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The low-temperature specific heat (low-7 C,,) and other properties of a series of representative bulk
metallic glasses (BMGs) were studied. The pronounced low-T Cp anomalies associated with the
boson peak (BP) in the representative BMGs were observed. The BMG samples were annealed and
quenched near the glass transition temperatures, and the effect of isothermal annealing for different
times and quenching at different cooling rates on the low-7 C,, anomalies were studied. We observed
that the BP is affected by annealing and quenching processes. It is a possible explanation that the BP
mainly originated from the random dense cluster-packing structure. The origin of the C, anomalies
is interpreted with the harmonic localized modes based on the random dense-packed atomic cluster
structure of BMGs. The clear correlation between the maximum value of BP [(C,—yT)/T°],,x and

its position T, further supports the model. ©

[DOLI: 10.1063/1.2948926]

Although in a glass there is no long-range order over the
very long time scales of its structural relaxations, it essen-
tially behaves like a solid with particles oscillating around
the mean positions. The low-temperature (T<<1 K) vibra-
tional spectra of most glasses are known to deviate from the
standard Debye density of states' and can be explained quite
adequately within the two-level system (TLS).>* The most
intriguing universal feature observed in glasses and under-
cooled liquids in the Raman or inelastic neutron scattering at
low frequencies, which is distinct from the quasielastic peak,
is usually referred to as the boson peak (BP).*’ Studies by
Raman and other techniques usually cannot separate the con-
tributions from the atomic vibrational density of states g(v)
and the photon-vibration coupling constant C(v). Low-
temperature specific heat (low-7' C,) measurements, how-
ever, give the g(v) without unknown coupling constants. At
low-T, the C, of glasses often presents the distinct excess in
C‘,,/T3 compared to the Debye theory above 1 K, which is
related to the BP contribution. Moreover, the maximum in
C,/ T3 is associated with an excess in the vibrational density
of states g(v)/v* over Debye behavior. Similarly, the thermal
conductivity increases as T? with increasing 7 and exhibits a
plateau.

The nature of BP has been one of the debated subjects of
condensed-matter physics.6_12 Interest in this issue is further
stimulated by the finding of the relationship between the am-
plitude of BP and the properties such as liquid fragility m,
defined as the change in viscosity # with T approaching glass
transition temperature T,(Ref. 13) in nonmetallic glasses.m’15
However, the origin of BP is still a debated issue. It is un-
clear as to how generally such anomaly might be in various
glasses and how it relates to the features of glasses. Further-
more, previous studies on BP are mainly concentrated on
network or polymeric glasses. The nature of BP might be
difficult to be well understood only by investigating the mo-
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lecular 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 reorientation and intramolecular
processes) could provide clearer evidence for the underlying
physics of BP. Recently, a series of new bulk metallic glasses
(BMGs) with excellent glass-forming ability, configurational
features, and unique properties has been developed.m’17 Par-
ticularly, the BMGs cover the main part of the Angell dia-
gram in terms of fragility13 and show specific-heat
anomaly.lg’19 The availability of such glasses with a close
packed Bernal structulre,20 which are markedly different from
nonmetallic glasses, makes it possible to study systemati-
cally the low-7 C, anomaly associated with the generation of
low-frequency modes. BMGs differ from the traditional rap-
idly quenched metallic glasses in the fact that a significantly
slower cooling rate is required to get bulk glassy alloys.16
This usually leads to the formation of locally favored struc-
tures and atomic clusters in undercooled alloy melts during
cooling.21 As aresult, the low-T' C,, of metallic glass may not
be described by the Debye model only and additional vibra-
tional modes, which are related with their unique structures,
might exist. However, up to now, little work on BP is re-
ported in the metallic glassy materials.'®"?

The effect of thermal history on BP is also unclear.
is well known that the physical properties of a glass and thus
the nature of atomic packing is a function of thermokinetic
history. Fast quenching affects local atomic structure, den-
sity, and sound velocity, therefore, influences the vibrational
dynamics and BP via the macroscopic parameters. The de-
pendence of BP on both cooling rate and the relaxation is the
subject of active research efforts.”*® New progress in this
topic has been achieved in the concept of “energy
landscape.”zg_32 However, the change in the BP in the BMGs
after annealing or quenching treatment has not been investi-
gated. The lake of information impedes the understanding of
BP. The structural relaxation kinetics of metallic glass has
been explained by free-volume theory, which was formulated

22,23 It
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TABLE 1. The fitting coefficients (y and B) from the least-squares linear fit of C,/T= v+ BT in the low-
temperature part (=8 K), the Debye temperature 6, the BP amplitude [(C,—yT)/T*],, and the position Ty,
in the high-temperature region for our measured representative BMGs. The constant magnetic-cluster contribu-
tion A to C,, for (CusyZrsy)ggAl;Gd; BMG and the fragilities m determined thermodynamically for our measured

BMGs are also listed.

Fitting results from low-T part (<8 K) Op  Tww [(Cp=yT)/T],ax Fragility
A vy (K) (K) (mJ/mol K*) m
(J/mol K) (mJ/mol K?) (mJ/mol K*)

CusZrs, 43 0.1 270 164 0.123 62
(CuseZrse)ogAl, 3.46 0.16 268 103 0.178 40
(CuseZrsy)opAlg 3.06 0.17 298 12.6 0.146 43

Pd,oNigoPap 2.19 0.16 288 9.9 0.18 46"
vit4 3.36 0.11 310 11.6 0.123 43?
Pd,Ni;oCusoPao 0.73 0.16 280 107 0.185 57°
(CuseZrso)pAl,Gds  0.099 82 477 021 260 7.23 0.207 30

“Reference 52, and references therein.

by Cohen and Turnbull.* Structural relaxation during an-
nealing or lower cooling rate quenching corresponds to the
annihilation of the excess free volume. With increasing an-
nealing time, the excess free volume decreases approaching
to the equilibrium.34 The production or annihilation of the
free volume should also have influence on the BP. Recently,
the discovered BMGs enable us to promote the study of
structural relaxation influence on the BP in a sub-T, region
because of their high resistance to crystallization.16

In this work, we report the pronounced low-7" C,, anoma-
lies in a series of BMGs, and their dependence on annealing
times and quenching rates. One of the aims of this work is to
investigate the effect of thermal history, particularly the ef-
fect of annealing and quenching on BP. The data coming
from the low-T C, measurements are expected to provide
experimental evidence and points of view on the nature and
the atomic packing in disordered matter, particularly in
BMGs. The (CusyZrsp)grAlg BMG samples were isother-
mally annealed below the glass transition temperature and
the Zrys75Tig25Cus sNijoBeyss (Vitd) BMG samples were
quenched at different cooling rates. The effect of isothermal
annealing for different times and quenching at different cool-
ing rates on the low-7T' C, anomalies were studied. We found
that the change in the magnitudes of the BP in these BMGs
mainly comes from the annealing or the quenching treat-
ments other than the Debye one. We also found that the C,
anomalies can be attributed to the harmonic localized Ein-
stein modes in the simple atomic glasses with a disordered
dense-packed atom cluster structure. The clear correlation
between the maximum of BP [(C,—yT)/ T*],ax and its posi-
tion T, further supports the model.

A series of representative BMGs (listed in Table I) with
markedly different properties are chosen as the model glasses
to study the low-T C,. For the preparation of the BMGs,
readers are referred to Ref. 16. For the C,, measurements, the
square-shaped plates with a size of 3X2X1 mm® were
used. C, was measured by Physical Property Measurement
System using PPMS 6000 with an accuracy of about 2%.
The fragility m of the BMGs was determined thermodynami-
cally, which was confirmed by previous studies equally well
as the complementary viscosity measurements.” The tem-
perature range of the C,, measurement is from 2 to 50 K or

higher. To analyze the C, data, one needs to determine the
electronic contribution and/or constant magnetic-cluster con-
tribution correctly using the method that was previously
reported.'&19 The fitting coefficients of the electronic coeffi-
cient y and constant contribution A for all of the studied
BMGs are compiled in Table I.

Figure 1 shows the (C,—yT)/ T3 without the mask of the
electronic and/or magnetic contributions. The results clearly
exceed the Debye model and show an anomaly. The fragile
glasses show hardly pronounced bump, which is general for
other fragile nonmetallic glassesm’15 The bump becomes
more pronounced, and the T, shifts to lower 7 for the
stronger BMGs. As in many nonmetallic glasses, it is reason-
able to believe that the humps arise from the excess low-
frequency vibrations and correspond to the BP* 4

The value of the maximum [(C,—yT)/T*] . increases
with the decreasing m, i.e., the excess C, becomes much
larger in the stronger BMGs. The values of (C,/T%),p,, of the
oxide and organic glasses are 10-20 times larger than those
of BMGs because of the large Debye contribution to C, in
those nonmetallic glasse:s.14’36_3 8 Cgp is obtained from sub-
tracting the Debye contribution 7" and/or the magnetic con-
tribution A from the measured C,: Cgp/Cp=(C,~Cp—~T
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FIG. 1. (Color online) The (C,—yT)/ T vs T plots of our measured repre-
sentative  BMGs after subtracting the electronic and/or magnetic
contributions.
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TABLE 1II. The amplitude of the BP in the different forms [(Cp
— Y1)/ T*]sax and (Cpp/ Cp)nay» their positions T,,,,, and the fragilities m for
our measured BMGs and some traditional glasses collected from literatures
used in comparing the fragility and the maximum values of BP (Cgp/ Cp) maxs
or in the relation between the maximum values of BP [(C,—yT)/T°],,,, and
its position T ,,.

Tmax [(Cp_ 'yT)/T3:|max (CBP/CD)max Fraglhty
(K) ul/g K m

Our measured results for BMGs

CusyZrs 16.4 1.59 0.246 62
(CuspZrsp)osAly 10.3 2.36 0.761 40
(CusyZrs)grAlg 12.6 1.99 0.745 43
Pd,oNiyoPsq 9.9 2.49 1.215 46"
Vit4 11.6 2.06 0.88 43*
Pd4oNi;(CusPsg 10.7 2.51 1.09 57°
(CusyZrsp)gpAl,Gds 7.23 2.71 0.868 30
LagsAl;oCu,yCos 7.2 9.42 1.586 .
TbsY 59Al4C0yg 7.8 6.29 1.561

Data collected from literatures®
SiO, 10.8 4 4 20
GeO, 8.4 3 1.5 24
B,0; 5 8.1 1.1 44
As,Ses 4.7 13.2 1.5 .
As,S; 4.9 7.8 1 39
3Si0,-N,0 13.5 2.3 2.1
Se 34 17.9 1.1 71
Glycerol 7 72 0.75 48
Polybutadiene (PB) 5.1 15.8 0.64
o-terphenyl (OTP) 2.2 20.8 0.56 82
CKN 6 3.1 0.4 93
As 5 7.4
Lexan 2.2 31.5 1.1
PS 3 32.5 1.3
PMMA 3.6 15 0.82
PET 3.5 12.5 5
Ethanol 5 24
(Na,0),(Si0,)g0 e e 1.3 37

“Reference 52.
PReference 53.

—A)/Cp. After scaled by Cj,, the effect of varying the Debye
contribution, which is usually the major part in C,, is elimi-
nated. The values of Cgp/Cp in the BMGs, oxide glasses,
and organic glasses obey a correlation between the BP and m
only with an exception of SiO,(Ref. 39) (data have also been
listed in Table II). Figure 2, even more points for our mea-
sured representative BMGs are included, shows the relation-
ship between Cgp/ Cp and m that is identical to that advanced
by Sokolov.'*!?

Glass is formed from cooling a highly viscous liquid out
of the equilibrium.mf42 Obviously, the liquid atom or mo-
lecular arrangement at the transition temperature has a deter-
mining influence on the properties of the solid such as den-
sity and short-range order. In the free-volume theory, the
structural change is described intuitively as a gradual reduc-
tion in the free volume.” It has been found that the calori-
metric glass transition is accompanied by the production of
the free volume.* Structural relaxation, which occurs during
isothermal annealing, corresponds to the annihilation of the
excess free volume. The BMGs are expected to be ideal
glassy system for investigating the influence of the free vol-

J. Appl. Phys. 104, 013520 (2008)
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FIG. 2. (Color online) The ratio of the BP to the Debye contributions around
the maximum vs the fragility m of our measured BMGs and some traditional
glasses collected from literatures. The data are also listed in Table II.

ume on the low-T C, since they are comparable well to a
hard-sphere system and possess higher thermal stability. In
order to investigate the effects of the annealing process on
the low-T' C, anomaly, the annealing of the as-cast
(CusyZrsg)grAlg BMG sample was performed at 673 K below
the calorimetric glass transition temperature (701 K) for dif-
ferent times in a furnace with a vacuum of 2.0X 107 Pa.
The stability of the temperature is controlled within =1 K.
The samples were annealed for 1, 4, and 20 h, respectively.
Figure 3(a) shows the (C,—yT)/ T3 of the as-cast and an-
nealed (CusyZrsy)gAlg BMGs without the mask of the elec-
tronic contributions. All the fitting coefficients are listed in
Table III. Figure 3(a) demonstrates clearly the annealing ef-
fect on the low-T C,. At about 14 K, the height of peak in C,
decreases during the annealing process. It had been pointed
out that the excess free volume in the BMG system decreases
with the increasing annealing time.* So the reduced peak
height of the low-T" C, should be relative to the deceasing
excess free volume. However, it cannot be confirmed that the
change in the peak comes only from the deceasing excess
free volume. It can also come from the change in the Debye
term, i.e., it can often be compensated by a corresponding
increase in the Debye one. The Debye temperature was cal-
culated from the fitting of the high-temperature part of C, for
the as-cast and the annealed (CusyZrsg)g,Als BMGs. The re-
sults are also compiled in Table III. With the varying of the
annealing time, the Debye temperature changes also. In order
to evaluate the effect of the annealing time, the low-
temperature peaks were rescaled by the Debye term using the
fitting results and were renormalized. In Fig. 3(a), there is no
evident difference between the peaks after the different an-
nealing processes. However, after subtracting the Debye con-
tributions, the peaks change their dependence manner on the
annealing time [see Fig. 3(b)]. This implies that annealing
affects both the Debye contribution and the BP. Therefore,
the continuous medium of the BMGs has also transformed
after annealing. Coupled with the transformation of the elas-
tic medium of the BMGs, the Debye term changes inevitably.
Subtracting the influence of the changed Debye term, the
dependence of the BP on the annealing time was unmasked
[Fig. 3(b)]. From Fig. 3(b), it can be seen that the amplitude

01:2€:01 920Z 489010 80
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FIG. 3. (Color online) The (C,—yT)/T* (a) and (Cp—yT—Cp)/T* (b) vs T
plots of the as-cast and annealed (CusyZrsy)9,Aly BMGs. The annealing of
(CuspZrsy)grAlg BMGs was performed at 673 K below the calorimetric glass
transition temperature (701 K) for 1, 4, and 20 h.

of the BP decreases upon the annealing times, while 7,
shifts to the higher temperatures. No obvious change oc-
curred in the sample annealed for 20 h since the relaxation
process has approached to the limit.

J. Appl. Phys. 104, 013520 (2008)
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FIG. 4. (Color online) The curves of the DSC obtained from the as-cast and
quenched Zryg75Tig »5Cu; sNijoBey; s (Vitd) BMGs. The quenching process
involves the heating up to 713 K at a heating rate of 40 K/min and the
cooling down to room temperature at cooling rates of 160 and 40 K/min,
respectively.

In order to affirm the investigated annealing effect on
both the Debye term and the BP, the quenching of the as-cast
Zr,675Tig »5Cu; sNijoBey; 5 (Vitd) BMG is performed in
PerkinElmer DSC7 with different cooling rates. The process
involved the heating up to 713 K at a heating rate of 40
K/min and cooled down to room temperature at the cooling
rates of 160 and 40 K/min, respectively. Figure 4 shows the
differential scanning calorimetry (DSC) curves of the as-cast
Vit4 and two quenched samples at different cooling rates. No
crystallization occurred examined by the DSC during the
heating process. It is found that the height of the glass tran-
sition peak is increased by the lower rate quenching, which is
consistent with the other reports.43 This means that the ex-
cess free volume in the system decreases with the decreasing
cooling rate. When reheating the glass quenched at lower
cooling rate by DSC, the relaxed glass absorbs more energy
to recover the free volume in order to attain equilibrium and

TABLE III. The fitting coefficients (v and ) from the least-square linear fit of C,/T=y+ BT? in the low-temperature part (=8 K), the Debye temperature 6,
the BP amplitude at different forms [(C,—yT)/ Ty, and [(Cp—yT—Cp)/T*],y. and position T, in the high-temperature region for the as-cast and
annealed (CusyZrsg)g,Alg and the quenched Zryg 75 Tig »5Cuy sNijoBe,s 5 (Vitd) BMGs. The annealing of (CusyZrsy)g,Alg BMGs was performed at 673 K below
the calorimetric glass transition temperature (701 K) for 1, 4, and 20 h. The quenching of the as-cast Vit4 BMG involved the heating up to 713 K at a heating
rate of 40 K/min and the cooling down to room temperature at cooling rates of 160 and 40 K/min.

Fitting results from
low-T part (<8 K)

Y HD Tmax [(CP_ yT)/T3]n1ax [(CP_ yT_ CD)/T3]n1ax
Treatments (mJ/mol K?) (mJ/mol K*) (K) (K) (mJ/mol K*) (mJ/mol K*)
(CuspZrso)opAlg

As cast 3.06 0.17 298 12.6 0.146 0.0754
Annealed for 1 h at 673 K 297 0.1 314 154 0.128 0.0654
Annealed for 4 h at 673 K 3.12 0.9 300 15.4 0.13 0.0581
Annealed for 20 h at 673 K 3.09 0.1 297 15.4 0.132 0.0582
Vit4
As cast 3.36 0.11 310 11.6 0.123 0.0574
Cooling rate of 160 K/min 3.43 0.1 314 14 0.106 0.0432
from 713 K
Cooling rate of 40 K/min 347 0.1 308 12.8 0.112 0.0451

from 713 K
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FIG. 5. (Color online) The (C,—yT)/T* (a) and (Cp—yT-Cp)/T* (b) vs T
plots of the as-cast and quenched vit4 BMGs. The quenching process in-
volves the heating up to 713 K at a heating rate of 40 K/min and the cooling
down to room temperature at cooling rates of 160 and 40 K/min,
respectively.

exhibits the overshoots, as shown in Fig. 4. Figure 5(a)
shows the (C,—~T)/ T3 of the as-cast and quenched Vit4
BMGs without the mask of the electronic contribution. All
the fitting coefficients are listed in Table III. Figure 5(a) dem-
onstrates clearly the quenching effect on the low-T C,. At
about 13 K, the peak height of the low-T" C, decreases by the
quenching process. The Debye temperature was fitted from
the high-temperature part of C, for the as-cast and quenched
Vit4 BMGs. The results are also compiled in Table III. We
note that in Fig. 5 and Table III, one can see that the BP is
slightly higher and shifted a little to lower temperatures in
the sample with the lower cooling rate (40 K/min) in com-
parison with the sample with the higher cooling rate (160
K/min). This is in contradiction with our conclusion that the
sample with high fraction of free volume has higher BP. We
indicate that this resulted from the measurements accuracy.
Actually, the cooling rate difference (40 and 160 K/min)
does not induce such large difference that could be distin-
guished by specific heat measurement (DSC has much better
accuracy compared with specific heat measurements in our
experiments). We note that with the varying of the cooling
rates, the Debye temperature also changes. When the low-
temperature peaks were rescaled by the Debye term using the
fitted results and renormalized, as shown in Fig. 5(b), one

J. Appl. Phys. 104, 013520 (2008)

FIG. 6. (Color online) The fitting results (solid lines) including the contri-
butions of the Debye mode and the Einstein mode of the C, of vit4 BMG
between 2 and 50 K. The inset shows the derived VDOS of Vit4 from the C,
(solid line) and neutron inelastic scattering (circles) (Ref. 47). The Vit4 has
an Einstein mode with ;=57 K. The agreement rather supports the picture
in which the BP in the metallic glasses is ascribed to the localized vibration
modes.

can see that the discrepancy of the two samples becomes
much smaller, and both gives out almost the same result as in
the annealed (CusyZrsg)9,Als BMG.

After annealing and quenching treatments, the continu-
ous medium of the BMGs transforms. The Debye contribu-
tion to C, changes inevitably. Subtracting the influence of
the changing Debye contribution, the dependence of the BP
on the annealing times and quenching rates was unmasked.
Although we cannot obtain the conclusion that the lowered
magnitudes of the BP are directly derived from the annealing
process or low rate quenching, we indeed can get out a simi-
lar result from Figs. 3 and 5. Thus, the observed effect of the
annealing and quenching in C, comes from the changes in
both the BP and the Debye contributions.

The C, of an elastic continuum normally can be ex-
plained by the Debye model in a wide temperature range.
However, C, of these BMGs in the large temperature range
cannot be well fitted only by the Debye and the electron
contributions. We found that an additional Einstein mode is
required to fit C,, adequately. This is illustrated in Fig. 6 for
Vit4 BMG. The solid line in Fig. 6 represents a fit: C,=yT
+Cp+ngCg, where Cp, represents the Debye term with 6
=310 K, Cj is the Einstein term: Cz=R(0;/T)*e T/ (%™
—1)2, with an Einstein temperature ;=57 K, and the Ein-
stein oscillator strength per mole n;=0.023. We also find that
the existence of the Einstein oscillators is ubiquitous for a
variety of BMGs available. It has been known that localized
harmonic vibration modes may exist in the traditional
glass.44 Therefore, these localized vibration modes will natu-
rally result in an additional Einstein-type vibration, i.e., lo-
calized harmonic vibration with a specific frequency. The
vibration density of states (VDOS) can be derived from
Cp.45’46 The derived total VDOS of the Vit4 in the units of
oscillators per mole is shown in the inset of Fig. 6. Clearly,
the Einstein mode induces a peak below 10 meV. The experi-
mental VDOS from neutron inelastic scattering47 of Vit4 was
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tribution in C, for the BMGs increases with the decreasing
fragility m, i.e., the excess C,, becomes much stronger in the
strong BMGs, which is similar to the correlation that ad-
vanced by Sokolov."*!® The effect of thermal history on the
BP was also investigated. The results show that not only the
peak of the glass transition in the DSC curves is affected by
the thermal treatments, the peak in low-T C,, is also affected
by the annealing and quenching processes. We find that the
magnitude of the BP decreases after annealing and quench-
ing at lower cooling rates. An additional Einstein mode is
required to fit the C, results adequately and the BP in the
metallic glasses is ascribed to the localized vibration modes.
The clear correlation between the maximum values of the BP
[(C,=¥T)/ T*]ax and its position Ty, further supports to the
model. The presence of the Einstein oscillators in the atomic
glasses is interpreted with the harmonic localized modes
based on the random dense-packed atomic cluster structural
model of metallic glass.
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