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We have investigated acoustic-phonon behavior of Pd-, Pt-, and Zr-based metallic glasses with the combi-

nation of inelastic x-ray scattering and ultrasonic �US� measurements. In the dispersion of the longitudinal

acoustic modes at small wave number Q, the phase velocity of phonon tends to exceed the US velocity with a

wavelength of macroscopic scale for Pd- and Pt-based glasses, whereas the former goes close to the latter for

Zr-based glasses. Furthermore, in all the cases, the mean free path L of phonon apparently increases steeply at

a certain Q value. These phenomena on the acoustic phonon behavior can be qualitatively explained by the

elastic-wave-scattering theory with a simple two-phase model.

DOI: 10.1103/PhysRevB.81.172201 PACS number�s�: 63.50.Lm, 61.20.Lc, 62.40.�i

Disordered materials, liquids and glasses, exhibit complex
relaxation processes.1 The correlation between these dy-
namic processes and glass structure is one of the main issues
in glass science. One focus has been the tendency of the
acoustic mode to disperse faster than expected from mea-
surements of the ultrasonic �US� sound velocity. This “posi-
tive dispersion” is frequently observed in many disordered
systems.2 For liquids, the positive dispersion may be ex-
plained within the framework of the mode coupling theory,3

in which a fast-rattling process, being distinct from � and �
�Johari-Goldstein� relaxations,4,5 �see for details Ref. 6�, is
supposed to be present. However, the positive dispersion is
also observed in a glassy state, e.g., a silica glass,7–9 and the
phenomenon has been attributed to the residual fast process
in the glass.2,3 As was shown by Buchenau,10 elastic moduli
of glasses are frequency dependent at sufficiently high tem-
peratures where � or � relaxation can take place. Hence, the
fast process is one candidate for causing the positive disper-
sion in relatively low-density glassy materials.

Recently, we reported deterioration of the structure of a
glass near the glass transition temperature due to the com-
bined action of external megahertz frequency vibrations and
� relaxation.11,12 The partially crystallized microstructure of
a Pd-based metallic glass under submegahertz vibration
strongly indicates that the atomic motions associated with
the Johari-Goldstein � relaxation are spatially localized.13,14

Based on our experimental results on a transmission electron
micrograph, we proposed a microstructural model of metallic
glasses that consists of strongly bonded regions surrounded
by weakly bonded regions.13 To confirm the validity of the
model, we have performed inelastic x-ray scattering and ul-
trasonic measurements,15 and also have measured the elastic
moduli at low temperatures to freeze out any processes re-
sidual in the glass.16 In those works, we have experimentally
shown that the sound velocity of nanometer wavelength

acoustic phonons exceeds the ultrasound velocity of millime-
ter wavelength �in macroscopic scale� in the Pd-based metal-
lic glass completely frozen far below the glass transition
temperature. Here, we have investigated the acoustic-phonon
properties of several Pd-, Pt-, and Zr-based metallic glasses
by combining results from inelastic x-ray scattering �IXS�
and US techniques. Finally, with the aid of the Yang-Mal’s
�YM� elastic-wave-scattering theory,17 we have suggested
that there exists intrinsic elastic inhomogeneity with a certain
correlation length in these metallic glasses.

The longitudinal elastic constant cL and also shear �trans-
verse� constant cT of a rectangular parallelepiped sample cut
out of each ingot were determined using the resonant ultra-
sound spectroscopy �RUS� technique,18,19 to obtain the lon-
gitudinal �and also transverse� US velocity in a macroscopic

scale, vL
US=�cL /� �and also vT

US=�cT /��. The density, elastic
constants, and sound velocity of the samples used in this
work are listed in Table I. On the other, each sample for IXS
was cut from the same ingot prepared for RUS and was
mechanically polished into a thin plate with a thickness of
about 50–90 �m appropriate for transmission of x-ray mea-
surements. The IXS measurement was performed at room
temperature at the high-resolution IXS beam line, BL35XU
of SPring-8 in Japan;20 the details in the IXS measurement
were described in Ref. 15. Figure 1 shows part of the IXS
spectrum at each Q value. The data presented have been
corrected for backgrounds by subtracting the empty-vessel
response �including the Si window�, after correction for
sample attenuation. To obtain the excitation energy at each Q

value, the present IXS spectra were fitted to the damped
harmonic oscillator �DHO� function,21,22
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where A0 and AQ are the relative intensities, �0 and �Q are
associated with the sound attenuation, �Q is the characteris-
tic acoustic frequency, and in practice, we included the
detailed-balance term and convolved in the instrumental res-
olution function.

Figure 2�a� shows the phonon-dispersion relation for each
glass �lower panel� and the phase velocity of longitudinal
phonon, vr�vL

IXS
/vL

US=�Q /QvL
US, normalized by the ultra-

sound speed, i.e., “relative sound velocity” �upper panel�.
Although the US velocity in homogeneous solids is usually
the fastest at the long-wavelength limit, vr exceeds 1 for the
Pt- and Pd-based metallic glasses �PNCP, PdCP, and PtNP�
in the low-Q region. In contrast, for the Zr-based metallic
glasses �ZANC, ZANP, and ZCA�, the relative velocity tends
to approach 1 at low-Q values.

Furthermore, we can evaluate the phonon propagation
length �mean free path� from the IXS results; this is taken as
L�Q���Q /Q�Q. Figure 2�b� shows the 	 dependence of L

for the six metallic glasses. For the sake of intuitive under-
standing, L is plotted as a function of the wavelength 	 �
=2
 /Q� of phonon. In all the cases, we can see the tendency
that L increases with increase in 	 and changes steeply at a
certain 	 value �defined as 	c�. Here we do not intend to
define the values of 	c and the index of power law, because
some of the IXS data are scattering. It may be a characteristic
feature that the values of Pd- and Pt-based glasses appear to
be larger than those of the Zr-based glasses.

As was discussed by Masciovecchio et al.,23 the fact that
the phonon is well defined at 	�	c may imply that there
exists such an elastic inhomogeneity with a certain correla-
tion length of the elastic fluctuation, �, which may be com-
parable to 	c �=2
 /Qc�. However, the argument on the cor-
relation length of vitreous silica is under debate,24 and to
date, we have no theoretical evidence or support for the pre-
diction that the correlation length �domain size� can be
evaluated from the 	c value at which the mean free path
changes steeply.

We thus consider the positive dispersion and steep in-
crease in L around the critical wavelength 	c with the aid of
the elastic-wave-scattering theory established by Yang and
Mal theory,17 which has been formulated as a substantial
extension of the Waterman-Truell theory25 and validated by
recent numerical simulations.26,27 According to the YM
theory, the effective wave number keff in the inclusion/
matrix/effective medium composite medium is given by

1 = �1 −
2insf0

keff
2 �2

− �2insf


keff
2 �2

, �2�

where the forward-scattering and backscattering amplitudes
now correspond to the composite �inclusion/matrix� scatterer
embedded in the effective medium, ns=Vf /
a2 is the number
density of inclusions �in a two-dimensional �2D� model�, and
f0 and f
 are the forward-scattering and backscattering am-

TABLE I. The density, elastic constants, and sound velocity of the six bulk metallic glasses measured by RUS.

Glass sample �abbreviation�
Pd42.5Ni7.5Cu30P20

�PNCP�
Pd46Cu35.5P18.5

�PdCP�
Pt60Ni15P25

�PtNP�
Zr50Cu40Al10

�ZCA�
Zr65Al7.5Ni10Cu17.5

�ZANC�
Zr65Al7.5Ni10Pd17.5

�ZANP�

Density, � �kg /m3� 9237 9485 15270 6837 6430 7145

cL �GPa� 209.1 208.3 257.8 158.3 144.2 165.3

cT �GPa� 34.20 33.57 34.39 33.91 28.29 29.18

vL
US �m/s� 4758 4686 4109 4812 4736 4810
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FIG. 1. �Color online� Typical

IXS spectra at the some low-Q

values obtained for the six glasses.

The black circles and three curves

indicate raw data and the fitted

DHO function Eq. �1� to data,

respectively.
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plitudes of a single inclusion in the matrix, respectively, for
the plane-wave incidence with angular frequency �. Once
the effective wave number keff is determined, the phase ve-
locity Veff and the attenuation coefficient �eff of the compos-
ite are given by the relation keff=� /Veff+ i�eff. Presently, the
propagation length L is defined as 1 /�eff.

Here, for the sake of simplicity, we consider a 2D simple
model consisting of two regions in Fig. 3�a�, in which elas-
tically softer matrix surrounds harder inclusions of volume
fraction Vf and deal with only a shear horizontal �SH� wave
in a two-dimensional system. In this case, only shear moduli
of the two phases are needed for calculations: GM=20 GPa
�the matrix shear modulus� and GI=40 GPa �the inclusion
shear modulus�. Since actually the inelastic x-ray scattering
is dominated by �perhaps mainly sensitive to� longitudinal
modes, strictly speaking, we should calculate for the longi-
tudinal mode in three dimensions �3D�, and the 2D model
cannot express exactly such complicated wave scattering in

3D. However, the only shear wave exists and the longitudinal
wave does not in our present 2D model, which means that
the shear wave is the fastest. This situation is similar to the
longitudinal mode in an actual glass substance. In addition,
mode transfer can be neglected in this model, and also in the
actual experiment the fastest longitudinal mode was only
analyzed and such transferred modes were not detected.
From the above viewpoints, it is considered that the actual
situation of the longitudinal-wave scattering is partially simi-
lar to the shear-wave scattering in the present model. Our
trial by the present model calculation is to grasp how the
phase velocity and propagation-length behavior change when
there is an elastic inhomogeneity with a static correlation
length �even in this 2D model�.

Figure 3�b� �left panel� shows the effective phase velocity
relative to that in the matrix as a function of the inverse of
wavelength and �right panel� the propagation length as a
function of wavelength for a composite material calculated
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FIG. 2. �Color online� �a� The phonon-

dispersion relation �lower panel� and relative

phase velocity to ultrasound, �Q /QvL
US, �upper

panel� of six types of metallic glasses, which

were obtained from the IXS spectra. �b� The 	

dependence of the mean free path L of acoustic

phonon obtained for six glasses.

(a)

1.38

1.36

1.34

1.32

1.30

1.28

1.26

N
o
rm
a
liz
e
d
p
h
a
s
e
v
e
lo
c
it
y
,
V
e
ff
/
V
M

1086420

d / λ

GM = 20 GPa

GI = 40 GPa

Vf = 0.7

Vf = 0.8

Vf = 0.9

10
0

10
1

10
2

10
3

10
4

10
5

10
6

N
o
rm
a
ili
z
e
d
p
ro
p
a
g
a
ti
o
n
le
n
g
th
,
L
/
d

0.1
2 3 4 5 6 7

1
2 3 4 5 6 7

λ / d

GM = 20 GPa

GI = 40 GPa

Vf = 0.7

Vf = 0.8

Vf = 0.9

(b)

2
~ λ

6
~ λ

Long −−−− λ −−−− Short Short −−−− λ −−−− Long

a)

US

US

US

Positively deviated
from US

FIG. 3. �Color online� �a� Schematic figure
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velocity relative to that in the matrix as a function
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length as a function of wavelength for a compos-

ite material calculated with the Yang-Mal effec-

tive medium self-consistent theory. The volume

fraction of inclusion is set at Vf=0.7, 0.8, and 0.9.

The effective phase velocity is normalized the

phase velocity of the matrix VM. GI=40 GPa and

GM=20 GPa. This model can be used to express

the positive dispersion in the low-Q range.
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by using the YM theory. It should be noted that, in both
cases, the effective phase velocity Veff normalized by the
phase velocity of the matrix VM tends to increase with in-
crease in d /	 �d: diameter of inclusions� that is proportional
to the Q value in Fig. 2�a�. The Veff /VM value at d /	=0 is
the long-wavelength limit, corresponding to the ultrasound
value in Fig. 2�b�. The point at which Veff /VM increases
markedly is on the order of the diameter d. Thus, the present
model can reproduce the characteristic features of the experi-
mental positive dispersion.

When the fraction Vf is larger �i.e., more homogeneous�,
the degree of increase becomes faint, namely, the positive
dispersion tends to depend on the fraction of softer matrix.
Regardless of increase or decrease in Veff /VM, the mean free
path L /d �propagation length� tends to increase with increase
in 	 and it obviously changes at d /	=1. �The undulation in
the low-	 /d region is due to the resonance scattering.� Our
present model considers only SH wave �not longitudinal
wave� in a simple two-dimensional model; nevertheless, the
characteristic feature can be reproduced with this elastic in-
homogeneous model. It is worth noting that this drastic
change in L around d /	=1 can be reproduced by assuming
that two phases exist in the substance, whereas the degree of
positive dispersion depends on the volume fraction of the
two phases. From the present calculations, we can under-
stand the significant feature of the experimental results; that
is, all the metallic glasses used in this work do not show the
positive dispersion, but all of them exhibit the marked in-
crease in mean free path L. Thus, we may conclude that the
	c value represents the correlation length � of domain �cor-
responding to the diameter d in this model�. By understand-
ing comprehensively the present experimental and theoreti-
cal results, it can be affirmed that the degrees of elastic
inhomogeneity in PNCP, PdCP, and PtNP glasses are larger
than that in ZANC, ZANP, and ZCA glasses.

To conclude, we have investigated systematically the
acoustic properties of some Pd-, Pt-, and Zr-based metallic
glasses by the combination of IXS and US measurements
with the aid of the elastic-wave-scattering theory, to substan-
tiate the elastic inhomogeneity of densely packed metallic
glasses. In the cases of Pd42.5Ni7.5Cu30P20, Pd46Cu35.5P18.5,

and Pt60Ni15P25, the sound velocity of the phonons at low Q
exceeds the US velocity, whereas the former goes close to
the latter in the cases of Zr65Al7.5Ni10Pd17.5,
Zr65Al7.5Ni10Cu17.5, and Zr50Cu40Al10. Moreover, the 	�Q�
dependence of L	�Q /Q�Q representing the mean free path
of phonon was also evaluated for the six metallic glasses.
The L values of all the glasses used here tend to increase
with increase in 	 and steeply change at a certain value of 	
�	c�. It is found that the 	c values for Pd42.5Ni7.5Cu30P20,
Pd46Cu35.5P18.5, and Pt60Ni15P25 glasses are larger than those
for Zr-based metallic glasses. In the light of the elastic-wave-
scattering theory with the present two-phase model, it is
strongly supported that the elastic inhomogeneity with a cer-
tain correlation length exists even in dense metallic glasses.
As described by Masciovecchio et al.,23 this critical 	c value
can reflect the characteristic domain size � in glasses, and the
present results indicate that Zr-based metallic glasses are
more homogeneous than the Pt- and Pd-based metallic
glasses.

Although our inhomogeneous model can qualitatively ex-
plain our experiments, according to Schirmacher et al.,28,29

the positive dispersion can be successfully explained even
when assuming that the elastic-constant fluctuation has no
correlation length. In order to check this, high-angle annular
dark field–scanning transmission electron microscopy obser-
vation may be a powerful tool for detection of domainlike
inhomogeneity in glasses. In addition, as was shown by Ruf-
flé et al.,30 also in the present metallic glasses the opticlike
Boson peak �being less dependent on Q� may exist in a
low-Q region �e.g., around 4 meV�, where we observed the
positive dispersion for the present metallic glasses; its exis-
tence may be one of the reason of the positive dispersion at
low Q’s. However, the correlation between the Boson peak
and the propagation of phonon is still unclear and it will be
further investigated. At present, our model is surely sufficient
to explain the experimental results in terms of both positive
dispersion and propagation length of phonon.

The synchrotron radiation experiments were performed at
the SPring-8 with the approval of the Japan Synchrotron Ra-
diation Research Institute �JASRI�.
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