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The Boson peak (BP), an excess of vibrational density of states, is ubiquitous
for amorphous materials and is believed to hold the key to understanding the
dynamics of glass and glass transition. Previous studies have established an
energy scale for the BP, which is -~ 1-10 meV or ~ THz in frequency. However, so
far, little is known about the momentum dependence or spatial correlation of
the BP. Here, we report the observation of the BP in model Zr-Cu-Al metallic
glasses over a wide range of momentum transfer, using inelastic neutron
scattering, heat capacity, Raman scattering measurements, and molecular
dynamics (MD) simulations. The BP energy is largely dispersionless; however,
the BP intensity is found to scale with the static structure factor. Additional MD
simulations with a generic Lennard-Jones potential confirm the same. Based on
these results, an analytical expression for the dynamic structure factor is for-
mulated for the BP excitation. Further analysis of the simulated disordered
structures suggests that the BP is related to local structure fluctuations (e.g., in
shear strain). Our results offer insights into the nature of the BP and provide

guidance for the development of theories of amorphous materials.

Upon rapid cooling, liquids will solidify into non-equilibrium glassy
or amorphous states'>. As such, dynamic relaxation is a universal
and intrinsic feature of glass and enables fluctuation and dissipation to
occur*®. Dynamic relaxation covers a broad range of time, length,
and temperature scales, which in turn determines the properties
and applications of glassy systems. As a result, there has been
growing interest in the physics of glass® . Theoretically, the dynamical
modes of glass can be clarified into two categories®. The first
category pertains to transitions between adjacent basins or config-
urations within the potential energy landscape encompassing the
so-called a and S relaxation processes. The second category involves
the vibrational modes within a singular basin. The investigation of

vibrational modes holds significant importance due to its
connection with the heat capacity and transport properties, such as
thermal conductivity, which plays a crucial role in determining the
performance of thermoelectric materials, as well as serving as a cri-
terion for determining structural phase transitions in condensed
matter”. In ordered crystals with long-range order, the vibrational
modes manifest as plane-wave phonons, resulting in a vibrational
density of states (VDOS) g(w) that adheres to Debye-like behavior at
low frequencies'. In contrast, the VDOS of amorphous materials
generally departs from the Debye form, exhibiting an excess of states
known as the BP"'®, Following decades of intensive investigation, a
consensus has formed that the BP is linked to specific sorts of
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Fig. 1| Momentum dependence of the Boson peak (BP) in Zr,sCu,cAlg metallic
glass (MG). a Generalized Q-dependent density of states normalized by F, B(Q, E),
measured by inelastic neutron scattering (INS) (see text). The strong INS intensity
close to £=0 was due to the finite instrument resolution and the elastic scattering.
b Molecular dynamics (MD) simulation results for B(Q, E). The INS data show a well-
defined BP around 5.5 meV, which is largely dispersionless as a function of Q. The
static structure factor S(Q) is superimposed (the black dashed lines in a and b).
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¢, d The constant £ cut plots at the BP energy (over AE = 0.5 meV) were super-
imposed with the experimental S(Q). The INS intensity at the BP energy exhibits an
excellent correlation with S(Q). The error bars in (c) are estimated from the
uncertainties of the measurement produced by the instrument software and pro-
pagated using the appropriate equation. Source data are provided in the Source
Data file.

disorder""*%; however, the underlying structural mechanism of the
BP has remained enigmatic and a subject of intense debate because the
lack of translational periodicity precludes the use of well-established
concepts in crystals.

Experimentally, the BP can be identified not only in the form of a
broad peak in the specific heat data'* but also in the VDOS, which can
be measured by Raman scattering'®**?, inelastic neutron scattering
(INS)"?¢, and inelastic x-ray scattering (IXS)*?%. Indeed, the early evi-
dence for the BP was reported in the Raman spectra of vitreous SiO, (v-
Si0,) by Krishnan*’, who noted an extra broad-band (10-120 cm™, or 1-
15meV) in comparison with its crystalline counterpart. It was (later)
termed BP because the temperature dependence of the Raman
intensity was thought to follow that of a harmonic oscillator char-
acterized by the Bose factor”'®. The BP and BP-related phenomena
were brought under the spotlight when Zeller and Pohl*° pointed out
the similarity in the anomalous behaviors of thermal conductivity and
specific heat for several different families of glass”'®. Today, BP has
been widely observed in various amorphous materials, ranging from
metallic glasses (MGs)**, polymer and molecular glasses'**%*33,
oxide and chalcogenide glasses”**, jonic salt and bio-matter
glasses®*°, colloidal and granular glasses***, model glasses™?*4**
confined water*>*¢, molecular crystal and strain glass*"*%, van der Waals
liquids*, and spin glass®, in spite of the very different interactions and
structures in these materials.

Considerable studies have been carried out to explore the phy-
sical origin of the BP"?0223642433154 1 general, there are two schools of
thought regarding the origin of the BP. In the first view, the BP is
considered a fingerprint of glass, i.e., an excess mode arising from the
disordered atomic packing in amorphous materials***>**, In the second
view, the DOS of the amorphous system is regarded as a modification
of the crystalline DOS due to a random fluctuation of the force
constants*****, The controversy surrounding BP has lasted for dec-
ades, constituting one of the most fascinating and difficult puzzles in
condensed matter physics and materials science.

In our view, this controversy is mainly caused by the incomplete
definition of BP. In condensed matter, an elementary excitation is
generally defined with two parameters, i.e., energy and momentum -
their dynamic response functions describe the temporal and spatial
correlation, respectively™. For the BP, past efforts have focused on the
energy scale, while few studies were devoted to understanding the
momentum dependence or spatial correlation at the BP energy. In
1984, Buchenau et al. studied the dynamic structure factor S(Q, E)
around the BP energy in v-SiO, using INS and attributed the BP to the
localized rotation motion of SiO, tetrahedra®™’. About 15 years later,
Nakamura and Arai et al. extended S(Q, £) measurements in v-SiO, to a
larger Q range using then state-of-the-art time-of-flight spectrometer
MARI at the ISIS spallation neutron source facility***?, and reported a
non-dispersive behavior of the BP*. Recently, using MD simulations,
Tanaka et al. also found the non-dispersive nature of the BP in a 2D
model glass in a small range of Q, within the first sharp diffraction peak
of the static structure factor S(Q), and attributed it to localized trans-
verse motion of chains®*% The BP and phonon modes in glasses at
small Q were also investigated by IXS"*%¢°, There are, however, some
discrepancies between the INS measured non-dispersive BP and the
IXS data, which were attributed to the overlap between acoustic
phonon modes and BP at small Q"“°. Therefore, the characterization
and elucidation of the momentum dependence of the BP in amor-
phous materials is far from complete, impeding fundamental under-
standing of the physical origin of the BP. Here, we report a concerted
investigation combining the powerful INS and MD simulations. We
systematically characterize the momentum dependence of the BP over
a large range of Q values in ZrsCuyeAlg and Zrs¢CuseAlg, two typical
MGs with very different glass-forming abilities. The dispersionless
feature of the BP energy, independent of the momentum transfer Q, is
observed in both INS and MD simulations. Moreover, the momentum
dependence of the BP intensity is found to quantitively scale with the
S(Q) - this is not observed for excitations at other energies. MD simu-
lations further suggest that the fluctuation of the local atomic shear
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Fig. 2 | BP in Zr4sCu46Alg MG. a The INS measured vibrational density of states
normalized by E2, B(E), showing a BP at ~ 5.5 meV. Within the Debye model, B(E)
would appear as a straight line at small £ values. b The vibrational density of states
normalized by B, g(E)*C(E)/E?, where C(E) is a constant, obtained from the Raman
scattering data, showing a BP around 6.0 meV. ¢ The specific heat data presented as

C,—yT /T3 vs T, which was fitted by the Einstein oscillator model (see “Meth-
ods”). The Debye level (the orange dash dot line) is plotted for reference. The fitted
energy value using the Einstein oscillator mode was ~ 6.2 meV. The error bars are
estimated from the uncertainties of the measurement produced by the respective
instrument software and propagated using the appropriate equation, and most of
them are smaller than the size of the symbols. Source data are provided in the
Source Data file.

strain is responsible for the BP, because it exclusively reproduces both
distinct BP features mentioned above.

Results

The INS measurements were performed at room temperature (RT)
using ARCS®' at the Spallation Neutron Source (SNS) to measure the
VDOS in Zr46CuyeAlg and Zrs¢CusgAlg MGs®>®%, The high flux brought
forth by the source power, coupled with advances in neutron instru-
mentation, has enabled high-precision measurements to large
momentum transfer, with fine energy resolution®*. To facilitate the
analysis of the INS data, the static structure factor S(Q) was measured
separately using the NOMAD® diffractometer at the SNS. The results
are similar for both alloys and will be illustrated mainly with the data

from Zr46CuyeAls. Meanwhile, MD simulations were performed for the
Zr46CuyeAls MG with a realistic embedded atom method potential
using the LAMMPS software package. The MD simulation results were
benchmarked with the experimental S(Q). The vibration dynamics
calculated by the MD simulations were analyzed in terms of the stan-
dard van Hove correlation function, which offered a direct comparison
with INS measurements®’. More details about the INS experiments and
MD simulations can be found in Methods.

To investigate the momentum dependence of the BP, we first
calculated the generalized Q-dependent density of states (GDOS), G(Q,
E), from the S(Q, E) using the following equation®***¢°:

£

GQ, E)=e?¥ 2 (WSQ.b) )

where (n) =[1 — e_*sLT] describes the Bose-Einstein statistics, u? is the
average vibrational mean-square displacement, e~ @ describes the
Debye-Waller factor, kg is the Boltzmann constant, and T the absolute
temperature, respectively. In this paper, we defined a new quantity to
further analyze the INS data. We divided G(Q, E) by E* to obtain B(Q,
E)=G(Q, E)/F*. Note that B(Q, F) can be compared directly to g(F)/F,
which is commonly used for the analysis of the BP", In the Debye
model?°, the VDOS g(£) «< E? and thus g(E)/E* becomes a constant at
small £ values. As shown in Fig. 1a, the spectra of B(Q, E) from INS
measurements exhibit a high concentration of INS intensities at
E-~5.5meV around Q-2.8A™ In MD simulations, Fig. 1b, the BP
appears at £ ~3.5meV, but the Q-dependence largely reproduces the
experimental observations. Furthermore, in the vicinity of £~ 5.5 meV,
the INS B(Q, E) intensity exhibits a characteristic Q-dependence, which
agrees well with the S(Q) measured separately with neutron diffraction,
see Fig. 1c. This agreement is echoed by MD simulation results, Fig. 1d,
which shows a nearly perfect correlation between B(Q, E) and S(Q) at
the BP energy.

Next, we demonstrate that the excitation around 5.5 meV corre-
sponds to the energy of the BP. As shown in Fig. 2a, the INS measured
total GDOS, obtained by integrating over a Q range of 2.1-8.5A™, was
normalized by E%. An excess B(F) can be readily identified, centering
around 5.5 meV for the Zr,6CuyeAls MG under study. To solidify the
evidence, two other experimental techniques were employed to con-
firm the BP energy in Zr4sCus6Alg MG, i.e., Raman scattering and spe-
cific heat (C,,) measurements. As shown in Fig. 2b, a clear BP around
6.0 meV in the reduced Raman spectra can be identified. This is con-
sistent with the INS measured BP at - 5.5 meV. Figure 2c plots the
temperature dependence of C,, in the form of (C, —yT)/ T3 vs T,
where y is the Sommerfeld coefficient measuring the electronic con-
tribution to C,,. As can be seen, (C,, — yT)/ T does not stay constant as
predicted by the Debye model for crystalline materials®’. However,
adding an Einstein oscillator term (see Methods) leads to a good fit to
the C, data””. The fitted Einstein oscillator yields an average energy of
~6.2meV, which is also consistent with the BP energies obtained
above. Note that the BPs in all three sets of data are broad, so there are
uncertainties associated with fitting of the experimental data by each
method, which is estimated to be 0.3-0.5 meV. Nonetheless, the largest
discrepancy between the BP values determined by different methods is
(6.2 meV-5.5meV)/6.2 meV = 11%. With these three different measure-
ments (i.e., INS, Raman scattering, and C,)), we can thus confirm that
the excitation at ~5.5 meV in the INS spectra is indeed the BP.

Having established the BP, we performed a detailed analysis of the
BP as a function of Q. For a given Q value between 2.1 and 8.5A7, the
constant Q cut plots of B(Q, £) all show a BP anomaly (see Supple-
mentary Fig. S1). Specifically, the BP peak position and peak height
were extracted and examined to explore the momentum dependence
of the energy and intensity of the BP, respectively. Interestingly, the BP
energy for different Q values is quite similar, close to £ ~ 5.5 meV, which
indicates that the BP is dispersionless, at least within the resolution of
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with S(Q). The error bars in (a) are estimated from the uncertainties of the mea-
surement produced by the instrument software and propagated using the appro-
priate equation. Source data are provided in the Source Data file.

the ARCS instrument®’. The lack of dispersion of the BP energy can also
be seen in MD simulations at 3.5meV, as shown in Fig. 1b. The BP
energy of 3.5 meV in MD simulations is lower than the 5.5 meV deter-
mined by the INS experiment. We have conducted additional studies
and confirmed that the lower BP energy value by MD simulations is not
due to the simulation box size (see Supplementary Fig. S2). On the
other hand, recent research by Su et al. has highlighted a significant
increase in the BP energy with decreasing cooling rates®, indicating
that the lower BP energy observed here could indeed be attributed to
the high cooling rate employed in MD simulations. In spite of the
difference in the BP energy values, the main features of the B(Q, F)
calculated by the MD simulations and INS experiment are largely the
same, so a direct comparison can be made, and the results are dis-
cussed together.

Although the BP energy at different Q values is nearly constant at
~5.5meV, the INS intensity at the BP energy varies strongly with Q. As
shown in Fig. 1c, the momentum-dependent BP intensity shows a close
one-to-one correspondence with S(Q). This experimental observation
was reproduced by MD simulations, as shown in Fig. 1d, demonstrating
that the observed momentum dependence of the BP intensity is intrin-
sic. Apart from the results in Figs. 1c, d for Zr,sCuseAlg MG, which is an
excellent glass former, similar results were also obtained for ZrssCuszcAlg
MG with a marginal glass forming ability, in both INS measurements and
MD simulations (see Supplementary Fig. S3). Taken together, the data
from INS measurements and MD simulations for two different alloys of
different glass-forming abilities would indicate that the BP excitation is
closely connected with the underlying amorphous structures.

To further investigate the nature of the BP excitation, constant £
cut plots of the BP spectra at selected E values were extracted and
examined. Figure 3a shows the constant £ cut plots of B(Q, E) at E=15,
20, 25, and 40meV (over AE=0.5meV), respectively. The

corresponding MD simulation results are shown in Fig. 3b. No distinct
correlations can be seen between S(Q) and constant E cut of B(Q, E) at
those energy values. For example, at £=25meV, the maxima for the
constant £ cut of B(Q, £) and S(Q) appear at different Q positions. The
consistency between the INS experiments and MD simulations (Fig. 1)
further confirms that the BP is a distinct excitation in the phonon
spectra, different from phonons at other energies®. At the BP energy,
the B(Q, E) scales with the static structure factor, S(Q).

A similar correlation of B(Q, E) with S(Q) at the BP energy was also
observed in MD simulation for a 3-dimensional Lennard-Jones (3DL))
and a 3-dimensional power law (3DPL) binary glasses. The simulation
results are shown in Supplementary Fig. S4, which confirms two main
features of the BP: (1) the BP energy is largely dispersionless, and (2)
the B(Q, E) intensity scales with S(Q). These findings, based on the
simulation with a generic 3DLJ potential and 3DPL potential, suggest
that the BP features reported here are not limited to specific cases but
might represent a universal feature in glasses.

Based on INS and MD simulation results, an analytical form for the
BP in amorphous materials can be formulated:

Bgp(Q E)=Axf (E — Egp)S(Q) @
where A is a scaling factor, and the function f (£ — Egp) is momentum-
independent which has a peak at F = Egp that describes the dispersion-
less feature of the BP energy. It follows that the corresponding
dynamic structure factor of the BP can be written as:

Spp(Q,E)=Ax EQ*e T () \f (E — Efp)S(Q) 3)

A step-by-step derivation can be found in Supplementary
Materials.
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volumetric strain model, which shows none of the observed BP features. (f) The
shear strain model, which shows a dispersionless BP and S(Q)-like BP intensity at
E-4.3 meV, capturing the main features observed in the INS experiment and MD
simulations as shown in Fig. 1. Note that the volumetric strain and shear strain
model respectively produced the longitudinal and transverse phonon dispersions
(white curves in (e) and (f)) which we reported in ref. 63. The S(Q) was super-
imposed as black dashed lines. Source data are provided in the Source Data file.

Previous studies of the BP have primarily focused on the energy-
dependent DOS, which is the Fourier transform of the time-dependent
velocity autocorrelation function, e.g., g(w)= . zf:((([))) exp(—iwt)dt,
where ,(t) = N’Izj {Vj,¢ - Vj,0)- Guerdane and Teichler generalized the
definition of the autocorrelation function by replacing the atomic
velocity with fluctuations of atomic coordination number (CN), i.e.,
Yen®=N"S(Z; . —Z)Z; o~ Z))*. The Fourier transform
Xen(@)=2 [ ‘p;’v“((g) exp(—iwt)dt can be treated as a DOS, describing the
oscillation frequency of atomic CN. They found that xy(E), where
E = hw with 71 being the reduced Planck constant, shows a clear peak at
E around Egp, and thus concluded that the BP is related to time-
dependent fluctuations of local environments of atoms.

To describe the Q-dependence, we consider the double Fourier
transform of the spatial correlation of CN fluctuations between dif-
ferent atoms. The correlation function can be extended as:

Pen@ =N} ;( (20 =2)) (240~ Zi)e@ o))y
J

Then, the generalized Q-dependent DOS for CN fluctuation fol-
lows:

1 [ onn(Q0) et gt

Qv @O=57 | 50 (@0)

©)

As shown in Fig. 4a, xy(E) exhibits a clear peak around the BP
energy in Zr4sCuyeAls MG, which is consistent with a previous study®*.
However, as Fig. 4b shows, the Q-dependent Q,(Q, E) did not pro-
duce the S(Q)-like feature observed in the INS experiment and MD
simulations (Fig. 1).

To further explore the underlying physics of the BP, we went on to
study the spatial and temporal fluctuations of several other para-
meters, such as the nearest-neighbor (NN) distance and local atomic
strain, by using Eq. (4, 5) (see “Methods”). Previous studies have shown
that the fluctuation of the NN distance is closely linked to the variation
of force constants, which has been assumed to be the origin of BP>.
However, as Fig. 4c, a demonstrate, it captures neither the BP energy
nor the S(Q)-like feature of BP intensity. The local atomic strain can be
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decomposed into three terms: the non-affine strain, the volumetric
strain, and the shear strain®. Their double Fourier transforms are
shown in Fig. 4(d-f). Interestingly, only the shear strain fluctuation
produces both the £ and Q dependence of the BP as observed by our
INS experiment and MD simulations (Fig. 1). Fluctuations of the non-
affine strain and volumetric strain did not show such correlations.
These simulation results strongly suggest that BP is intimately asso-
ciated with the fluctuation of the local shear strain around each atom
due to topological disorder. In the future, fluctuations of other order
parameters could also be checked in a similar way. The above analysis
also serves as a reminder that an apparent peak in the energy-
dependent DOS does not necessarily correspond to the BP.

Discussion

In a previous MD simulation study*?, Shintani and Tanaka posit that the
BP is related to the loffe-Regel limit of transverse phonons and is solely
characterized by an energy scale, unrelated to any real-space length
scale. Hu and Tanaka® recently further explored this idea with MD
simulations of a 2D model glass by demonstrating the dispersionless
feature of the BP, emphasizing its localized nature (no characteristic Q
or length scale). On the other hand, Lerner et al. studied the same 2D
glass system but suggested that the BP is a hybridized mode of pho-
nonic and four-leaf quasilocalized excitations’. Our study, which is
based on INS experimental observation and accompanying MD simu-
lations, suggests that the BP in MG is due to the fluctuation of the local
shear deformation. The one-to-one correspondence between B(Q, E)
and S(Q) indicates that the BP is intimately related to the underlying
amorphous structure of the material. Our study also demonstrates that
the momentum dependence of the BP intensity is essential to estab-
lishing the nature of the BP, and needs to be systematically char-
acterized in future studies.

There has been a long debate as to whether the BP in amorphous
materials is related to the van Hove singularity in its crystalline
counterpart®®”’. Chumakov et al. reported that as the applied pressure
increases, the BP energy spectrum tends to approach the van Hove
singularity of the transverse acoustic phonon of the crystalline coun-
terpart, leading to the conclusion of their equivalence®. On the other
hand, a recent light experiment and a comprehensive MD simulation
study of a real 2D model glass by Wang et al. suggests that the BP and
van Hove singularity are two separate physical phenomena”. There-
fore, whether and how the BP is related to van Hove singularity remains
an open question' and a fertile ground of future research.

We noticed that earlier published works adopted different
expressions of $(Q, £), namely S(Q, £)*E/Q, or S(Q, E)*<n>/(E*Q) for
BP7?%%°, to examine the Q-dependence of the INS data. We also cal-
culated these quantities and compared the results with B(Q, E), as
shown in Supplementary Fig. S5. While the explicit values differ, a Q-
dependent feature can be seen for S(Q, F) and S(Q, E)*<n>/(E*Q)
around the BP energy.

In summary, by interrogating the momentum dependence of INS
and MD simulation results, we have established important character-
istics of the BP in amorphous alloys. We found that the BP excitation is
essentially dispersionless, i.e., with a fixed energy. In addition, a one-to-
one correspondence was found between the INS intensity (repre-
sented in the form of B(Q, £)) at the BP excitation energy and the static
structure factor S(Q), and this was reproduced by MD simulations with
calibrated empirical potentials. These features could be fingerprints to
distinguish the origin of the BP in amorphous materials from those
observed in other systems. A simple analytical expression describing
the dynamic structure factor of the BP excitation has been formulated
for the MG under study. Inspired by the experimental observations, we
found, through MD simulations, that fluctuations of the local atomic
shear strain reproduce both the dispersionless feature of the BP energy
and the momentum-dependent BP intensity. We also ruled out four
other models involving fluctuations by the local CN, the NN distance,

the non-affine strain, and the volumetric strain. Although the present
study was demonstrated for MGs, the same methodology could be
applied to other types of glasses. The powerful combination of INS and
MD not only shed light on the nature of the BP but also pointed out the
importance of considering shear strain fluctuations for understanding
the dynamic properties of amorphous materials.

Methods

Sample synthesis

Amorphous alloy ingots with compositions of Zr,sCuysAlg and
Zrs¢CuszeAls MGs were prepared by arc melting a mixture of Zr
(99.99%), Cu (99.99%), and Al (99.99%) in appropriate amounts under
a Ti-gettered Ar atmosphere. Each ingot was re-melted six times to
ensure compositional homogeneity and quenched into copper-mold
by suction casting under a high-purity Ar atmosphere. The cooling rate
was estimated to be ~20 K/min.

Neutron Total Scattering Measurements

Neutron total scattering measurements were carried out to determine
the static structure factor, S(Q), in Zr4sCuyeAlg and Zrs¢CusgAlg MGs at
room temperature (RT) using the Nanoscale-Ordered Materials Dif-
fractometer (NOMAD®) at the Spallation Neutron Source (SNS), Oak
Ridge National Laboratory (ORNL), USA.

Inelastic neutron scattering

The INS experiment was carried out to measure the atomic dynamics in
Zr 6CuyeAls and ZrsgCusgAls MGs, using the time-of-flight wide
Angular-Range Chopper Spectrometer (ARCS®) at the SNS, ORNL,
USA. The measurements were performed with an incident neutron
energy of E;=50meV at RT. The dynamic structure factor, S(Q, E),
where Q and E are the neutron momentum and energy transfer,
respectively, was generated using the standard software MantidPlot’.

Raman scattering

Raman spectra were measured at RT with a Horiba micro Raman sys-
tem in Zr4eCuyeAlg MG. A 532 nm laser was used for excitation with a
power of 1 mW to avoid sample damage. An 1800 lines/mm grating was
used in the Raman measurements, which enables each CCD pixel to
cover 0.52cm™ at 2.33 eV. The laser line was removed by using three
BragGrate notch filters with a spectral bandwidth of 5-10 cm™. From
the Raman scattering intensity /(E), the DOS was reduced following
I(E)/E/[n(E) +1]= C(E)*g(E)/E*, where C(E) is the coupling coefficient
of the vibrational mode to the light, and n(E)=1/[ef/%s" —1] is the
Bosons occupation number?. In this study, C(E)=constant was used for
the following reason. Shuker and Gammon’ predicted C(F)=constant
by assuming that vibrations are localized on a distance much
shorter than the light wavelength in amorphous materials. The results
shown in Fig. 4 suggest that the local shear strain fluctuations are
in the 0.1-1nm scale. The Raman scattering experiment used
532nm laser which is much longer than the length scale of local
shear strain fluctuations. Thus, a constant coupling factor was deemed
appropriate for the Raman scattering data analysis. The Raman scat-
tering measured BP is ~6 meV (Fig. 2b), slightly higher than that
determined by the INS (Fig. 2a). It is noted that the Raman BP energy
will shift to a lower value if a linear relationship is assumed between
C( E) and Ei87475,

Specific heat

Specific heat C,, measurements were performed on ZrssCuysAls MG
with a sample mass of 3.6 mg using a Quantum Design Physical Prop-
erty Measurement System (PPMS) for temperatures ranging from 5 to
100K. C, was fitted as C,=yT +n,Cp+ [on:Cr - X£(Op, O, 05)d0p,
where yT is mainly contributed by free electrons, n, and n; represent
the fractions of the conventional phonon mode (Debye mode) and
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Einstein mode, respectively, CD=9R(T/BD)3j'gD/T%d( and
Cr=3R(6;/T) are their heat capacities of the phonon and
Einstein modes, respectively, where 6, is Debye temperature.

(95*(95)2

Xe(Op, 6, 0p)= ﬁeﬂ’[— 207

&OE/T

(695/7_1)2

] is energy distribution of the Ein-

stein oscillator, where 6 and o, are the mean and standard deviation
of the distribution, respectively®’. The total VDOS for the phonon and
Einstein modes can be expressed as

g(E):3N(nD~(k3‘6-;2)3 +ng - X0, 0F,0¢)/kg), where N is Avogadro’s

number’®. The BP can be extracted from the g(F)/E? data, which gives
the BP energy from C,,. The fact that Einstein mode is needed to model
the specific heat data is suggestive of a localized harmonic vibration
mode. The Gaussian distribution of Einstein mode suggests the topo-
logically diverse form of vibration modes, which randomly occur
without interactions®”’°. The Debye level of the Debye mode con-
tribution is also plotted in Fig. 2c.

Molecular dynamics (MD) simulations

In this work, classical MD simulations were performed to investigate
the atomic structures and vibrational dynamics of ternary Zr4Cu,cAlg
and Zrs;sCuseAls MGs within the LAMMPS package (lammps-
3Mar2020). The interatomic interactions were described by a realistic
embedded-atom method (EAM) potential developed by Sheng et al.”’.
In brief, the potential energy of atom i is divided into two contribu-
tions: a pairwise part and a local density part:

Ei=F, (;%(W}) * %;‘paﬂ(r"f)

where a and S are the element types of the center (embedded) atom i
and the neighboring atomj. pg is the charge density function of §, F4 is
the embedding function of a, ¢as is the pair potential function
between a and . The total potential energy of the system is the
summation of the potential energy of each atom. We simulated the
system containing 10000 atoms in a cubic box with periodic boundary
conditions applied in three directions. In the process of sample pre-
paration, the sample was first melted and equilibrated at 2000 K for
2.0 ns (MD time step is 2.0 fs), followed by hyper-quenching to 300 K
with a cooling rate of 10K/s, then relaxed for 2.0 ns at 300 K. In this
process, the isobaric and isothermal (NPT) ensemble was used with the
sample size being adjusted to give zero pressure. After that, the
canonical (NVT) ensemble MD was conducted at 300K for data
collection and analysis (Supplementary Data 1). The simulated static
structure factor of ZrysCussAls MG was benchmarked with experi-
mental measurements®. A good agreement is demonstrated.

Data availability

All data needed to evaluate the conclusions in the paper are available in
the article or the Supplementary Information. Raw neutron scattering
data acquired in this study are preserved indefinitely at SNS, ORNL,
USA. The experimental and simulation data generated in this study are
provided in the Source Data file. All the raw data relevant to the study
are available from the corresponding author upon request. Source
data are provided in this paper.
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