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a b s t r a c t

The behavior of acoustic modes in solids can yield information on the glass dynamics at different length
and frequency scales. Inelastic X-ray scattering (IXS) using Synchrotron radiation allows us to obtain
detailed information on the sound speed behavior at different length scales as well as approaching the
macroscopic limit. This gives an insight to the microscopic mechanisms responsible for the mechanical
properties in the THz frequency domain. IXS also provides a method to investigate the fragility of glass-
forming liquids via the non-ergodicity factor of the corresponding glasses. Moreover, some questions
arise about how phenomena such as the polyamorphism, observed, e.g. in Ce55Al44 upon application of
pressure, affect the mechanical properties of a metallic glass at a microscopic level. In this article we
reveal a change in the high frequency response at the mesoscopic length scale with respect to the
ultrasounds limit in metallic glasses. We will also review further applications of IXS on Pd and Ce-based
metallic glasses to determine elastic constants, changes in sound speed due to polyamorphism and to
investigate their fragility.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Metallic glasses (MGs) are characterized by their amorphous
structure, i.e. their lack of a crystalline lattice, and their metallic
character that yields a simpler glassy structure due to the isotropic
character of the metallic bonding. These features, offer the oppor-
tunity to use bulk metallic glasses in a wide range of novel func-
tional and structural applications, exploiting their magnetic,
anti-corrosive or mechanical properties, such as high strength to
density ratios and very high restitution coefficients during elastic
deformation. Moreover, MGs are ideal systems to study some
fundamental aspects of the glassy state, like the mechanisms
involved in the Boson Peak and the glass transition.

One way to study these materials is through the study of their
collective dynamics. The collective motion of randomly distributed
atoms is, at the microscopic level, governed by the interatomic
iversitat Politècnica de Cata-
s, Spain.
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forces between them. Thus, a better knowledge of this interaction
leads to a better comprehension of the macroscopic properties of
MGs. The collective dynamics of amorphous systems, either liquids
or glasses, has been traditionally studied by means of Inelastic
Neutron Scattering (INS) [1] but the kinematic limitations of this
technique do not allow the study of collective excitations propa-
gating with sound speeds larger than w1500 m/s [2]. Therefore,
MGs, with typical longitudinal sound speeds of around 4000 m/s,
have not been studied by inelastic scattering until the advent of
third generation Synchrotron radiation sources that provided bril-
liant X-rays beams with the necessary resolving power to perform
Inelastic X-Ray Scattering experiments (IXS). IXS is free of kine-
matic restrictions, and it yields other advantages with respect to
INS; X-rays beams can be focused down to sizes as small as
10 � 10 mm2 allowing the study of very small samples and of
materials under extreme pressure and temperature conditions. IXS
is the only available technique giving access to the high frequency
response of metallic glasses.

The energy spectrum measured by IXS is proportional to the
classical atomic dynamic structure factor S(q,u), where q and Zu are
the momentum and the energy transfer in the scattering process,
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respectively. S(q,u) is the space and time Fourier transform of the
atomic densityedensity correlation function and it contains infor-
mation on the structure and dynamics of atomic systems. In
particular, the frequency range of IXS experiments (THz) gives
access to the longitudinal sound speed at very small wavelengths.
Thus the corresponding sound attenuation coefficients and the
elastic moduli of MGs can also be determined. An IXS spectrum for
a particular momentum transfer q results in an elastic peak at zero
energy due to the frozen density fluctuations and two inelastic
peaks at either side of the elastic contribution associated to the
creation and annihilation of acoustic excitations. The simplest
model to fit this spectrum and, thus, to describe the dynamic
structure factor at such high frequencies is the damped harmonic
oscillator model (DHO):

Sðq;uÞ
SðqÞ ¼ fqdðuÞ þ 1� fq

p
GðqÞU2ðqÞ�

u2 �U2ðqÞ
�2þu2G2ðqÞ

(1)

where S(q) is the static structure factor, U(q) is the position of the
inelastic peak that corresponds to themaximum of the longitudinal
current spectra CL(q,u) ¼ (u/q)2S(q,u), G(q) is the broadening of the
acoustic modes and fq is the non-ergodicity parameter.

The non-ergodicity parameter is easily obtained from the IXS
spectra using the elastic to total integrated intensity ratio of the
spectra. In general, fq depends on the momentum transfer q and the
temperature T, and the quantity 1 � fq represents the amount of
uncorrelation introduced by the vibrational dynamics. Thus, it is
a measure of the amplitude of the vibrations and the degree of
disorder of the glass. Scopigno et al. [3] found a link between the
non-ergodicity parameter and the kinetic fragility m of the glass,
defined in terms of the shear viscosity hs and the glass transition
temperature Tg as:

m ¼ lim
T/Tg

dlogðhsÞ
d
�
Tg=T

� (2)

The existence of a relation between m and fq is interesting not
only because it allows measuring the fragility of a liquid from the
properties of the glass but because it reveals a link between the
slow diffusive properties of the system above Tg and the fast
vibrational properties of the glass below Tg. In particular, the
temperature dependence of the non-ergodicity factor can be
modeled as [3]:

f ðq/0; TÞT�Tg ¼
�
1þ a

T
Tg

��1

(3)

where a is a dimensionless constant parameter that has been
empirically correlated to the kinetic fragility through the relation-
ship m z 135a. Equation (3) is satisfied by very different kinds of
glass-forming systems. After the original work by Scopigno et al.,
only a few glasses deviated from this linear relationship [4,5],
mainly fragile systems such as polymeric glass-formers. One of the
possible ways to explain the failure of this relation is to assume that
it is only valid for systems in which the dynamics of the liquid
above Tg is mainly governed by structural relaxation, which is
therefore dominating the non-ergodicity of the glassy phase [6].
The presence of secondary relaxations comparable to the structural
process would break the correspondence between the ratio of the
elastic to the total intensity of the IXS spectra and the non-
ergodicity parameter.

The use of IXS to study metallic glasses is very recent and,
therefore, it is not clear howMGs fit into this picture. Here, we will
examine some of the most prominent results obtained with this
technique.
Up to the date, the fragility has been computed from the
measure of the non-ergodicity factor in only two systems: Ni33Zr67
by Scopigno et al. [7] and Pd77Si16.5Cu6.5 by our group [8]. In Section
3.1 wewill review these results and wewill report new IXS data on
another MG, namely Ce70Al10Ni10Cu10. Moreover, the temperature
dependence of the PdSiCu glass will be presented showing the
absence of anharmonic effects on the vibrational properties at
room temperature.

Concerning to the mechanical properties, in Section 3.2, we will
present the main results obtained in PdSiCu glass comparing
samples produced as rods (slow quenching rates) and samples
produced as ribbons (ultra-high quenching rates) [9]. The slight
difference in density between the two glasses is expected to have
pronounced effects on the mechanical behavior, especially in the
Young and shear modulus [10].

In Section 3.3 we will exploit the possibility of using small
samples with IXS, this allows to study the behavior of MGs under
high pressure conditions and to follow the dynamic signatures of
pressure-induced polyamorphic transitions. Preliminary results on
the pressure dependent behavior of a Ce70Al10Ni10Cu10 glass will be
presented.

Finally, in Section 3.4, we will discuss recent IXS results on Pd-,
Pt-, and Zr-based alloys that have been interpreted as the co-
existence of entangled weakly and strongly bound nanoregions
with different elastic response [11]. This interpretation assumes
a different behavior for metallic glasses than that observed for
other kind of glasses. High resolution IXS experiments on the
PdSiCu glass will show how this contradiction disappears and how
MGs follow the behavior observed for other glasses, i.e. a change in
the high frequency response at the mesoscopic length scale with
respect to the ultrasound limit.

2. Experimental

Metallic glasses Pd77Si16.5Cu6.5 and Ce70Al10Ni10Cu10 were
prepared by arc melting of pure raw materials in Ar atmosphere
and by two different quenching methods: melt spinning and
copper mold casting. The melt spinning technique was used for
both compositions obtaining ribbons of w2 mm width and thick-
ness of w22 and w40 mm for the PdSiCu and CeAlNiCu glass,
respectively. The coppermold castingmethodwas used only for the
PdSiCu glass obtaining 1 mm diameter rods. Two discs with
thicknesses of w50 mm were cut for the IXS experiments. The
amorphous character of all samples was checked prior to the
experiments by synchrotron radiation X-ray diffraction at beamline
BM16 at the European Synchrotron Radiation Facility (ESRF). The
density of the samples was measured using the Archimedean
method with a He pycnometer.

IXS experiments were performed at ESRF beamlines ID28 and
ID16. Two kind of experiments were performed, using X-rays of
17.794 keV obtained from the (9 9 9) Si reflection of the mono-
chromator and of 23.724 keV from the (12 12 12) Si reflection. In
the first case the photon flux is optimized but at expenses of a low
energy resolution of 3 meV whereas in the second case the
highest energy resolution of 1.5 meV is obtained but with
a reduction in the photon flux. IXS energy scans were performed
in the [�40, 40] meV range for momentum transfers between 1.0
and 20 nm�1. The acquisition time ranged between 150 and
300 min per spectrum depending on the photon flux. Several
spectra were added in order to reduce statistical noise, and were
fitted using equation (1) convolved with the experimental reso-
lution function of the corresponding analyzer and corrected to
fulfill the detailed balance condition. The high pressure IXS
measurements were performed mounting the CeAlNiCu glass on
a diamond anvil cell (DAC) with Ne as a pressure transmitting



Fig. 2. Dispersion relation for the Pd77Si16.5Cu6.5 at two different temperatures. The
line signals the position of the q value corresponding to half the q value of the
maximum of the static structure factor S(q).
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medium. Pressure inside the DAC was measured using the ruby
fluorescence method.

3. Results and discussion

3.1. Fragility measurements from IXS spectra. Non-ergodicity
parameter

Up to the date, IXS has been applied to only fewmetallic glasses
[7e9,11e13]. A typical spectrum obtained at a momentum transfer
q ¼ 2.85 nm�1 for the Pd77Si16.5Cu6.5 system is shown in Fig. 1. The
main features of IXS spectra are easily identified: the elastic peak at
zero energy and the two inelastic peaks at either side of the elastic
contribution that correspond to a single acoustic propagating
mode. The position of the inelastic peak depends on the value of the
momentum transfer. It increases linearly with the momentum
transfer at low q, while it begins to bend and finally decreases in
energy for q values greater than qmax/2; where qmax is the q value of
the maximum of the static structure factor S(q) in the diffraction
pattern. Thus, the acoustic excitations follow a dispersion relation,
shown in Fig. 2, that allows us to define a pseudo-Brillouin zone
limited by qmax/2. Measuring the IXS spectra for several q values,
the non-ergodicity parameter fq can be computed from the elastic
to total intensity ratio: fq(Q,T)¼ Iel/Itot. Therefore, from equation (3),
the parameter a that is expected to be related to the fragility can be
calculated as:

a ¼ lim
q/0

aðqÞ ¼ lim
q/0

 
1
fq
� 1

!
Tg
T

(4)

The experimental values of fq and a(q) are shown in Fig. 3 for the
twoMGs studied: PdSiCu and CeAlNiCu. The value of a for q¼ 0was
assumed to be that obtained for the lowest momentum transfer,
since fq is known to saturate near q ¼ 0 [3]. The value obtained in
this way defines an upper limit for awhereas the lower limit would
be given by the linear extrapolation of a(q) at q ¼ 0. For PdSiCu,
with Tg ¼ 635 K, the value of a is 0.47(4) while for CeAlNiCu, with
Tg ¼ 359 K, a is 0.19(4). Assuming that the empirical relation
m ¼ (135 � 10)a also holds for MGs, the values of the fragility
determined by IXS are 63(9) and 26(9) for PdSiCu and CeAlNiCu,
respectively. These values are shown in Table 1 and compared to
Fig. 1. IXS spectra (circles) for the Pd77Si16.5Cu6.5 at q ¼ 2.85 nm�1. The best fit to the
experimental points (red line) together with the elastic (green line) and inelastic (blue
line) contributions are also plotted. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
the fragility values obtained from viscosity or calorimetric
measurements [14e16]. As it can be seen, the agreement between
the m values measured with other techniques is very good. The
values obtained from these MGs can be plotted in the m vs a graph
together with the points for conventional glasses taken from Ref.
[3] (Fig. 4), therefore, these results confirm the validity of the
empirical relation between the properties of the liquid above Tg
(fragility) and the properties of the corresponding glass below Tg
(non-ergodicity parameter) in metallic glasses. Moreover, accord-
ing to Ref. [6], the existence of this linear relationship in MGs
implies that secondary relaxations, although they may be present,
are of much less importance than the structural relaxation process.

IXS spectra of the PdSiCu glass were obtained both at room
temperature (RT¼ 298 K) and at a lower temperature of 200 K. Low
temperature experiments were performed mainly to explore the
possible existence of anharmonic effects in the interaction potential
between the particles of the system at room temperature. Such
effects would be visible as a change in the value of the alpha
parameter. Fig. 2 shows that the dispersion relation at 200 K is
exactly the same as at RT, whereas the non-ergodicity parameter
Fig. 3. Non-ergodicity parameter fq (solid symbols) and the a parameter (open
symbols) as a function of the momentum transfer, for the two glasses studied and at
two temperatures for the case of the Pd77Si16.5Cu6.5. Note how fq of Pd77Si16.5Cu6.5 is
greater at lower temperatures.



Table 1
Values of a, fragility determined by IXS and fragility obtained by viscosity and
calorimetric measurements.

Alloy a m ¼ 135a (IXS) m (viscosity) m (calorimetry)

Pd77Si16.5Cu6.5 0.47 (4) 63 (9) 75 61
Ce70Al10Ni10Cu10 0.19 (4) 26 (9) e 21
Ni33Zr67 0.19 (4) 26 (9) 24 e

P. Bruna et al. / Intermetallics 30 (2012) 148e153 151
shown in Fig. 3 increases, as expected from equation (3). As the
elastic contribution is due to the frozen density fluctuations exist-
ing in the liquid, it is not affected by the temperature change, while
the inelastic scattering contribution is expected to diminish as the
temperature decreases and less vibrational modes are excited.
Therefore, the total intensity measured in an IXS spectrum at 200 K
is smaller than at RTwhereas the elastic intensity remains constant,
thus increasing the value of the non-ergodicity parameter as can be
seen in Fig. 3. However, in the same figure it can be seen how the
parameter a, which accounts for the non-ergodicity parameter
normalized by temperature, remains, at each q, constant within the
experimental uncertainty. Thus, the fragility value obtained at 200
and 298 K is the same, showing that there are no significant effects
of anharmonicity up to room temperature.

3.2. Mechanical properties of metallic glasses as a function of the
quenching rate

The measure of some mechanical properties is often limited to
bulk metallic glasses, where relatively big samples can be produced
and, for example, sound velocities can be easily measured by
ultrasonic techniques. Therefore, the mechanical properties of MGs
produced in ribbon shape with fast quenching methods are not
accessible. It is clear that metallic glasses of the same composition
but obtained with very different quenching rates (101e102 K/s
versus 106 K/s) have different fictive temperatures and lie in
a different minimum of the potential energy landscape. Thus, both
glasses are expected to have a different degree of spatial homoge-
neity and the slightly different densities can have a pronounced
effect on the Young or the shear moduli [10]. The study of the high
frequency response of a PdSiCu system in ribbon form (fast
quenched MG) allows to determine their sound velocities and
Fig. 4. Comparison of the empiric relation between fragility (m) and the a parameter
for conventional glasses (black) and metallic glasses (red). Data of conventional glasses
was taken from Ref. [3]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
compare themwith those obtained for the same system obtained as
a rod (BMG); furthermore, the use of the same experimental
technique allows a quantitative comparison.

The dispersion relation of the acoustic excitations of the rod and
the ribbon are directly obtained from the fitting of the IXS spectra
with the DHO model [9]. As no significant differences are observed
one can calculate the longitudinal phase velocity as vL(q) ¼ U(q)/
(Zq), plotted in Fig. 5. At low q values, the phase velocity should
coincide with the macroscopic sound velocity while for higher q’s it
begins to bend as it is also found in crystals. Looking to Fig. 5 it is
clear that the sound speed of the ribbon for medium and low values
of q is slightly lower than that of the rod, consistently with the fact
that the density of the rod is higher due to the reduction of free
volume frozen-in during the quenching process. These velocities
can be compared with the macroscopic sound limit that is already
known in the case of the rod [17] but it is unknown for the ribbon.
Thus, we computed the macroscopic velocities of the ribbon
samples from the Debye energy (ED) [18] and the expressions of the
longitudinal and transverse velocities, vL and vT, as a function of the
bulk modulus B and shear modulus G:

3
E3D

¼ 1
6p2Z3n

 
1
v3L

þ 2
v3T

!
(5)

vL ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ 4

3
G

r

vuuut
vT ¼

ffiffiffiffi
G
r

s
(6)

where n is the number density and r is the density. Although B and
G of the ribbon are not known, one can make the assumption than
the bulk modulus of the rod and the ribbon are the same because,
as it has been found in other MGs [10], the effect of structural
relaxation in the elastic constants is much more prominent in the
Young and the shear moduli than in the bulk modulus. Thus, using
equations (5) and (6) and a value of 174.7(5) GPa for the rod’s bulk
modulus [17], the shear modulus, the longitudinal and the trans-
versal velocities of the ribbon can be computed and are shown in
Table 2. The macroscopic sound speeds of both samples are also
plotted in Fig. 5 as a point at q ¼ 0. It can be seen how this velocity
Fig. 5. Longitudinal phase velocity for the Pd77Si16.5Cu6.5 metallic glass derived from
the IXS experiments with rods and ribbons. The points at q ¼ 0 correspond to the
macroscopic sound limit obtained from ultrasound methods for the rod and from the
elastic constants for the ribbon. The q value corresponding to the boson peak energy
(qBP) is also shown.



Table 2
Density (r), bulk (B) and shear (G) modulus, longitudinal (vL) and transverse (vT)
sound velocities and Debye energy (ED) for Pd77Si16.5Cu6.5 rod and ribbon.

Sample r (g cm�3) B (GPa) G (GPa) vL (km s�1) vT (km s�1) ED (meV)

Rod 10.49 (5) 174.7 (5) 32.9 (1) 4.58(5) 1.78(5) 21.3 (6)
Ribbon 10.42 (1) e 24.59 (2) 4.46 (5) 1.54 (5) 18.2 (2)

Fig. 6. Evolution of the longitudinal phase velocity as a function of the pressure for the
Ce70Al10Ni10Cu10 metallic glass. Note the change of slope at around 5 GPa (the lines are
guides to the eye). The inset shows the S(q) for several pressures where the position
change of the main peak is related to the polyamorphic transition.
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is, within experimental error, always greater than the phase
velocity obtained from the IXS measurements, although they are
very close at low q values as expected. It is worth to note that
a positive dispersion of the phase velocity as found in Refs. [11,12] is
never present in this PdSiCu glass, neither in the rod nor in the
ribbon. Thus, the hypothesis made in Ref. [11,12] that a structure of
the glass consisting of regions with different elastic properties
would lead to positive dispersions seem to be contradicted by the
present results: the rods and ribbons of the PdSiCu glass present
the same dynamics notwithstanding the fact that they are struc-
turally different [9]. However, without the use of the highest
possible energy resolution in an IXS experiment, it is not possible
to be conclusive in this point. This will be further discussed in
Section 3.4.

3.3. High pressure IXS measurements of metallic glasses

Until recently, the study of polyamorphic transitions was limited
to crystalline materials or to glasses with directional and open
coordination environments [19]. These kinds of glassy materials
involve open local environments that under hydrostatic pressure
change to a more densely packed structure. The possibility of pol-
yamorphism in metallic glasses was thus dismissed due to the non-
directional nature of the metallic bonds. However, another source
of polyamorphism is a change in the electronic structure and
bonding, as it has been first observed in a metallic glass containing
Ce (Ce55Al45) [20]. After this first system, other metallic glasses
containing Ce [21e24] have shown polyamorphism that has been
experimentally understood through in situ Ce L3-edge X-ray
absorption spectroscopy [22]. The origin of this polyamorphism lies
in the special electronic configuration of Ce, in which the strongly
correlated 4f electrons can become delocalized under pressure. This
causes a large volume shrinkage, responsible in turn of the change
of density of the amorphous phase. As the changes in the electronic
band structure should be followed by changes in the phonon
dispersion relations and sound velocities, IXS can be used to study
the changes in the dynamics of ametallic glass under high pressure.
In particular, we studied the Ce70Al10Ni10Cu10 system in the
0e25 GPa pressure range and the 0e12 nm�1 momentum transfer
range. A complete dispersion relation similar to the one shown in
Fig. 2, was obtained for each pressure value; the longitudinal
macroscopic sound velocity, vLmacro is proportional to the slope of
this dispersion relation at q / 0 nm�1:

vmacro
L ¼ lim

q/0

UðqÞ
Zq

(7)

As the dispersion relation bends at q values close to qmax,
a better value of the slope at q / 0 is obtained by fitting the
experimental points to a sinusoidal function U(q) ¼ A$sin(q) where
A¼ ZvL

macro. The longitudinal macroscopic sound velocity computed
by this procedure is plotted in Fig. 6 as a function of the applied
pressure. At a low applied pressure (0.4 GPa), a slight decrease in
the velocity can be observed. This unusual behavior in a metallic
glass (high pressures imply higher sound velocities) has been
already observed in a Ce-based BMG [25] and attributed to a cova-
lently bonded local structure. At higher pressures, the normal
positive pressure derivative of the sound velocity is observed.
Therefore, according to the changes of the velocity of the acoustic
excitations, the transition between two different amorphous pha-
ses can be stated. This transformation takes place in the range
between 0.2 and 5 GPa and yields a more closed packed atomic
configuration with a pressure behavior similar to other metallic
glasses. This can be also observed in the position change of the
maximum of the S(q) as a function of the pressure, shown in the
inset of Fig. 6. The slope of the sound velocity gives an idea of how
this transformation occurs. Under application of light pressures the
covalently bonded local structure dominates the dynamics and the
velocity diminishes. A further increase in pressure is able to break
this structure and recover the expected behavior, where the pres-
sure increase is accompanied by an increase of the sound velocity.
Next, an outstanding change in the slope of the sound velocity can
be observed at around 5 GPa, indicative of a drastic change in the
glassy structure. This is the signature of the polyamorphic transi-
tion and further analysis will be presented elsewhere [26].

3.4. High frequency response of metallic glasses at the mesoscopic
length scale

IXS experiments onmetallic glasses allow not only to study their
mechanical properties by different ways but also to deepen into
theoretical aspects regarding the glass transition or the mecha-
nisms involved in the boson peak [27]. The boson peak (BP) is an
excess of vibrational states displayed as a maximum in the reduced
vibrational density of states and it is considered the signature of
some sort of disorder in the glass. Recent IXS experiments on
conventional glasses [28e30] showed a softening of the longitu-
dinal phase velocity, i.e. a rapid decrease with respect the macro-
scopic sound limit, at the momentum transfer value corresponding
to vibrational modes with the energy of the BP (qBP). This negative
dispersion contradicts the existing IXS experiments on MGs where
the opposite behavior was found [11,12]. Several phenomena could
be responsible for this unexpected behavior; between them, the co-
existence of strong and weak regions at the nanometer scale was
suggested. However, this microscopic description of metallic
glasses posed a fundamental dissimilarity between metallic and all
other glasses, without a clear physical origin given the relative
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simplicity of the metallic potential. Thus, we performed additional
IXS measurements on the PdSiCu BMG to shed some light on this
problem. High resolution spectra, with energy resolution of
1.5 meV, were collected for momentum transfers as low as 1 nm�1,
allowing us to compute the longitudinal phase velocity with high
accuracy. Fig. 5 shows the results of these measurements. From this
figure it is clear that the metallic glass studied presents a negative
dispersion, in accordance with what was found in conventional
glasses. Therefore, the use of the IXS technique evidences
a common feature in all glasses: a decrease of the phase velocity in
the q region where the BP appears that can give some hints on the
physical origin of the BP. Moreover, our results on the PdSiCu MG
challenge the previous observations on other MGs performed with
lower energy resolution [11,12]. Detailed results can be found in
Ref. [27].

4. Conclusions

Inelastic X-ray Scattering experiments were performed on two
metallic glass compositions with different fragility parameters and
under several thermodynamic conditions. This technique offers
a microscopic description of the collective dynamics and mechan-
ical properties both for crystalline and amorphous phases. We
showed that the fragility parameter of the liquid can be estimated
from the non-ergodicity parameter of the corresponding glass and
that up to T w 0.5Tg there are no anharmonic effects. Moreover,
through the determination of the dispersion relation of the acoustic
excitations the longitudinal and transverse velocities of metallic
glasses produced as ribbons with fast quenching methods was
computed and, thus, the elastic constants were determined. High
pressure IXS experiments on a Ce-based metallic glass allowed us
to unveil a polyamorphic transition through the changes in the
vibrational dynamics of the competing amorphous phases. Finally,
high energy resolution IXS spectra allowed us to detect a negative
dispersion on the phase velocity, thus contradicting the positive
dispersion previously found in Refs. [11,12], and giving further
evidence of the acoustic origin of the Boson Peak in disordered
materials.
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