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From a molecular-dynamics simulation on the liquid-to-glass transition of 500 In atoms, it is demon-

strated that the structure factor S(q) has a peak on the high-q side of its principal peak not only for ex-

perimentally reported supercooled Ga liquid but also for those supercooled liquids for which the repul-

sive part of the interatomic pair potential has a shoulder. This appears to be due to the occurrence of
particular clusters in these supercooled liquids. Thereby, an alternative possible physical origin for the

presence of a shoulder on the high-q side of the principal peak of S(q) for some metals at their respective

melting temperatures is suggested.

It is well known experimentally' that the structure
factor S(q) of pure Ga liquid metal has a shoulder on the
high-q side of its principal peak, when the temperature T
is not significantly higher than the melting temperature
Tm of pure Ga metal. Further, it has been shown experi-
mentally that this shoulder tends to become a small peak
in the normal liquid to supercooled-liquid transition. Ac-
cordingly, the structure factor of rapidly quenched Ga
metal differs significantly from that of a conventional rap-
idly quenched metal, in which a shoulder (or peak) ap-
pears on the high-q side of the second peak of S(q). The
main purpose of this work is twofold; (i) to demonstrate
that such an anomaly as above exists for those metals, for
which the repulsive part of the interatomic pair potential
has a shoulder (Fig. 1); and (ii) to suggest a possible phys-
ical origin for this anomaly, this also lending additional
support to our recent work on the anomaly of S(q) for
conventional rapidly quenched metals.

For this purpose, we started with a molecular-
dynamics (MD) simulation on the liquid-to-glass transi-
tion to a system of 500 In atoms, subject to periodic
boundary conditions, and interacting via an interatomic
pair potential, that is

V(r) =(Z,ttlr ) 1 (2lm )f—dq F(q) sin(rq)/q

the fact that pure In metal can be a laboratory glass
through a vapor-quenching process as in the Ga case, the
former metal is chosen in this work. The above-noted
simulation is then carried out in the usual manner, but
using the mean atomic volume 0( T) determined from the
condition that the pressure involved in the simulation be
constant at about 5 bars. In order to check if the present
simulation is reasonably performed, the result of 0( T)
from this simulation have been compared with those ob-
tained from a variational thermodynamic calculation
(Table I). It appears from this comparison that the
present (MD) simulation should not contain significant
errors.
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with Z,tr and F(q) standing, respectively, for the effective
ionic-valence and the normalized energy wave-number
characteristic, defined in the energy-independent nonlo-
cal model-pseudopotential theory. The pair potential
given by Eq. (1) can be used immediately as an interatom-
ic pair potential between two In atoms in the calculation
of S(q), as demonstrated in Ref. 2. In view of this and of
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FIG. 1. The interatomic pair potential V(r) in atomic units,
obtained from Eq. (I) for pure In metal at Tm. The shoulder,
appearing in the repulsive part of this potential, remains nearly
unchanged in the liquid to supercooled-liquid transition.
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TABLE I. The values of Q(a.u. ) obtained from the present
simulation (PS) for rapidly quenched In metal along with those
obtained from a variational calculation (VC) (Ref. 7).

T(K) 400 360 320 250 200 150 120 84

Q(PS) 192.1 190.9 190.2 188.1 186.6 185.5 184.8 183.9
Q(VC) 192 2 191.3 190 4 188.7 187 6 186 4 185.7

84K

Having obtained Q(T), the pair distribution functions
(PDF) g (r) are determined in the same manner as in Ref.
4 and displayed in Fig. 2 for selected 1 s. These g(r)'s
are then extended to large r as in the literature and the
corresponding S(q)'s determined, i.e. ,

S(q)=1+fdr[g(r) 1]e—xp(iq r)/0 . (2)

The aspects of the presently obtained g (r)'s (Fig. 2) and
S (q)'s (Fig. 3) that merit emphasis are as follows. (1) The
features of g(r) on the right-hand side of its principal
peak are quite different from those for conventional me-
tallic glasses. (2) There is no shoulder (or peak) on the
high-q side of the second peak in S(q) even for amor-
phous In metal at T =84 K, which is considerably below
the corresponding glass-transition temperature [=—120 K
from the temperature dependence of 0( T) presently
determined (Table I)]. This is contrary to the results of
conventional rapidly quenched metals, for which a shoul-
der (or peak) is present on the high-q side of the second
peak of S(q). (3) A small shoulder is present on the
high-q side of the principal peak of the presently obtained
S(q) at 434 K (5 K higher than Tm for In) as experimen-
tally reported, ' this being consistent with the analytic
work of Silbert and Young, and becomes a small peak in
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FIG. 2. Temperature-quench results for the g (r)'s of pure In
metal (Tm =—429 K) for selected temperatures. The glass-
transition temperature is about 120 K in the present MD simu-
lation in which the quenching rate is 4X 10"K/s.
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FIG. 3. The structure factors, obtained using the presently
determined g(r)'s as in Ref. 4. Also included is the calculated
S(q),~, denoted by the dotted line.

the normal-liquid to supercooled-liquid transition (Fig.
3). This aspect is also contrary to the results of conven-
tional rapidly quenched metals, in which the repulsive
part of the interatomic pair potential does not exhibit any
shoulder. Now, it appears that aspect (3) is compatible
with those V(r)'s in which the repulsive part has a shoul-
der (or ledge). At any rate, the above-noted aspects are
similar to those experimentally observed in the normal-
liquid to supercooled-liquid transition for pure Ga met-
al. Now, since the detailed features of g (r) and S(q) de-
pend strongly upon the interatomic pair potential, it may
be concluded that aspects (1), (2), and (3) are common for
those metals for which the repulsive part of the intera-
tomic pair potential between any two atoms has a shoul-
der (Fig. 1), which must be in the positive-energy region
for the small peak to be close to the principal peak of
S (q), as in the Ga case.

Now, we turn to clarify the above aspects (2) and (3).
For this, the pair-analysis technique (see Ref. 10 for de-
tails) is applied to the atomic configurations obtained
from the present MD simulation to determine the micros-
tructure of the presently considered rapidly quenched In
metal. The points of the obtained results that merit em-
phasis are as follows.

(i) The relative number of 1551 atomic bonded pairs
(which are characteristic of icosahedral structure' ) are
so small that no icosahedra are present in the present
MD simulation. This is contrary to the results of conven-
tional rapidly quenched metals, each containing many
icosahedra '" (corresponding to a large number of 1551
atomic bonded pairs) so that a shoulder is present on the
high-q side of the second peak of S(q) for these metals
(see Ref. 4 for justification).

(ii) Of the various atomic bonded pairs, the number of
1311 atomic bonded pairs (which appear in rhom-
bohedral structure) are the most prevalent in the present
simulation.



46 BRIEF REPORTS 12 003

C
J'

FIG. 4. A cluster consisting of five atoms, located respective-

ly at A, B, C, D, and E points in a rhombohedron. The BD, DE,
and EBbounded pairs here are 1311 like.

Now, the above-noted aspect (2) can be understood
from point (i). There remains to clarify aspect (3) men-
tioned above. For this, we need to recall that a shoulder
on the high-q side of the second peak of S(q) of a conven-
tional rapidly quenched metal can be successfu11y ex-
plained by considering the effects of icosahedra (each
consisting of twelve 1551 atomic bonded pairs) on S(q),
as demonstrated in Ref. 4. In view of this, we have fol-
lowed the same procedure as in Ref. 4 to calculate the
structure factor of a cluster in which there are 1311
atomic bonded pairs (Fig. 4), these pairs being present in

place of 1551 atomic bonded pairs in the present MD
simulation in which the interatomic pair potential (Fig. 1)

differs significantly from that in the conventional MD
simulations. The first peak of the calculated structure
factor, obtained from the equation'

5 5

S„(q)=1+—g g sin(qr~)l(qrj),
i =1 j=1

(3)

in which the summation is taken over ABCDE atoms
(Fig. 4) and noted by the dotted line in Fig. 3, compares
favorably with the small peak of the actual S(q) in posi-
tion (see Fig. 3). Now it appears that the small peak on
the high-q side of the principal peak of the actual S (q), as

noted in Fig. 3, arises from the effects of the clusters,
each being similar to that shown in Fig. 4, on S (q).

The above interpretation of the small peak in question
may now be extended to illustrate the presence of a
shoulder on the high-q side of the principal peak of S(q)
for the metal of interest at T's somewhat above its Tm, '
because the corresponding relative number of 1311 atom-
ic bonded pairs, N»&&, is found to be non-negligible

(N»» —=0. 13, corresponding to a small number of clus-
ters for pure In metal) even at a T somewhat above Tm.
In addition, the same MD simulation has been carried
out for pure In metal at 500 K, which is considerably
higher than the corresponding Tm(=-429 K for In). It is
found that the corresponding N, 3& &

is negligible and that,
as also demonstrated in Ref. 2, the corresponding S(q)
does not exhibit any shoulder, this being consistent with
observation (see Fig. 3 of Ref. 2 for details). This simply
implies that the shoulder in question is closely associated
with those clusters, each of which consists of 1311 atomic
bonded pairs such as that shown in Fig. 4.

In summary, it may be concluded that (i) the anomaly
of S(q), as noted in Fig. 3, is common for those rapidly
quenched metals, for which the repulsive part of the in-
teratomic pair potential has a shoulder; and (ii) the shoul-
der on the high-q side of the principal peak of S(q), as
shown in Fig. 3 for T =434 K, arises from the effects of
the clusters just noted on S(q) and becomes a small peak
in the normal-liquid to supercooled-liquid transition, be-
cause more clusters of this type appear to affect S(q) in
this case. This is not the case at all for conventional rap-
idly quenched metals, for which the shoulder (or peak)
appears on the high-q side of the second peak of S(q),
this being due to the effects of many icosahedra on the
atomic structure.
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