman boson peak
up to 100 cm−1. Since the fitting problems are ill-posed,
we employed Tikhonov regularization. As the criterion
for identifying the optimized regularization parameter for
the Cp-fit we used the minimum of the smoothness pa-
rameter M of the reduced VDoS (M increases sharply if
the reduced VDoS starts to oscillate). In this way, an in-
dependent, individually optimized regularization param-
eter was attributed to each glass dataset. For the Raman-
fit, the goodness of fit GOF was additionally used. GOF
evaluates the maximum curve length of an experimen-
tal Raman spectrum which fits to the predicted one. It
is noteworthy that, although we restricted the Raman
fit input to the spectral range of < 100 cm−1, the ob-
tained fits of most samples showed good agreement to
experimental data also up to higher frequency (< 200
cm−1). The full evaluation procedure was scripted in

order to produce independent and automated fits for Ra-
man and Cp experimental data, respectively. In this way,
the VDoS was derived independently from two different
experimental datasets.
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Table S1. Nominal compositions and physical properties of investigated glasses: glass transition temperature Tg, fragility index m, density ρ, calculated volume density of 
bond energy <U0/V0> and calculated atomic packing density Cg. 

Code Chemical composition Tg (K) m ρ (g/cm3) <U0/V0> (kJ/cm3) Cg Refs. 

Fused silica 

Suprasil SiO2 1393(a) 21.0(b) 2.203 68.2 0.457 [1] 

R300 SiO2 1477 22.6 ± 3.5 [2–5] 2.201 68.1 0.456 [6] 

Silicate glasses 

CS-1 0.45SiO2-0.55CaO 1058 [7] - 2.843 69.8 0.511 [8] 

CS-2 0.55SiO2-0.45CaO 1019 [7] - 2.757 71.0 0.510 [8] 

NCS-5 0.65SiO2-0.175CaO-0.175Na2O 861 39.9(b) 2.613 67.7 0.510 [8] 

NCS-6 0.65SiO2-0.225CaO-0.125Na2O 896 42.8(b) 2.596 68.0 0.503 [8] 

NCS-7 0.65SiO2-0.125CaO-0.225Na2O 835 38.0(b) 2.565 65.8 0.504 [8] 

NCS-8 0.55SiO2-0.225CaO-0.225Na2O 837 - 2.661 65.1 0.510 [8] 

NCS-9 0.55SiO2-0.275CaO-0.175Na2O 869 - 2.683 66.4 0.510 [8] 

NCS-11 0.75SiO2-0.125CaO-0.125Na2O 864 34.3(b) 2.502 68.5 0.497 [8] 

NCS-12 0.74SiO2-0.10CaO-0.16Na2O 803 33.6(b) 2.480 67.7 0.494 [9] 

SLS 
0.723SiO2-0.134Na2O-0.088CaO-0.042MgO-0.005Al2O3 

-0.004K2O-0.003SO3 840(a) 31.2(b) 2.569 70.0 0.511 [10] 

LLF1 0.871SiO2-0.063Na2O-0.042K2O-0.023PbO 701 - 2.929 77.2 0.567 [10] 

LF5 0.72SiO2-0.09Na2O-0.06K2O-0.13PbO 686 - 3.213 59.7 0.482 [10] 

SF6 0.57SiO2-0.01Na2O-0.014K2O-0.407PbO 699 32.0 [3] 5.183 55.0 0.479 [10] 

AZS 0.769SiO2-0.108Na2O-0.078CaO-0.03K2O-0.013Al2O3 - - 2.509 65.1 0.482 - 

Aluminosilicate glasses 

AS-1 0.0208Al2O3-0.9792SiO2 1399 - 2.217 68.5 0.458 [6] 

AS-2 0.033Al2O3-0.967SiO2 1349 - 2.227 68.8 0.459 [6] 

AS-3 0.07Al2O3-0.93SiO2 1379 - 2.231 68.8 0.457 [6] 
  



Table S1 (continued). 

Code Chemical composition Tg (K)  m ρ (g/cm3) <U0/V0> (kJ/cm3) Cg Refs. 

Borosilicate glasses 

SABY-1 0.9715SiO2-0.01255B2O3-0.015Al2O3-0.001Yb2O3 - - 2.218 68.7 0.458 - 

SABY-2 0.9715SiO2-0.01255B2O3-0.015Al2O3-0.001Yb2O3 - - 2.217 68.7 0.458 - 

SABY-3 0.959SiO2-0.025B2O3-0.015Al2O3-0.001Yb2O3 - - 2.211 68.9 0.459 - 

SABY-4 0.941SiO2-0.043B2O3-0.015Al2O3-0.001Yb2O3 - - 2.195 69.1 0.458 - 

SABY-5 0.9155SiO2-0.0685B2O3-0.015Al2O3-0.001Yb2O3 - - 2.179 69.5 0.459 - 

SABY-6 0.8905SiO2-0.0935B2O3-0.015Al2O3-0.001Yb2O3 - - 2.154 69.5 0.457 - 

SABY-7 0.8905SiO2-0.0935B2O3-0.015Al2O3-0.001Yb2O3 - - 2.155 69.6 0.457 - 

SSK2 0.556SiO2-0.081B2O3-0.022Al2O3-0.232BaO-0.088ZnO-0.021PbO 909 - 3.592 67.3 0.508 [10] 

BF 0.81SiO2-0.13B2O3-0.02Na2O-0.02K2O-0.02Al2O3 798(a) 23.3(b) 2.215 70.8 0.476 [10] 

BK7 0.744SiO2-0.094B2O3-0.012BaO-0.092Na2O-0.058K2O 830 35.0 [3] 2.499 70.7 0.520 [10] 

Borate glasses 

ZnB 0.55ZnO-0.45B2O3 843 57.2 [11] 3.563 85.2 0.566 [12] 

LAF3 
0.517B2O3-0.184CaO-0.088ZnO-0.076La2O3-0.064SiO2 

-0.046PbO-0.025BaO 
919 - 4.137 99.8 0.656 [10] 

Phosphate glasses 

MgP 0.5MgO-0.5P2O5 837 45.6 [13] 2.440 48.2 0.505 [14] 

CaP 0.5CaO-0.5P2O5 809 46.8 [13] 2.650 48.1 0.532 [14] 

SrP 0.5SrO-0.5P2O5 791 45.9 [13] 3.183 46.6 0.541 [14] 

BaP 0.5BaO-0.5P2O5 755 47.4 [13] 3.620 44.1 0.533 [14] 

Sulfophosphate glasses 

SP-1 0.2050Na2O-0.4354ZnO-0.0635SO3-0.2961P2O5
(c) 602 107.0 3.162[15] 59.7 0.521 [16] 

SP-3 0.2014Na2O-0.4408ZnO-0.1592SO3-0.1987P2O5
(c) 586 78.0 3.210 [15] 64.7 0.519 [16] 

  



Table S1 (continued). 

Code Chemical composition Tg (K) m ρ (g/cm3) <U0/V0> (kJ/cm3) Cg Refs. 

Fluoride-phosphate glasses 

FP10 0.35AlF3-0.15SrF2-0.3CaF2-0.1MgF2-0.05SrO-0.05P2O5 734 28.3(d) 3.427 66.4 0.631 [17] 

FP15 0.322AlF3-0.194SrF2-0.234CaF2-0.1MgF2-0.075SrO-0.075P2O5 761 34.1(d) 3.503 64.9 0.627 [17] 

FP20 0.3AlF3-0.182SrF2-0.218CaF2-0.1MgF2-0.1SrO-0.1P2O5 758 31.2(d) 3.512 64.0 0.626 [17] 

FK51A 
0.21AlF3-0.13BaF2-0.24SrF2-0.18CaF2-0.13LiF-0.01NaF 

-0.08Al(PO3)3-0.02Al2O3 693 - 3.687 57.3 0.613 [10] 

Chalcogenide glasses 

GeSe4 0.2Ge-0.8Se 435 31.5 4.288 14.1 - [10] 

As38Se62 0.38As-0.62Se 438(e) [18] 38.0(e) [19] 4.525 14.9 - [10] 

As2S3 0.4As-0.6S 465 [20] 35.0 ± 5.7 [21,22] 3.138 18.3 - [10] 

Metallic glasses 

Pd40Ni40P20 0.4Pd-0.4Ni-0.2P 582 [23] 48.6 ± 6.2 [24–28] 9.405 [29] 50.3 0.749 [23] 

Zr52.5Cu17.9Ni14.6Al10Ti5  0.525Zr-0.179Cu-0.146Ni-0.1Al-0.05Ti 677[30]  59.0 ± 11.6 [29, 31–33] 6.730 [29] 45.9 0.719 [34] 

Cu46Zr46Al8 0.46Cu-0.46Zr-0.08Al 711 63.0(d) [35] 7.076 [29] 44.4 0.730 [34] 

Metal-organic framework glass 

ag-ZIF-62 Zn[1.75(C3H3N2)-0.25(C7H5N2)] 591 35.0 [36] 1.478 - - [37] 

Polymer glass 

polystyrene (C8H8)n 313-366 [3] 91-132 [3] 1.049 - - - 
 
Glycerol  
 
         Glycerol (10 K) 
         Glycerol (175 K) 
 
 

 
C3H8O3 
C3H8O3 

 
 
 

 
53 [2] 
53 [2] 

 
      1.42  [38]  
       1.32  [39]               

 
- 
- 

 
- 
- 

 
- 
- 

a values of Tg taken from product data sheets 

b values of m according to 𝑚𝑚 = 𝑑𝑑(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)

𝑑𝑑( 𝑇𝑇
𝑇𝑇𝑔𝑔

)
�
𝑇𝑇=𝑇𝑇𝑔𝑔

[40]; viscosity data from product data sheets (Suprasil, SLS and BF) or computed (NCS) using a mixing model [41] 



c chemical composition as analyzed through inductively coupled plasma optical emission spectroscopy (ICP-OES) 
d values of m as determined from DSC experiments performed at varying heating rates, 5–30 K/min (FP glasses, this work), 3-30 K/min (ag-ZIF-62 [36]) and 5–150 K/min 
(Cu46Zr46Al8 [35]) 
e values of Tg and m for As40Se60 
 
Table S2. Macroscopic (experimental) mechanical properties of investigated glasses: longitudinal sound wave velocity vL, transversal sound wave velocity vT, shear 
modulus Gexp, bulk modulus Kexp, Young’s modulus Eexp and Poisson’s ratio ν. 

Code vL (m/s) vT (m/s) Gexp (GPa) Kexp (GPa) Eexp (GPa) ν Refs. 

Fused silica 

Suprasil 5996 ± 30 3836 ± 14 32.4 ± 0.3 36.0 ± 0.8 74.8 ± 1.6 0.153 ± 0.006 [1] 

R300 6017 ± 46 3758 ± 21 31.1 ± 0.4 38.2 ± 1.2 73.4 ± 2.3 0.180 ± 0.010 [6] 

Silicate glasses 

CS-1 6416 ± 52 3525 ± 19 35.3 ± 0.4 69.9 ± 2.2 90.7 ± 2.8 0.284 ± 0.016 [8] 

CS-2 6238 ± 50 3549 ± 19 34.7 ± 0.4 61.0 ± 1.9 87.5 ± 2.7 0.261 ± 0.015 [8] 

NCS-5 6013 ± 40 3518 ± 16 32.4 ± 0.4 51.4 ± 1.4 80.2 ± 2.2 0.240 ± 0.011 [8] 

NCS-6 6035 ± 41 3549 ± 17 32.7 ± 0.4 50.9 ± 1.4 80.8 ± 2.2 0.236 ± 0.011 [8] 

NCS-7 5877 ± 23 3419 ± 9 30.0 ± 0.2 48.6 ± 0.8 74.6 ± 1.3 0.244 ± 0.007 [8] 

NCS-8 6068 ± 42 3480 ± 16 32.2 ± 0.4 55.0 ± 1.5 80.9 ± 2.2 0.255 ± 0.012 [8] 

NCS-9 6151 ± 25 3509 ± 10 33.0 ± 0.2 57.5 ± 1.0 83.2 ± 1.5 0.259 ± 0.008 [8] 

NCS-11 5898 ± 24 3548 ± 10 31.5 ± 0.2 45.0 ± 0.8 76.6 ± 1.4 0.216 ± 0.006 [8] 

NCS-12 5709 ± 24 3415 ± 10 28.9 ± 0.2 42.3 ± 0.8 70.7 ± 1.3 0.221 ± 0.007 [9] 

SLS 5682 ± 43 3342 ± 18 28.7 ± 0.4 44.4 ± 1.3 70.8 ± 2.1 0.234 ± 0.013 [10] 

LLF1 4813 2918 24.9 34.6 60.3 0.209 [10] 

LF5 4651 2785 24.9 36.3 60.8 0.221 [10] 

SF6 3553 2071 22.2 35.8 55.3 0.243 [10] 

AZS 5564 ± 42 3414 ± 18 29.2 ± 0.4 38.7 ± 1.2 70.1 ± 2.1 0.198 ± 0.011 - 

Aluminosilicate glasses 

AS-1 6098 ± 48 3794 ± 21 31.9 ± 0.4 39.9 ± 1.2 75.6 ± 2.4 0.184 ± 0.011 [6] 

AS-2 6163 ± 56 3819 ± 25 32.5 ± 0.5 41.3 ± 1.5 77.2 ± 2.8 0.188 ± 0.013 [6] 

AS-3 6272 ± 49 3860 ± 21 33.2 ± 0.4 43.4 ± 1.3 79.5 ± 2.5 0.195 ± 0.011 [6] 



Table S2 (continued). 

Code vL (m/s) vT (m/s) Gexp (GPa) Kexp (GPa) Eexp (GPa) ν Refs. 

Borosilicate glasses 

SABY-1 5996 ± 16 3739 ± 7 31.0 ± 0.2 38.4 ± 0.5 73.3 ± 0.9 0.182 ± 0.003 - 

SABY-2 6000 ± 16 3741 ± 7 31.0 ± 0.3 38.4 ± 0.8 73.3 ± 1.5 0.182 ± 0.003 - 

SABY-3 5928 ± 16 3694 ± 7 30.2 ± 0.2 37.5 ± 0.5 71.4 ± 1.0 0.183 ± 0.003 - 

SABY-4 5798 ± 15 3588 ± 7 28.3 ± 0.2 36.1 ± 0.6 67.3 ± 1.1 0.190 ± 0.004 - 

SABY-5 5623 ± 14 3452 ± 6 26.0 ± 0.2 34.3 ± 0.6 62.2 ± 1.0 0.198 ± 0.004 - 

SABY-6 5474 ± 13 3322 ± 6 23.8 ± 0.1 32.9 ± 0.3 57.5 ± 0.6 0.209 ± 0.004 - 

SABY-7 5459 ± 13 3317 ± 6 23.7 ± 0.2 32.6 ± 0.5 57.2 ± 0.9 0.207 ± 0.004 - 

SSK2 5108 2886 29.9 53.8 75.7 0.266 [10] 

BF 5560 ± 11 3413 ± 5 25.8 ± 0.1 34.1 ± 0.8 61.8 ± 0.7 0.198 ± 0.003 [10] 

BK7 6134 3733 34.8 47.6 84.0 0.206 [10] 

Borate glasses 

ZnB 5831 ± 22 2984 ± 7 31.7 ± 0.2 78.9 ± 1.3 83.9 ± 1.4 0.323 ± 0.008 [12] 

LAF3 5474 2980 36.7 75.0 94.7 0.290 [10] 

Phosphate glasses 

MgP 5102 ± 18 2983 ± 7 21.7 ± 0.1 34.6 ± 0.5 53.8 ± 0.9 0.240 ± 0.006 [14] 

CaP 5132 ± 18 2867 ± 7 21.8 ± 0.1 40.7 ± 0.6 55.5 ± 0.9 0.273 ± 0.006 [14] 

SrP 4564 ± 15 2508 ± 6 20.0 ± 0.1 39.6 ± 0.6 51.4 ± 0.8 0.284 ± 0.006 [14] 

BaP 4111 ± 10 2180 ± 4 17.2 ± 0.1 38.2 ± 0.5 44.9 ± 0.6 0.304 ± 0.005 [14] 

Sulfophosphate glasses 

SP-1 [16] 4561 ± 29 2450 ± 11 19.0 ± 0.2 40.5 ± 1.0 49.2 ± 1.3 0.297 ± 0.012 - 

SP-3 [16] 4377 ± 10 2297 ± 4 16.9 ± 0.1 38.9 ± 0.5 44.4 ± 0.4 0.310 ± 0.004 - 
  



Table S2 (continued). 

Code vL (m/s) vT (m/s) Gexp (GPa) Kexp (GPa) Eexp (GPa) ν Refs. 

Fluoride-phosphate glasses 

FP10 5459 ± 8 2929 ± 3 29.4 ± 0.1 62.9 ± 0.6 76.3 ± 0.7 0.298 ± 0.003 [17] 

FP15 5432 ± 8 2918 ± 3 29.8 ± 0.1 63.6 ± 0.6 77.4 ± 0.7 0.297 ± 0.003 [17] 

FP20 5446 ± 8 2935 ± 3 30.2 ± 0.1 63.8 ± 0.6 78.4 ± 0.7 0.295 ± 0.003 [17] 

FK51A 5351 2884 30.7 64.7 79.4 0.295 [10] 

Chalcogenide glasses 

GeSe4 2079 ± 3 1140 ± 1 5.6 ± 0.1 11.1 ± 0.1 14.3 ± 0.1 0.285 ± 0.002 [10] 

As38Se62 2240 ± 8 1201 ± 3 6.5 ± 0.1 14.0 ± 0.2 17.0 ± 0.3 0.298 ± 0.005 [10] 

As2S3 2625 ± 7 1418 ± 3 6.3 ± 0.1 13.2 ± 0.2 16.3 ± 0.2 0.294 ± 0.004 [10] 

Metallic glasses 

Pd40Ni40P20 4900 1960 36.1 177.6 101.5 0.405 [29] 

Zr52.5Cu17.9Ni14.6Al10Ti5  4833 2191 32.3 114.1 88.6 0.371 [29] 

Cu46Zr46Al8 4787 2202 34.3 116.4 93.7 0.366 [29] 

Metal-organic framework glass 

ag-ZIF-62 2479 1206 2.1 6.2 5.8 0.345 [42] 

Polymer glass 

polystyrene 2329 ± 5 1163 ± 2 1.42 ± 0.01 3.80 ± 0.04 3.78 ± 0.04 0.334 ± 0.004 - 
Glycerol  
 
         Glycerol (10 K) 
         Glycerol (175 K) 

 

 
3710 
3614                 

 
1890 
1871 

 
5.1 
4.6 

 
12.8 
11.1 

 
13.4 
12.2 

 
0.325 
0.317 

 
[38] 
[39] 

  



Table S3. VDoS Boson peak position ωB, geometric mean shear modulus G0, Debye wavenumber 𝑘𝑘𝐷𝐷, coarse-graining cut-off wavenumber 𝑘𝑘𝑒𝑒, coarse-graining length 𝜉𝜉𝑐𝑐 , 
correlation length 𝜉𝜉𝐺𝐺 , disorder parameter 𝜎𝜎2 and non-affinity 𝑛𝑛. 

Code ωB (cm-1) G0 (GPa) 𝑘𝑘𝐷𝐷  (Å−1) 𝑘𝑘𝑒𝑒  (Å−1) 𝜉𝜉𝑐𝑐 (nm) 𝜉𝜉𝐺𝐺  (nm) 𝜎𝜎2 n 

 Fused silica 

Suprasil 31.2 40.1 1.577 0.345 0.784 3.304 0.659 0.191 
R300 30.8 40.5 1.577 0.345 0.784 3.301 0.814 0.231 

  Silicate glasses 

CS-1 47.9 43.8 1.625 0.624 0.433 1.824 0.796 0.194 
CS-2 44.8 43.4 1.626 0.576 0.469 1.976 0.794 0.199 

NCS-5 45.6 42.1 1.640 0.628 0.430 1.813 0.931 0.232 
NCS-6 44.7 42.6 1.629 0.608 0.445 1.873 0.927 0.233 
NCS-7 43.7 39.4 1.636 0.624 0.433 1.824 0.971 0.239 
NCS-8 45.5 41.1 1.641 0.618 0.437 1.842 0.868 0.216 
NCS-9 47 42.1 1.638 0.634 0.427 1.797 0.868 0.214 

NCS-11 39.7 39.9 1.625 0.511 0.529 2.227 0.799 0.211 
NCS-12 41.4 37.5 1.623 0.576 0.469 1.975 0.886 0.228 

SLS 37 38.1 1.644 0.536 0.504 2.122 1.003 0.247 
LLF1 34.8 34.1 1.681 0.600 0.450 1.897 1.076 0.268 
LF5 36.1 30.1 1.579 0.561 0.482 2.031 0.623 0.171 
SF6 24.5 26.9 1.558 0.512 0.528 2.225 0.660 0.175 
AZS 35.6 38.6 1.607 0.496 0.545 2.294 0.924 0.241 

 Aluminosilicate glasses 

AS-1 30.8 40.9 1.580 0.349 0.773 3.258 0.821 0.220 
AS-2 31 41.7 1.582 0.348 0.777 3.275 0.819 0.222 
AS-3 33.1 42.2 1.583 0.366 0.737 3.107 0.788 0.213 

  



Table S3 (continued). 

Code ωB (cm-1) G0 (GPa) 𝑘𝑘𝐷𝐷 (Å−1) 𝑘𝑘𝑒𝑒  (Å−1) 𝜉𝜉𝑐𝑐 (nm) 𝜉𝜉𝐺𝐺  (nm) 𝜎𝜎2 n 

 Borosilicate glasses 

SABY-1 31.2 39.8 1.582 0.359 0.752 3.169 0.810 0.222 
SABY-2 31.3 39.6 1.582 0.358 0.755 3.182 0.795 0.217 
SABY-3 30.7 38.6 1.583 0.356 0.759 3.199 0.803 0.219 
SABY-4 28.6 36.3 1.586 0.341 0.792 3.338 0.819 0.221 
SABY-5 30.7 32.9 1.588 0.381 0.710 2.990 0.778 0.211 
SABY-6 30.3 30.1 1.588 0.391 0.690 2.909 0.786 0.210 
SABY-7 28.9 30.2 1.588 0.373 0.725 3.052 0.802 0.214 

SSK2 36.1 37.2 1.534 0.573 0.471 1.985 0.788 0.197 
BF 30.0 32.6 1.675 0.386 0.700 2.951 0.768 0.208 

BK7 41.3 44.8 1.639 0.513 0.527 2.219 0.842 0.223 

 Borate glasses 

ZnB 49.2 40.3 1.775 0.807 0.335 1.411 0.970 0.214 
LAF3 43.4 44.2 1.806 0.634 0.426 1.795 0.682 0.169 

 Phosphate glasses 

MgP 31.8 27.2 1.626 0.475 0.569 2.395 0.780 0.202 
CaP 36.2 28.3 1.626 0.609 0.443 1.868 0.969 0.230 
SrP 33.7 25.4 1.608 0.639 0.423 1.783 0.894 0.213 
BaP 30.0 21.2 1.579 0.632 0.427 1.800 0.792 0.187 

 Sulfophosphate glasses 

SP-1 37.1 25.2 1.653 0.723 0.374 1.575 1.107 0.246 
SP-3 36.2 22.9 1.651 0.740 0.365 1.538 1.229 0.262 

  



Table S3 (continued). 

Code 𝜔𝜔𝐵𝐵 (cm-1) G0 (GPa) 𝑘𝑘𝐷𝐷 (Å−1) 𝑘𝑘𝑒𝑒  (Å−1) 𝜉𝜉𝑐𝑐(nm) 𝜉𝜉𝐺𝐺  (nm) 𝜎𝜎2 n 

 Fluoride-phosphate glasses 

FP10 41.8 36.1 1.680 0.651 0.415 1.750 0.780 0.186 
FP15 41.4 36.0 1.675 0.628 0.430 1.813 0.703 0.172 
FP20 41.7 36.7 1.676 0.632 0.428 1.801 0.720 0.176 

FK51A 39.9 37.1 1.699 0.610 0.443 1.866 0.707 0.173 

 Chalcogenide glasses 

GeSe4 11.2 6.8 1.253 0.431 0.627 2.642 0.738 0.177 
As38Se62 13.6 7.8 1.277 0.492 0.549 2.312 0.673 0.168 

As2S3 15 7.2 1.315 0.412 0.656 2.765 0.486 0.126 

 Metallic glasses 

Pd40Ni40P20 40.4 38.3 1.668 0.729 0.371 1.562 0.252 0.056 
Zr52.5Cu17.9Ni14.6Al10Ti5 42.1 34.0 1.487 0.662 0.408 1.721 0.205 0.050 

Cu46Zr46Al8 46.7 36.0 1.496 0.734 0.368 1.550 0.189 0.047 

 Metal-organic framework glass 

ag-ZIF-62 17.3 3.5 1.663 0.921 0.293 1.236 2.279 0.381 

 Polymer glass 

polystyrene 18.9 2.2 1.690 0.936 0.289 1.216 1.918 0.348 
Glycerol  

Glycerol (10 K) 26.5 6.1 1.930 0.598 0.452 1.902 0.714 0.166 
Glycerol (175 K) 34.4 6.4 1.930 0.916 0.295 1.243 1.008 0.222 

 

 



Supplementary References 
 
1.  Sawamura S, Limbach R, Behrens H, Wondraczek L. Lateral deformation and defect resistance of compacted silica glass: 

Quantification of the scratching hardness of brittle glasses. J Non-Cryst Solids. 2018;481:503-11.  

2.  Böhmer R, Ngai KL, Angell CA, Plazek DJ. Nonexponential relaxations in strong and fragile glass formers. J Chem Phys. 
1993;99(5):4201-9. 

3.  Rössler E, Hess KU, Novikov VN. Universal representation of viscosity in glass forming liquids. J Non-Cryst Solids. 
1998;223(3):207-22. 

4.  Nascimento MLF, Aparicio C. Viscosity of strong and fragile glass-forming liquids investigated by means of principal 
component analysis. J Phys Chem Solids. 2007;68(1):104-10. 

5.  Deubener J, Behrens H, Müller R, Zietka S, Reinsch S. Kinetic fragility of hydrous soda-lime-silica glasses. J Non-Cryst 
Solids. 2008;354(42-44):4713-8 

6.  Ando MF, Benzine O, Pan ZW, Garden JL, Wondraczek K, Grimm S, et al. Boson peak, heterogeneity and intermediate-
range order in binary SiO2-Al2O3 glasses. Sci Rep-Uk. 2018;8:5394 (1-14). 

7.  Shelby JE. Effect of morphology on the properties of alkaline earth silicate glasses. J Appl Phys. 1979;50(12):8010-5. 

8.  de Macedo GNBM, Sawamura S, Wondraczek L. Lateral hardness and the scratch resistance of glasses in the Na2O-CaO-
SiO2 system. J Non-Cryst Solids. 2018;492:94-101.  

9.  Limbach R, Winterstein-Beckmann A, Dellith J, Möncke D, Wondraczek L. Plasticity, crack initiation and defect resistance 
in alkali-borosilicate glasses: From normal to anomalous behavior. J Non-Cryst Solids. 2015;417-418:15-27. 

10.  Sawamura S, Wondraczek L. Scratch hardness of glass. Phys Rev Mater. 2018;2(9):092601. 

11.  Ostergaard MB, Hansen SR, Januchta K, To T, Rzoska SJ, Bockowski M, et al. Revisiting the Dependence of Poisson's Ratio 
on Liquid Fragility and Atomic Packing Density in Oxide Glasses. Materials. 2019;12(15):2439. 

12.  Möncke D, Kamitsos EI, Palles D, Limbach R, Winterstein-Beckmann A, Honma T, et al. Transition and post-transition 
metal ions in borate glasses: Borate ligand speciation, cluster formation, and their effect on glass transition and 
mechanical properties. J Chem Phys. 2016;145(12):124501 (1-16). 

13.  Munoz-Senovilla L, Munoz F. Behaviour of viscosity in metaphosphate glasses. J Non-Cryst Solids. 2014;385:9-16. 

14.  Griebenow K, Bragatto CB, Kamitsos EI, Wondraczek L. Mixed-modifier effect in alkaline earth metaphosphate glasses. J 
Non-Cryst Solids. 2018;481:447-56. 

15.  Sirotkin S, Meszaros R, Wondraczek L. Chemical Stability of ZnO-Na2O-SO3-P2O5 Glasses. Int J Appl Glass Sci. 2012;3(1):44-
52. 

16.  Da N, Krolikowski S, Nielsen KH, Kaschta J, Wondraczek L. Viscosity and Softening Behavior of Alkali Zinc Sulfophosphate 
Glasses. J Am Ceram Soc. 2010;93(8):2171-4. 

17.  Le QH, Palenta T, Benzine O, Griebenow K, Limbach R, Kamitsos EI, et al. Formation, structure and properties of fluoro-
sulfo-phosphate poly-anionic glasses. J Non-Cryst Solids. 2017;477(Supplement C):58-72. 

18.  Robin E, Le Cam J-B, Balandraud X, Toussaint E, Brilland L. First steps towards the thermomechanical characterization of 
chalcogenide glass using quantitative infrared thermography. J Non-Cryst Solids. 2014;391:101-5. 

19.  Malek J, Shanelova J. Structural relaxation of As2Se3 glass and viscosity of supercooled liquid. J Non-Cryst Solids. 
2005;351(43-45):3458-67. 



20.  Niu YF, Guin JP, Abdelouas A, Rouxel T, Troles J. Durability of an As2S3 chalcogenide glass: Optical properties and 
dissolution kinetics. J Non-Cryst Solids. 2011;357(3):932-8. 

21.  Novikov VN, Ding Y, Sokolov AP. Correlation of fragility of supercooled liquids with elastic properties of glasses. Phys Rev 
E. 2005;71(6):061501 (1-12). 

22.  Malek J. Dilatometric study of structural relaxation in arsenic sulfide glass. Thermochim Acta. 1998;311(1-2):183-98. 

23.  Nollmann N, Binkowski I, Schmidt V, Rösner H, Wilde G. Impact of micro-alloying on the plasticity of Pd-based bulk 
metallic glasses. Scripta Mater. 2016;111:119-22. 

24.  Kawamura Y, Inoue A. Newtonian viscosity of supercooled liquid in a Pd40Ni40P20 metallic glass. Appl Phys Lett. 
2000;77(8):1114-6. 

25.  Kawamura Y, Nakamura T, Kato H, Mano H, Inoue A. Newtonian and non-Newtonian viscosity of supercooled liquid in 
metallic glasses. Mat Sci Eng A. 2001;304:674-8. 

26.  Wilde G, Lu IR, Willnecker R. Fragility, thermodynamic properties, and thermal stability of Pd-rich glass forming liquids. 
Mat Sci Eng A. 2004;375:417-21. 

27.  Battezzati L. Is there a link between melt fragility and elastic properties of metallic glasses? Mater Trans. 
2005;46(12):2915-9. 

28.  Gallino I. On the Fragility of Bulk Metallic Glass Forming Liquids. Entropy. 2017;19(9):483 (1-14). 

29.  Wang WH. The elastic properties, elastic models and elastic perspectives of metallic glasses. Prog Mater Sci. 
2012;57(3):487-656. 

30.  Scudino S, Jerliu B, Surreddi KB, Kühn U, Eckert J. Effect of cold rolling on compressive and tensile mechanical properties 
of Zr52.5Ti5Cu18Ni14.5Al10 bulk metallic glass. J Alloy Compd. 2011;509:S128-S30. 

31.  Wei S, Stolpe M, Gross O, Evenson Z, Gallino I, Hembree W, et al. Linking structure to fragility in bulk metallic glass-
forming liquids. Appl Phys Lett. 2015;106(18):181901 (1-5). 

32.  Johnson WL, Na JH, Demetriou MD. Quantifying the origin of metallic glass formation. Nat Commun. 2016;7:10313 (1-
7). 

33.  Li PF, Gao P, Liu YD, Wang LM. Melting entropy and its connection to kinetic fragility in glass forming materials. J Alloy 
Compd. 2017;696:754-9. 

34.  Limbach R, Kosiba K, Pauly S, Kühn U, Wondraczek L. Serrated flow of CuZr-based bulk metallic glasses probed by 
nanoindentation: Role of the activation barrier, size and distribution of shear transformation zones. J Non-Cryst Solids. 
2017;459:130-41. 

35.  Pauly S, Das J, Mattern N, Kim DH, Eckert J. Phase formation and thermal stability in Cu-Zr-Ti(Al) metallic glasses. 
Intermetallics. 2009;17(6):453-62. 

36.  Bennett TD, Yue YZ, Li P, Qiao A, Tao HZ, Greaves NG, et al. Melt-Quenched Glasses of Metal-Organic Frameworks. 
Journal of the American Chemical Society. 2016;138(10):3484-92. 

37.  Li S, Limbach R, Longley L, Shirzadi AA, Walmsley JC, Johnstone DN, et al. Mechanical Properties and Processing 
Techniques of Bulk Metal–Organic Framework Glasses. Journal of the American Chemical Society. 2019;141(2):1027-34. 

38.  Ramos MA. Are the calorimetric and elastic debye temperatures of glasses really different? Philosophical Magazine. 
2004;84(13–16):1313–21.  

39.  Scarponi F, Comez L, Fioretto D, Palmieri L. Brillouin light scattering from transverse and longitudinal acoustic waves in 
glycerol. Physical Review B 2004; 70, 054203, 2004 

40.  Angell CA. Relaxation in liquids, polymers and plastic crystals - strong/fragile patterns and problems. J Non-Cryst Solids. 
1991;131:13-31. 



41.  Fluegel A. Glass viscosity calculation based on a global statistical modelling approach. Glass Technol: Eur J Glass Sci 
Technol A. 2007;48(1):13-30. 

42.  Stepniewska M, Januchta K, Zhou C, Qiao A, Smedskjaer MM, Yue Y. Observation of indentation-induced shear bands in 
a metal−organic framework glass. Proceedings of the National Academy of Sciences. 2020;117(19):10149-54. 

  

 
 



download fileview on ChemRxivSupportingData_HETDisorder.pdf (326.18 KiB)

https://chemrxiv.org/ndownloader/files/28275831
https://chemrxiv.org/articles/preprint/Disorder_Classification_of_the_Vibrational_Spectra_of_Modern_Glasses/14717211/1?file=28275831

	Item information
	HETDisorder.pdf
	SupportingData_HETDisorder.pdf

