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We report the pronounced low-temperature specific-heat Cp anomalies associated with the boson peak in the
new CuZr-based bulk metallic glasses. The origin of the Cp anomalies in the atomic glasses is interpreted with
the harmonic localized mode based on the dense-packed atomic clusters structural model of metallic glass. The
results might have important implications for understanding the origin of the boson peak and the structural
features of metallic glasses.
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One of the most intriguing universal features of glasses,
observable in Raman or inelastic neutron scattering, is the
so-called boson peak �BP�, which is defined as excess with
respect to the Debye contribution in the low-frequency vibra-
tional density of state �VDOS�.1,2 At low T, accordingly, the
specific heat Cp of glasses often presents a distinct excess in
Cp /T3 compared to the Debye theory above 1 K, which is
related to the BP contribution. Many competing models as to
the origin of the BP have been proposed.3–6 Interest in this
issue is further stimulated by the finding that the amplitude
of BP is even correlated with the liquid fragility m �defined
as the change of viscosity � with T approaching glass tran-
sition Tg �Ref. 7�� in nonmetallic glasses.6 However, the ori-
gin of BP is still a debated issue and is commonly considered
as one of the great mysteries of glass physics. It is also
unclear how general such an anomaly might be in various
glasses and how it relates to glassy features. Furthermore,
previous studies on BP mainly concentrated on network or
polymeric glasses. The nature of BP is difficult to understand
well only by investigating the molecular glasses because the
intramolecular, reorientational, and translational motions of
molecules in these glasses all may contribute to BP. Metallic
glass with a simple atomic glassy structure �without reorien-
tation and intramolecular processes� could provide clearer
evidence for the underlying physics of BP. However, the me-
tallic glasses with a close-packed Bernal structure are rarely
reported yet among the materials that develop the BP.8

Recently, we developed a binary CuZr bulk metallic glass
�BMG�. Based on the BMG, a series of novel BMGs with
significant differences in glass-forming ability �GFA�, elastic
properties, and configurational features was obtained by mi-
nor additions. Particularly, the BMGs cover a substantial part
of the Angell diagram in terms of fragility7 and show
specific-heat anomaly.8 The availability of such glasses
makes it possible to study the low-T Cp anomaly associated
with the generation of low-frequency modes. We report the
pronounced low-T Cp anomalies in the BMGs. We find that
the Cp anomalies can be attributed to a harmonic localized
Einstein mode in the simple atomic glasses with a dense-
packed solute-atom-centered cluster structure.

Three representative BMGs, Cu50Zr50, �Cu50Zr50�96Al4,

and �Cu50Zr50�90Al7Gd3, with markedly different properties
are chosen as model glasses to study Cp at low temperatures.
The preparation of the BMGs can be refered to in Ref. 10.
For the Cp measurements, the square-shaped plates with a
size of 3�2�1 mm3 were used. The Cp was measured by
the Physical Property Measurement System using PPMS
6000 with an accuracy of about 2%. The fragility m of the
BMGs was determined thermodynamically, which was con-
firmed by previous studies equally well as complementary
viscosity measurements.11 Table I lists the parameters of
GFA, fragility, elastic properties, and microstructural fea-
tures of the BMGs. The Cu50Zr50 is one of the most fragile
BMGs known; the �Cu50Zr50�90Al7Gd3 is one of the strongest
BMGs known; and the �Cu50Zr50�96Al4 BMG possesses an
intermediate degree of fragility.11

The inset of Fig. 1 presents T-dependent Cp of the BMGs

TABLE I. The fragility m, critical sample thickness dc, volume
per mole Vm, and Poisson ratio � for the CuZr-based BMGs. The
marked increase of dc indicates the significant increase of the GFA
of the alloys by minor additions �Ref. 9�. The fitting coefficients ��
and �� from the least-square linear fit of Cp /T=�+�T2 below the
temperature 8 K, the BP amplitude ��Cp−�T� /T3�max and position
Tmax, the �D the ��D�, and the �E from the fitting results of Cp

=�T+CD+nECE in the whole measured temperature region are also
listed, where CD=nD3R�T /�D�3�0

�D/T��4e� / �e�−1�2�d�.

Parameter Cu50Zr50 �Cu50Zr50�96Al4 �Cu50Zr50�90Al7Gd3

dc �mm� 2 5 10

m 62 40 30

Vm �cm3� 10.4 10.5 10.7

v 0.359 0.369 0.373

� �mJ/mol K2� 4.3 3.7 4.9

� �mJ/mol K4� 0.12 0.18 0.20

Tmax �K� 16.4 10.1 7.8

��Cp−�T� /T3�max 0.123 0.176 0.204

�D �K� 279 275 268

�D �mJ/mol K4� 0.090 0.094 0.101

�E �K� 83 50 36
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down to 2 K. The Cp of CuZr BMG is in agreement with the
data of Ref. 11 where the rapidly quenched ribbon was used.
To analyze the data, one needs to determine the electronic
contribution to Cp correctly. The Cp below 8 K is displayed
in a Cp /T vs T2 plot in Fig. 1. A least-square linear fit of
Cp /T=�+�T2 is used to determine the electronic coefficient
� by extrapolating the fitting curve to 0 K. �The supercon-
ducting temperature of CuZr glass is 	2 K.12� For
�Cu50Zr50�90Al7Gd3 BMG below 8 K, there exists a constant
contribution to Cp, which comes from Gd-addition-induced
magnetic clusters in the BMG. Its Cp is described by

Cp = �T + �T3 + A , �1�

with the constant contribution A=100.08 m J/mol K. All the
fitting coefficients are compiled in Table I.

Figure 2 shows the �Cp−�T� /T3 of the BMGs without the
mask of the electronic and/or magnetic contributions. The
results clearly exceed the Debye model and show an
anomaly. The fragile CuZr glass shows a hardly pronounced

bump, which is general for other fragile glasses.6 The bump
becomes more pronounced, and the Tmax corresponding to
the maximum excess Cp shifts to lower T for the stronger
BMGs. As in many nonmetallic glasses, it is reasonable to
believe that the bumps arise from low-frequency vibrations
and correspond to the BP.2–4

The value ��Cp−�T� /T3�max at the maximum for the
BMGs increases with the decreasing m, and the excess Cp
becomes much stronger in the strong BMGs. The values
�Cp /T3�max of the oxide and organic glasses are 10–20 times
larger than those of BMGs because of the large Debye con-
tribution to Cp of the nonmetallic glasses.6,13–15 The CBP is
obtained from subtracting the Debye contribution, �T, and/or
the magnetic contribution from the measured Cp,

CBP/CD = �Cp − CD − �T − A�/CD. �2�

After scaling by CD, the different Debye contributions which
are usually the major ones to Cp are eliminated; the CBP /CD
values of the BMGs, oxide glasses, and organic glasses obey
a correlation between the BP and m only with the exception
of SiO2 �Ref. 16� �see Fig. 3�. The inset of Fig. 3 and Table
I also show that the BP strength correlates with Poisson ratio
� and GFA.6

The Cp of solids in wide T range normally can be ex-
plained by the Debye model. However, the Cp in large T
range of these BMGs cannot be well fitted only by the Debye
and the electron contributions. We found that an additional
Einstein mode is required to fit the Cp adequately. This is
illustrated in Fig. 4 for CuZr BMG. The solid line in Fig. 4
represents a fit

Cp = �T + CD + nECE, �3�

where CD represents the Debye term with �D=279 K; CE is
the Einstein term

FIG. 1. �Color online� The Cp /T vs T2 plots for Cu50Zr50,
�Cu50Zr50�96Al4, and �Cu50Zr50�90Al7Gd3 BMGs. Solid lines are the
fitting results from 2 to 8 K. The inset is the T-dependent Cp of
these BMGs in large T range.

FIG. 2. �Color online� The �Cp−�T� /T3 vs T plots of Cu50Zr50,
�Cu50Zr50�96Al4, and �Cu50Zr50�90Al7Gd3 BMGs after subtracting
the electronic contribution and/or the magnetic contribution. The
adequate fits of the Cp of the three BMGs with the Einstein mode
are also shown.

FIG. 3. �Color online� The ratio of the BP contribution to the
Debye contribution around the maximum �at 7–18 K� vs the
fragility m of Cu50Zr50 ���, �Cu50Zr50�96Al4 ���, and
�Cu50Zr50�90Al7Gd3 ��� BMGs and other nonmetallic glasses. The
data of the nonmetallic glasses are from Ref. 6 and references
therein. The �D of the BMGs come from the fitting results of Fig. 4.
The inset is the ��Cp−�T� /T3�max vs Poisson ratio � of Cu50Zr50

���, �Cu50Zr50�96Al4 ���, and �Cu50Zr50�90Al7Gd3 ��� BMGs.
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CE = R��E

T
�2 e�E/T

�e�E/T − 1�2 , �4�

with an Einstein temperature �E=83 K, and the Einstein os-
cillator strength per mole nE=0.14. The adequate fits with
the Einstein mode of the BMGs are shown in Fig. 2. We also
find that the existence of the Einstein oscillators is ubiquitous
for the variety of BMGs available.

The VDOS can be derived from the Cp.17 The derived
total VDOS of the CuZr-based BMGs in the units of oscilla-
tors per mole is shown in Fig. 5. Clearly the Einstein mode
induces a peak below 10 meV. Because there are no existing
experimental VDOS data for the CuZr-based BMGs, we
measured the Cp of a Zr46.75Ti8.25Cu7.5Ni10Be27.5 BMG

�vit4�. The experimental VDOS from neutron inelastic
scattering18 and the derived VDOS from Cp of vit4 are
shown in the inset of Fig. 5. In vit4, the peak at 4.9 meV
induced by the Einstein oscillator in the derived VDOS from
Cp has almost the same energy and similar shape as the BP
�about 5 meV� determined by neutron scattering.18 The ob-
servations and the agreement rather support a picture in
which the BP in the metallic glasses is ascribed to the local-
ized vibrations modes.

It is striking that the Einstein model appears to work well
for the BP in metallic glasses while it does not work in other
glasses. The presence of an Einstein oscillator suggests the
existence of the vibrations of loose atoms in an independent
localized harmonic mode in the glasses. In crystalline mate-
rials, the vibrations of the loose “rattler” atoms in the over-
sized cage structure or large voids are thought to result in the
localized modes.17 The crystallinelike behavior in the BMGs
may result from the unique structural features of the BMGs.
The experimental and simulation evidence show that the
nearest-neighbor atomic structure in BMGs displays order
alike that in crystalline materials.19,21 The dense cluster-
packing model is schematically illustrated in Fig. 6.21 The
spherelike clusters ��0.7–1.0 nm� are efficiently packed to
fill the space, and defects can also exist within the dense-
packed clusters. The cluster-formed glass also includes sol-
utes that occupy the interstices in the cluster assemblages.
This model accurately provides richness to the structural de-
scription of BMGs and a remarkable ability to predict BMG
compositions for various alloys. This model is helpful for
understanding the BP in BMGs. Some of the solute atoms
which are independent of others can play the role of the
loose atoms, and the vibrations of rattlinglike loose solute
atoms are thought regarded to induce the independent local-
ized harmonic mode similar to that found in compounds.17,22

In the theoretical view, the mode-coupling theory �MCT�
�Ref. 23� is one of the successful theories that can predict a

FIG. 4. �Color online� The fitting results �solid lines� including
the contributions of the Debye mode and one Einstein mode of the
Cp of Cu50Zr50 BMG between 2 and 50 K. The inset presents the
data as �Cp−�T� /T3�T.

FIG. 5. �Color online� The derived total VDOS of the BMGs.
The inset shows derived VDOS of vit4 from the Cp and neutron
inelastic scattering �Ref. 17�. Vit4 has an Einstein mode with �E

=74 K. The agreement rather supports a picture in which the boson
peak in the metallic glasses is ascribed to the localized vibrations
modes.

FIG. 6. �Color online� A 2D representation of a dense-packed
solute-atom-centered cluster structure �Ref. 20�. The black and red
spheres denote the solvent atoms, and the blue spheres denote the
solute atoms with different diameters that can play the role of the
loose atoms and induce the independent localized harmonic mode.
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qualitative change in microscopic dynamics and glass transi-
tion in supercooled liquids. MCT predicts a faster � relax-
ation that can be visualized as a rattling of the atoms in the
transient cages.23 Recent molecular simulations of a NiZr
melt strongly suggest that � relaxation as a precursor of
structural relaxation occurs also in metallic glasses.24 Meyer
et al.18 observed such a fast � relaxation in BMG-forming
liquid, in full accord with MCT, and some metallic glasses
showed stronger harmonic behavior than most crystalline
solids. The BMGs, obtained by quick quenching from the
liquids, to some extent can inherit liquid structure and con-
tain a large number of cages and free volumes. The atoms
sitting in the oversized cage or in sufficiently large free vol-
umes are loose and can vibrate in independent harmonic
modes. The assumption is confirmed to some extent by
Angell,25 who found a much stronger BP in hyperquenched
glasses.

A truly localized mode appears as a 
 function in the
VDOS. However, most of the solute atoms located at differ-
ent cluster interstices are easy to hybridize with other acous-
tic phonons. Therefore, the mode’s contribution to VDOS
has a Gaussian distribution deviating from the Debye
mode.17 At high T ��10 meV�, the hybridization with other

modes is stronger, and the peak is considerably broader,
which cannot be separated from the measurement. At low
enough T, some of the modes are strongly hybridized with
extended phonons, and the “local” character is eliminated,
which may be reduced to a TLS. In fact, the BP at �5.9 meV
for Cu50Zr50 is broader than that of �Cu50Zr50�96Al4
��4.9 meV� and �Cu50Zr50�90Al7Gd3 ��4.5 meV� �see Figs.
2 and 5�. The �E decreases with the increasing addition, in-
dicating the strengthening of the Einstein mode with the
changing structure. In the alloys, the minor addition of atoms
�Al and Gd� with markedly different atomic sizes induces an
increase of the amount of the solute atoms and vacancies,
and then changes the localized vibrations. This causes the
change of the position, the intensity, and the broadness of the
BP. Ultrasonic and density measurements �Table I� confirm
that the additions do induce marked changes in moduli and
molar volume, indicating obvious structural change.
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