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Molecular-dynamics simulations have been carried out to study the structural anisotropy in anelasti-

cally deformed glassy metals. Two model glass structures, a single-component glass of 4394 particles in-

teracting via a modified Johnson potential and a two-component glass of 2048 particles with the
Lennard-Jones potentials, were thermomechanically deformed below their glass-transition temperature.
The structural anisotropy caused by anelastic deformation is dominated by the bond-orientational an-

isotropy (BOA) with a large sixth-order spherical-harmonic component in both model structures. The
sixth-order BOA could be associated with the local bond-orientational order (BOO) of the basic local
structural units, such as tetrahedral and icosahedral clusters. We propose a scheme to describe the
structure of the glasses and their mechanical properties, based upon the sixth-order local BOO.

I. INTRODUCTION

Thermomechanical (creep) deformation in metallic
glass has been the subject of numerous investigations and
is still of much current interest. ' Although these
efforts have revealed many salient features involved in the
deformation, the understanding of the phenomenon at a
microscopic or atomic level has been severely hampered
by the difhculty of characterizing the detailed structure
of glasses. The purpose of this work is to introduce an
atomistic description of the deformation of the glassy
metals in terms of the higher-order bond-orientational
anisotropy (BOA) and local bond-orientational order
(BOO) using the molecular-dynamics simulation of creep
deformation and to attempt to identify the mechanism of
deformation in the glassy metals.

It is now well established in the study of viscous flow
that there exists two distinct components in the viscous
response during the creep deformation: anelasticity and
viscoplasticity. The anelasticity is characterized by
time-dependent recovery of the deformation on unload-
ing, while the viscoplasticity is, as the word implies, ir-
reversible. On the other hand, a study of the effect of
creep on magnetic properties has shown that the creep
deformation of ferromagnetic metallic glasses results in
the formation of uniaxial magnetic anisotropy. What
emerges by linking detailed investigations on such seem-
ingly different properties is that the creep deformation
not only gives rise to a homogeneous How in the material,
but also produces an anisotropy to its atomic structure
that is closely or directly related to the mechanisms for
both the mechanical deformation and the magnetic an-
isotropy. The indication of the induced structural anisot-
ropy from the viscoelastic approach is the existence of
the anelasticity. The recovery of shape under no external
stress obviously requires an anisotropic structure in-
volved which can be either localized or homogeneously
distributed throughout the material. Argon and Kuo '

proposed a Row model employing complexes consisting of
5 —20 atoms that undergo a shear transformation, based
on observation of bubble raft deformation, and attribut-

ed the anelasticity to backward shear transformations of
the complexes. Subsequently, the shear transformation
was observed in a two-dimensional computer simulation
of the plastic shearing of glasses. Although the authors
did not refer to a particular anisotropy associated with
the shear transformation, the theory and simulation au-
tomatically predict more or less homogeneously distribut-
ed structural anisotropy involved in the anelasticity.
There had also been an argument on whether the origin is
homogeneous or heterogeneous regarding the magnetic
anisotropy ' until Hilzinger's experiment. Hilzinger
measured the creep-induced magnetic anisotropy in near-
ly zero-magnetostrictive samples and found that the
direction of magnetically easy axis is not affected by the
sign of magnetostriction, suggesting that its origin is not
the heterogeneous internal stress distribution producing
anisotropy via magnetostriction, but is the atomic-level
structural anisotropy.

A successful attempt of a direct observation of the
creep-induced structural anisotropy was made by Suzuki,
Haimovich, and Egami. ' The authors measured the x-
ray-diffraction intensities for creep-deformed Fe-Ni-Si-B
amorphous ribbons with the diffraction vectors parallel
and perpendicular to the stress direction and concluded
that the contrasting behaviors of the first and second
peaks of the intensity are best explained by the BOA.
The BOA describes the anisotropy in the distribution of
the orientations of the atomic bonds defined by a pair of
atoms which are the nearest neighbors to each other. As
a result of creep deformation, the density of atomic bonds
along the direction of the tensile stress was found to be
smaller than along the perpendicular direction.

Hirsher, Egami, and Marinero' and Yan et al. ' con-
ducted similar experiments on Tb-Fe (Ref. 12) and Tb-
Co-Fe (Ref. 13) sputter-deposited amorphous films and
found the same anisotropy in the x-ray-scattering intensi-
ty. Yan et al. ' suggested that the in-plane compressive
stress and thermal activation due to incoming atoms onto
the film surface during sputtering may provide a local en-
vironment quite similar to that under the creep and in-
duce the BOA. However, further experimental investiga-
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tions have been frustrated by the complexity of the struc-
ture of the glass, which possesses no translational symme-
try. The diffraction experiment at present has not pro-
vided direct information on the atomistic details of
structural anisotropy.

A fruitful method to investigate how the stress affects
the atomic rearrangement during annealing is a computer
simulation such as molecular dynamics (MD). Although
the computer simulation has a limitation on the number
of particles and the time scale of the system being simu-
lated, it provides a set of information in the system which
should lead us to an intuitive picture linking experirnen-
tal results. We present in this article two sets of the re-
sults of MD simulations of creep deformation below the
glass-transition temperature (Ts) using a single-
component glass with a modified Johnson potential' and
a two-component, or binary-alloy, glass with a Lennard-
Jones (LJ) potential. The results show that the predom-
inant structural anisotropy caused by the creep deforma-
tion is the BOA with the l=6 spherical harmonic com-
ponent, both in the single-component glass and in the al-
loy glass. Apparently a twofold stress activates a sixfold
structural anisotropy. When the stress is removed, the
anisotropy relaxes with a broad distribution of the activa-
tion energy, indicating that this anisotropy is directly re-
lated to anelasticity. The activation and relaxation of the
BOA will be discussed in conjunction with a microscopic
mechanism of the flow of the material.

II. COMPUTER MODEL
OF CREEP DEFORMATION

A. Single-component glass
with a modified Johnson potential

Employing a modified Johnson potential' that was
originally developed for bcc iron, ' a single-component
glass consisting of 4394 particles, referred as the modified
Johnson glass henceforth, was constructed. The integra-
tion time step for this simulation was set to be 10 ' sec,
that is about 100th of the Debye time for this potential.
Periodic boundary conditions were maintained on aH six
faces of the pseudocubic assembly.

Starting with the bcc structure, the assembly in a cubic
block was equilibrated in a liquid state for 10000 time
steps at 3000 K. Then the assembly was cooled down to
700 K [the glass-transition temperature of a modified
Johnson potential glass is approximately 900 K (Ref. 16)],
for 2000 time steps. The pressure of the system during
this procedure was maintained to be 0.02 eV/A by
changing the size of the cubic block and linearly displac-
ing all the atoms every 100 time steps, Thus using a
pseudo-constant-pressure mode. The assembly was then
relaxed at the same temperature for 5000 time steps keep-
ing the pressure zero. In order to promote further relaxa-
tion and construct model glasses at several temperatures
from 500 to 900 K, the system was quenched or heated
by a rate of 1 K/step and maintained at those tempera-
tures for 5000 time steps without any change of the
boundary condition and therefore with the volume con-
stant.

These model glasses were creep deformed at a tempera-
ture ranging from 500 to 900 K. The shear strains as de-
scribed below were applied to the model structure every
100 time steps, so that the tensile stress along the z axis,
o.

„

is kept constant, simulating creep deformation. Thus
the boundary condition was not cubic, but orthorhombic
during the creep deformation:

1
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0
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0

—y 0
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Each deformation was performed by displacing every
atom in accordance with the linear elastic displacement
field corresponding to the strain.

B. Two-component glass
with a Lennard- Jones potential

To simulate a two-component aHoy glass, a mixture of
LJ potential (4s[(cr/r ) —(o /r )' ]) with different length
parameters o. ~z and o.zz was introduced. The length
parameter for unlike pairs of particles was given by
o.~~=(cr~~+cr~~)/2. The ratio of cr~~/o~~ and the
atomic concentration were chosen to be 0.8 and 0.5, re-
spectively. The depths of these potentials were chosen by
the ratio E»..~».~» =1:1/0.9:1/0.8 to alter not only
the size of the particles, but also the stiffness of the
bonds between them. The integration time step was
taken to be 0.02to in the usual LJ reduced units
[to=(mo „„/E„„)'], with m being the particle mass.
The force due to aH the potentials was truncated at the
particle distance of 1.55o.~z. The cutoff length was
chosen to be at the bottom of the valley between the first
and second peaks in the radial-distribution function of
the liquid state of the system at a temperature of 0.8 in
reduced units (unit is c, ~ ~ /k, where k is Boltzmann's
constant). All the potentials are shifted so that no
discontinuity is left at the cutoff length in the potentials.
Although the cutoff' length is shorter than the one used
conventionally for LJ crystals and produces discontinui-
ties on derivatives of the potentials, it was chosen since
the short cutoff length saves much computational time
and enables us to reduce the statistical error. Periodic
boundary conditions were maintained on all six faces of
the cubic block.

The model structure which we call the LJ alloy glass
has been constructed in a manner similar to the modified
Johnson glass. First, a liquid state of the assembly was
attained by a melting at the temperature of 0.8 for 5000
time steps, starting with a fcc crystal randomly occupied
by two kinds of particles in a cubic block. The melt at
the temperature of 0.8 was well equilibrated because the
melting temperature of a LJ elemental crystal is about
0.7, ' and furthermore our alloying and short cutoff
lengths of the potentials decrease the melting tempera-
ture. Then the assembly was cooled down to a tempera-
ture of 0.275, which is considered to be below the T~ of
the system [T of a LJ glass is about 0.5 (Ref. 17)], for
1000 time steps. The pressure of the system during this
procedure was maintained to be unity (unit is Ez~ /o zz)
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density. These parameters are, however, nondirectional,
while for the discussion of directional deformation, we
need to describe directional short-range order. There ap-
pears to be no established function to describe the aniso-
tropic structure, but the directional RDF can be defined
by an extension of Eqs. (2) and (3) using spherical har-
monics, '
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where Y1 is a spherical harmonic and
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FIG. 1. Pair-distribution function (PDF) of the single-
component glass with a modified Johnson potential at 700 K
(upper figure) and the total PDF of the two-component glass
with the Lennard-Jones potential at a temperature of 0.275
(lower figure).

III. DIRECTIONAL PAIR-DISTRIBUTION
FUNCTIONS AND COORDINATION FUNCTIONS

The averaged structure of glass is most commonly dis-
cussed in terms of the radial distribution function (RDF)

(2)

or the pair-distribution function (PDF)

1p(r)=, g(r},
4' r pp

(3)

where N is the number of particles and pp is the average

by changing the boundary conditions and displacing
every atom in the block every 100th time step: linear ex-
pansion or compression in all directions. Then the as-
sembly was relaxed at the same temperature for 1500
time steps keeping the pressure zero using the same
method described above. So as to cause further relaxa-
tion, the system was maintained at this temperature for
10000 time steps without any change of the boundary
condition. The shear deformation was applied at a tem-
perature of 0.275 in a manner similar to the modified
Johnson glass.

Typical examples of the pair-distribution functions, as
described in the next section, of both types of the model
glasses are shown in Fig. 1, showing no indication of
crystallinity.

The nondirectional RDF or PDF is thus given by the
zeroth-order (isotropic) component of Eq. (4) or (6), re-
spectively.

Although the atomic bonding in network glasses such
as silicate glass is well defined, the bonding in glassy met-
als is ill defined because of the metallic nature of the
bonding. It is still possible, however, to distinguish the
nearest neighbors from others in metallic glasses, since a
deep valley exists between the first and second peaks in
the RDF of metallic glasses. Therefore the anisotropy in
the atomic positions within the nearest-neighbor shell,
which frequently determines properties such as the mag-
netic property, can be expressed by the directional RDF
integrated over the interparticle distance covering the
first peak of the RDF, which we will call the directional
coordinate function (DCNF),

where

I, m

(7)

DP = f pt (r)dr .
0

The limits of integration in the equation were chosen to
be from zero to 3.33 A for the modified Johnson glass and
for the Lennard-Jones alloy glass to be from zero to
1.5o.zz, 1.42cr~~, and 1.35cr„~ for the larger-particle
pairs (A-A), the unlike-particle pairs (A B), or th-e

smaller-particle pairs (B B), respectively. -These cutoffs
are at the bottom of the valleys in their RDF's (see Fig.
I). In other words, the DCNF is the averaged number of
the nearest neighbors with a certain directional distribu-
tion described by spherical harmonics.

Since our creep deformation has uniaxial symmetry
and reversal invariance along the z axis, creep-induced
anisotropy should appear only on the components with m
being equal to zero and l being even. Therefore we study
the directional RDF and DCNF ignoring the com-
ponents with m not equal to zero or odd l. Therefore,
Eqs. (6) and (7) become
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IV. CREEP-INDUCED ANISOTROP
IN THE MODIFIED JOHNSON GLASS

Y

A. Dependence on stress and temperature
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is the temperature where many relaxation phenomena in
iron-based amorphous alloys take place. That is, these
results support the assumption that this anelastic BOA is
the origin of the various relaxation phenomena. "

B. Evolution and relaxation
of the BOA and anelasticity

DO

I 0 0.005 0.01 0.015

Stress(eV/A j

0.02

FIG-. 4. Stress dependence of the Y2, Y4, and Y6 spherical-
harmonic components in the DCNF, D2, D4, and D6, respec-
tively (see text for their definitions), calculated during the creep
deformations of the modified Johnson glass at 700 K.

0
OK

creep as a function of the applied stress. At 500 K the
BOA is not caused by creep at least within our computa-
tional time and stress scale, exhibiting no stress depen-
dence. However, the stress dependence, and therefore
the magnitude of the stress-induced BOA, starts increas-
ing above 600 K. Then the magnitude is likely to show a
maximum at around 700 K and decrease at a higher tem-
perature region, although there exists large fluctuations
of D6 above 800 K. It should be noted that the tempera-
ture at which the highest amount of the BOA is induced
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It is interesting to explore how the BOA develops dur-
ing the creep deformation and if it relaxes at a high tem-
perature. The latter, relaxation of the BOA, should
occur if the BOA is not plastic but anelastic. For this
purpose a model glass creep deformed at 700 K was
quenched down to temperatures ranging from 0 to 600 K,
and then the applied stress was unloaded; the quenching
period was 100 time steps, and the stress release was per-
formed for 1000 time steps using the reverse fashion of
the creep deformation. The anisotropy parameters, in-
cluding D 2, D 4, and D 6, as well as elongation, were com-
puted during these processes.

Typical examples of the applied stress along the tensile
direction D2 and D4 as functions of time are shown in
Fig. 6. The behavior of Dz is exactly the same as that of
the stress, which confirms that the Yz component of the
anisotropy is elastic; D2 increases suddenly by the load-
ing and relaxes to zero by the unloading. The D4 com-
ponent, however, does not relax at all after unloading at
all the relaxation temperatures simulated, although it de-
velops quickly and saturates after loading as if it were
elastic. The D4 component, therefore, exhibits strong
plastic characteristics.

Figure 7 shows the evolution and relaxations of D6 at
several temperatures; the stress was applied during the
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FICx. 5. Stress dependences of D6 calculated during the creep
deformation of the modified Johnson glass at several tempera-
tures, showing a maximal stress dependence at 700 K.

FICx. 6. Time evolutions of the applied stress, D2, and D4
during the creep deformation and the subsequent unloading and
relaxation processes for the modified Johnson glass. The stress
was applied after keeping the model glass unstressed for 5000
time steps until the 13000th time step at 700 K, and then the
stress was unloaded after quenching to 500 K; the quenching
and unloading were performed for 200 and about 800 time steps.
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FIG. 7. Time evolution of D6 and elongation along the ten-
sile direction during the creep deformation at 700 K and the
subsequent unloading and relaxation processes. These processes
are the same as those shown in Fig. 5; the process of keeping the
model glass unstressed for 5000 time steps is not illustrated in
this figure.

period from the 5000th to 13 000th time step at 700 K as
was shown in Fig. 6. During the creep, D6 develops
gradually and appears to saturate at the end of the creep.
Unlike D4, D6 does show relaxation; i.e., the Y6 com-
ponent of the anisotropy is anelastic. Although it relaxes
only slightly at 400 K, most of the creep-induced part of
D6 is released at 500 and 600 K within our time scale of
simulation. D6 rises quickly in the beginning of the re-
laxation process, and the rate of increase decreases mono-
tonously as is expected for thermodynamical relaxation
processes occurring against an activation barrier; at 600
K, the relaxation is observed to occur even during un-
loading.

It should be noted that the relaxation of D6 at 500 K
appears to saturate to a somewhat smaller value than at
600 K. D6 fluctuates around —0.45 at 500 K even 25 000
time steps after unloading, whereas it quickly reaches
about —0.2 at 600 K. It is impossible to fit the curve at
500 K using one exponential function even if we assume
that it is relaxing toward the value of —0.2; it is also like-
ly that the saturation of D6 after the initial sharp rise
occurs even at 400 K. This behavior indicates that the
relaxation occurs not with a single activation energy, but
with a wide distribution of the energies.

It is noteworthy that the relaxation of the sixth-order
component occurs not toward zero, but toward a point
before the creep, i.e., an anisotropic state frozen in during
the quenching from its liquid state. As the temperature
of the model glass drops from above the melting point,
D6 was observed to Auctuate widely around zero above
1500 K and the fluctuation freezes during the subsequent
quench toward the glass-transition temperature. Conse-
quently, D6 remains a certain nonzero value below the
temperature, fluctuating around it. Such "frozen-in" an-
isotropy is the largest on the sixth-order component

among the observed three components; the anisotropy on
the fourth is one order magnitude smaller than that for
the sixth and that for the second is negligible within the
statistical error of this simulation. This anisotropy on
the sixth-order component sometimes reaches to about
the half of the maximum creep-induced anisotropy ob-
served. The primary diQ'erence between the frozen-in and
creep-induced anisotropies is that the frozen-in anisotro-
py does not relax below the glass-transition temperature,
but the creep-induced one does within our simulation
time scale.

The large anelasticity was observed during the relaxa-
tion, as shown in Fig. 7. The time-dependent recovery of
the strain occurs at all the relaxation temperatures simi-
larly to D6. At 0.01 K, the strain falls linearly during un-
loading and then starts departing from the linearity after
about 1.5% of recovery. This linear recovery is due to
elastic strain and is consistent with the applied stress of
about 1.5% of the shear modulus. The strain continues
to decrease gradually after the departure from the lineari-
ty, showing that a part of the anelastic recovery possesses
a vanishingly small activation energy. At higher temper-
atures the sharp decrease during unloading exceeds the
strain of 1.5%, which is expected to be the limit of elastic
recovery as mentioned above. Therefore, at higher tem-
peratures, the time scale for a part of the anelastic relaxa-
tion is considered to be small compared to the time scale
for unloading, again indicating a broad distribution of ac-
tivation energy existing. At 600 K, the anelastic recovery
exhibits a saturation 6000 time steps after loading in a
similar manner to the relaxation of D 6 at the same tem-
perature. The overall anelastic recovery increases with
increasing the temperature to 500 K and reaches about
2% of contraction and 50% of creep deformation and de-
creases again at 600 K within our observation time.
Thus, although those anelastic parts of the recovery
curves resemble D 6 relaxation curves, the anelastic
recovery is not linear with the recovery of D6.

V. CREEP-INDUCED ANISOTROPY
IN LENNARD-JONES ALLOY GLASS

The time-strain (creep) curves for the two-component
Lennard-Jones glass, shown in Fig. 8, were obtained by
the procedure described previously. They are very much
similar to the creep curves for the single-component glass
shown in Fig. 2. After a period of 2500 time steps, the
strain rate appears to become relatively constant, al-
though there exists a large fluctuation of the strain due to
the statistical error of o, . Therefore the anisotropy pa-
rameters D& 's during the creep deformation were calcu-
lated every 10th time step after the 2500th step to the
10000th step and were averaged, as performed for the
modified Johnson glass. The stress dependences of the
D& 's shown in Fig. 9 considerably resemble those of the
single-component glass shown in Fig. 3. The second-
order component Dz depends linearly on the applied
stress, whereas D6 shows a minimum at the stress of
around 0.2, which is about 1% of the shear modulus of a
LJ glass [the shear modulus of a LJ glass is about 30 (Ref.
17)j. In contrast to these components, D4 stays at a
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FIG. 8. Typical time dependence of the elongation along the
tensile direction of the simulated creep deformation for the
two-component LJ glass.

slightly negative value, which is considered the anisotro-
py quenched in from the liquid state of the model struc-
ture and is independent of o, . These trends again suggest
that the Y2 component is elastic and that the anelastic
part of the anisotropy, therefore the BOA, induced by the
creep deformation is the Y6 component.

To confirm this point further, the anisotropy within
stress-free states after the creep deformation was comput-
ed. For this purpose a creep-deformed assembly was
quenched to a temperature of 0.1 and then the remaining
stress was released; the quenching period was 100 time
steps and unloading was performed for 1500 time steps
using the reverse fashion of the creep deformation. This
process was applied for 15 creep-deformed states that
were sampled every 500th time step after the 2500th step
to the 10000th step during the creep deformation. Then
the directional RDF's for these relaxed states were com-

puted and averaged. A typical example of the total
DCNF including all the kinds of atomic pairs, and there-
fore the existence probability of the nearest-neighbor
atoms, is shown as a histogram in Fig. 10 along with the
total DCNF before the deformation. After the deforma-
tion it deviates significantly from the averaged coordina-
tion number of 12.8 as a smooth function of L9, the polar
angle away from the tensile direction, while it only fIuctu-
ates within statistical noise before the deformation. The
anisotropy retains as much of the Y6 component as that
during the corresponding deformation shown in Fig. 9,
whereas the second-order component vanishes during the
unload; the dashed line in the figure is a function consist-
ing of the Yo, Y2, Y4, and Y6 components deduced from
the histogram; these components correspond to Do, Dz,
D4, and D6, respectively. This result clearly demon-
strates that the Y6 component predominates the anelastic
anisotropy.

In multicomponent glasses compositional short-range
order (CSRO) can be directional and can contribute to
the anisotropy of its properties. " In order to see if
mechanical deformation could induce such an anisotropy,
the directional CSRO, the change in the compositionally
resolved partial DCNF's due to deformation, was calcu-
lated for the stress-released states mentioned above at a
temperature of 0.275. The results are shown in Fig. 11.
Although there were more fluctuations in the partial
DCNF's due to poorer statistics compared to the total
DCNF, dominant Y6 components were found in all of the
partial DCNF's. Moreover, no clear difference between
the ratios of these Y6 components to the corresponding
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FIG. 9. Stress dependence of D2, D4, and D6 calculated dur-
ing the creep deformations of the LJ model glass.

FIG. 10. Total DCNF's (a) calculated for the LJ model glass
without deformation and (b) calculated for the unloaded LJ
glass after creep deformation with an averaged stress of 0.19
(histograms). The dashed line shows the function consisting of
the I 2, Y4, and F6 spherical-harmonic components deduced
from the latter histogram. The former DCNF was obtained by
calculating DCNF's every 10 time steps for 10000 time steps
and averaging them (see text for the calculation procedure of
the latter DCNF).



48 MOLECULAR-DYNAMICS STUDY OF STRUCTURAL. . . 3055

0.2

0

-0.2
Cl

0.2I
A
LL
X
O
A -0.2

0.2

A-A

Pair

A-B

B-B

~~
C'

P

LI

A
CL

CL
O

0
lO

~~

Ya

Y4

0

-0.2
I I

30 60
8 (degree )

SO

I I I I I

0 1 2 3 4 5 6
Particle Distance (units of cr~~)

FIG. 11. Difference between the compositionally resolved
partial DCNF's calculated for the unloaded LJ glass after creep
deformation with an averaged stress of 0.19 and calculated
without deformation; calculation procedures for them are the
same as those for the total DCNF's shown in Fig. 10.

partial coordination numbers was found. Thus, for this
particular set of interatomic potentials, the creep defor-
mation does not produce directional CSRO, but activates
predominantly the directional topological short-range or-
der (TSRO),"i.e., the BOA.

We have so far been concerned only with the structural
anisotropy within the first nearest neighbors. It is of fur-
ther interest to look at how the BOA in the nearest-
neighbor shell would aff'ect the atoms beyond the first-
nearest-neighbor shell, because experimentally creep de-
formation is known to result in a uniform long-range
strain in the atomic structure. ' We calculated the Yz,
Y4, and Y6 components of the anisotropic PDF for the
stress-released state of the creep-deformed assembly with
the averaged stress o.,=0.27, as shown in Fig. 12; all of
the atomic pairs were included regardless of the chemis-
try. The important features of the medium-range anisot-
ropy described in Ref. 10 were again found in the Yz and
Y6 components in the anisotropic PDF. The Yz com-
ponent is negligible within the first-nearest-neighbor
shell; however, this component increases with increasing
particle distance. In contrast with the Yz component, the
Y6 component is large within a distance of about 3o.~~,
while it dies out beyond this distance. The behavior of
the Yz component in the medium-range distance is well
characterized by the uniform elongation of about 1%
strain along the Z axis, which is consistent with experi-
ment. ' The Yz component beyond a distance of 3o.~„is
very close to the derivative of the PDF of this assembly,—E[dp(r) /dr]r (e=0.01), shown in Fig. 12. Note that
the assembly for this anisotropic PDF calculation is free
from macroscopic stress. The Y6 component in the
medium-distance range, however, has almost the opposite

FIG. 12. Derivative of the total PDF and the Y&, Y4, and Y6
spherical-harmonic components of the total anisotropic PDF
calculated for the stress-released state after the creep deforma-
tion with an averaged stress, o.,=0.27.

sign to that derivative. It is also noteworthy that the an-
isotropic PDF has an almost negligible Y4 component in
any distance range.

VI. DISCUSSION

A. Local bond-orientation order

Since a stress tensor has the l =2 symmetry, it is nat-
ural to expect that the structural anisotropy induced by
stresses will have the same symmetry. Indeed, the elastic
part of the anisotropy was found to have I =2 symmetry,
represented by Dz. Somewhat surprisingly, the structural
anisotropy associated with the anelastic strain has l =6
symmetry. However, this is not all that surprising if we
consider the nature of the bond-orientational order. This
may be best illustrated by the case of a two-dimensional
structure.

The bond-orientational order (BOO) in the two-
dimensional assembly of atom is characterized by

(12)

where the ith and jth atoms are the nearest neighbors to
each other and 0; denotes the orientation of the bond
connected between the ith and jth atoms relative to the
external coordinates. The BOO becomes long range ei-
ther in the close-packed (triangular) crystalline phase or
in the hexatic phase, but is only short range in the
liquid phase. In the liquid phase, the average BOO is
zero in equilibrium, but by applying external stress it is
conceivable that the local order is temporarily biased so
that the average BOO is not zero. In such a biased struc-
ture, a triangle formed by three atoms will be found more
often in one or the other of the two in Fig. 13, resulting in
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FIG. 13. Two extreme orientations of a triangular atom clus-
ter, with (a) Q6 = 1 and (b) Q6 = —1.

the BOA state. The transition from one state to the other
can be achieved by the bond exchange shown in Fig. 14,
where one bond is annihilated while another is created as
a result of external stress. Although the angle between
the annihilated and created bonds is 90, the change in
the bond orientations is 30, resulting in a change in Q6.

The concept of BOO was generalized to three dimen-
sions by Steinhardt, Nelson, and Ronchetti, who suggest-
ed that the liquidlike state with long-range BOO, a
three-dimensional analog of the hexatic phase, may be
possible. While their suggestion remains controver-
sial, their analysis of the BOO in the three-dimensional
liquid is directly relevant to our analysis. The relevant
order parameter is, then,

(13)

which is equivalent to D& except for the factor 4p, by
Eqs. (5) and (8). They pointed out that the dominant
symmetry component in the three-dimensional liquid
with strong short-range order is sixfold, described by Eq.
(13). Such a local order is likely to be associated with the
local icosahedral clusters, which can, in a single-
component system, exist only in the noncrystalline solids,
and consequently this analysis led to the recognition of
the quasicrystalline state.

B. Bond exchange and mechanical deformation

In analogy to the two-dimensional liquid, it is entirely
possible that an external field leads to the polarization of
the l =6 1ocal BOO, and our MD simulation proves that
thermomechanical deformation in fact results in such a
local polarization. The mechanism will still be the bond

stress

FIG. 14. Schematic representation of the atomic rearrange-
ment under a stress.

where ~ is the applied shear stress and G0 is the ideal
shear modulus for uniform deformation without bond ex-
change, which can be calculated as the second derivative
of the total energy with respect to the uniform strain,
and c„,„,l is the nonelastic strain given by

N„
~nonel (16)

o.=0.078= 1

N,
(17)

where N, is the number of bond rearrangements, cut or
formed, and X is the tota1 number of atoms. The
coefficient o, was found to be very close to the inverse of
the coordination number N, . Since the total number of
bonds is approximately preserved even during deforma-
tion, the number of bonds cut is about equal to the num-
ber of bonds formed, thus justifying the concept of bond
exchange.

A local bond exchange is anelastic, since the local de-
formation as in Fig. 14 will produce a strain field around
it and create a back stress due to the environment. How-
ever, when the number of the locally deformed sites
exceeds the percolation threshold, the back stress will be
macroscopically relaxed, and the deformation will be-
come plastic. The critical strain for the plastic deforma-
tion to start, c„is then given by

E'c ACp (18)

where c is the percolation limit (=0.15 for the DRP
structure ). Thus we obtain

c, =0.012, (19)

which is very close to the point where D6 reaches the
minimum and the plastic deformation starts, for both the
single- and two-component glasses. When plastic Aow
occurs, the BOA is likely to be randomized and reduced.
Thus the BOA is maximum just at the critical strain for
the start of the plastic How.

The amount of BOA induced depends also on tempera-
ture and is maximum at about 80% of T . This is be-
cause the bond rearrangement is a thermally activated
process. At low temperatures the activation is kinetically
hindered, i.e., very slow, while at high temperatures too
many bond rearrangements would occur leading to plas-
tic Aow. Thus the temperature at which the BOA is max-
imum should depend upon the time scale of measure-

exchange shown in Fig. 14, although the actual atomic
configurations involved in the deformation may be three-
dimensionally distorted. By a computer simulation of the
deformation of metallic glasses, it has been shown that
the nonelastic strain is proportional to the number of in-
cidents of bond exchange. The total shear strain c, is
given by

~t ~el+ ~nonel ~

where c.,l is the elastic strain,

7
~el

0
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ment. Since the time scale used in the MD simulation is
very short, the maximum is expected to occur at some-
what lower temperatures in the real experiments.

VII. CONCLUSIONS

Thermomechanical (creep) deformation of metallic
glasses was simulated by molecular dynamics for single-
component model glass with a modi6ed Johnson poten-
tial and for a two-component glass with a Lennard-Jones
potential. The results for both model glasses were almost
identical to each other and led us to the following con-
clusions.

(1) The creep deformation results in a directional topo-
logical short-range order, with a dominant Y6 spherical
harmonic component of the local bond-orientational or-
der. Thus the bond-orientational anisotropy (BOA) in-
duced by creep has sixfold (l =6) symmetry. Directional
compositional short-range order was not induced within
our statistical error.

(2) The induced BOA exhibits a maxima with respect
to both applied stress and temperature. The maximum
appears at the tensile stress of about l%%uo of the shear

modulus in the stress dependence of the BOA near the
onset of plastic deformation and likewise at a tempera-
ture of about 80go of the glass-transition temperature.

(3) The BOA relaxes with a broad distribution of ac-
tivation energies, and during this relaxation, a partial
recovery of the creep deformation, i.e., anelastic
recovery, takes place.

(4) The Y6 component of the BOA decays quickly with
distance beyond the second-nearest neighbor, and instead
the Yz component of the BOA characterized by a uni-
form elongation appears in this range.

(5) These activations and relaxations of the Y6 BOA
and anelasticity can be explained by local rearrangements
of atomic bonds. The depolarization is driven by the
back stress in the matrix surrounding the polarized re-
gion.
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