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Nanoscale elastic inhomogeneity of a Pd-based metallic glass: Sound velocity from ultrasonic and
inelastic x-ray scattering experiments
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In this paper, we show experimentally that the sound velocity of nanometer wavelength exceeds that of
millimeter wavelength for a Pd-based metallic glass completely frozen far below the glass transition tempera-
ture. This indicates that nanoscale elastically harder regions exist in the glass matrix and, hence, elastically
softer regions are also present so as to realize the macroscopic elasticity.
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Structural investigation of frozen glass-forming liquids is
one of the attractive subjects of present research in glass
science. In terms of thermodynamics, rheology, fragility, me-
chanical response, etc., there are several structural models of
glasses.'~” In these models, the intrinsic structural fluctuation
in a glass substance is explicitly taken into consideration. In
contrast, structural investigations by transmission electron
microscopy and x-ray diffraction techniques show little evi-
dence of apparent inhomogeneity, except for very recent
works.®? In order to reveal nanoscale inhomogeneity, we
have previously used ultrasound-induced instability phenom-
ena in metallic glasses;'*'3 in that work glasses are crystal-
lized by atomic jumps during the (Johari-Goldstein) B relax-
ation resonant with a periodic strain field, and the partially
crystallized microstructure of the glass is observed using
high-resolution transmission electron microscopy. According
to that work, the structure of fragile metallic glasses is ex-
pected to consist of strongly bonded regions (SBRs) sur-
rounded by weakly bonded regions (WBRs), as shown in
Fig. 1(a). If this structural model is correct, it is predicted
that sound velocity of nanometer-order wavelength, which
mainly represents the elasticity of SBRs, should become
faster than that of millimeter-order wavelength, reflecting the
macroscopic elastic stiffness of the overall substance includ-
ing SBRs and WBRs, although the long-wavelength wave in
a homogeneous solid is usually the fastest. To obtain these
sound velocities, two measurement techniques are available:
inelastic x-ray scattering (IXS) method for the former sound
velocity and ultrasonic (US) measurement for the latter. Ac-
tually, inelastic neutron and x-ray scattering have been used
so far to investigate the dynamics of disordered
materials,'*!7 and especially the IXS technique, utilizing
third-generation synchrotron radiation sources, facilitates in-
vestigation of phonon dispersion at smaller momentum trans-
fers, small Q, and, therefore, allow us to obtain an accurate
sound velocity.'®! Around the Q value corresponding to the
typical domain size &, the phonon-dispersion relation is ex-
pected to branch positively and negatively from the US line
due to the SBR and WBR elasticities, respectively, as shown
in Fig. 1(b). (However, the signal associated with the WBR
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is probably undetectable because its volume fraction is con-
sidered to be small and the signal location is close to the
quasielastic peak at low Q regions.)

Our goal is to examine the intrinsic features of the glass
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FIG. 1. (Color online) Schematic illustrations showing (a) inho-
mogeneous structural model of fragile metallic glasses (Ref. 12),
(b) phonon dispersion relation in a very small Q region predicted
from the model, (c) inverse temperature dependence of the charac-
teristic frequencies of « and B relaxations (referring to Ref. 33), and
(d) typical frequency dependence of the modulus or rigidity in a
viscoelastic substance. The set of characteristic temperatures in (c)
is an example for the case of Pd,, sNi; sCusgPyg; point A is just the
definition of the glass transition, B and C are based on the experi-
ments (Refs. 12, 22, and 23).
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FIG. 2. (Color online) RUS spectrum measured at room tem-
perature for a Pdy, sNi; sCusgP,o bulk metallic glass. The inset gives
the sample information used in the present RUS measurement. The
labeling of the vibrational modes (e.g., EV1, EX1, ODI, etc.) fol-
lows Ohno’s prescription (Ref. 26). About 40 resonance peaks were
used in the inverse analysis, and the root-mean-square error indicat-
ing the degree of convergence was about 0.2%. The inverse calcu-
lation yields ¢1;=209 GPa and c44=34.2 GPa.

structure by comparing the nanoscopic elasticity to the mac-
roscopic elasticity of a metallic glass, and to show an experi-
mental indication of “nanoscale elastic inhomogeneity.” In
order to confirm such a “static” structural inhomogeneity,
however, we have to eliminate any effects of hardening and
softening due to the relaxation processes that frequently ap-
pear in glass substances. Thus, in the present work, by using
one of the most stable bulk metallic glasses
Pd,; sNi; sCusoPy,2° we performed IXS and US measure-
ments at room temperature (about 0.387;, or 0.527T,)
which is far below the glass transition temperature
(Ty~290-300 °C).?! In this metallic system, as shown in
Fig. 1(c), it was reported that the B relaxation is observed at
about 1 Hz around 150-200 °C,?? and can also be detected
around T, in the megahertz frequency range.'>* This means
that any relaxation (except for the residual fast relaxation;
this is discussed later) is excluded for ultrasonic (megahertz)
measurements at room temperature and, of course, this is
also the case for much higher frequencies (terahertz). That is,
as is understood from Fig. 1(d) showing the viscoelastic
characteristics, the two kinds of sound velocity (US, mega-
hertz; IXS, Terahertz) measured at such a low temperature
(e.g., room temperature) are both at the high-frequency limit,
so that the velocity difference caused in this situation, if
present, is limited only to what is caused by the difference
between the wavelengths of the probes (US and IXS). We
can therefore discuss the static structure of the glass through
the IXS and US dynamic measurements.

First, the longitudinal elastic constant ¢; (and also the
shear constant cy) of a rectangular parallelepiped sample cut
out of the ingot were determined using the resonant ultra-
sound spectroscopy (RUS) technique,”? to obtain the lon-
gitudinal (and also transverse) US velocity, vES= \m (and
also v[TJS:\e"cT/ p). The resonance spectrum was obtained in
the range of 0.2—1.5 MHz with steps of 0.1 kHz, and inverse
iterative calculations were carried out to determine ¢; and cy
from the measured resonance spectrum. Figure 2 shows the
resonance spectrum of the sample, from which we have ob-
tained ¢; =209 GPa, i.e., v;°=4.76 km/s, and cy=34.2 GPa,
ie., v3°=1.92 km/s. These values are in good agreement

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 76, 140201(R) (2007)

with the elastic moduli obtained by other independent mea-
surements: vy°>=4.51 km/s for PdsNi;oCusP, (Ref. 27)
and v;®=4.82 km/s measured for a different sample of
Pd,, sNi; sCusoP,q glass of the same composition.??

A sample cut from the same ingot was mechanically pol-
ished into a thin plate with a thickness of about 85 um ap-
propriate for transmission x-ray measurements. The IXS
measurement was performed at the high-resolution IXS
beamline BL35XU of SPring-8 in Japan,2* in a range be-
tween 1.5 and 17 nm~'. During the measurement, the
Pdy,, sNi; sCuszoP, plate sample was kept at room tempera-
ture in a helium atmosphere. Backscattering at the
Si (1111 11) reflection and an array of 12 analyzers was
used, with the best energy resolution 1.6 meV. Scans, at
fixed momentum transfer, were performed for energy trans-
fers in the range —50 =7 =50 meV, and several scans were
made to accumulate the data for enhancement of statistical
accuracy. After the IXS measurement, the amorphous struc-
ture was again confirmed by x-ray diffraction with our labo-
ratory instrument with Mo Ka radiation. Figure 3(a) shows
the x-ray diffraction profile of the sample before and after the
IXS measurement; it was found that the amorphous structure
was completely retained after the measurement. Figure 3(b)
shows the IXS spectrum at each Q value. The data presented
have been corrected for background by subtracting the
empty-vessel response, after correction for sample attenua-
tion. The high-energy peaks at low Q values are due to in-
elastic scattering from the silicon windows of the vessel. In
the ideal case, these peaks should be completely removed;
the residual intensity in the spectra may come from using
only a calculated value for the sample attenuation coefficient.
However, these peaks are mostly removed by the background
subtraction. Also, as the intensity in the vicinity of the acous-
tic modes was not very large, this slight deviation does not
affect our fundamental result (the inelastic signals from the
Si window were masked appropriately for practical analysis).
In order to obtain the excitation energy at each Q value, the
present IXS spectra were fitted to the damped harmonic os-
cillator (DHO) function,?%°

2
Qol'y

S0, Ty
w? Q(w2 - QZQ)2 + w2F2Q ’

s ~ri+

(1)

where A, and A, are the relative intensities, I'y and I',, are
associated with the sound attenuation, and QQ is the
characteristic acoustic frequency that corresponds to the
maximum of the current-current correlation spectrum
J(Q,0)=(?/0%)S(Q,w),"® and, in practice, we included the
detailed-balance term and convolved with the instrumental
resolution function. Furthermore, since we here put impor-
tance on the estimation of the excitation energy in the low Q
region, we have remeasured the IXS spectra for 0=1.28 and
1.62 nm™' to enhance the signal-to-noise ratio and to obtain
the precise mode energy with a different-thickness sample,
which was set in a beryllium-window vessel; see Fig. 3(c).
Since, in addition to the primary peak at about 5 meV, a
broad faint peak is seen at high energy of about 8 meV in
Fig. 3(c), the function including dual (or multiple) DHO
terms may be more suitable for fitting to the spectra, but for
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FIG. 3. (Color online) (a) X-ray diffraction profiles of a fresh
sample and the sample after the IXS measurement. (b) IXS spectra
obtained for Pdy; sNi; sCusgPyq at fixed Q values. The high-energy
peaks indicated by white squares at low Q values are due to spuri-
ous scattering from the silicon windows of the vessel. The blue
(solid) and green (dashed) curves indicate the fitted Eq. (1) and the
damped terms in Eq. (1), respectively. (c) The refined IXS spectra at
very low Q values obtained by the precise measurements performed
for a different sample cut from the same ingot, in order to enhance
the signal-to-noise ratio by narrowing the slit of the 26 arm and
optimizing the sample thickness.

the sake of simplicity, here we analyze the spectra by using
the single-DHO function (this is discussed later). Figure 4
shows the phonon-dispersion relation (upper panel) and com-
pares the phase velocity {,/Q of longitudinal sound from
the IXS data with the US velocities (lower panel). Usually,
the US velocity (of A~ 1 mm) in homogeneous solids is sub-
stantially equivalent to the fastest sound velocity of long-
wavelength limit. However, as found from Fig. 4, the sound
velocities in the low Q region are found to be apparently
higher than the US velocity in this case. It is found that the
velocities at low Q values exceed vy°=4.76 km/s and the
difference in ¢ (=pvj) between IXS and US amounts to
10-20 %. The sound velocity at Q~4 nm™! is virtually
equal to the US velocity, indicating that the plots at
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FIG. 4. (Color online) Phonon-dispersion curve obtained from
the IXS data for a Pdy, sNi; sCuszgP,, bulk metallic glass (lower),
and comparison of the sound velocity (£2,/Q) of longitudinal sound
obtained from the IXS data and the US velocities (upper). The
line “Ultrasound linear function” in the lower part denotes
ﬁQsz[LJSQ. The additional two IXS data are also plotted in the
figure, and the previous US data (Refs. 23 and 27) are also shown
for reference. The sound-velocity plot in the low Q region is con-
sidered to be connected to the long-wavelength limit by the curve A
depicted in the figure.

Q<4 nm™! apparently deviate positively from the US linear
function (hQQ=vESQ). For consistency, the sound-velocity
plots in the low Q region should be connected to the long-
wavelength limit as in the curve A depicted in the figure. If
we had obtained the critical point deviation from the US line
by measuring the excitation energy at Q values less than
1.28 nm~!, we would know the typical domain size & in
Fig. 1(a). It is emphasized here that the fast sound,
vy (=5.07 km/s>vgs), at Q=1.28 nm™!, indicates that ¢ is
larger than 5 nm.

The present fast-sound tendency is the first data for me-
tallic glasses, but a similar phenomenon was also observed
on a simple glass, selenium, and a silica glass.>>3! The phe-
nomenon has been attributed to residual fast relaxation in the
glass and to topological disorder.3'3 Although it may be one
of the candidates for the mechanism, there seems to be no
clarity on the issue at present. Based on the energy landscape
concept, the dynamics far below 7, is dominated by the po-
tential barriers in a glassy solid state (i.e., in the landscape-
dominated regime);>3* hence, it might be difficult to sup-
pose that a very fast relaxation process of the order of MHz-
THz occurs in a sufficiently frozen glassy solid (at about
0.38T,, or 0.52Tg). Thus, the fact that the sound velocities at
nanoscale wavelengths exceed the US velocities close to the
long-wavelength limit directly indicates that elastically
harder regions exist in the glassy matrix and, therefore, elas-
tically softer regions also exist so as to realize the relatively
low elasticity of the overall glass substance. With reference
to recent work on the structure of metallic glasses by trans-
mission electron microscopy,®? the present interpretation for
the fast sound in rigid glasses is considered to be valid. Such
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a structural inhomogeneity strongly supports the idea of
Ngai*> or Johari*® that not all molecules (atoms) may con-
tribute to the Johari-Goldstein S relaxation process, and also
is consistent with the recent papers associated with the elas-
tic inhomogeneity of glasses.3”~*?

Finally, we add some remarks on the peak broadening (or
faint splitting) toward the higher-energy region observed in
the present IXS data. If the glass structure is composed of
two distinct regions, the excitation energies would be split
into clear two peaks (in the limit of no damping). But, when
the structure is comprised of vague regions whose elasticity
changes gradually, the excitation peaks are broadened and, in
addition, the damping effect also contributes to the peak
broadening. By overlapping of the broad higher-energy peak,
the overall peak looks like one faster sound peak as seen in
Fig. 3(c). From the trial of dual-DHO analysis, the sound
velocity of the lower-energy mode is found to be very close
to the US velocity. Here, supposing that the first lower-
energy (primary) peak comes from WBRs, the overall elas-
ticity consisting of both SBRs and WBRs inevitably exceeds

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 76, 140201(R) (2007)

the average elasticity obtained by US; hence, this assumption
is not valid. Usually, the lifetime of excited phonons due to
the damping is of (sub)picosecond order; therefore, the
propagation length [, is approximately of the order 1 nm,
assuming that the sound velocity is 1000—10 000 m/s. So,
when §= 1, the faster sound velocity of the SBRs is mainly
detected by the IXS measurements. Thus, the above peak
broadening (or splitting) may indicate that there are more
regions with different elasticities in the SBRs. Also, in this
case, since the overall SBRs have elasticity higher than the
average value measured by the US technique, WBRs should
exist in the glass matrix.

The synchrotron radiation experiments were performed at
the SPring-8 with the approval of the Japan Synchrotron Ra-
diation Research Institute (JASRI). This work was partly
supported by a Grant-in-Aid for Scientific Research on the
Priority Area Investigation of “Materials Science of Bulk
Metallic Glasses” from the Ministry of Education, Science,
Sports and Culture, Japan.
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