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Anomalies in the liquid structure of Ga metal
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Molecular-dynamics simulations on the structures of 500 Ga atoms in liquid states are carried out at
constant pressure for different high temperatures. Thereby, it is demonstrated that such anomalies as
those present in the observed structure factors for the Ga liquids at high temperatures are due primarily
to the effect of the occurrence of particular clusters (or local-ordering units) on the states of pure Ga
liquid.

I. INTRODUCTION

Since the work of Ashcroft and Lekner, ' the uniform
distribution of the hard spheres (HS},having an appropri-
ate diameter, is well recognized as a basis for atomic dis-
tribution in liquid metals. However, one has also found
the experimental results ' indicating some deviations
from the completely uniform distribution of HS, such as
those shown in Ref. 3 and those in Fig. 1. Such devia-
tion produces (i) an asymmetry of the principal peak in
the structure factor S(q) for pure Zn, Cd, and other
liquid metals at high temperature and (ii) not only an
asymmetry of the principal peak but also a shoulder on
the high-q of the principal peak in S(q} for some metals,
such as Bi and Ga (Fig. 1). Theoretically, the anomalous
features, such as the shoulders for Ga and the other met-
als at their respective melting temperatures and the
asymmetric principal peak for Zn- and Cd-type metals
have been reproduced in the literature ' by using those
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II. CALCULATION AND RESULTS

First, the molecular-dynamics (MD) simulation on an
equilibrium liquid state of a system of 500 Ga atoms, us-

ing the Verlet algorithm with a time step equal to
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interatomic pair potentials, in which the repulsive part is
equivalent to hard core together with an adjacent ledge
(Fig. 2 from Ref. 11), which arises from the electronic
contribution to those potentials and which is not present
in the interatomic pair potentials for those liquid metals,
for which the HS model can be applied with high accura-
cy. In addition, using the relation between the pair po-
tential and the pair-distribution function (PDF), Hafner
and co-workers ' attempted to interpret the anomalous
features just noted. They ascribed the anomalous struc-
ture of liquid Ga to the change of the curvature of the
pair potential around the nearest-neighbor distance.
Nevertheless, the physical origin for the above-noted de-
viation is still not fully understood and deserves quantita-
tive study. This study is presented in the next section.
Some conclusions are drawn in the last section.
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FIG. 1. The observed S(q)'s (Ref. 2) for Ga liquids, com-
pared with the corresponding SHs(q)'s, obtained from the HS
model (Ref. 1) using (i) the observed mean atomic volumes
(Table I) and (ii) the most appropriate parking density g=0.34,
0.36, 0.385, 0.405, 0.430, for T= 1273, 1073, 823, 473, 323 K, re-
spectively.

r (a.u. )

FIG. 2. The theoretical interatomic pair potential, V(r), ob-

tained as described in Ref. 11, for pure Ga metal at T=323 K,
which is slightly above the melting temperature of Ga metal and

that at T=1073 K. The mean atomic volumes used for these

two T's are just those listed in Table I.
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TABLE I. The values of 0 (a.u.) obtained from the present
MD simulation at different temperatures. Also included are the
corresponding experimental values (Ref. 2).

T (K)

0„1
Expt.

1273

150.14
142.23

1073

146.79
139.28

823

144.63
135.87

473

138.43
130.82

323

135.12
128.45

1.5 X 10 ' sec, is carried out at constant pressure (about
1 bar) in the same manner as in Ref. 11 for selected high
temperatures. From this, the mean atomic volume 0, the
PDF, denoted by g (r), and the corresponding S(q), i.e.,

S(q)=1+Jdr[g(r) 1]exp—(iq r)/0, (1)

are determined as in Ref. 11 for the system under con-
sideration. The values of 0 thus determined for use in
the present MD calculation are noted in Table I. These
values are in good agreement with the corresponding ex-
perimental results, this implying that the presently used
first-principles atomic potential (Fig. 2 from Ref. 11) is
highly accurate for the present type study, just as previ-
ously demonstrated by the results in Table I of Ref. 8.
The corresponding calculated S(q)'s are displayed in Fig.
3 along with the corresponding experimental S(q}'s. Ap-
parently, the presently obtained S(q)'s exhibit the same
anomalous features as those present in the experimental
S(q}'s for all the high temperatures considered here (Fig.
3). At this point, it is worth noting that the increase of
the number of the particles presently used (500} has no
significant effect on S(q) for q & 1 A (dashed line in Fig.
3).

Now, we turn to find the physical origin for the anoma-
lous features in the S(q) s displayed in Fig. 3. For this,
the structures of the atomic configuration in the present
MD simulation are analyzed as in Ref. 12 by characteriz-
ing the pairs of atoms with four indices. The first index is

~ ~ 1201 1211

~ ~ 1301 1311

1 if the pair of atoms (expressed by the open circles in
Fig. 4) is bonded (denoted by solid line in Fig. 4) and 2
otherwise. The second index represents the number of
near-neighbors common to the two atoms in the pair of
interest. The third index is the number of bonds between
the common neighbors. These three numbers are not
sufficient to characterize a diagram uniquely as pointed
out in R4:f. 12, so a fourth index is added to resolve ambi-
guity about the arrangement of the atomic bonds' (as
shown in Fig. 4). Of the results obtained for the different
atomic bonded pairs, those that merit emphasis are sum-
marized in Table II. It now appears that the most pre-
valent atomic bonded pairs in the Ga liquids under con-
sideration are the 1311-type rather than the 1551-type
atomic bonded pairs, which are prevalent in the usual
metals, in which the repulsive part of the interatomic pair
potential does not exhibit such a ledge as that shown in
Fig. 2. The atomic clusters (or say, local-ordering units),
associated with the just noted atomic bonded pairs and
found from the present pair analysis, are shown in Fig. 4.
To go further, we notice that a shoulder on the high-q
side of the second peak of S(q) for the conventional rap-
idly quenched metallic liquids can be interpreted by con-
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FIG. 3. Comparison of the presently simulated S(q)'s (corre-
sponding to 0

&
in Table I) with the corresponding observed

S(q)'s (Ref. 2) for Ga liquids. Also included is the simulated
structure factor of 1000 Ga atoms at 1273 K, denoted by the
dashed line.

FIG. 4. The clusters associated with the atomic bonded pairs
noted in Table II. Nearest-neighbors (defined in Ref. 12) are
connected by solid lines ("bonds").
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b rs of the essential atomic bonded PTABLE II. The values of the relati o
o the liquid states at different high tem-the present MD simulation on the structure of 500 Ga atoms in t e aequi s a e

peratures.

1273
1073
823
473
323

+1201

0.064
0.062
0.061
0.145
0.188

+1211

0.040
0.037
0.031
0.046
0.045

+1301

0.038
0.040
0.044
0.105
0.133

+1311

0.165
0.166
0.171
0.246
0.251

0.106
0.098
0.094
0.072
0.061

+1421

0.050
0.052
0.056
0.049
0.040

+1422

0.096
0.103
0.109
0.105
0.094

+1431

0.140
0.148
0.149
0.090
0.065

&1S41

0.073
0.077
0.080
0.029
0.018

&1SS1

0.031
0.031
0.033
0.010
0.005

and C stand, respectively, for the weighting
factors for the HS structure factor, S„s q, an e s

ture factor of the ath cluster, that is,

S =1+ drg r —1e'~" Q.

Herein, the C's and g satisfy

CHs+ gC =CHs+C, ) gX =1 (4)

aild

h ff ts of icosahedronlike clusters (each con-
sisting o twe vef t lve 1551 atomic bonds pairs) on q .

e ra idlicosahe ron i e cd 1'k clusters do not appear in t e rap' y
tall nouenched Ga liquid" and hence, experimen a y,quenc e a iqu'

' h- side of the second peakshoulder is present on the htg -q si e o
f S( ) for the supercooled Ga liquids or Ga glass. Ac-

cordingly, the S(q) of interest appears to be abe a mixture of
h HS and those atomic clusters,the structure factors of t e an

which contribute i e olittle to the structure factor of the HS,
such as those shown in Fig. 4. In view o this, we now
rewrite Eq. (1) in the form

S(q}=CHsSHs(q)+ g C S (q),

(6)

reater than zero and (ii) the atomic

f X atoms involved in the cluster un ertion for the r,.'s o a om
e estimatedOf the estimated results, those es

'
consideration. e

at T=473 K areresent revalent clusters at
d h t the 6rst peaks of the

q. e
2 usin the appropriate values for and (the pac-

in
'

HS) exhibit such anomalousin density of the H, may
ted in the Introduction. Indeed, thisfeatures as those note in e

be as thoseis the case ig. i~F' 6) 'f C and q are chosen to e as

in able II. In thisres ectively, X~ referring to NfJkI in ab

ion is similar to that of the ath cluster (Ftg. 4).
b'1' fo h ofThe involved ato ms have a proba i i y o

noted in Fig. 4, as indicate y e rthe clusters no e
' 'g.

in Table II, so Eqs. (5) an
(2)S()fo th 1resent study. Having written Eq. , q

ters can be easily estimated using i e eqi} the e uation

& sin(q~r, —r, ~)
S,)

=1+—g'

g(r)=CHsgHs(r)+ yC g r (5)
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