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The elastic behavior has been studied of a bulk metallic glass of composition Pd~i40Pio,
prepared by the recently developed technique of slow cooling from a dehydrated flux of boric oxide

in an ultraclean environment. A large ratio (8 jp=4. 56) of the bulk to shear moduli and a large

Poisson's ratio (0.40) at room temperature indicate intrinsic softening of transverse acoustic pho-

nons. Pulse-echo-overlap measurements have been made of both ultrasonic modes between 4.2 and

293 K. Both Cll and C~ decrease with temperature and show enhanced stiffening at low tempera-

tures which can be associated with two-level systems. To examine nonlinear acoustic properties of a
metallic glass the hydrostatic pressure dependence of the ultrasonic wave velocities has been mea-

sured. Both d8 /dP (=7.52) and dC~/dI' (=1.0) are positive, showing that the modes stiffen

under hydrostatic pressure in the normal way. The results are used to examine quantitatively the vi-

brational anharmonicity of a metallic glass by recourse to the mode Gruneisen parameters

{y~=3.20, y, =2 23). The mean long wavelength acoustic mode Griineisen parameter p H( =2 59) at
room temperature is comparable with the thermal Griineisen parameter yH (=2.24). In general,

the temperature and pressure dependences of the elastic constants show that metallic glasses, unlike

many Si02-based insulating glasses, have elastic and anharmonic properties similar in kind to the

crystalline state (in this case to the component transition metals nickel and palladium). An equation

of state for a metallic glass is presented for the first time: The compression is found to be small, be-

ing similar to that of nickel.

I. INTRODUCTION

The vibrational excitations in metallic glasses are not
well understood. The considerable theoretical difficulties
involved in their assessment are increased by lack of pre-
cise experimental information on the vibrational spectra
and in particular on vibrational anharmonicity. A central
reason for the paucity of data is the limitation imposed on
specimen geometry by fast-quenching techniques: Speci-
mens made this way are not well suited to pulse-echo ul-
trasonic investigations of elastic behavior. Recently, how-
ever, bulk samples of the alloy Pd4oNi4oP2o have been
prepared by cooling its melt in molten 8203 fluxes. ' Mea-
surements of the hydrostatic pressure and temperature
dependences of ultrasonic wave velocities have now been
made on this bulk metallic glass and the results provide
quantitative details of its elastic behavior.

In the absence of the periodicity typical of a crystalline
solid, the proper normal modes in an amorphous solid are
not plane waves. Anharmonic effects couple the modes
and this damping limits lifetimes, especially as the wave-
length approaches the interatomic spacing. Hence as the
wave vector is increased, the dispersion curve becomes
progressively more smeared out and phonons in the usual
sense do not exist. However, at low frequencies an amor-
phous material behaves as an elastic continuum with a
well-defined dispersion relation so that ultrasonic waves
can be propagated. Elastic constant measurements are of
central importance in investigations of the vibrational

properties of a metallic glass because they define the slope
of the dispersion curves in the long-wavelength limit. The
pressure dependences of the elastic constants provide in-
formation on the shift of the mode energies with compres-
sion and characterize the vibrational anharmonicity, that
is, the nonlinearity of the atomic forces with respect to
atomic displacement. Thus this study of the hydrostatic
pressure derivatives of the elastic constants has the aim of
providing details of the vibrational anharmonicity of a
bulk metallic glass. To gain physical insight into the vi-
brational anharmonicity, the results are used to obtain the
acoustic mode Griineisen parameters, which quantify the
volume dependence (—pinto;/t) in V) of the normal mode
frequencies cot and are compared with an estimate of the
thermal Griineisen parameter.

II. EXPERIMENTAL TECHNIQUES

The term metallic glass is conventionally used to
describe a metallic alloy which has been so rapidly cooled
from the melt (cooling rates of 10 Ks ' are not atypical)
that it is amorphous. The requirement of such rapid cool-
ing leads to specimens in the form of thin anisotropic rib-
bons or wires, neither of which are ideal geometries for ul-
trasonic measurements. However, the material under in-
vestigation here has been produced by the recently
developed technique' of slow undercooling of nominal
composition Pd4oNi4oPzo in ultraclean conditions in a
molten fiux of dehydrated boric oxide. The absence of
crystallinity in this sample has been confirmed by x-ray
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and electron diffraction. The ultrascnuc specimen was

prepared by polishing two facie flat and parallel to better
thyppi 10 rad, the fiuxs being 5.5 mm apart and the other
Cimensions about the same. Confirmation that the spmi-
men remained amorphous after hnudhug during the ex-
perimental prqgrypm was established by x-ray and electron
diffraction from the polished surfacsa: Diffuse halos only
were obmved. X-ray energy dispersive analysis of the
suiface prepared for the truasducer gave the composition
as PQ~Ni3$7P]9 3* Physical prey'=aies of metallic giypsses

depend in a complicated way on the the ~omecha»cal
history of the simple. A particular value of a physical
pmpcety need net imply e nntetm etmnie etnmgemcmt t
continuous trunsformations wit»u the glassy phase are
possible, with concomitant chyppiges in properties. In the
prenmt context it may be noted that previously a lxenplex
dependence has been observed of the velocity of sound in

Fe~i4nB2s on annealing treatment. i The presift mes-
sumnents can be t~&en to represent results on a material
which h~B undergone omsiderable structural relaxation
during the slow cooling at the production stage. Since the
spoimen has bani kept at room tcmi@nuture or cooled
slowly below, no thermal treatments have been imposed
on it that will have significantly added to this
relaxation —the results can be regarded as coming from a
fixed atomic configuration. It is often observed that
melt-spun metallic ~ are structurally anisotropic, ~

which arises from the inhaent directionality of the
quenching proosis The material studied here has not ex-
perienced any directional solidification and can be regard-
ed as being structurally isotropic. The crysb&ixation
temperature of this alloy is 650 K when medLBured at a 10
K min ' heating rate, the ghss-transition tempcxature be-
ing 590 K at the same heating rate. '

Ultrasonic wave transit times were measured by the
singl=aided pro-overlap techppique, capable of
resolving changes to hetter than 1 part in 10~ Hydrostat-
ic prissures were applied in a piston and cylinder ap-
piiratus described elsewhere.
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the crystaiHne tr»sition metals nickel and pall~ium
(Table II), suggesting that the intentomic bonding is simi-
lar. For transition metals the valence s electrons provide
the repulsive prisisure to counter the strongly attractive
dwlectron contributions and hence play an important part
in the bu&k modulus {the df electrons largely detamine the
cohesive energy) For palladium the s-electron contribu-
tion to the bulk modulus has been estimated' on the basis
of self-cotuustent local-density-function theory to be about
1 —,

' times that of the d electrons; sd hybridization is also
involved significantly.

A second difference in kind rather thypu in degree be-
tween the elastic behavior of the metaHic ghls
(Bxlp=4 56). and those of other amorphous materials
[for silica-based glasses, 8 /p-1. 2; for chalcogenide and
related glasses, Ss/p, -1.9+0.2 (Refs. 7 and 8); for amor-
phous Te02, Bs/p, =1.54 (Ref. 9)] is that the metallic
glass has a much larger bui& thun shear modulus. For
amorphous FoisPii and Co77Pii the Ss/p ratios are 3.0
and 3.8, respectively. " A large Bs/p, ratio could be a
chypracteristic of metajiic glasses based on transition ele-
ments. Both crystpp&»ne nickel and palladium have quite
large bu&k moduli in comparison to shear moduli
(& /p-2. 5), this being a )eneral feature of transition
metals. Nevertheless, 8 /p, for the amorphous
PdtoNi~p'2n is exceptiopttBOy large and this may be due to
an intrinsic softening of transverse phonons in the amor-
phous state. '"' Amorphous Ni-P alloys'~'i and Pd-Si al-
loys' ' ' are apprceiably more compliant, especially in
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The two independent soxmdwrder elastic stiffness
moduli have been obtained from the ultrasonic wave ve-
locities (Vi and V,) for longitudinni and shear modes
(Table I). Previously the ultrasonic wave velocities had
been measured at room temp&nature in a series of
(Pdi Ni )snPin {x=0.0,0.2,0.4,0.6,0.8, 1.0) mein&»c

glass. Agreement between this data interpolated for
x =0.5 and the present results at room temperature (293
K) is good (Table I). The thin cyhndrical rod geometry
(-1—2 mm diamc+u' 10 mm long) used in that work did
not comply strictly with the requirements for pulse echo
ultrasonics: At the driving frequency (20 MHz) used, dif-
fraction and nonplane wavefront effects would have oc-
curred but apparently did not siETpp'ficantly influence the
results.

The most striking feature of the elastic behavior of
these metalhc glacnes is that they are much stiffer thdui

other amorphous materials; see Refs. 7—9. In fact the
be% modulus of this mettRiiic glass 'is similar to those of
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FIG. 1. Temperature dependence of {a) the longitudinal and
{bj the shear ultrasonic modes propagated in PddoN4oP2o bulk
metalhc glass.
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response to a shear stress, than the crystalline phases;
whereas the bulk modulus is only about S% smaller in the

amorphous state than in the polycrystalhne forms, the
shear and Young moduli are about 30% smaller. A re-

duced resistance to shear due to the possibility of nonuni-

form changes in the local atomic density in the somewhat
looser glass structure was anticipated theoretically from
model calculations for a single metallic species interacting
with short-range repulsive forces. '

The Pd4oNi4oP2o metallic glass has a large Poisson's ra-

tio cr (0.40) compared with that of other glasses (see Table
2 of Ref. 9}. The fourfold-coordinated silica-based glasses
tend to have a small o (~0.2}, those of chalcogenide
glasses range between 0.25 and 0.3, and a fluorozirconate
glass has a n of 0.279. For an isotropic solid the Poisson's
ratio can be written in terms of the elastic stiffnesses as

0 =(Cii —2C44)/2(Cii —C44) .

Inspection of this equation shows that the large Poisson's
ratio of the metallic glass can be viewed as a consequence
of the much larger value of Cii than C~ and hence of the
combination of transition-metal bonding [nickel and pal-
ladium have large Poisson's ratios (Table II)] and the in-

trinsic transverse phonon softening in the loose glass
structure.

The temperature dependences of the longitudjnai and
shear wave velocities measured between 4.2 K and room
temperature are shown in Fig. 1. Modulus values deter-
mined at 4.2 K are given in Table I and the temperature
derivatives at room temperature in Table II. At low tem-
peratures metallic glasses show a nearly linear
temperature-dependent contribution to their specific
heats' and other phenomena which are usually interpret-
ed by describing am.orphous solids as including a broad
distribution of multilevel atomic tunnehng systems (two
level in its simplest formalism) due to their disorder.
Acoustic measurements on rodlike metallic glass speci-

mens are characterized by a linearly increasing acoustic
wave velocity for longitudinal and shear modes with de-
creasing temperature in the range 2—20 K.zo ~4 The
wave velocity peaks at about 2 K, below which the veloci-
ty exhibits a logarithmic temperature dependence
and the attenuation is intensity dependent. These ef-
fects, which are similar in kind to those observed in insu-
lating glasses but an order of magnitude less in scale, have
also been interpreted generally in terms of two-level sys-
tems. The present results can be compared with those
from rapidly quenched samples in the linear region be-
tween 4.2 and 30 K: Lower temperatures are currently
unavailable at our laboratory. The relative changes in
wave velocity in this temperature range 5= V ' b, V/hT
for longitudinal and shear modes in amorphous
Pd4oNi4oP2o are 5i= —3.2X10 K ' and 5, = —2.6
X10 s K ' as compared to 5i= —2.8X10 5 K ' and
5, =—8.2X10 ' K ' in amorphous Ni»P», ' and
5I = —2.3 X 10 ' K ', 5, = —9.2X 10 ' K ' in amor-
phous CoszPis. 5i for the slowly cooled Pd4oNi~P'qo is
similar to that of the two rapidly quenched samples
NisiPis and CoszPis whereas 5, is much smaller in
Pg+Ni+P'zo than in the other two materials. It should be
noted that substantial changes in hV/V at low tempera-
tures have been observed to result from heat treatment.

IV. HYDROSTATIC PRESSURE DERIVATIVES
OF THE ELASTIC CONSTANTS

AND VIBRATIONAL ANHARMONICITY

For both longitudinal and shear modes the velocity of
ultrasound increases linearly with hydrostatic pressure in
the pressure range (up to 3X10 Pa) studied. This is the
usual behavior observed in materials which do not have
soft long-wavelength acoustic modes. From the slopes of
the pressure dependences of the natural velocity, the hy-
drostatic pressure derivatives of the elastic constants have

TABLE I. The bulk elastic properties of Pd~Pli~io metallic glass. The data shown in the last
column have been estimated graphically from measurements made at room temperature on a series of
(Pd) Ni„}p8Pp 2 metallic glass rods (Ref. 6).

Density pp (kgm )

Longitudinal wave velocity VI (ms ')
Shear wave velocity V, (ms ')

Elastic stiffness (10'p Nm )
CS

Cia
s

Elastic compliance (10 " m2N ')

~1j,
S)2
S~

Bulk modulus ~s (10' Nm z)

Volume compressibility x„(10 " m2N ')

Linear compressibility xL, {10 " m N ')
Young's modulus Es (10' Nm )
Poisson's ratio o
Debye temperature O~ {K)

'Data from Ref. 6.

4.2 K

9455
5115
2105

24.6
4.17

16.2

0.857
—0.338

2.40
19.0
0.525
0.175

11.7
0.40

301

293 K

9405
5013
2025

23.6+0.2
3.86+0.05
15.9+0.3

0.925
—0.373

2.59
18.5
0.54
0.18

10.8
0.40

293 K'

9500
4900
1960

22.8
3.6S

15.5

0.975
—0.395

2.74

17.5
0.57
0.19

10.5
0.4
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TABLE H. DmnparLimn of the room-temperature (293 K) elastic properties of amorphous
Pd40N40P10 with those of crysta)»TIe Ni and Pd.

Ni

Elastic stiffness constants (10)0 Nm z)

Cs

CS

s s

Elastic compliances (10 " m' N ')
~))
S~

Density (kgm ')
Bulk modulus 80 {10'o Nm 1)

Linear ther-mal expansion (10 ~ K ')
dC~)) /dP
dC~/dP
dC)2/dP
dSq/dP
dE/dP

(1/C NdCfi/dP) (10 " m N ')
(1/C~){dC~/dP)
(1/Cfz ){dCf1 /dP)
(1/Bs){d8 /dP)
(1/C'„)(dc'„/d T) (10-' X-')
(1/C~ )(dC~/d T)
(1/Cf1 )(dCf1 /dT)
(1/& )(d& /dT)
Mean Griineisen pammeter

PH
Yf

fg
Poisson's ratio

stress strain
[001] (001) pla~e
[111] (111) plane
[110] [001] direction

[110] [1TO] direction

23.6
3.86

15.9
3.86

0.925
2.59

—0.373

18.5
12
8.9
1.0
6.9
7.52
2.86

10.3
2.07
3.S
2.6
4.3
4.1

—1.6
—34
—0.8
—1.1

2.59
3.30
2.23
0.403 (mean)

24.7
12.2
15.3
4.7

0.769
0.820

—0.29

8900
1S.4
12.8
6.0
2.4
4.7
5.3

2.4
2.0
3.1
2.9

—1.8
—2.6
—0.3
—1.0

1.35
2.28
0.89

0.383
0.228
0.652

—0.078

22.4
7.16

17.3
2.55

1.37
1.40

—0.60

12000
19.0

6.1

2.4
5.2
5.5

2.7
3.4
3.0
2.9

—1.7
+ 0.8
—1..1

—1.3

2.13
2.82
1.79

OA36
0.333
0.807

—0.051

been calculated at atmospheric pressure by using
'I

a aw
aP ~0 0 a' W'

J

Cu
3 gT (2)

The second term here is a correction which accounts for
the reduction in dimensions of the sainple under pressure.
The pressure derivatives of the elastic constants of
Pd4cN140P10, given in Table II, are similar to those of crys-
talline Ni and Pd except that BC~/BP is smaller in the
glass. (1/C~)(BC~/BP) is 0.26 for the metallic glass, ly-
ing between that 0.20 for crystal)T'ne nickel and 0.34 for
crystalline pa11adium. The similarity of elastic behavior
to that of crystalline nickel and palladium reinforces the
sugges't1011S that the mtefatomlc bolldlilg 111 the aTTTor

phous metal resembles that of the transition metals. For

the bulk metalhc glass, the positive sign of BC44/BP
shows that while C44 is soft compared with that in a cor-
responding crystalline solid, this intrinsic softness is not
enhanced by application of pressure.

Glasses fall into two distinct categories so far as the
tinnperature and pressure dependences of their elastic con-
stants are concerned. The negative temperature depen-
dences and positive pressure dependences of ultrasonic
wave velocities establish that, as far as its elastic proper-
ties are concealed, the metallic glass is "well behaved" in
the sense that when the material is compressed or cooled
it becomes stiffer. This is in marked contrast to the
anomalous elastic behaviors of fused Si01 and amorphous
Ge01 and BeFq which have positive temperature coeffi-
cients and negative pressure coefficients of shear and bulk
moduli (see Table II of Ref. 9 which includes references to
the original studies), associated with the low (fourfold)
coor@nation which allows large bending vibrations in the
form of motion of the bridging oxygen or fluorine ions.
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It can be shown that the hydrostatic pressure derivative
of Poisson's ratio cr for an isotropic material is

~, a=0, T

1 B&II 1=(1—cr)(1 2—cr)
11 44

=+1.40X10-" (N m-')-' (3)

Vo

V(P)
ln (Bo) r +11 T ~ p

(Bo)' Bo

which rests upon the assumption that the isothermal bulk
modulus depends linearly upon pressure:

8 (P)= —V =Bo +PT BP T BBT. . p=p, r
Ultrasonic pulse-echo experiments give adiabatic elastic
constants. The isothermal bulk modulus has been ob-
tained from the adiabatic quantity by using

Bp Bp/(——1+yaT) =18.3)&10' Nm (6)

The thermal expansion coefficient a of this particular me-
tallic glass has not been measured, so the value found for
a rapidly quenched and annealed metallic glass of the
same nominal composition [a=1.45)&10 K ' (Ref.
26)] has been employed. Since the thermal expansion only
occurs in small correction terms for the parameters used
in the equation of state, taking this value of a should be
adequate. The temperature dependence of the isothermal
bulk modulus has been estimated from

BB'
BT p

BB'
BT p

(1+Tay)

= —2. 1)&107 Nm 2K

and hence to a first approximation the pressure derivative
(Bo )' (=BB /BP)p o from2~ 2s

for the metallic glass.
By recourse to an equation of state, the ultrasonic data

for the bulk modulus and its hydrostatic pressure deriva-
tive can be used in an extrapolation procedure to estimate
the compression of a material at very high pressures.
This has been carried out for this metallic glass by using
the Murnaghan s equation of state

0.94

0 9P, I I I I I I I I I I I I I I

5 10 15

Hydr ost. at. l c Pr essure (6Pa)
FIG. 2. Isothermal compression of the Pd~Ni~P'2p metallic

glass calculated on the basis of the Murnaghan equation-of-state
in comparison with that of crystalline nickel.

Vibrational anharmonicity is responsible for the non-
linear elastic behavior of a material under a finite strain
and for physical properties, which are governed by
thermal motion, such as thermal expansion. The first re-
port of anharmonicity in a metallic glass appeared as the
uniaxial stress (cr) dependence of the Young's modulus (E)
in Pd775Sii6&Cu& ribbon. ' Unusually large values of
dE/do of —12 and —16 were found at low stresses in
amorphous and crystalline phases, respectively, suggesting
pronounced vibrational anharmonicity. However, data on
BE/Bcr alone are not sufficient to quantify vibrational
anharmonicity. The hydrostatic and uniaxial pressure
dependences of the second-order elastic constants provide
a measure of the elastic anharmonicity of long-wavelength
acoustic modes which can be expressed by acoustic mode
Gruneisen parameters. These define the volume (or
strain) dependence of the normal mode frequency co;,

y;= dlnco;/dlnV—.

For an isotropic solid there are only two components of
long-wavelength acoustic mode Grimeisen parameter: yl'
and y", which refer to the longitudinal and shear elastic
waves, respectively, and are given by

T
'

(Bp )'=(Bp )'+ TayTi Si So
gS

BB,'
1 —

T
—2(Bp )'

aBp BT p

8 2C12
Fl 3—

C)) 8
3dB dp
dP dP

(10)

=7.57 . (8)
yr

——— 2p —38 — ——B+—Cci dp 3 3

2 2

The compression of this metallic glass calculated using
the Murnaghan equation of state (4) is plotted in Fig. 2.
There are no previous estimates of the equation of state
(or of the hydrostatic pressure derivatives of the elastic
constants) of a metallic glass with which to compare these
results. However the compression is similar to those in
crystalline nickel and palladium.

where the Lame constant p is C~. From the measure-
ments of the elastic constants and their hydrostatic pres-
sure derivatives, it has been found that yi is 3.30 and y',
is 2.23. The mean acoustic Griineisen parameter y" can
be obtained from yt' and y", by means of weighting func-
tions, but at a high enough temperature (T&8D) to en-
sure that all the vibrational modes are excited, i.e., in the
high-temperature limit,
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T' H =(y('+2y T') ~3 (12)

holds. For this metallic glass the elastic Debye tempera-
ture Oo, calculated from the low-temperature velocities, is
301 K—so that room temperature is reasonably close to
the high-temperature limit and the

year

value of 2.59, ob-
tained from yt' and y,

" using Eq. (12), should be a good
approximation to the mean acoustic mode Griineisen pa-
rameter. In addition to determining the nonlinear acous-
tic behavior under finite strain, the vibrational anhartno-
nicity is responsible for thes~al expansion and contributes
to the high-temperature specific heat. The pressure
dependences of the elastic constants quantify cubic teams
in the elastic strain free energy and thus the anharmonici-

ty of the long-wavelength acoustic modes. Comparison
between the thermal Griineisen parameter

y~ ——3a,VA„C~ =3a V/Ir„C„ (13)

and the y~ forges a link between the thermal properties
and the pressure dependences of the elastic constants.
Values of the thermal expansian coefficient a and the
specific heat Cz are not available for aur specimen. How-
ever a (=14.5X 10 s K ') has been measured for a fully
relaxed rapidly quenched sample of the same composi-
tion;zs this should be close to the value for the present

type of metallic glass. The specific heat C~ (27.6+0.9
Jmol 'K ' at room temperature) has been measuredzs

for a material of composition (PdssNiszP2o) close to that
of the present work. These data lead to a value of 2.24 for
y at room temperature, which is quite close to that
(2.59) found for y Ir: Either the long-wavelength acoustic
modes play a central role in the thermal properties or

those shorter wavelengths excitations which also contri-
bute have similar mode Griineisen parameters (-2) to
those of the long-wavelength acoustic mode. It is likely
that both these comments hold. The positive signs of yt'
and y", are due to the increase in the long-wavelength
acoustic mode frequencies with applied pressure. Similar
behavior is found in many other glasses: amorphous ar-
senic, AszS3, ~ a fiuorozirconate glass, s amorphous
TeOz. In contrast for both Pyrex and fused sihca both
acoustic mode Griineisen parameters are negative: The
acoustic modes in these glasses soften under pressure. 7

The mare normal —positive —acoustic mode Griineisen
parameters and negative temperature dependences of the
ultrasonic wave velocities of the metallic glass can be as-
cribed to its high coordination number, which inhibits the
transverse vibrations that are the source of the anomalous
elastic properties of the tetrahedraliy coordinated silica-
based glasses BeFz, Si02, and GeOz. The mean Griineisen
pararueter y ~ of the acoustic modes at the long-
wavelength limit of the metallic glass is substantially
larger than the y ~ of the crystalline elements nickel and
palladium (Table II) and also of other "well-behaved"
glasses. The mean value y ~ of 2.59 found for the metal-
lic glass shows that the vibrational anharmonicity of the
acoustic modes in the long-wavelength limit is large but
not excessively so.
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