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Supersoftening of transverse phonons in Zr41Ti 14Cu12.5Ni10Be22.5 bulk metallic glass
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Acoustic properties and low-temperature specific heat of Zr41Ti14Cu12.5Ni10Be22.5 alloy in glassy, fully
crystallized and equilibrium crystalline states have been investigated. It is found that a large amount of free
volume is quenched in the bulk metallic glass~BMG! which is obtained at a low-cooling rate, even fully
crystallization cannot remove all the free volume from the alloy. A supersoftening of long-wavelength trans-
verse acoustic phonons in the BMG relative to its equilibrium crystalline state is observed. The origins for the
phenomenon are discussed. The finding has significance for understanding of the glassy state as well as the
excellent glass forming ability of the glass forming alloy.
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Metallic glasses have long represented an intriguing c
of materials. For many years, however, a very high-cool
rate (.105 K/s) necessary to prevent crystallization, limi
specimen geometry to be very thin ribbons or wires~;10–
100 m thick!, making the measurements of many physi
properties difficult.1,2 The key features of the microstructu
and physical properties as well as their relationship are
poorly understood. The recent discovery of a new family
bulk metallic glasses~BMG!3,4 offers opportunities for un-
derstanding the metallic glassy state and investigating
physical properties by using various physical methods.
trasonic measurement provides a powerful tool for study
the structure of matter; the larger geometry of the BMG’s
very suitable for acoustic measurement.5 The differences be-
tween glassy and crystalline states in acoustic feature
long-wavelength phonons have significance for the und
standing of the unique microstructural characteristics
physical properties of the BMG. In this paper, we present
results of acoustic and low-temperature specific-heat exp
ments on a representative Zr41Ti14Cu12.5Ni10Be22.5 BMG
with excellent glass forming ability and properties.3 A super-
softening of long-wavelength transverse-acoustic phonon
the BMG relative to its equilibrium crystalline states is o
served; the phenomenon is not simply attributed to the d
sity difference between the two states. The results have
nificance for our exploring the reasons for the excellent gl
forming ability of the alloy as well as our understanding
the glassy metallic state.

Zr41Ti14Cu12.5Ni10Be22.5 ingots were prepared by induc
tive levitation melted under a Ti-gettered Ar atmosphe
The ingots were remelted together in a silica tube a
quenched in water to get cylindrical rod with 15-mm diam
eter ~the cooling rate is estimated to be about 10 K/s!. The
details of the preparation procedure can be referred to
Refs. 5 and 6. Amorphous nature as well as homogeneit
the BMG was ascertained by x-ray diffraction~XRD!, differ-
ential scanning calorimeter~DSC!, transmission electron mi
croscopy ~TEM! and small-angle neutron scatterin
SANS.5,6 The fully crystallized Zr41Ti14Cu12.5Ni10Be22.5 al-
loy was prepared by annealing the BMG at 773 K in vacu
for more than 4 h. The annealing temperature is far lar
than the crystallization temperatureTx ~712 K!.5,6 XRD and
DSC results as well as TEM observations confirm that
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ss
g

l

ill
f

e
l-
g
s

nd
r-
d
e
ri-

in

n-
ig-
s

.
d

in
of

r

e

BMG was fully crystallized. The equilibrium crystalline
phase of Zr41Ti14Cu12.5Ni10Be22.5 alloy rod with 15 mm in
diameter was prepared by remelting the ingots in a si
tube and solidified at a cooling rate of 0.03 K/s XRD verifi
the fully crystalline state that has also been confirmed
DSC result; no heat release DSC peaks, which indicate
crystallization of an amorphous phase, have been obser
These alloy rods were machined down to 10 mm in diame
and cut to a length of about 10 mm. By grinding off the ou
surface, any possible oxide materials from the quartz t
container were removed, and the identical composition of
three alloys was ascertained by careful chemical analy
The ends of the cylinder were carefully polished flat a
parallel. The prepared specimens were used for den
acoustic velocities, and specific-heat measurements.
these measurements were two and three times repeatedly
formed using cylinders from different sections of the all
rods. The acoustic velocities of the alloys were measure
room temperature by using a pulse echo overlap meth7

The excitation and detection of the ultrasonic pulses w
provided by X or Y cut ~for longitudinal and transverse
waves, respectively! 10-MHz quartz transducers. The tran
ducers were bonded to one end of the specimen. The u
sonic wave are excited by the transducer, reflected from
opposite end of the rod, and detected by the same transd
The effects due to bonding material between the transdu
and the sample was neglected as the typical thickness o

FIG. 1. Specific heat of the Zr41Ti14Cu12.5Ni10Be22.5 alloys in
glassy and equilibrium crystalline states. The solid lines are fits
the data from 10 to 18 K, sinceuD(T) for a metallic glass and
crystalline exhibits a strong temperature dependence below 8 K
25 ©2000 The American Physical Society
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TABLE I. A comparison of the properties of the metallic glasses state (Ya) and fine-grained crystallized
state (Yc) of the Zr41Ti14Cu12.5Ni10Be22.5 alloy.

Alloy
r

~g/cm3!
v l

~km/s!
vs

~km/s!
K

~GPa!
G

~GPa!
uD

A(T)
~K!

Tm

~K!

Glassy state 6.125 5.174 2.472 114.1 37.41 326.8 94
Crystallized state 6.192 5.446 2.807 118.6 48.8 370.9 110
(Yc2Ya)/Ya(%) 1.1 5.2 13.5 3.9 30.3 13.4 17.3
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band was lower than 4mm. The travel time of ultrasonic
waves propagating through the sample with a 10 MHz ca
frequency was measured using a MATEC 6600 ultraso
system with a measuring sensitive of 0.5 ns. The elastic c
stants, e.g., bulk modulusK and shear modulusG, are de-
rived from the acoustic velocities using the well-know
relations.7,8 In calculating the Debye temperatureuD we treat
the alloy as a monatomic lattice with an average cellu
volume;uD can be represented as follows9

uD~elastic!5
h

kB
S 9

4pV0
D 1/3S 1

n l
3 1

2

ns
3D 21/3

, ~1!

whereh and kB are Planck and Boltzman constants resp
tively, V0 is the atomic volume, andn l , andns are longitu-
dinal and transverse ultrasonic velocities, respectively.
values of elastic constants anduD of the BMG calculated
from ultrasonic data are in good agreement with the res
measured by other methods.3,8 Low-temperature specific
heats were measured in an adiabatic calorimeter betwee
and 20 K using a standard discontinuous heating meth9

Density r was measured by the Archimedian principle a
the accuracy was evaluated to be 0.005 g/cm3.

Figure 1 presents temperature-dependent specific heaCp
of the BMG and equilibrium crystalline alloy from 1.8 to 1
K. It can be clearly seen that the temperature dependentCp is
markedly different for the two states; the glassy state
larger specific heat than that of the crystalline state. TheCp
is analyzed by fitting to it a polynomial formCp5gT
1bT3 using a least-squares procedure,

b~T!5
12p4R

5 S 1

uD~T! D
3

~Ref, 10!,

whereR is the gas constant. The effective Debye tempera
uD(T) can be calculated from the fit. SinceuD(T) for me-
tallic glass and crystalline alloy exhibits a strong temperat
dependence below 8 K, the data over the limited tempera
range 10 to 20 K were fitted. Table I shows the agreem
y
ic
n-

r

-

e

ts

1.8
.

s

re

e
re
nt

obtained for the Debye temperature calculated from the c
rimetric uD

L (T) and acousticuD
A(T) data. From Eq.~1!, we

get uD
A(T)'constr1/3ns ,

Du

u
'

1

3

Dr

r
1

Dvs

vs
'38.7%,

which is in good agreement with experimental results. F
lowing the free-electron model,g is related to the density
of-state at the Fermi levelN(EF) by g5(1/3)p2kB

2N(EF).
Accordingly, the estimatedN(EF) values are 4.7 eV~unit
cell!21 and 2.8 eV~unit cell!21 for glassy and equilibrium
states, respectively. The BMG has largerN(EF) value as
compared to its corresponding crystalline state.

The values for ther, n l ,ns , as well as the elastic an
thermal parameters for the alloys in glassy and crystalli
states are listed in Table I. Large changes in thens(13.5%),
uD(13.4%), and G(30.3%) and small changes in th
r~1.1%!, n l(5.2%), andK(3.9%) between the two states ca
be seen in Table I. The results indicate the softening of
transverse elastic modulus~i.e., the softening of the long
wavelength transverse phonons! in the BMG relative to its
crystallized state. Elastic softening is a common feature
the most amorphization processes usually accompanied
;25% decrease in the average velocity of sound, which c
responds to a;50% decrease in the average ofG.11 The
softening in the BMG is consistent with that of amorphiz
tion process. Table II contrasts the remarkable large chan
in the ns(39.7%), uD(38.7%), andG(102%) and small
changes inr~3.6%!, n l(7.7%), andK(215.8%) between the
glassy and equilibrium crystalline states. The results indic
that an extremely large softening exists between the
states. The decrease inG is substantially larger than the typ
cal 10%–50% reported for alloys that undergo an orde
disorder transformation below melting temperature.11,12 It is
even larger than theG softening observed for many meta
during heating to melting.13 Since the results between th
calorimetric and acoustic measurements agree, this indic
that the softening of the transverse mode may be extende
low temperature. XRD results14 show that the crystallized
45
7

TABLE II. A comparison of the properties of the metallic glassy state (Ya) and equilibrium crystalline
state (Ye) of the Zr41Ti14Cu12.5Ni10Be22.5 alloy.

Alloy
r

~g/cm3!
v l

~km/s!
vs

~km/s!
K

~GPa!
G

~GPa!
uD

L (T)
~K!

uD
A(T)
~K!

Tm

~K!

Glassy state 6.125 5.174 2.472 114.1 37.41 324.1 326.8 9
Equilibrium state 6.346 5.571 3.454 96.0 75.7 435.0 453.2 152
(Ye2Ya)/Ya(%) 3.6 7.7 39.7 215.8 102.0 34.3 38.7 61.6
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and equilibrium crystalline alloys contain different crysta
line phases. Due to the complex of the multicomponents
the Be element, the crystalline phases cannot be identifie
far.3 However, the crystallized alloy has much more cryst
line peaks indicating more distinct crystalline phases co
pared with the equilibrium alloy. The possible multipha
mixture, which causes an amount of defects, e.g., interfa
would lead to a looser structure and a little softening ofG
compared with an equilibrium alloy consisting of only
single phase. Figure 2 contrasts the relative change of thr,
n, andK andns , uD , andG of the crystallized and equilib
rium states compared with the glassy state. The parame
especially for thens , G, anduD of the equilibrium state have
much larger relative changes than those of the crystalli
state. Ther change~3.6%! means that high density of fre
volume is quenched in the BMG, even if it is obtained w
a slow cooling rate. Even full crystallization, which caus
1.1% r change, can only partially remove the free volum
The conclusion that the BMG contains a large amount of f
volume has been confirmed by high-pressure experimen15

which shows the BMG has a larger volume change up
pressure compared with crystalline solids, because the
volume can be removed through the structural relaxation
duced by high pressure. Positron annihilation studies16 also
confirm that excess volume in the order of 0.1% is quenc
in the BMG at cooling rates as low as 1–2 K/s. The sup
softening phenomenon is confirmed by the low-melting te
perature,Tm of the BMG (Tm5945 K) compared to that o
its equilibrium state (Tm51527 K) as shown in Table II. The
Tm of the BMG is 582 K lower.Tm is related touD and
critical static mean-square displacement,^m2& as:11 Tm

5(MkBuD
2 )/9h2^m2&, whereM is the average atomic mas

FIG. 2. A comparison of the relative changes of the parame
of the crystallized and equilibrium states compared to amorph
state. (Ya), the properties of metallic glasses state; Y, the proper
of the crystalline state.
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The supersoftening results in the larger decrease of theTm of
the glassy state. So, compared with the equilibrium crys
line state, the BMG has three characteristics:~1! the BMG
contains high-density free volume even if it has more ra
dom packed microstructure compared with conventional m
tallic glasses, fully crystallization can only remove part
the free volume;~2! the BMG has higherN(EF), and lower
Tm ; ~3! the BMG has a super softened transverse phon
mode relative to its equilibrium state. The characteristics
similar to the melting of a solid, in that a very high density
point defects combined with a softened phonon mode le
to melting.17

Shear modulus of all solids depend on the interatom
distance or molar volume and especially the repulsive bra
of the interatomic potential,18 the quenched-in free volum
changes the density of the BMG, and definitely leads to
softening of the shear modulus. Theoretically, simulatio
prove that a large softening of transverse phonons in an
ide glass is attributed to gross density change;19 the reduced
of G is from the change of the local atomic density in t
looser structure of the glasses. The oxide glasses exhib
large decrease in acoustic velocity relative to the crystal,
is attributed to the large density change, e.g., for vitreo
SiO2,Dr/r'20%.20 However, the BMG has denser packe
microstructure compared with conventional metallic glas
and oxide glasses.21 The r change is much smaller than th
of the oxide glasses. Such an enormous net change in thG
cannot be mainly attributed to ther difference between the
glassy and crystalline states. Lamet al.11 point out that the
softening ofG associates with static atomic displacement^m&
and anharmonic vibration in a metallic glass. Our other wo
shows that the BMG possess a larger anharmonicity,22 how-
ever, the supersoftening cannot be mainly related to the
harmonicity either, because the effect of the static atom
displacement on the softening is nearly twice as large as
of anharmonic vibration; the static atomic displacement i
general measure of the chemical and topological disor
and hence can be used as a general disorder paramete
characterizing a glassy solid.11 Miglio et al.23 also found that
the larger atomic mean-square displacement gave rise
lower elastic energy. Figure 3 contrasts the differences of
G andns upon ^m2& estimated from the generalized Linde
mann melting criterion;11 it can be clearly seen that the allo
with smallerG and vs has larger̂ m2&, indicating that the
increased magnitude of̂m2& compared to its equilibrium
state leads to the lower frequencies of a transverse phon19

There is an intrinsic reason for the high disorder of the str
ture, that results in the supersoftening of the transve
phonons in the BMG. The non-Coulomb part of the inte
atomic potential is large due to the overlap of closed elect
shells for transition metals in the highly dense and random
packed BMG, a marked effect of the configuration of t
outer electron on the elastic constant, especiallyG, has been
pointed out by Koster;24 the high density of the electroni
state at the Fermi level is also likely to soften the ba
strength.23 The connection between the static atomic dis
der, larger anharmonicity, the high density of electron
states at the Fermi level and supersoftening of shear mod
presents evidence that there are other intrinsic softenin
transverse phonons in the BMG. Because all the factors h
close relation with the microstructure, we infer that the s

rs
s
s



d
ta

rde

po
G
ism
ed

be

D

f

ion
ree
ive
the
ing
e

the
der
the

that
d
the
u-
ing

se-
la-
is
en
re-
e-

ela-
s

the

-

-
ed
and
ssy
r

ph
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persoftening of the transverse phonon is mainly attribute
the unique microstructural characteristics of the glassy s
The supersoftening confirms highly static atomic diso
microstructure in the BMG.

The finding of the supersoftening also provides a sup
to the recent studies on the atomic diffusion in the BM
which suggests a highly cooperative diffusion mechan
involving many atoms, which differs from that of its order
counterpart.25–27It is suggested28,29that if the basic diffusion
mechanism involves the collective motion of a large num
of atoms, a far smaller frequency~typically 1010s21! is ex-
pected to be several orders of magnitude lower than the

FIG. 3. The contrast of theG andvs on the critical static mean
square atomic displacement,^m2& of the three states is estimat
from the generalized Lindeman melting criterion Ref. 11. A, B,
C in the figure indicate the equilibrium, crystallized and gla
states, respectively!. The alloy with smallerG and vs , has large
^m2&, indicating that the increased magnitude of^m2& compared to
its equilibrium state, leads to lower frequencies of transverse
non in the BMG.
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bye frequency~about 1012 to 1013s21!. The measurements o
the low-frequency vibration ~softening of long-wave
phonons! means many atoms move cooperatively.29 There is
a strong consistency between the highly-collective diffus
and our observation; one could think of the quenched-in f
volume in the BMG as intrinsic soft spots where cooperat
atomic hopping processes can take place. The finding of
supersoftening also has significance for our understand
the excellent glass forming ability of the BMG, which can b
obtained with a critical cooling rate less than 1 K/s.5 The
supersoftening confirms that marked differences exist in
electronic state; atomic interaction and static atomic disor
between the glassy and equilibrium crystalline states, and
microstructure of the BMG, can be regarded as closer to
of the liquid state. The liquidlike highly random packe
structure and cooperative atomic diffusion mechanism of
BMG strongly inhibit the nucleation and growth in the s
percooled liquid state, and result in excellent glass form
ability.

In conclusion, we find that the Zr41Ti14Cu12.5Ni10Be22.5
BMG is of a super softening of long-wavelength transver
acoustic phonons combining an amount of free volume re
tive to its equilibrium crystalline state. The supersoftening
not simply attributed to the small density difference betwe
the amorphous and crystalline states; it is rather mainly
lated to the unique microstructural characteristics of the m
tallic glassy state. The supersoftening may have close r
tion with the excellent glass forming ability of the glas
forming system.
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