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Liquidlike atomic environments act as plasticity carriers in amorphous silicon
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Molecular-dynamics simulation of amorphous silicon (a-Si) using the Stillinger-Weber potential reveals the
existence of two distinct atomic environments: one solidlike and the other liquidlike. The mechanical behavior
of a-Si when plastically deformed to large strain can be completely described by the mass fraction ¢ of
liquidlike material in it. Specifically, samples with higher ¢ are more amenable to plastic flow, indicating that
liquidlike atomic environments act as plasticity “carriers” in a-Si. When deformed under externally applied
constant pressure, all a-Si samples converge to a unique value of ¢ characteristic of steady-state flow.
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I. INTRODUCTION

The motivation for this study originates in a desire to
explain the unusually high resistance to plastic flow exhib-
ited by a series of recently created nc-TiN/a-Si;N, nano-
structured ceramic composite coatings, some of which have
shown indentation hardnesses in excess of that of nanocrys-
talline diamond thin films.' Detailed investigation has indi-
cated that these coatings are made up of crystalline TiN
grains 2—5 nm in diameter while the Si;N, component is
thought to exist in disordered intergranular layers of 1-3
atomic diameter thickness.? It has been suggested that at the
appropriate proportions of these two components, the TiN
grains are completely wetted by a monolayer of Si;N,.> Be-
cause of the small size of the TiN grains and the typically
high lattice resistance of covalently bonded solids,*
dislocation-mediated plasticity is not expected to play an im-
portant role in the mechanical behavior of nc-TiN/a-SizNy
coatings. The plastic deformation behavior of the assemblage
is therefore governed by the component whose ideal shear
strength is lower.

The rise in plastic resistance associated with the increas-
ing difficulty of nucleating and propagating dislocations as
grain sizes decrease is a well-known effect in the study of
polycrystalline metals™»® and has recently received consider-
able attention in large-scale atomistic simulation studies of
metals.” "' Below grain sizes of about 10—20 nm, however,
polycrystalline metals exhibit a reversal in the trend of in-
creasing plastic resistance'®!! as the rising proportion of in-
tergranular regions makes large-scale plastic deformation by
grain-boundary shear processes ever more favorable.”
Therefore, the fact that—even at TiN grain sizes of 3.5 nm—
nc-TiN/a-Si3N, coatings do not show a reversal in the trend
of rising plastic resistance with decreasing grain sizes'? indi-
cates that the intergranular regions in these materials are less
amenable to plastic flow than the intergranular regions found
in nanocrystalline metals. The reason for this difference
likely arises because of the directional bonding environment
of intergranular regions in nc-TiN/a-Si3Ny.

The first step toward understanding plasticity in disor-
dered intergranular layers is to develop insight into the plas-
tic flow behavior of the intergranular material in its bulk
amorphous or glassy form. The necessity of doing so has
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already been realized in the case of deformation of nanocrys-
talline metals, where deformation in intergranular layers is
explicitly compared to deformation in metallic glasses.'* In-
vestigators of deformation in nanocrystalline metals benefit
from a large body of knowledge that has been developed on
plastic flow of metallic glasses.'>! A similarly large amount
of research has been conducted on the mechanical properties
of glassy polymers,”>> including their plastic response.’*?
By comparison, however, the current state of knowledge on
plasticity of covalent network materials is markedly defi-
cient. This information is needed both in its own right as well
as to explain the behavior of nanostructured ceramics.

Covalent network glasses, such as a-Si, a-Ge, SiO,, B,05,
or alkali-modified glasses, should be studied separately from
metallic glasses and glassy polymers because of fundamental
differences in the type of atomic bonding environments en-
visioned in these three cases. Metallic glasses are usually
modeled by collections of atoms interacting with spherically
symmetric potentials that do not exhibit any directional
nature.'® Glassy polymers, on the other hand, exhibit strong
directional bonds along polymer backbones, but the interac-
tions of atoms not joined in this way (e.g., of atoms from
different polymer chains) are once again modeled by rela-
tively weaker spherically symmetric potentials.’> Bonding
between all atoms in covalent network glasses is of a strong
and directional nature and so is qualitatively different from
the two cases described above. The research presented
here—already published in abbreviated form?°—is a com-
puter investigation of plastic deformation to strains much
larger than the yield strain (i.e., to “large strain”) in a system
that incorporates the atomic bonding characteristics appro-
priate for directionally bonded network glasses.

II. THE MODEL SYSTEM

A faithful investigation of plasticity in the intergranular
layers of nc-TiN/a-Si3N, coatings would have to take into
account a range of complex chemical interactions between
all the elements that make up the material. Current ab initio
methods are not yet capable of rapidly simulating atomic
configurations of sufficient size (~10°-10* atoms) and on
sufficiently long time scales (~1-10 ns) to address ques-
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tions of fully developed low-temperature plasticity. On the
other hand, well-tested empirical potentials for all the pos-
sible constituents of nanocrystalline ceramic coatings (e.g.,
for TiN) are largely unavailable. It is therefore convenient to
conceive of a single-component model system capable of
existing in disordered form as well as in a nanocrystalline
form similar to that described for nc-TiN/a-SizN,. The
model system chosen should also have a well-tested empiri-
cal potential that explicitly incorporates the effects of direc-
tional bonding, as discussed in the Introduction. The above
approximation requires that the chemically complex SizNy
structural unit (which undergoes directional bonding to form
a-SizN,) be approximated by a unit without internal chemi-
cal structure and—in the case of a full nanocrystalline
system—that the bonding differences between the structural
units of the nondeforming crystallites and those of the inter-
granular material be ignored.

A clear choice for a model system that fulfills the above
requirements is silicon. This material has a well-known
amorphous form?’ and has been observed to form disordered
intergranular layers®® as well as nanocrystalline configura-
tions that resemble those that are thought to describe
nc-TiN/a-Si3N,.>*-3! Several empirical potentials to model it
have been constructed and tested. The Stillinger-Weber (SW)
potential for silicon’?> was chosen for this study from among
the other most popular options**-3 for four main reasons.

First, the SW potential is extremely well tested: its prop-
erties and behaviors have been studied by a number of inde-
pendent investigators’**’ whose work serves as a solid
benchmark for further research. Second, SW Si has proved
itself capable of producing amorphous configurations,’?-3¢
disordered intergranular layers for certain grain boundaries,
as well as fully nanocrystalline configurations that reproduce
the essential structural features nc-TiN/a-Si;N,.> Third, the
SW potential was chosen because it accounts for directional
bonding in a particularly transparent manner. The potential V
is a sum of interactions among pairs and triplets of atoms
expressed as

V:EVZ(rij)"' E V3(rij»rik’rjk)’ (1)

i<j i<j<k

where r;; is the distance between atoms i and j. The two-
body terms V, exhibit the intuitive characteristics of the
Lennard-Jones potential, i.e., hard core repulsion at small
distances followed by a potential minimum at some specified
greater distance and subsequent convergence to zero at large
distances. Unlike the Lennard-Jones potential, however, the
two-body terms of the SW potential incorporate a weighting
function that assures that the potential interaction along with
all its derivatives become zero at some finite prespecified
cutoff radius.

V, does not account for any directional bonding among
atoms. That effect is entirely included in V3, the potential of
interaction of triplets of atoms. Its form is

V3= h(rijsries Ojig) + h(rijs i ) + h(rj i Og) s (2)

where 6, is the bond angle centered on atom i and bordered
by the individual bonds r; and ry. The bond angle-
dependent term £ is written
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where w(r;;) denotes a weighting term—similar to the one
encountered in the two-body terms V,—that causes the three-
body interaction along with all of its derivatives to vanish as
r;; approaches the cutoff radius. The last term is seen to be
zero when the bond angle 6;; has the value characteristic of
bonds between nearest neighbors in the diamond cubic crys-
tal, namely, about 109.5°. All other values of the bond angle
result in the last term being positive. From this description it
is clear that the SW potential can be thought of as essentially
a Lennard-Jones potential that penalizes, through three-body
interactions, bond angles deviating from those found in the
diamond cubic crystal configuration. It is a natural extension
of the well-known Keating potential*! to situations where
atoms need not simply oscillate about some specified equi-
librium position but can also arbitrarily rearrange.

An immediate question that arises about the simple con-
struction of the SW potential is whether it results in a com-
pletely accurate and precise description of the behavior of
real silicon. The answer to this question cannot be unequivo-
cal, for neither the SW potential nor any alternatives to it—
being, after all, only empirical potentials—can do so per-
fectly. This shortcoming does not in any way invalidate their
use, however, since many of them, including SW, do repro-
duce the behavior of silicon in broad brushstrokes. The SW
potential, in particular, does better than most in reproducing
the molten form of Si (an advantage that will be of impor-
tance in this study), coming closest to the experimentally
observed nearest-neighbor coordination of about 6.4 (Ref.
42) with a predicted coordination of around 5 (Ref. 40). The
environment-dependent interatomic potential® (EDIP) is fur-
ther off the mark with a prediction of about 4.5.* The EDIP,
however, predicts a coordination of 4.04 in amorphous Si
(a-Si), which comes closer to the experimentally observed
coordination of about 3.9 in a-Si produced by self-ion
implantation** than that predicted by SW [4.14 (Ref. 36)].
Such variations are acceptable, however, and the results ac-
quired from use of both SW and EDIP can be viewed as
semiquantitative since both potentials avoid stark deviations
from the properties of real silicon and neither predicts mani-
festly unphysical behaviors (it has been known for empirical
potentials to give results that disagree numerically with ex-
periments, but nevertheless reproduce the correct trends in
behavior®). This lack of gross errors is the fourth reason for
the choice of SW as a model material for this study.

III. METHODS

This study was conducted by molecular dynamics (MD)
atomistic simulation*® using a code made available by the
Interfacial Materials Group at Argonne National Laboratory.
This code implements system stress control using the
Parinello-Rahman method,*’ which reduces to the method of
Andersen in the special case of constant pressure.*® During
constant pressure deformation simulations, the system vol-
ume had to be rescaled occasionally to prevent pressure drift
away from the intended value. A Gear predictor-corrector
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integration scheme is used*® with time increments of 3.87 fs,
i.e., 0.05 times the characteristic time unit of the Stillinger-
Weber potential of 76.6 fs. Temperature control is imple-
mented using atomic velocity rescaling. This approach is ac-
ceptable because low-temperature plasticity is a phenomenon
governed by the energetics of structure relaxations. The MD
simulations applied in this study are therefore intended
mainly as a means of relaxing the energy of atomic configu-
rations, a procedure for which the details of how temperature
is kept constant are of little importance.

This study has dealt with atomic configurations under
periodic boundary conditions consisting of 4096 atoms, i.e.,
8 X 8 X 8 cubic unit cells of the diamond cubic configuration.
The size of the system was chosen based on an analysis that
assumed that, as in the case of metallic glasses19 and amor-
phous polymers,? low-temperature plastic flow in a-Si oc-
curs through a series of unit deformation events. The size of
the a-Si system was made large enough to ensure that the
character of unit plastic relaxation events would not be un-
duly affected by elastic interactions with its periodic images.
This determination was accomplished on the basis of an ar-
gument used previously by Hutnik et al.* in the case of
phenylene ring rotations in polycarbonate of bisphenol A.
Using elementary continuum methods, it can be found that
the excess elastic energy stored in a 4096-atom system due to
the confinement of the unit event within the simulation cell is
on the order of 0.7%. This result was obtained knowing that
unit plastic events for SW a-Si occur within clusters consist-
ing of about 10 atoms and that the Poisson ratio is in the
range of 0.35-0.4 (Sec. IV). The assumptions used in this
analysis were verified in an associated separate study of the
atomic mechanisms of plasticity in a-Si.>"

Plastic deformation simulations were carried out under
volume-conserving plane strain®! at constant volume as well
as under constant zero pressure. Each initially equilibrated
structure was deformed by applying a system-wide extension
increment in the x direction (de,) and the same amount of
contraction increment in the y direction (de,) while holding
the z-direction length fixed (since the constant volume
requirement in this loading mode requires de,=-de,/(1
+de,), the amount of contraction increment applied in the y
direction was actually very slightly less than extension in the
x direction). After an atomic configuration is strained, it must
be reequilibrated using MD relaxation. In the case of con-
stant zero pressure-deformation simulations, the system vol-
ume must be allowed to change during the relaxation pro-
cess, but is held fixed in the case of constant volume
simulations. Equilibrium is considered to have been attained
when macroscopic system characterizers, such as the pres-
sure and internal energy, reach values that are steady to
within the level of internal thermal fluctuations. When
volume-conserving plane-strain increments with de,=10-3
are applied at 7=300 K, this state is observed to have been
attained after 1000 MD time increments. Extending the time
of relaxation to 10 000 time increments did not result in any
significant changes in the simulation results.

The stress tensor of the sample being deformed is of fun-
damental interest in the study of mechanical behavior. The
full stress tensor for the simulated a-Si systems was calcu-
lated directly from the form of the assumed interatomic po-
tential (Sec. II) as>?
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where Jr;j/ de,;, denotes the change of the distance between
atoms 7 and j under variation in the applied strain increment

component g, V is the total system volume, and N the total
number of atoms in the simulation cell. The effect of nonzero
temperature 7 on the stress state is accounted for by adding
the term mNkzT 8, to Eq. (4),% where m is the atomic mass,
N the total number of atoms in the system, and kp the Bolt-
zmann constant. This term affects only the hydrostatic por-
tion of the stress tensor.

To characterize the local stress level of an atomic envi-
ronment, it is useful to decompose the system stress 7,, in
expression (4) into i=1...N components (7,,); associated
with atomic sites. Any such decomposition should satisfy the
criterion

1 N
Tab = ]T’E (Tab)i' (5)
i=1

An atomic-level stress characterizer that does so is defined
by

N N N
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The quantities (7,,); are called the atomic-site stress tensors
and serve as efficient characterizers of local internal stresses
resulting from the disordered state of amorphous
solids.!®!733 Note that while the summations in expression
(4) are over all pairs and triplets of atoms occurring in the
entire system, the summations in expression (6) are only
over those pairs and triplets that contain atom i, which de-
notes the atomic site for which the local stress tensor (7,,); is
evaluated. The stresses at an atomic site, therefore, only in-
volve contributions from direct energetic interactions with
atomic sites within a radius dictated by the interaction cutoff
distance of the SW potential®> and can therefore be inter-
preted as measures of local structure distortion.

Because a-Si is an isotropic material, the results of me-
chanical deformation simulations are conveniently stated in
terms of the pressure p and deviatoric ¢ components of the
stress tensor 7.%! These components are defined as

p(7) == 3tr() (7a)

a(7) = | 7= 2r(D1], (7b)

where tr stands for the tensor trace and I for the identity
tensor. Deviatoric stress accounts for all shearing stresses
and excludes all dilatational stress components. Both pres-
sure and deviatoric stress can be computed for the system-
wide stress tensor as well as for all atomic site stress tensors.
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FIG. 1. The simulated c-Si system must be overheated by over
800 K above its accepted melting temperature before liquefying.
Upon melting, it undergoes volume contraction. When quenched,
molten Si vitrifies at a glass-transition temperature of about 950 K.
The final density of the resulting a-Si depends sensitively on the
applied rate of quenching ¢. All quench rates are in Kelvin per
second. Densities and volumes are shown scaled by the density and
specific volume of SW c-Si at zero temperature and pressure: p
=2323.8 kg/m?® and v(y=4.3033 X 10~* m3/kg.

Although system-wide p and 7,, are averages over the vol-
ume of corresponding atomic-site quantities, the system-
wide deviatoric stress, however, is not the average over the
volume of atomic-site deviatoric stresses. Rather, it is the
deviatoric component of the volume average atomic site
stress tensors. Deviatoric strain £ is computed from the strain
tensor € analogously to deviatoric stress.

IV. MELTING AND QUENCHING BEHAVIOR

The a-Si configurations studied here were created by
melting initially diamond cubic crystalline Si (c-Si) struc-
tures and then quenching them at a number of different rates
using constant zero-pressure MD simulations. The melting
and quenching behavior of SW Si is summarized in Fig. 1.
As expected, due to the absence of sites enabling easy nucle-
ation of the liquid phase,>* the crystalline structure had to be
overheated to ~2500 K before it melted, i.e., past the ac-
cepted melting temperature for SW Si of ~1690 K (Ref. 55)
(the evaluation of the thermodynamic melting temperature
by MD simulation requires allowing for free temperature ad-
justments until a state of equilibrium is attained in a mixture
of coexisting solid and liquid phases of the material). Upon
melting, the system contracted by ~5.4%, in agreement with
the intended design of the SW potential.*> This contraction
upon melting is a well-verified characteristic of Si.’® It is
typical of materials that have open crystalline structures.>’

When quenched, liquid silicon undergoes a transition to a
disordered solid form at ~950 K. The densities of the final
a-Si structures obtained by quenching are highly sensitive to
the quench rate used in creating them. The lowest density
a-Si structures approach a density slightly higher than that of
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FIG. 2. The relative densities p/pg: (a) average coordinations
(C), (b) excess enthalpies AH, as well as (c) bulk and (d) shear
moduli B and u of a-Si approach asymptotic values for ever slower
quenching. The rate of approach to the asymptote is the same for all
these quantities, as evidenced by their approximately linear depen-
dence on each other.

c-Si as shown in Fig. 1 and are obtained using the slowest
quench rates. Faster quench rates yield higher density struc-
tures. This quench-rate dependence of a-Si densities is par-
alleled by the quench rate dependence of average atomic
coordinations of a-Si. Fast quenching gives rise to higher
atomic coordination values, whereas slow quenching results
in lower coordinations, approaching a coordination slightly
higher than that of c-Si. Both the densities and coordination
numbers approach asymptotic values when extrapolated to
infinitely slow quenching. Furthermore, the rate of approach
to the asymptote is the same in both cases, as confirmed by
their linear dependence on each other, shown in Fig. 2(a).
Similar quench rate dependencies are observed for the excess
enthalpies and isotropic elastic constants (bulk and shear
moduli) of a-Si. As demonstrated in Figs. 2(b)-2(d), all of
these quantities are therefore conveniently parametrized in
terms of the densities of the quenched a-Si structures.

Characterization of the atomic structures of the variously
quenched a-Si configurations is accomplished by using radial
and angular distribution functions (RDFs and ADFs). Figure
3 plots these functions for “as-quenched” a-Si structures of
four different densities, i.e., produced using four different
rates of quenching. The RDFs [shown in Fig. 3(a)] all exhibit
distinct nearest-neighbor peaks and a split-second nearest-
neighbor peak. The nearest-neighbor distance for low-
density systems is sharper and higher than in the case of
high-density ones. Furthermore, the lower-length section of
the split-second nearest-neighbor peak is attenuated for low-
density systems while the higher-length section is intensified.
The opposite is true for high-density systems. The ADFs
[given in Fig. 3(b)] show an intensification of the peak at
~109.5° (the characteristic bond angle of the diamond cubic
crystal configuration) with decreasing density. These changes
in structure are consistent with a tendency of a-Si to gradu-
ally become more like c-Si when allowed to relax for in-
creasing periods of time, while still retaining its amorphous
structure.
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FIG. 3. The average atomic-level structures associated with dif-
ferently quenched a-Si systems can be characterized by (a) radial
distribution functions (RDFs) and (b) nearest-neighbor angular dis-
tribution functions (ADFs). The plots shown above have been dis-
placed in the y-axis for clarity.

Further insight into the nature of atomic environments in
a-Si structures of different densities can be obtained by in-
vestigation of the atomic level stresses introduced in Sec. III.
Figures 4(a) and 4(b) show histograms of atomic-level pres-
sures and deviatoric stress components for a typical a-Si sys-
tem. These quantities exhibit a large spread of values, indi-
cating that, much as in the case of metallic glasses,'”
individual atomic environments in a-Si are far more distorted
than the level of overall system stress (i.e., the average of
atomic stresses, Sec. III) would indicate. Using dimensional
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FIG. 4. Typical distributions of atomic-level (a) pressures p(7;)
and (b) deviatoric stresses &(7;) demonstrate that local atomic en-
vironments exhibit a broad range of stress states, even though the
average system stress may be close to zero. The largest atomic-level
stresses approach the approximate decohesion-level stress for SW
Si of about 37.8 GPa. The (c) standard deviation of atomic-level
pressures and (d) average atomic deviatoric stress levels in a-Si
structures are directly correlated to the quench rates used to create
them, as evidenced by the linear dependence of these quantities on
density.
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analysis, the characteristic length and energy scales of the
Stillinger-Weber potential®? can be used to calculate the char-
acteristic stress scale*® of ~37.76 GPa, which is approxi-
mately the same as the decohesion stress of SW Si. Figures
4(a) and 4(b) demonstrate that the stress level of certain
atomic environments approaches that of decohesion. Figures
4(c) and 4(d) show that the standard deviation of atomic
pressures and the average of atomic deviatoric stresses dem-
onstrate a distinct dependence of the average level of distor-
tion in atomic environments on quench rate (recall that the
average of atomic pressures simply gives the overall system
pressure as explained in Sec. III). The higher atomic-site
stresses in quickly quenched structures can be viewed as the
principal cause for the larger excess enthalpies of such struc-
tures [Fig. 2(b)], the latter being related to the elastic strain
energies associated with the atomic-site stresses.

To compare the results of the melting and quenching
simulations presented here with experimental findings, it is
necessary to observe that the quench rates used in MD simu-
lations are several orders of magnitude higher than the high-
est ones typically attainable in practice. Therefore, the a-Si
samples studied in experiments should be thought of as ex-
tremely well relaxed and only the best-relaxed a-Si systems
prepared by MD should be compared to them. Table I lists
several parameters evaluated for the slowest-quenched sys-
tem created as part of this study. It demonstrates acceptable
agreement with experimental results as well as with previous
simulations. It should be noted that the best relaxed system
obtained in this study reached a lower value of potential
energy than all previous simulations known to the authors,
including ones that resorted to highly intricate or unphysical
methods.*®

At first glance, the melting and quenching behavior of Si
stands in stark contrast to that of metals, which expand upon
melting and yield glasses of increasing density at slower
quench rates.®? Nevertheless, it is clear that both a-Si and
metallic glasses exhibit a fundamental similarity in their
quench rate dependence: in both cases slower quenching
leads to the creation of disordered solids whose character, as
determined by densities, coordinations, etc., approaches that
of the parent crystalline phase while fast quenching produces
structures similar to the liquid phase.

V. LOCAL STRUCTURE OF ATOMIC ENVIRONMENTS

The mutual interrelationship of a-Si densities, coordina-
tions, and excess enthalpies as well as structural features as
described by RDFs, ADFs, and atomic-level stress distribu-
tions strongly suggests that variations in these quantities can
be explained using a single, well-defined atomic-level struc-
ture descriptor. To find this descriptor, a characterization of
the local structure of atomic environments in a-Si was pro-
posed based on the nearest-neighbor bond angles at each
atomic site.”® Every atom i in the a-Si systems studied here
forms bonds with its m; nearest-neighbor atoms. These bonds
define n;= %m,-(ml-— 1) nearest-neighbor bond angles for atom
i. Call these bond angles 6;;, j=1...n; and define their mean
and standard deviation as
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TABLE I. The characteristics of the best-quenched a-Si samples described in this study?® are in good

agreement with experiment and previous simulations.

Best-quenched a-Si Previous simulations Experiment
Coordination 4.15 4.14* 3.8-4.14
Bulk modulus 110 GPa 106 GPa® ~100 GPa*
Shear modulus 34 GPa 33 GPaP ~38 GPa®
Potential energy —4.16 eV/atom —4.12 eV/atom*® N/A

4Reference 36.
PReference 37.
‘Reference 58.
dReference 44.
®Reference 59.
1
M= _E 0;j
N j=1

(8a)

(8b)

|
o} = (-2 6’2,) - 4.
n

ij=1

The quantities w; and o; can be computed for the atomic
environment of each individual atom i. They can therefore
act as effective characterizers of the local structure of atomic
bonding environments.

The distributions of the values of u; and o; for all 4096
atoms in a-Si systems of differing densities are shown in
Figs. 5(a) and 5(b). It is immediately apparent that these
distributions are bimodal. Moreover, the distributions for
a-Si systems of differing densities exhibit different peak
heights, but no change in peak positions or abatement of
bimodality. Plotting u; and o against each other for all 4096
atoms in a typical a-Si system shows in Fig. 6 that the two
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FIG. 5. The distributions of (a) means u [Eq. (8a)] and (b)
standard deviations o [Eq. (8b)] of nearest-neighbor bond angles
for the atomic environments in a-Si systems of differing densities
are bimodal. Systems of differing densities exhibit different relative
peak heights, but no shift in the peak positions or abatement of
bimodality. The plots shown above have been displaced in the
y-axis for clarity.

quantities are correlated. In particular, the distribution peaks
in Fig. 5 are made up of contributions from the same atomic
environments. The characterization of local structure of
atomic environments based on the values of u; and o, there-
fore, allows for their separation into two distinct types,
which, for reasons explained below, were named “solidlike”
and “liquidlike,” following the terminology introduced by
Cohen and Grest.!

Once all atomic environments in an a-Si system have
been classified by the above analysis, they could be viewed,
for all practical purposes, as two separate species, each with
well-defined physical properties. In particular, RDFs and
ADFs can be found for each one. This determination was
accomplished in this study by separately accumulating the
contributions of solidlike and liquidlike atomic environments
to the overall system RDF and ADF. To approximate the
RDFs and ADFs for “pure” solidlike a-Si and liquidlike a-Si,
contributions were considered only from those atomic envi-
ronments whose nearest-neighbor atoms had atomic environ-
ments of the same type. The results are presented in Fig. 7
and immediately indicate why the two types of atomic envi-
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FIG. 6. Atomic environments in a-Si are naturally separated into
two distinct types based on clustering in the means u [Eq. (8a)] and
standard deviations o [Eq. (8b)] of the nearest-neighbor bond
angles that surround them.
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FIG. 7. Comparison of the RDFs and ADFs of the two distinct
atomic environments of a-Si with the RDFs and ADFs of diamond
cubic ¢-Si and molten Si allow these environments to be identified
as “solidlike” (a, b) and “liquidlike” (c, d).

ronment were termed solidlike and liquidlike: inspection of
their RDFs and ADFs indicates that one has a structure that
resembles that of molten Si while the other more closely
resembles diamond cubic silicon (especially in the ADF).
The liquidlike and solidlike character of the two distinct
atomic environments found in a-Si is further reinforced by
their average densities, coordinations, as well as two- and
three-body contributions (see Sec. II) to atomic binding en-
ergies, presented in Table II. Each of these quantities is in
close agreement for diamond cubic c-Si and solidlike a-Si as
well as for liquid Si and liquidlike a-Si.

When the number of liquidlike and solidlike atomic envi-
ronments in a given a-Si system is known, a unique mass
fraction of each environment in that system can then be de-
fined; it is simply the ratio of the number of atoms with that
environment to the total number of atoms in the system.
Furthermore, since there are only two unambiguously distin-
guishable atomic environments in a-Si, the sum of their mass
fractions must equal unity. Consequently, the “composition”
of each a-Si system can be summarized by the mass fraction
of just one of the environments. It will be convenient, for
reasons explained later, to choose the mass fraction of lig-
uidlike atomic environments ¢ as such a descriptor. Figure 8
shows that there is an approximately linear dependence of ¢
in as-quenched a-Si systems on their densities. Given that
such properties as coordination, excess enthalpy, and isotro-

PHYSICAL REVIEW B 72, 245205 (2005)

0.6

0.5

< 0.4

0.3

0.2

1 1.01 1.02 1.03 1 P4 1.05 1.06 1.07 1.08
PP,

FIG. 8. The mass fraction ¢ of liquidlike atomic environments
present in variously quenched a-Si systems depends linearly on
their relative density p/py. The reference density is that of SW c-Si

at zero temperature and pressure: py=2323.8 kg/m?.

pic elastic constants exhibit an approximately linear depen-
dence on system density (see Sec. IV), it is clear that they
also exhibit a corresponding linear dependence on ¢. The
composite properties of a-Si systems with a given ¢ thus
arise from the rule of mixtures applied to the properties of
liquidlike and solidlike atomic environments alone. More
precise determinations of composite properties are the aim of
homogenization theory.®?

The distribution of each environment throughout the
simulation cell was studied using standard two-point corre-
lation functions,®? the coarseness characterizer of Lu and
Torquato,®® autocorrelations like those used in the study of
surface morphology,* and various cluster shape measures.®
In the course of these studies, no evidence was ever found
for nonhomogeneity or anisotropy in the distribution of these
two atomic environments. A coherence length for each envi-
ronment spanning approximately two interatomic distances
was the only form of nonuniformity that was observed. In
particular, neither of the two types of atomic environments
exhibited any tendency to cluster into phase domains. These
conclusions are confirmed by direct visualizations of the dis-
tribution of liquidlike and solidlike atomic environments in
a-Si configurations. Figure 9 shows two such visualizations
for systems of differing ¢.

It must be stressed that both the solidlike and liquidlike
atomic environments are forms of solid amorphous Si. The

TABLE II. Comparison of diamond cubic Si and liquid Si with solidlike a-Si and liquidlike a-Si (Ref. 26)
via average coordination, density, and two and three-body contributions to atomic binding energies (E}).

Diamond cubic Liquid Si Solidlike a-Si Liquidlike a-Si
Si (T=0 K) (T=1690 K=T,,) (T=300 K) (T=300 K)
Coordination 4 5.13+0.86 4.00£0.06 4.97+0.40
Density (kg/m?) 2324 2386 2256 2554
E;, two-body (eV) -8.67 -9.93+0.95 —-8.82+0.37 —-10.45+0.52
E,, three-body (eV) 0 3.60£1.21 0.91+0.54 4.16+0.89
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FIG. 9. (Color online) Visualizations of the composition of two a-Si systems in terms of solidlike (dark) and liquidlike (light) atomic
environments are shown above. (a—c), show, respectively, all atomic environments, only the solidlike ones, and only the liquidlike ones for
a system with specific density p/py=1.008. (d—f) are the corresponding depictions for a system with p/p,=1.069. As expected, the denser
system has a higher liquidlike mass fraction ¢. These visualizations demonstrate that the distribution of solidlike and liquidlike atomic

environments in as-quenched a-Si systems is uniform and isotropic.

solidlike form lacks long-range order despite a short-range
resemblance to the diamond cubic structure. The liquidlike
form bears a structural similarity to molten silicon, but it is,
nonetheless, vitrified. Furthermore, precedents for glassy ma-
terials whose structures resemble either the solidlike or lig-
uidlike atomic environments in a-Si already exist in the
literature.®® Specifically, the solidlike atomic environment is
well described as a continuous random network (CRN).%
This model was originally proposed for oxide glasses and
claims that the nearest-neighbor environment of each atom is
topologically the same as it would be in its crystalline con-
figuration. An immediate consequence of this description is
that the average coordination of atoms in a CRN must be the
same as that of the crystal, as is indeed the case for solidlike
a-Si (Table II). Long-range order is lost in the CRN model
primarily because of variations in nearest-neighbor bond
angles, but not in nearest-neighbor bond lengths, which are
thought to be too stiff to undergo significant changes. The
RDF and ADF for the solidlike atomic environment (Fig. 7)
agree with these assumptions.

The liquidlike atomic environment of a-Si, on the other
hand, bears certain characteristic features of dense random
packing (DRP).®® Specifically, its short-range atomic order-
ing differs topologically from that of c-Si, as evidenced by

its on-average higher and broadly distributed coordination
number (Table IT). The broadened nearest-neighbor peak in
the RDF and wide distribution of nearest-neighbor bond
angles in the ADF (Fig. 7) for liquidlike a-Si reinforce this
conclusion. The DRP model, moreover, bears a close resem-
blance to the arrangement of atoms in a metallic or hard-
sphere liquid,®” with the notable exception that the DRP ex-
hibits a split peak in the second nearest-neighbor shell,
whereas simple liquids have just one smooth second nearest-
neighbor peak.*® These characteristics are perfectly mirrored
in the relation of liquidlike a-Si to liquid Si (Fig. 7). Of
course, the liquidlike a-Si environment is not strictly a dense
random packing: the DRP model was originally developed to
describe ball-bearing packings and metallic glasses, both of
which generally have close-packed crystalline structures (co-
ordination of 12) and disordered states with average coordi-
nations around 11. It is amazing, therefore, that the other
characteristics of DRP described above hold so well for lig-
uidlike a-Si, whose average coordination is close to 5 (Table
II). This agreement suggests that the crucial link between
DRP and liquidlike a-Si is their relation to the structure of
the corresponding molten state of the material each aims to
represent.
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VI. DEFORMATION TO LARGE STRAIN BY MD AT
CONSTANT VOLUME

The mechanical behavior of a-Si was probed by deform-
ing four selected systems from their initial as-quenched state
to large strain. Each of these systems had a different density,
correlated to the rate of quenching used to create it. Defor-
mation was carried out as described in Sec. III using MD
simulation at a temperature of 300 K, well below the glass-
transition temperature of 950 K, i.e., in the regime of low-
temperature plasticity.”” The stress-strain and pressure-strain
curves obtained from these deformation simulations are
shown in Figs. 10(a) and 10(b). They exhibited considerable
jerkiness due to the discrete nature of the atomic structure
rearrangements responsible for plasticity and the small size
of the simulation cell. Averaging of stress-strain curves from
many deformation simulations of systems with similar den-
sities and quenching histories smoothes out this jerky re-
sponse while reinforcing general deformation characteristics,
such as the level of yield and steady-state flow stress. The
smoothness of stress-strain curves obtained experimentally
through the study of macroscopic systems is a consequence
of such ensemble averaging of discrete atomic-level events.

Deformation of as-quenched structures of differing densi-
ties shows that the character of plastic behavior is crucially
dependent on system density. For the system of lowest den-
sity, three significant features of deformation behavior are
immediately discernable. First, elastic loading (albeit nonlin-
ear) terminates with a sharp yield phenomenon. Second, ini-
tial yield is followed by significant strain softening [Fig.
10(a)]. Third, plastic deformation is accompanied by a dra-
matic drop of system pressure well below zero [Fig. 10(b)].
The first two of these three phenomena have also been ob-
served in simulations?®?! and experiments’! on aged metallic
glasses, but the third is entirely different. The pressure drop
during deformation at constant volume corresponds to vol-
ume contraction in constant pressure deformation and stands
in stark contrast to the behavior of metallic glasses, which
expand during deformation. Figure 10(a) also shows that no
well-defined yield point is observed for high-enough initial
densities. Furthermore, high-density systems do not exhibit
the pressure drop apparent in the deformation behavior of
low-density systems. Instead, their pressure increases drasti-
cally, corresponding to a system dilatation under constant
pressure. Unlike in metallic glasses where the pressure and
deviatoric stress attain steady state at the same strain, the
pressure in these dense structures stabilizes at higher strain
than does the deviatoric stress.

The behavior described above suggests that a-Si systems
undergo some structural evolution as they deform. First, the
strain softening and pressure drop of systems with low initial
density indicates a gradual transition to a denser, easily flow-
ing state. Lack of sharp yielding for initially dense systems
reinforces the view that denser structures flow more easily.
Meanwhile, the prolonged change in pressure during defor-
mation of these systems indicates that in the flow state, ki-
netic equilibrium is established between structural compo-
nents of varying density. All of these changes are well
described by the separation of a-Si into solidlike and liquid-
like atomic environments (Sec. V). Figure 10(c) shows the
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FIG. 10. The plots above show the variations of (a) deviatoric
stress a(7), (b) pressure p(7), and (c) mass fraction of liquidlike
atomic environments ¢ as functions of the deviatoric component
g(&) of the total externally applied strain for four a-Si structures of
differing densities undergoing large-strain plastic flow under con-
stant volume. The data series in (a) all begin at the origin, but have
been offset in increments of 0.5 GPa for clarity.
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change in ¢ during deformation of the four a-Si systems of
different densities. Each structure starts out with a different
liquidlike fraction that changes during deformation and lev-
els off when steady-state flow is reached. The smallest initial
fraction of liquidlike atomic environments is found in the
best-annealed structures and increases in the course of strain
softening, in agreement with the observed drop in pressure in
those structures (the liquidlike environment is denser than
the solidlike one; Sec. V). Increasing volume fractions of
liquidlike atomic environments can therefore be associated
with decreasing resistance to plastic flow of a-Si structures.
Conversely, structures with low liquidlike fractions can be
expected to exhibit a high initial resistance to plastic flow.

VII. MASS FRACTION ¢ OF LIQUIDLIKE ATOMIC
ENVIRONMENTS AS PLASTICITY CARRIER IN a-Si

Based on the above observations, mass fractions ¢ of lig-
uidlike components can be viewed as “plasticity carriers” for
a-Si in analogy with dislocation densities in c-Si.”* For this
comparison to hold, however, it is necessary that annealing
“ages” the structure, making it more resistant to initiation of
plastic flow while plastic deformation “rejuvenates” it, mak-
ing it more amenable to plastic flow. To probe this issue, an
initially well-relaxed a-Si structure was plastically deformed
to high strain, allowing it to develop a significant liquidlike
mass fraction ¢ as shown in Fig. 11. This a-Si system was
then plastically deformed back to its initial configuration by
straining it in the reverse direction to that of initial loading.
Figure 12 demonstrates that because the system contained a
high liquidlike mass fraction at the beginning of reverse de-
formation, it did not exhibit a yield phenomenon, confirming
that its internal atomic arrangement had indeed been rejuve-
nated.

Upon returning to its original shape, the a-Si system was
annealed for nearly 4 ns at a temperature of 925 K (i.e., just
below the glass transition temperature) and slowly quenched.
As illustrated in Fig. 13, most of the liquidlike mass fraction
accumulated as a result of previous plastic deformation was
thereby removed. Next, the system was once again plasti-
cally deformed to high strain. Figure 14 shows that the sys-
tem then exhibited a distinct yield phenomenon along with
strain softening and an increase in the liquidlike volume frac-
tion. It may therefore be concluded that annealing does in-
deed age the a-Si structure, resulting in an increased resis-
tance to plastic flow. The identification of the mass fraction
of liquidlike atomic environments ¢ as the plasticity carrier
for a-Si is therefore a valid mesoscopic description of the
internal structure changes in a-Si during plastic deformation.
It is a good candidate for an internal variable characterizing
the state of the material in a possible continuum description
of plasticity in a-Si.”>74

VIII. DEFORMATION TO LARGE STRAIN BY MD AT
CONSTANT ZERO PRESSURE

In the constant volume simulations of plastic flow pre-
sented above, ¢ fails to converge to a unique value during
steady-state flow for the four density structures considered in
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FIG. 11. An initially well-annealed a-Si system has a low lig-
uidlike mass fraction. It exhibits a distinct yield phenomenon, and
strain softens as the liquidlike mass fraction increases.

this study [Fig. 10(c)]. This apparent discrepancy is removed
when the possibility of direct dependence of mechanical
properties on pressure is taken explicitly into account. In
constant volume simulations, the system pressures are al-
lowed to change. They converge to different steady-state val-
ues in the case of each of the four density structures consid-
ered [Fig. 10(b)]. Plastic deformation in these structures was
therefore simulated once again, this time by MD at constant
zero externally applied pressure (Sec. III), though also at a
temperature of 300 K. The same strain increments were ap-
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FIG. 12. The deformed a-Si system from Fig. 11 has an initially
high liquidlike mass fraction, created as a result of plastic deforma-
tion. Upon unloading, it did not exhibit a yield phenomenon or
strain softening. The values of deviatoric stress in the dip observed
upon deforming in the reverse direction are attributed to elastic
unloading and reloading combined with a Bauschinger effect. Note
that the deviatoric stress @(7) is an intrinsically positive quantity
(Sec. III).
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FIG. 13. After the a-Si structure in Figs. 11 and 12 had been
cyclically deformed, it was annealed at 925 K for nearly 4 ns, re-
moving much of the liquidlike mass fraction that had previously
accumulated as a result of plastic deformation.

plied to the a-Si structures as before, except that the total
system volume was allowed to change during the subsequent
relaxation so as to maintain approximately zero constant ex-
ternally applied pressure. (The MD algorithm used does not
yield a strictly constant pressure, but rather one that oscil-
lates about the prescribed value. The standard deviation of
pressure oscillations in the deformation simulations pre-
sented here was just under 60 MPa.). The results are pre-
sented in Fig. 15. Comparison of Figs. 15(a) and 10(a) shows
that there is no appreciable difference in the behavior of the
deviatoric stress from that in the case of constant volume
deformation. As expected, the density changes under con-
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FIG. 14. Once the liquidlike mass fraction of the a-Si system
cyclically deformed in Figs. 11 and 12 was reduced by annealing
(Fig. 13), the system once again exhibited a distinct yield phenom-
enon and strain softening accompanied by an increasing liquidlike
mass fraction upon plastic deformation.
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stant pressure [Fig. 15(b)] mirror the pressure changes under
constant volume [Fig. 10(b)] and the values of ¢ undergo
similar evolution in both cases [Figs. 10(c) and 15(c)]. Un-
like in the constant volume simulations, however, both the
system volumes and liquidlike mass fractions in the constant
pressure simulations eventually converge to unique steady-
state flow values. These results confirm that the differing
liquidlike mass fractions ¢ at steady-state flow are indeed
due to their direct pressure dependence.

IX. LOCALIZATION OF ATOMIC ENVIRONMENT
TRANSFORMATIONS

Figures 10(c) and 15(c) demonstrate that the attainment of
steady-state flow requires that structure transformations take
place between the solidlike and liquidlike atomic environ-
ments. Some insight into the character of these transforma-
tions can be gained by visualizing the regions within de-
formed a-Si systems that have undergone transformations in
the type of their atomic environments (from solidlike to lig-
uidlike or vice versa) during the course of plastic flow. Fig-
ure 16(a) shows that during plastic deformation of an a-Si
system with an initially high value of ¢ there appears not to
be any tendency for atomic environment structure transfor-
mations to localize exclusively within any particular region
of the simulation cell. In that system, therefore, the distribu-
tion of liquidlike and solidlike environments remains uni-
form. In the case of an a-Si system with an initially low ¢,
however, these transformations occur predominantly within a
relatively distinct plane spanning the simulation cell and ori-
ented along a direction of maximum resolved shear stress, as
Fig. 16(b) demonstrates. The rising proportion of liquidlike
mass fraction, therefore, is not uniformly distributed
throughout this system. There should, however, exist a length
scale sufficiently short such that the distribution of liquidlike
environments across it can be considered approximately uni-
form on average. A unique average local flow stress as a
function of ¢ would then exist for chunks of a-Si material of
such characteristic length.

The above observations suggest two hypotheses. First,
solidlike atomic environments are transformed into liquidlike
ones (and vice versa) by spatially localized structure
changes. Transformation of atomic environments by delocal-
ized structure changes would not allow for the clustering of
transformed material into a distinct zone, as in Fig. 16(b).
Second, liquidlike atomic environments decrease the local
resistance of a-Si to plastic flow. Structure transformations
occur preferentially within the distinct zone of Fig. 16(b)
because a higher ¢ has been created there as a result of
previous transformations while the material outside that zone
is locally more resistant to plastic flow. On the other hand,
there are enough liquidlike environments initially distributed
throughout the system in Fig. 16(a) to enable structure trans-
formations to initiate practically anywhere. These two hy-
pothesis are essentially concerned with the existence and
character of discrete mechanisms of plastic flow in a-Si and
the local conditions of its onset.

X. DISCUSSION AND CONNECTION WITH
EXPERIMENTAL FINDINGS

It was shown in Secs. IV and V that liquidlike and solid-
like atomic environments have well-defined physical proper-
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FIG. 15. The plots above show the variation of (a) deviatoric
stress a(7), (b) relative density p/p,, and (c) mass fraction of lig-
uidlike atomic environments ¢ as functions of the deviatoric com-
ponent &(&) of the total externally applied strain for four a-Si struc-
tures of differing densities undergoing large-strain plastic flow
under zero pressure. The data series in (a) all begin at the origin, but
have been offset in increments of 0.5 GPa for clarity. Note that
unlike in the case of deformation under constant volume (Fig. 10),
all systems converge to a single value of ¢ characteristic of steady-
state flow.
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FIG. 16. (Color online) Visualization of a-Si systems with ini-
tially (a) high and (b) low liquidlike mass fractions of ¢=0.55 and
¢=0.22, respectively, after deformation to a total externally applied
deviatoric strain of &(£)=0.12. The environments of light-colored
atoms have undergone transitions between solidlike and liquidlike
form (or vice versa) during plastic flow, whereas those of the dark-
colored atoms have not. Structure transitions in the a-Si system of
low initial ¢ appear to localize into a relatively well-defined zone
(b), but are distributed homogeneously in the a-Si system of high
initial ¢ (a).

ties and that the overall properties of a bulk a-Si sample can
be accurately determined from its overall mass fraction of
liquidlike atomic environments ¢ by the rule of mixtures. It
should therefore be possible to confirm the existence of these
two environments by measuring the dependence of the prop-
erties of a-Si as a function of the quench rate at which it was
created. Because of the fast crystallization kinetics of Si,
however, bulk a-Si is typically made by techniques
other than quenching,”” e.g., by ion implanta-
tion.** Comparison of the results presented here to the prop-
erties of a-Si samples created by those methods is not
straightforward because the degree of relaxation of those
samples is difficult to correlate to that of a-Si created by fast
quenching in the computer.

One possible method of circumventing this obstacle is to
gauge the evolution of the properties of thoroughly annealed

245205-12



LIQUIDLIKE ATOMIC ENVIRONMENTS ACT AS...

a-Si (corresponding to the slowest-quenched a-Si samples
presented in this study) during large-strain plastic flow. Un-
fortunately, there are few experiments that directly address
this phenomenon. Witvrouw and Spaepen’ conducted de-
tailed analyses of the mechanisms of viscoelastic relaxation
in a-Si, but only for strains on the order of a few percent, i.e.,
within the predicted elastic range a-Si [Fig. 10(a)] and too
small to cause shear-induced transformations to the liquid-
like form of a-Si. Part of the reason for the relatively low
strains attained in these experiments is that bulk a-Si—Iike
most ceramics—is intrinsically brittle: application of higher
strains would likely have caused fracture in the samples un-
der investigation. This limitation can, in principle, be cir-
cumvented if enough care is taken to reduce the number of
possible crack nucleation sites and prevent the development
of high tensile stresses under loading.

One approach that fulfills both criteria is to carry out an
indentation study. Clarke et al. pursued this avenue’® by
using indentation of initially perfect c-Si to create fully dense
a-Si. They then once again indented the amorphized region,
causing a measurable increment of plastic flow under the
indenter. In the course of indentation, the conductivity of
a-Si under the indenter was observed to increase, indicating
that the easily flowing state is metallic. Since liquid Si is
metallic and denser than its diamond cubic crystalline form
at the melting temperature,*® this finding is consistent with
the atomic structure of a-Si under indentation being “liquid-
like.” Upon unloading, however, the conductivity returned to
its initial value and the structure of a-Si in the indented re-
gion could not be distinguished from its character before
indentation. These findings imply that the easily flowing lig-
uidlike state anneals out very quickly at the temperatures
considered by Clarke et al.’® or becomes unstable at low-
enough pressures. The further study of flow in a-Si by inden-
tation would therefore seem to require the development of in
situ characterization techniques.

The discussion presented above concerned investigations
of shear flow in a-Si. The possible existence of distinct sol-
idlike and liquidlike amorphous forms in a-Si can also be
studied by compressive loading. Such investigations were
carried out on the behavior of a-Si and a-Ge for pressuriza-
tion in anvil cells by Shimomura et al.”’ They found that
both a-Si and a-Ge undergo sharp transitions to a more
highly conducting state when condensed to pressures of 10
and 6 GPa, respectively. Using the same reasoning as was
applied before in the case of flow under indentation, this
observation is consistent with the high-pressure state being
liquidlike. Unloading, however, was accompanied by a re-
turn to a state of lower conductivity and density for both a-Si
and a-Ge and by crystallization in the case of a-Ge. Thus,
these compression studies once again bring up the issue of
the rate of “annealing-out” of the high-pressure metallic ma-
terial or its possible instability at atmospheric pressure.
Moreover, they suggest the possibility that the compressed
conducting state is actually one of the well-known high-
pressure crystalline metallic polymorphs of Si or Ge (Ref.
78) and, therefore, not amorphous (and by consequence not
liquidlike).

The question of the rate of annealing-out of the dense
conducting state of a-Si and a-Ge is difficult to investigate by
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atomistic simulations, since those are typically capable of
accessing time scales on the order of only nanoseconds.
Times on the order of micro- or milliseconds are completely
beyond current capabilities for simulating amorphous solids,
but are, nonetheless, short by experimental standards. One
possible avenue for a future study of the kinetics of structural
relaxation by atomistic simulation would be to extract a phe-
nomenological spectrum of activation energies by using the
scaling argument applied by Deng et al.'” The degree of
annealing-out of liquidlike material at room temperatures
could then be estimated under the relatively conservative as-
sumption that the mechanisms of relaxation and the ordering
of their activation are the same regardless of the simulation
time and temperature. The second question, concerning the
possibility of the high-pressure state being crystalline, was
addressed in experiments on a-Si by Deb et al.”” who char-
acterized the compressed conducting state found by Shimo-
mura et al.”’ using in situ Raman spectroscopy. They deter-
mined that high-pressure a-Si is indeed amorphous and not
crystalline, but were not able to provide more detailed
information that could be compared against the quantities in
Table II.

Because of a lack of experimental results, therefore, the
quantities characterizing the two atomic environments of
a-Si (Table II) cannot currently be confirmed directly. The
trends they show, however, can be compared to those present
in other amorphous solids that exhibit solidlike and liquid-
like structures and whose properties have been closely stud-
ied. An example is provided by AlGe alloy, which forms two
distinct amorphous structures upon compression in an anvil
cell, including a dense conducting one.’’ Unlike in a-Si,
however, both amorphous forms of a-AlGe remain meta-
stable at room temperature and pressure, allowing them to be
characterized in detail. Investigation by TEM and electron
diffraction showed that these two forms are well described as
solidlike and liquidlike, respectively.

Yvon et al.®® chose to study AlGe alloy as a material that
may exhibit solidlike and liquidlike amorphous structures on
the basis that one of the components (Ge) has an open crys-
talline structure and contracts upon melting. This reasoning
was based on the conjecture that these properties underlie the
similarities in behavior of many directionally bonded mate-
rials, such as Si, Ge, H,0, and Si02,57 including the possible
existence of multiple distinct amorphous forms. In particular,
experimental findings have confirmed the existence of two
distinct forms of amorphous H,O that differ markedly in
density.?! The search for an underlying thermodynamic cause
for the similarities among these substances has focused on
the prospect of their exhibiting a liquid-liquid phase transi-
tion for sufficient undercooling below their melting
temperatures.*0-82

Comparing the liquidlike atomic environments found in
SW a-Si defines an intriguing contrast with the characteris-
tics of easily flowing material in metallic glasses, whose
plastic flow behavior has been studied extensively. Regions
of easy flow in metallic glasses are identified as those having
a large “free volume” fraction.!® They are sites where atomic
motion is less constrained by close packing. The more easily
flowing liquidlike a-Si, on the other hand, is denser than
solidlike a-Si (Table II). It should be kept in mind, however,
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that liquid silicon is denser than diamond cubic c-Si, whereas
liquid metals are typically less dense than crystalline metals.
Therefore, both liquidlike a-Si and regions of free volume in
metallic glasses share the characteristic of being more similar
in their local structures to the molten form of their constitu-
ent material than solidlike a-Si and the less easily flowing
regions of metallic glasses, respectively. This commonality
suggests that the liquidlike-solidlike distinction might be a
more robust method of identifying easily flowing regions
than free volume alone and may prove useful in the study of
plasticity in amorphous materials other than a-Si.

Inroads into the study of local solidlike ordering in model
two-dimensional metallic glasses have recently been made
by Shi and Falk.® Their findings confirm the same trends in
the quench rate dependence of yielding behavior as were
discussed in the original exposition of the research presented
here.?® Furthermore, regions of short-range quasi-crystal-like
order seem to play a similar role in their findings to the one
played by solidlike atomic environments in a-Si, both with
respect to overall mechanical behavior as well as flow local-
ization. It is not clear, however, whether the quasi-crystal-
like regions found by Shi and Falk are unambiguously dis-
cernable from other types of atomic environments, as are
solidlike and liquidlike regions in a-Si (Sec. V). Neither
physical properties, such as densities or average coordina-
tions, nor structural characterizations by radial or bond-angle
distribution functions of such quasi-crystal-like regions are
known. Finally, the question of whether the mechanical be-
havior of three-dimensional metallic glasses can be described
in terms of regions of local quasi-crystal-like structure has
not yet been addressed.

In Sec. IX it was hypothesized that the mechanism of
plastic deformation in a-Si is a localized structure transfor-
mation that initiates when a local yielding criterion is met.
Similar behavior has been postulated for metallic glasses!”
and amorphous polymers.?® Furthermore, Fig. 10 reveals that
the steady-state flow levels of deviatoric stress in a-Si under
constant volume deformation differ noticeably for the four
initial structures of differing density. This effect is not ob-
served under constant pressure deformation (Fig. 15), sug-
gesting a direct dependence of the critical stress for initiation
of localized shear transformations on pressure and ¢.3* A full
investigation of the mechanisms of plasticity in a-Si that ad-
dresses the above hypotheses has been conducted by the au-
thors and presented in a companion communication.>

Finally, in the Introduction to this paper, it was noted that
this study of plasticity in a-Si was motivated by the unex-
pectedly high resistance to plastic flow of intergranular ma-
terial in covalently bonded ceramic composite coatings, such
as nc-TiN/a-Si3Ny. The insight gained into the form of eas-
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ily flowing material in a-Si can now be used in conjunction
with studies conducted previously on the structure of inter-
granular material in SW nanocrystalline Si (nc-Si) to propose
a reason for this high plastic flow resistance. Keblinski et al.
showed that for certain high-energy grain boundary
configurations,*® the intergranular material in nc-Si is
amorphous.® It is therefore characterizable by a liquidlike
mass fraction ¢. For intergranular material in nc-Si, how-
ever, the RDFs provided by Keblinski et al. are very closely
comparable to those of the solidlike c-Si identified in this
study (Fig. 7), indicating a very low value of ¢. This mate-
rial would therefore be highly resistant to plastic flow as a
result of the local structure of its atomic environments.

XI. CONCLUSIONS

It has been demonstrated by molecular-dynamics simula-
tion that SW a-Si contains two distinct forms of atomic en-
vironments. Because of the similarity of their configurations
to the structure of silicon in its diamond cubic and molten
states, these two environments are referred to as solidlike and
liquidlike, respectively. The physical properties of any given
a-Si sample can be characterized by the mass fraction ¢ of
liquidlike atomic environments in it. In particular, ¢ acts as a
plasticity carrier in a-Si. When plastically deformed at low
temperatures, samples depleted of liquidlike environments
exhibit a pronounced yield phenomenon followed by strain
softening due to creation of new liquidlike environments by
inelastic structure transformations. Samples with an initially
high ¢ do not show any yield phenomenon before steady-
state plastic flow is attained. When plastically deformed at
low temperature under constant externally applied pressure,
a-Si samples of differing initial ¢ converge to a single state
of steady flow characterized uniquely by a specific average
volume and ¢.
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