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We propose a new empirical criterion using the pair distribution function for specifying

the supercooled-liquid/amorphous phase boundary.

Modeling techniques and computer simulations
as applied to noncrystalline solids have developed
into a very active and rewarding area of research,
and generally seek to reproduce the salient fea-
tures of the experimentally determined "pair dis-
tribution function" (hereafter designated PDF) ob-
tained from radiation diffraction techniques. ' '
Tools for the theoretical analysis of the amor-
phous state include hard- and soft-sphere pack-
ing, ' molecular dynamics, ' and, very recently, '
the Monte Carlo method' for a canonical ensem-
ble (temperature T, volume V, and number of
atoms N are fixed).

However, the onset of the glass transition re-
gion, as a function of both temperature and pres-
sure, has heretofore not received significant at-
tention. By employing the isothermal-isobaric
Monte Carlo method of classical statistical me-
chanics, "we are presently investigating whether
there exist unique, or distinctive, structural and
thermodynamic features associated with the (su-
percooled-liquid —glass) transition region
reached by abruptly cooling and/or compressing
an equilibrated simple liquid.

The (K, P, T) Monte Carlo procedure used in
this study has been described by McDonald. ' The
interatomic force law was arbitrarily taken to be
Lennard-Jones 12-6 with (e, v) denoting the well-
depth and size parameters, respectively. In or-
der to simulate the bulk, the standard periodic
boundary conditions mere imposed with respect
to translations parallel to the faces of the compu-
tational cube composed of 108 atoms. In each
simulation "experiment, "we started with the last
fluid configuration of a mell-equilibrated fluid

state at reduced temperature W = h T/s = 1.0 and
reduced pressure P* =Pa'/&=1. 0. Then we
abruptly quench and/or compress the system to
a new (P*, T*) by simply setting the pressure and
temperature in the Monte Carlo procedure to the
new desired values. ' After "equilibrating" the
system through 2X 10' Monte Carlo moves with a
50/p acceptance ratio, 6 && 10' further moves were
performed to obtain the enthalpy H, the average
density (p), the PDF g(r), and other quantities.
Experiments were simulated for constant I'*=1
and various 0.1 & P'&1.0, constant 7*=1.0 and
various 1 &P* & 20, and various combinations of
1&P~ &9 and 0.6 & T*&1.

As illustrated in Fig. 1, the PDF's generally
show the features expected. In the supercooled-
liquid state, two smooth peaks exist: a first
prominent peak and a second smaller peak, corre-
sponding to the first and second coordination
shells of an atom in the liquid, respectively. As
the instantaneous temperature quenches probe
deeper into the metastable region, the first peak
becomes more pronounced in magnitude and nar-
rower in width, the first minimum decreases in
magnitude, and the second peak gradually flattens
in shape with an eventual "bimodal splitting" at
very low temperatures (P* =1.0, P &0.4). Clear-
ly, the development of the split second peak indi-
cates an amorphous atomic packing, ' ' this being
the principal structural feature in the experimen-
tal PDF of amorphous materials that previous the-
oretical models have attempted to describe. How-
ever, the second-peak flattening preceding the
fully developed splitting may be the "signature"
that the glass transition region has been reached.
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The evident problem is to formulate a quantita-
tive criterion for specifying the boundary between
the supercooled-liquid region and the amorphous
region. Kinetically, the dramatic change in vis-
cosity has been identified as such a signature. '
We now describe a structural feature of the PDF
which suggests a quantitative criterion for identi-
fying the amorphous phase. We define an empiri-
cal parameter

gmin/gmax ~

where g;„and g ~ are the magnitudes of the
first minimum and first maximum of the PDF. In
Fig. 2, N. is plotted versus the sequence of (P*,
'Pi:) states which were achieved by abruptly quench-
ing, crunching, and crushing the (P*=1, W =1)
liquid state. ' We make special note of the fact
that the dependence of (R over significant portions
of the liquid branch and amorphous branch of the
(P* Ta) state variables is linear, the slopes of
the two branches are different, and linear extra-
polation of the respective branches intersect at
8, —=0.14 for all three cases. This value of 8,
correlates reasonably well with the flattening of

the second peak in the PDF. Therefore, our cri-
terion for the onset of the amorphous state by
rapidly quenching and/or compressing a liquid is
that the structure parameter 6l of the PDF [&q.
(2)] equals

N. , =0.14. (2)

A possible hypothesis for this striking fea'. u.re is
the packing saturation of the first shell of near-
est neighbor atoms. Unfortunately, present sta-
tistics of the PDF's does not allow us to test this
hypothesis or establish other trends. Experi-
mental verification of our finding is presently
being contemplated. '

We make a further important observation. Us-
ing this criterion and employing the Weeks-Chand-
ler-Anderson liquid-state perturbation theory, '
we have calculated the equivalent hard-sphere
fluid packing fraction tl= -', wpd' of the supercooled
liquid at the supercooled-liquid/amorphous phase
boundary. We find for our three cases that g,
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FIG. 1. The pair distribution function g(r) as a func-
tion of radial distance y for the sequence of temperature
quenches (P*=1, T+) from (p*=1, T*=1).
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FIG. 2. The ratio of the PDF s first minimum to frrst
maximum + as a function of the sequence of (p~, T+)
states achieved by abruptly quenching, crunching, and
crushing the (&*=1,T*=1) liquid state.
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=0.534-0.55. Using g, and liquid-state perturba-
tion theory, we may generate the phase boundary
in the entire (P*, W) plane for the I ennard-Jones
12-6 fluidor another chosen fluid described by a
different interatomic potential.
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study exist at the laboratory quench rates.
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Cu-implanted Si crystals were irradiated with Q-switched ruby-laser single pulses.
After irradiation with energy density in excess of 1.0 J/cm, the Cu atoms accumulate at
the sample surface. Thermal annealing in the 500—800 C range casues a migration of Cu
inside the specimen, in agreement with diffusion coefficient and solid solubility values.
The results indicate the formation of a liquid layer induced by laser irradiation. The sol-
id-liquid interface movement during freezing qualitatively justifies the observed surface
accumulation.

High-power laser pulses were used recently to
anneal out the damage in ion-implanted semicon-
ductors. ' The transition of an amorphous layer
to a single-crystal structure was ascribed to the
laser-induced melting of the surface layer. "Li-
quid phase epitaxial growth on the underlying sin-
gle-crystal substrate occurs during the subse-
quent freezing. Changes in the ion-implanted pro-
files were also accounted for by a liquid forma-
tion. The time involved in the Q-switched laser
irradiation (-10 '-10 ' s) cannot in fact allow de-
tectable atom migration in the solid phase with

the usual activation energies.
These effects could be also interpreted in terms

of ionization-enhanced diffusion. The high densi-
ty of absorbed photons with energy greater than

the band gap produces a large amount of broken
bonds between nearest-neighbor atoms or non-

equilibrium hole-electron pairs which can en-
hance the mobility of a defect. The observed
growth rates and impurity diffusion coefficients

could be then described in terms of kinetic proc-
esses in a solid medium with suitable low values
of the activation energies, without invoking any
liquid formation.

In the present work we show that Q-switched
ruby laser pulses with power densities higher
than 20 MW/cm' and 50-ns duration induce liquid
formation in ion-implanted Si.

Silicon single crystals, 300 pm thick and (100)
oriented, were implanted at room temperature
with 70-keV Cu' to a fluence 2X 10" ions/cm'.
After implantation some samples were irradiated
with pulsing ruby laser (A = =0.694 pm) in the en-
ergy density range between 1.0 and 3.0 J/cm'.
Other samples were thermally annealed, under
vacuum condition (-10 ' Torr), in the tempera-
ture range 500-850 C for isochronal steps of 30
min. MeV He particles scattered at 102' away
from the beam incidence were used to analyze in
depth the Cu distribution. The energy-to-depth
conversion was obtained using stopping cross sec-

1246 1978 The American Physical Society


