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Relationship between boson heat capacity peaks and evolution
of heterogeneous structure in metallic glasses
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The dependence of boson heat capacity peaks of a typical Zr52.5Ti5Cu17.9Ni14.6Al10 metallic glass

on different annealing time and quenching rates is studied. It is found that the boson heat capacity

peak moves to higher temperatures and reduces intensity when the metallic glass is isothermally

annealed or slowly quenched. We show that the intensity and position change of the boson heat

capacity peak are associated with the evolution of heterogeneous structure and inelastic regions in

metallic glasses. The results might help in understanding the structural features and evolution as

well as their effects on boson peak of metallic glasses. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4871676]

I. INTRODUCTION

Metallic glasses (MGs) show a broad spectrum of elas-

ticity,1,2 plasticity,3 toughness,4 relaxations,5–7 and other

properties even they have the same composition and similar

disordered structure frozen from melts.8–11 These unique

characteristics attract intensive researching interest in the

last decades. Many theories and models, such as the free-

volume theory,12,13 shear-transformation-zone (STZ)

theory,14,15 and interstitialcy theory,16,17 have been put for-

ward to explain the fundamental phenomena in MGs.

Images of microstructure obtained by scanning electron

microscopes (SEM) and transmission electron microscopes

(TEM),3,18 wide distributions of energy dissipation and local

indentation modulus detected with atomic force micro-

scopes (AFM),19,20 mechanical hysteresis in dynamical

tests,6,21 apparent b relaxation peaks in the dynamic me-

chanical spectroscopy (DMA),6 and other experiments22

have demonstrated the nano-scale heterogeneous structure

of MGs. The MG then can be considered as a composite of

nano-scale loose and elastic dense atomic packing regions,

and the fraction of the liquid like regions or flow units corre-

lates with the mechanical properties and characteristics in a

MG.18–25 The structural metallic glassy model supports

some of the proposed theories and can explain abundant me-

chanical and relaxation behaviors in MGs.1–7,10,11 However,

the evolution of the heterogeneous microstructure of MGs at

different glassy states as well as its relationship with the

boson peak has scarcely been investigated by the low tem-

perature heat capacity which can reflect vibrational behav-

iors of the microstructure of MGs.26–33

Like other glasses, MGs display broad bumps in C0p/T3

plot appear at about 10 K, where the C0p is the heat capacity

contributed by the disordered atoms.27–33 The low temperature

heat capacity bumps for series of glasses like Pd40Cu40P20,

B2O3, SiO2, and GeO2, which are the excess of vibrational

density of states (VDOSs) over the Debye contribution,27,29,34

are called the boson peak and have been attributed to the dis-

persion of acoustic phonons and/or excitation of optical pho-

nons.35 The low-temperature anomaly, which was found to be

universal exhibited by almost all kinds of glasses, is still a

unsolved and debated issue of condensed matter physics. A

number of theoretical models, such as the soft potential

model,36,37 the interstitialcy theory,38,39 the mode-coupling

approach,40 and the resonant modes involving loosely bound

structural fragments,41 atom clusters42 or strings of atoms,43

and others44,45 have been proposed to explain the structural

origin and mechanism of boson peaks. Simulations reveal that

spatially fluctuating interatomic force constants46 and micro-

scopic shear stresses47 can also produce boson peaks. With

increasing pressure, the transformation of the boson peak of

NaFeSi2O6 glass towards the transverse acoustic singularity of

the crystalline counterpart suggests that piling up of transverse

acoustic singularity could lead to the boson peak.48 Many

studies have been performed on the dependence of the boson

peak from an external parameter or from the previous thermal

history and the results are sometimes controverted.49–53 The

majority of these studies deal with molecular, network, and

polymeric glasses and very little is known on the boson peak

and its link with the heterogeneous structure in MGs.27,28,31–33

In this paper, we selected a typical Zr52.5Ti5Cu17.9Ni14.6

Al10 MG (Vit105) as a model system to study the low temper-

ature heat capacity anomalies in MGs as a function of the pre-

vious thermal path and the quenching rate used to produce the

glass. The excellent glass forming ability and high thermal

stability of Vit105 guarantee the fully amorphous structure

when it was isothermal annealed for different times and

quenched with different cooling rates.54,55 The mechanical

behaviors, elastic constants, Poisson ratios (�), relaxations,

and densities (q) of the as cast and isothermally annealed

Vit105 have been previously systematically studied.10,11 The

boson heat capacity peak, i.e., the bump in C0p/T3 plot of the

MG, is found to be sensitive to both the annealing time and

quenching rate. We deduce the distribution of energies of the

excess vibrational modes and correlate the boson heat

capacity peaks with the evolution of the structural heterogene-

ity and inelastic regions of the MG at different glassy states.
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whw@iphy.ac.cn.
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The results have implications for understanding the structural

evolution features at different glassy states and the structural

origin of boson peaks of MGs.

II. EXPERIMENTAL DETAILS

Cylindrical rods of Vit105 in diameter of 2 mm and

5 mm were fabricated with the copper mold casting method.

The critical cooling rate (Rc) for the MG can be estimated

with Rc¼A//2, where A equals to 10 K�cm2�s�1 and the di-

ameter of the rod / is measured in cm.56 The values of Rc of

Vit105 rods with /¼ 2 mm and 5 mm are about 250 K/s and

40 K/s, respectively. A square-shaped plate with a size of

3�3�1 mm3 was cut near the center of the 5 mm rod and

annealed for 15 min, 30 min, 1 h, 8 h, and 32 h at 600 K (71 K

below the glass transition temperature Tg). The isothermal

annealing below the Tg leads to lower potential energies in

the energy landscape and different glassy configurations for

the MG. The amorphous structure of all the as cast and

annealed Vit105 specimens was confirmed by X-ray diffrac-

tion (XRD) and differential scanning calorimetry (DSC).

The DSC experiment was performed with a power compen-

sated Perkin-Elemer DSC 8000 with a heating rate of

0.33 K/s under a constant flow of high purity argon gas. We

also prepared a Vit105 sample through cooling the super-

cooled liquid from 713 K to room temperature without the

copper mold. The XRD demonstrated that the alloy is almost

polycrystalline phases because its cooling rate was less than

the critical one for the full amorphous formation of the alloy.

The measurements of heat capacity Cp (error < 2%) for all

the samples were carried out with a physical property mea-

surement system (PPMS 6000) of Quantum Design from

2.0 K to 101 K. For metallic glasses, the (Cp�CV)/Cp are

less than 0.1% in the measuring temperature range, we then

uses Cp instead of CV in the work for convenience.

III. RESULTS AND DISCUSSIONS

The heat capacities Cp between 2.0 K and 100 K for as

cast 2 mm and 5 mm Vit105, and 32 h annealed Vit105 are

shown in the inset of Fig. 1(a). The heat capacity difference

around 10 K for these samples where boson peaks influence

is not obvious in their total specific heat curves. Cp/T has lin-

ear relations with T2 below 8 K for the MG as shown in Fig.

1(a). We fit the Cp data in low temperature range with the

formula Cp/T¼ cþ bT2, where c represents the Sommerfeld

coefficient. The fitting c and b for the as cast 2 mm, 5 mm,

and the annealed Vit105 are listed in Table I. We notice that

c is smaller for the as cast MG formed with a smaller Rc and

the MG annealed for longer time. In metals, c can be

expressed as c¼ (p2/3)kB
2N(EF), where N(EF) represents the

electronic density of states at the Fermi level.60 When EF is

far from the pseudogap in the structure of energy bands, and

the N(EF) decreases with the increase of density of free elec-

trons as predicted by the nearly free electron model.57 So,

supposing the total number of free electrons keeps constant,

the decease of c corresponds to the increase of density q and

the lowering of the potential energy for 5 mm Vit105.

Specific heat C’p contributed by the vibrations of disor-

dered structure is obtained through subtracting electronic

heat capacity cT from the total Cp. Figure 1(b) shows

(Cp� cT)/T3 versus T in a semilogarithmic scale for the as

cast 2 and 5 mm Vit105, 15 min, 1 h, 8 h, and 32 h annealed

Vit105. Broad boson heat capacity humps appear in the

(Cp� cT)/T3 curves for all the samples around 10 K, which is

beyond the explanation of the Debye elastic model57 and the

two-level tunneling effect58 existing below 1 K. The maxima

of the humps [(Cp� cT)/T3]max and the corresponding tem-

perature Tmax are listed in Table I. The boson heat capacity

peaks become less pronounced and move to higher tempera-

tures for as cast MG formed with a smaller Rc and MGs

annealed for longer time. Below 4 K perhaps, due to the con-

tribution of the two level systems, the Cp deviates from the

fitting results based on our model. We also measured the Cp

of 2 mm Vit105 annealed for different time at 600 K (not

shown here), and the changing trend of boson heat capacity

peaks with aging is similar to that for 5 mm annealed Vit105.

This indicates that the boson heat capacity peaks are influ-

enced by the microstructure of the glasses at different states.

We also measured the polycrystalline formed with a very

small Rc (with little fraction of glassy phase) and find that a

FIG. 1. (a) Cp/T versus T2 below 8 K for as cast 2 mm and 5 mm, 32 h

annealed Vit105. The lines are the fitting results. The inset shows the T de-

pendent Cp between 2.0 K and 101 K for the MGs. (b) (Cp� cT)/T3 versus T
in a semilogarithmic scale for the as cast, annealed, and slowly quenched

Vit105 (containing mostly crystalline phases). The red dashed line is the fit-

ting line with Eq. (2), the solid lines are the fitting lines with Eq. (5), and the

red dotted line is the fitting line with the model considering the interaction

of low frequency excess modes. The blue dashed-dotted line is the fitting

result.
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broad peak appears at 3.8 K, and the peak intensity is larger

than the (Cp� cT)/T3 value for 15 min, 1 h, 8 h, and 32 h

annealed 5 mm Vit105 as shown in Fig. 1(b). The complex

change of the glassy structure during crystallization obvi-

ously affects the boson heat capacity peak.

The thermal history dependence of the glassy state can

be accounted for the evolution of the fictive temperature

Tf.
59–61 We determine the Tf of as cast 2 mm Vit105 based

on the release enthalpy measured with DSC using the

method proposed by Hodge.60 The Tf of 5 mm Vit105 is

obtained from Ref. 62, which was obtained with the same

method. The values of Tf for the Vit105 in different glassy

states are listed in Table I. With increasing annealing time or

decreasing quenching rates, the Tf decreases corresponding

to the increase of density q (Ref. 62) and implying the low

energy configuration states in the energy landscape. Figure 2

shows that the intensity of the boson heat capacity peak

decreases with the decrease of Tf of Vit105. As the decrease

of Tf is related to the microstructure, the change of boson

heat capacity peaks should closely correlate with the evolu-

tion of the loosely packed regions in the glasses of Vit105.

With increasing annealing time and deceasing

[(Cp� cT)/T3]max, the shear modulus G also increases for

5 mm Vit105 implying the similar evolution of the micro-

structure in the MGs which is consistent with the experimen-

tal result of bulk Pd41.25Cu41.25P17.5 metallic glass.26

The MGs with heterogeneous structure can be regarded

as a composite of soft regions exhibiting a lower packing den-

sity and the elastic matrix. The soft regions have a relatively

lower local elastic modulus, smaller hardness, and a higher

energy dissipation rate than the matrix as shown in Figs. 3(a)

and 3(b). Intensive experimental results demonstrate that the

heterogeneous structure with higher concentrations of flow

units, which can be signified by relatively large Poisson ratios

�, is responsible for the better plasticity of MGs.3,63 Figure 2

also shows that the [(Cp� cT)/T3]max of Vit105 increases with

the increase of �, and this indicates that the higher intensity of

the boson heat capacity peak is suggestive of more inhomoge-

neous structure and better plasticity of a MG. Next, we will

further analyze the relationship between boson heat capacity

peaks and the heterogeneous structure in MGs.

Independent localized harmonic vibrations of loosely or

weakly bound atoms or atomic clusters can be described by

Einstein-type modes which have been found in Ni-,31 Ca-,32

and CuZr-based27 bulk MGs. For an independent harmonic

vibration, the energy E of the vibrational mode can be

expressed as57

E ¼ kBhE ¼ �h
ffiffiffiffiffiffiffiffiffiffi
C=M

p
; (1)

where C is the force constant between the vibrational atoms/

clusters and the densely packed matrix, and M represents the

mass of the atom/cluster. The C will increase if the distance

between the atom/cluster and the matrix decreases. So E can

reflect the local elastic moduli and densities of samples and

they should be smaller if more loosely bonded atoms/clusters

TABLE I. The fitting c and b with the equation Cp/T¼ cþbT2 below 8 K, the maxima of boson heat capacity peaks [(Cp� cT)/T3]max, and the corresponding

temperatures Tmax, the fictive temperatures Tf, and Poisson ratios � for the as cast and annealed Vit105.

Vit105 c (mJ/mol K2) b (mJ/mol K4) Tmax (K) [(Cp� cT)/T3]max (mJ/mol K4) Tf (K) �

2 mm 4.053 0.1604 10.053 0.1664 717.3a …

5 mm 3.923 0.1542 11.011 0.1586 700.7b 0.3722c

15 min 3.913 0.1404 12.020 0.1473 687.6b …

1 h 3.912 0.1375 12.026 0.1446 681.7b …

8 h 3.896 0.1347 12.032 0.1425 670.9b 0.3674c

32 h 3.888 0.1291 13.167 0.1387 659.4b 0.3664c

aThis work.
bReference 61.
cReference 59.

FIG. 2. The fictive temperature Tf and Poisson ratio � versus the boson heat

capacity peak value [(Cp� cT)/T3]max for Vit105 at different glassy states.

FIG. 3. (a) and (b) Schematic illustration of the structural heterogeneity.

The soft regions and elastic matrix are marked by yellow and blue zones,

respectively. (c) The distribution of energies of excess vibrational modes for

Vit105 (2 mm) calculated with Eq. (7) (the blue line).
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with lower vibrational frequencies exist in the localized

region. Considering the existence of weak atomic bonding in

the nanoscale soft regions, we try to use excess localized

vibrational modes to describe the vibrations of the loosely

bonded atoms/clusters in the soft regions or flow units and the

boson heat capacity peaks of Vit105 at different glassy states.

We introduce an additional Einstein mode to interpret

the boson heat capacity peak of Vit105 annealed for 32 h,

and the total Cp is expressed as

Cp ¼ cTþnDCD þ nECE; (2)

where nD and nE represent the Debye and Einstein oscillator

strength per mole, respectively. The Debye term CD can be

expressed as

CD ¼ 9R
T

hD

� �3ðhD=T

0

n4en

ðen � 1Þ2
dn; (3)

where R and hD are the universal gas constant and Debye temper-

ature, respectively. hD for Vit105 listed in Table II are obtained

with the fitting or with acoustic velocities measured with a pulse

echo overlap method (the frequency of the ultrasonic waves is

10 MHz). The Einstein term CE can be expressed as

CE ¼ 3R
hE

T

� �2
ehE=T

ðehE=T � 1Þ2
; (4)

where hE is the Einstein temperature. The best fitting line for

the boson heat capacity peak with Eq. (2) is shown in Fig.

1(b) (the red dashed curve). The nD, nE, and hE are obtained

as 0.9724, 0.0276, and 62.8 K, respectively. One can see that

the (Cp� cT)/T3 hump is much broader than the fitting curve,

and this indicates that there exist an energy distribution of

the Einstein modes for the MG.

It has been reported that the local elastic properties over

the surface of PdCuSi MG20 and the activation energies of

deformation units22 approximately have Gaussian distribu-

tions. We therefore suggest that the energies of excess

Einstein modes also obey Gaussian distributions for Vit105.

We rewrite Eq. (2) as

Cp ¼ cT þ nDCD þ
ð1

0

CE•½nE•vðhE; �hE; rEÞ�dhE: (5)

The Gaussian function v(hE,�h, rE) can be expressed as

vðhE; �hE; rEÞ ¼
1

rE

ffiffiffiffiffiffi
2p
p e

�ðhE��hEÞ2

2rE
2 ; (6)

where �hE and rE are the mean and standard deviation of the

distribution, respectively. The best fitting result of the

(Cp� cT)/T3 hump for 32 h annealed Vit105 with Eq. (4) is

shown in Fig. 1(b) (the red solid curve). The fitting curve

well matches the experimental data in a large temperature

range of about 40 K indicating the appropriateness of the

Gaussian distribution of energies of excess Einstein modes.

The fitting curves of boson heat capacity peaks with Eq. (4)

for all the Vit105 samples in different glassy states are also

shown in Fig. 1(b) (the solid curves). It can be seen that all

the boson heat capacity peaks are well fitted. The fitting nD,

nE, and rE are about 0.932, 0.068, and 26.0 K for the MGs at

different glassy states. �hE is between 90 K and 100 K and

increases with the decrease of [(Cp� cT)/T3]max.

The measurement time windows for the data around the

boson heat capacity peak are about 10 s. The vibrations with

frequencies smaller than 0.1 Hz or with energies smaller than

10�16 meV cannot be reflected from the boson heat capacity

peaks and will hardly influence the above fitting results. The

contribution of one vibrational mode with a frequency larger

than 1013 Hz or with hE larger than 500 K to the heat

capacity around 10 K can be estimated to be less than 10�10

J/mol K with Eq. (4). So our fitting results cannot accurately

describe the vibrations with high frequencies much larger

than those of boson peaks (in the order of 1012 Hz). The

energy E distributions of excess vibrational modes with fre-

quencies from 0.1 Hz to 1013 Hz for the studied Vit105 can

be expressed as

P ¼ vðhE; �hE; rEÞ=kB: (7)

With Eq. (7), the E distribution, the corresponding mean

energy value �E (�E ¼ kB
�hE), and full width at half maximum

DE for as cast Vit105 (/¼ 2 mm) are shown in Fig. 3(c) (the

blue curve). The Gaussian distribution of E suggests that the

soft region could not be regarded as one type of localized

atoms or clusters or a single phase and no well-defined phys-

ical boundary between the soft region and the elastic matrix

exist in MGs. The large value 0.730 of DE= �E reflecting the

fluctuations of vibrational energies or local moduli confirms

the high degree of microstructural heterogeneity. We note

that the boson heat capacity peak can be fit more completely

including the low temperature side of the peak through add-

ing another distribution to the one Gaussian distribution for

2 mm as cast Vit105 [see the blue dashed-dotted curve

shown in Fig. 1(b)]. The modified distribution of E exhibits

no significant difference.

The aging effects on boson heat capacity peaks of many

other glasses have been studied.44,45,64–69 However, due to

the various and sometimes contradictive experimental results

and the complex structure of glasses, the origins of the phe-

nomena remain controversial. During the aging process, the

Debye temperature changes little for one kind of vitreous

silica, and the phonons dispersion is not contributed signifi-

cantly to the excess heat capacity;67 while for dry B2O3

glasses, the boson heat capacity peak changes which is

TABLE II. The Debye temperatures hD, the mean energies of excess vibra-

tional modes �E, and the number of vibrational modes with energies below

7.793 meV N.

Vit105 hD (K) �E (meV) N

2mm 278.0a 7.793 0.0340

5mm 278.3b 7.948 0.0322

15 min 284.0a 8.103 0.0305

1 h 285.0b 8.146 0.0300

8 h 285.8b 8.198 0.0294

32 h 287.5b 8.276 0.0286

aThe fitting results.
bReference 59.
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mainly induced by the change of the Debye temperature.68

Recent experiments show that the rejuvenation of hyperage-

ing amber only increases the heat capacity contributed by

elastic parts and the excess heat capacity is hardly influ-

enced.69 Our experimental results of Vit105 show that the

heat capacities are contributed by both of the elastic parts

and the loose atoms/clusters in the soft regions decrease

when it is annealed. The decrease of excess heat capacity is

associated with the change of the distribution of the excess

low frequency vibrational modes and the soft regions as will

be discussed below. We analyze the VDOSs of Vit105 to

explore the structural change at different glassy states. The

total VDOS divided by 3N (N is the Avogadro’s number) for

the studied MGs can be expressed as57

gðEÞ ¼ nD•3E2=ðkBhDÞ3 þ nE•vðhE; �hE; rEÞ=kB: (8)

With the fitting results in Fig. 1(b), the obtained g(E)/E2 for

all the studied MG samples are depicted in the inset of Fig.

4. The blue, black, green, magenta, dark yellow, and red

dashed line represent the Debye contributions to g(E)/E2 for

the as cast 2 mm and 5 mm, 15 min, 1 h, 8 h, and 32 h

annealed Vit105 samples, respectively. The g(E)/E2 shows

broad peaks around 7 meV, and the peak moves to higher

energies and has lower intensities for the samples formed

with a smaller Rc or annealed for longer time. The intensity

of the boson peak decreases with the increase of q and the

decrease of Tf similar to the cases in nonmetallic glasses

such as polymers,50,70 silica,71 Na2FeSi3O8,49 and

NaFeSi2O6.48

The low frequency vibrational states can also be studied

by Raman scattering, inelastic neutron scattering, infrared

absorption, heat capacity, and so on. With a proper

frequency-dependent coupling factor, the VDOS of a glass

obtained could be the same.72 We notice that the shapes of

the obtained total VDOSs of Vit105 are different from those

of some other non-metallic glasses like vitreous silica, a-

B2O3, and ethanol deduced from neutron scattering or

Raman scattering.73 With introducing the interaction of low

frequency vibrations, the spectrum of vibrational modes can

well explain the VDOSs of the glasses.73 They derive the

form of the VDOSs of low frequency vibrations (excluding

the Debey part at low frequencies) as

gðxÞ
x2
¼ 3C

px�
x�

x

� �4

½z2
1ðxÞ þ z2

2ðxÞ�
�1

� 1

2z1ðxÞ
ln

z1ðxÞ þ 1

z1ðxÞ � 1
þ 1

z2ðxÞ
tan�1 1

z2ðxÞ

� �
; (9)

where x is the vibrational frequency, C is a constant and

z1;2ðxÞ ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9þ 8ðx�=xÞ6

q
63

r
, with x* characterizing

the position of the boson peak. We also attempt to fit the

(Cp-cT)/T3 hump of 32 h annealed Vit105 with the excess

VDOS described by Eq. (9) and the result is shown in Fig.

1(b) (the red dotted line). The worse fitting implies that

Vit105 has a different type of structure compared with that

of the glasses like a-SiO2 and the interaction of excess low

frequency modes could be very weak in for Vit105 MG.

In order to evaluate the role of inelastic medium, the

E/ED dependent g(E)/gD(E) for as cast and annealed Vit105

rescaled in Debye units are as shown in Fig. 4. ED and gD(E)

are the Debey energy and Debye contribution to the total

VDOS, respectively. The curves of 5 mm as cast and

annealed Vit105 samples nearly rescale on a master curve in

the peak region and in the region with higher energies. A

similar scaling has also been observed in the case of net-

work, molecular, and polymeric glasses under temperature

and pressure changes, suggesting a more general sce-

nario.49,51,52 The soft regions of 5 mm Vit105 containing the

loosely bonded atoms/clusters with low energy vibrational

modes and transform inelastically through structural relaxa-

tions or atomic diffusion, since the structural change cannot

be described as Debye elastic continuum. The 2 mm Vit105

quenched with a higher cooling rate has a more pronounced

g(E)/gD(E) peak as much more liquid-like soft regions or in-

homogeneous with vibrational energies in the peak region

are frozen in the glass. The narrowing of g(E)/gD(E) peaks

for the as cast 2 mm and 5 mm, 15 min, 1 h, 8 h, and 32 h

annealed Vit105 in Fig. 4 suggests that the Vit105 annealed

for longer time or quenched at a slower rate has more homo-

geneous structure due to the inelastic transformation of the

soft regions. We will analyze the VDOS of excess modes

describing the soft regions or potential flow units in the

quenching and annealing process in the following.

The VDOS of excess modes describing the vibrations of

the atoms/clusters in soft regions in Fig. 3(a) can be

expressed as

n ¼ nE•vðhE; �hE; rEÞ=kB : (10)

Figure 5(a) shows the VDOS of excess modes for the studied

Vit105. One can see that the Vit105 annealed for longer time

or quenched at a slower rate have less low energy vibrational

modes and more high energy vibrational modes. The mean

energies �E [corresponding to the peak as indicated in Fig.

5(a) and listed in Table II] increase with the decrease of

[(Cp� cT)/T3]max as shown in Fig. 5(b). This means that the

soft regions in the longer time annealed MG or more slowly

quenched as cast MG have higher vibrational energies. The

decrease of [(Cp� cT)/T3]max corresponds to higher activa-

tion energy or more stable structure of the loosely packed

FIG. 4. The total VDOS in Debye units and the Debye contribution for

Vit105 at different glassy states. The inset shows E dependent g(E)/E2 and

the Debye contribution for Vit105 at different glassy states.
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soft regions induced by structural evolution. The change of

the distribution of the excess low frequency vibrational

modes induced by the structural change decreases the excess

heat capacity.

The peak energy of 2 mm Vit105, Ea (7.793 meV), is

marked in Fig. 5(a). The Ea, Ea/ED for other as cast or

annealed Vit105 are also marked in Fig. 4. It can be seen that

the obvious invalidity of the scaling in Debye units occurs at

energies lower than Ea. As indicated by the olive arrow in

Fig. 4, the scaled g(E)/gD(E) in the low temperature range

decreases for Vit105 quenched at a slower cooling rate or

annealed for longer time. This indicates that the Vit105

obtained with a lower cooling rate or annealed for longer

time has fewer excess modes with low energies (E<Ea).

The number of excess mode N with energies lower than the

peak energy Ea can be represented as the area under the

excess VDOS curve below Ea as shown in Fig. 5(a). The cal-

culated N for all the samples are listed in Table II. Fig. 5(b)

exhibits that the N decreases with the decrease of

[(Cp� cT)/T3]max suggesting the soft regions or potential

flow units with low activation energies are annihilated and

are relaxed into a more stable state during annealing. The

area marked by yellow in Fig. 5(a) represents the reduction

of the excess modes for 32 h annealed Vit105 compared with

as cast 2 mm Vit105. The decrease of N corresponding to the

structural evolution containing the loosely bonded atom-

s/clusters with low energy vibrational modes in the annealing

and quenching process is also the origin of the evolution of

the heterogeneity for long time annealed or slowly quenched

Vit105.

IV. CONCLUSIONS

The boson heat capacity peak of Vit105 is sensitive to

glassy configurations, and it moves to higher temperatures

and has smaller intensities for the MG formed with a smaller

cooling rate or annealed for longer time, in agreement with

the results observed in nonmetallic glasses. We show that the

boson heat capacity peak in MGs is closely correlated with

the inhomogeneous structure and loosely packed regions

which have Gaussianly distributed vibrational energies of

excess modes. The energies of excess vibrational modes as

well as the number of loosely packed atoms influence the

features of the boson peak in the MG, which can be tuned by

annealing or quenching rates. The results could have signifi-

cance in understanding the effects of the cooling rate, aging

on the structure of MGs and the structural origin of boson

peaks of MGs.
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