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Ab initio molecular dynamics simulations on a liquid In,(Sng, alloy have been carried out at six different
temperatures from 798 to 1193 K. We have studied the temperature-dependent structure properties, including
binding energy, volume, pair correlation function, coordination number, structure factor, and bond-angle dis-
tribution function. The dynamical and electronic properties have also been studied. The calculated pair corre-
lation function is in agreement with experimental data. A shoulder was reproduced in the high wave number
side of the first peak in the calculated structure factor and the angle distribution function shows two peaks
located at about 53° and 102°, implying the existence of the residual directional bonds of Sn atoms in a liquid
InyoSng alloy. The coordination number of a Sn atom and the first-peak height of the calculated structure factor
decrease more sharply in a low-temperature region from 798 K to 986 K than that in a high-temperature region
from 986 to 1193 K, so there is a noticeable bend at around 986 K in the curves of both coordination number
versus temperature, and peak height versus temperature. In the high temperature region, the most prevalent
atomic bonded pairs are the 1311 type, whereas in the low temperature region, the most prevalent atomic
bonded pairs are the 1551 type. In the middle temperature region (929-986 K), with decreasing temperature,
there seems to exist a steplike increase for 1551-, 1541-, 1441-, and 1431-type pairs and a steplike decrease for
1201-, 1311-, 1321-, and 1422-type pairs. However, the analysis based on the two-state model and the addi-
tional calculation at 963 K show that the change in local atomic structures is continuous, indicating that the

abnormal structure change that happened in liquid In,,Sng is not of first order.
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I. INTRODUCTION

The accurate structural information of liquid is important
for the exact theoretical analysis of physicochemical proper-
ties; however, compared to the well-defined crystalline struc-
ture, understanding the liquid structure has been a challenge
in material science and condensed matter physics. In crystals,
first-order phase transitions induced by pressure and/or tem-
perature constitute a class of phenomena which has been
thoroughly studied both experimentally and theoretically. At
the same time, in liquids, can there be first-order phase tran-
sitions when the pressure and/or temperature changes? A
widely accepted conventional view is that the liquid structure
varies gradually with temperature and/or pressure from the
melting point to the critical point. However, in recent years,
more and more experimental and theoretical evidence sug-
gests that the pressure-induced liquid-liquid phase transi-
tions, characterized by two different densities related to dif-
ferent atomic configurations, happen in some one-component
liquids, including H,O, SiO,, P, Si, Se, C, S, Cs.!-!* For
liquid P, Katayama et al.® succeeded in observing the process
of the transformation from a less dense to a denser liquid
including the coexistence of the two phases by in situ x-ray
diffraction measurements. In a supercooled state of
Al,05-Y,03, Aasland and Mcmillan'> directly observed with
optical microscopy the coexistence of two glassy liquids,
which have completely the same composition but different
density. However, in most cases, the existence of the liquid-
liquid phase transition has been concluded from the indirect
evidences. At the same time, there exists the controversy on
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the liquid-liquid phase transition. For example, recently Wu
et al.'® reported the results of first-principles molecular dy-
namics simulations showing no evidence of liquid-liquid
phase transition in C, in the same temperature and pressure
range where such a transition was found using empirical
calculations.'® Although there have been a number of ex-
amples suggesting liquid-liquid phase transition, it has not
been clarified how universal such a transition is or what is
the condition for it.

Recently, with the revised internal friction method, x-ray
diffraction, and differential thermal analysis (DTA) or differ-
ential scanning calorimetry (DSC), Zu et al. have suggested
that, at hundreds of degree above the liquidus, a temperature-
dependent discontinuous structural change might occur at
ambient pressure in some binary liquids, such as PbSn, PbBi,
InSn, and InBi.!”'® They presented the following evidence:
(i) There is a notable peak in the curve of internal friction
(Q71) as a function of temperature, and the features of this
peak are in agreement with those exhibited during solid-solid
phase transformations verified by previous investigators. (ii)
A thermal absorption peak occurs in the DTA curve at the
corresponding temperature range. (iii) The coordination
number and mean nearest-neighbor distance, derived from
the pair distribution functions, undergo an abnormal mini-
mum. Surprisingly, such a structural transition does not fall
into any other up-to-date recognized structural changes of
liquids. Therefore, no doubt, it is necessary to further con-
firm it by understanding the microscopic atomic structure of
these liquid alloys.

For understanding this counterintuitive liquid-structure
change in In,;Sng, we have performed a quantitative analysis
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based on the results of x-ray diffraction in our previous
paper.'® The quantitative estimation of the viscosity () and
the excess entropy (S) at seven different temperatures shows
that there is a valley of viscosity in the #-T curve and a
valley of excess entropy in the S-T curve, which are consis-
tent with the internal-friction peak in the Q~'-T curve and the
exothermic peak in the DSC curve, respectively. The decom-
position of S into two parts S(1) and S(2) clearly tells us that
the atomic bonds vary twice and the microstructures trans-
form twice in temperature range from 300 °C to 900 °C for
liquid InySng,.

The development of ab initio molecular dynamics simu-
lations makes it possible to study the atomic and electronic
structure of liquid metals and alloys from the first-principles
perspective. Over the past two decades, ab initio simulations
have been performed on many liquids, giving much useful
information about microscopic structure of liquid metals and
alloys.?%-%6 In the present work, by ab initio molecular dy-
namics simulations we mainly investigate the temperature-
dependent structural properties of a liquid In,,Sng, alloy at
six different temperatures from 798 to 1193 K, in hope of
theoretically confirming this counterintuitive behavior as
mentioned above and obtaining some detailed microscopic
structural information on liquid In,,Sngy. The paper is orga-
nized as follows: in Sec. II, we describe the method of our
simulations, the results of our simulations and the corre-
sponding discussion are reported in Sec. III, and a short sum-
mary is given in Sec. IV.

II. COMPUTATIONAL METHODS

Our simulations were performed within the framework of
the density function theory, with the local density approxi-
mation (LDA) to the exchange-correlation energy, and the
valence electron-ion interaction was modeled by the projec-
tor augmented wave (PAW) potential,”’-?® as implemented in
the Vienna Ab initio Simulation Package (VASP).? 5s2 plus
5p' states for In and Ss? plus 5p? states for Sn are treated as
valence electrons. The system, which contains 64 Sn and 16
In atoms, was put in a simple cubic box with periodical
boundary conditions. The I' point was used to sample the
Brillouin zone of the supercell. The electronic wave func-
tions were expanded in the plane wave basis set, with an
energy cutoff of 150 eV. Our microcanonical ensemble
simulations have been performed at 798, 873, 929, 986,
1073, and 1193 K. The temperature-dependent box size was
adjusted to make the variation of the internal pressure within
5 kbar at different temperatures. We believe such a small
pressure variation will not bring significant errors for the
comparison of structural properties at different temperatures.
The Verlet algorithm was used to integrate Newton’s equa-
tions of motion and the time step of ion motion was 4 fs. The
Kohn-Sham energy functional was minimized by the precon-
ditioned conjugate-gradient method.

The initial atomic configuration adopted was a random
distribution of 80 atoms on the grid, which was constructed
by dividing the supercell into 5 X 5 X 5 square segments. Af-
ter a microcanonical simulation for more than 8 ps, we got a
liquid with a very high temperature. Gradually decreasing
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the temperature of the hot liquid and adjusting the box size,
we got a liquid with 798 K, at which the structure of the
liquid was simulated and calculated. To get a higher tempera-
ture sample, we simply scale the velocities of atoms and the
box size. At each temperature, the physical quantities of in-
terest were obtained by averaging over 16 ps after the initial
equilibration taking 8 ps. In order to estimate finite-size ef-
fects, we compare the results of structural properties with
those obtained in a larger system of 120 atoms at 1193 K
(see the figures below). They show the finite-size effects on
the structural properties are expected to be small. The result
of diffusion coefficient in the system of 120 atoms at 1193 K
is 27% larger than that calculated in the system of 80 atoms.
A similar result of diffusion coefficient in liquid Sn was re-
ported by Itami et al.??

III. RESULTS AND DISCUSSIONS

In Fig. 1, we present the calculated temperature-
dependent binding energy and volume of the simulation cell
at different temperatures for liquid In,(,Sng,. Apparently, the
total binding energy decreases monotonically with the in-
crease of the temperature and the volume can be approxi-
mately considered to have a linear relationship with tempera-
ture. It is well known that, at conditions below the critical
point, the thermal expansion coefficient of liquid at constant
pressure is approximately expressed as the following:

1({0V
Bliquid:‘_/ a_T R (1)

where B4 is the thermal expansion coefficient of liquid.
The linear fit, as shown by the solid line in Fig. 1(b), yields
a value of By of 1.085X 107 K=! at 900 K, which is
comparable to that of pure liquid Sn (9.991 X 107> K~! at
900 K),3° indicating that the volume of the simulation cell at
each temperature is valid in our simulations on liquid
In,,Sng. In addition, as can be seen from Fig. 1(b) by the
dotted line, the thermal expansion coefficient of a region at
high temperatures may be larger than that at relative low
temperatures.

In the physics of fluids, the pair correlation function is an
important physical quantity because it is directly measurable
and, in principle, various properties of liquid materials can
be estimated from the pair correlation function when coupled
with an appropriate theory. In a two-component alloy, the
total pair correlation function g(r) is obtained by weighting
the partial pair functions g;(r) with the neutron scattering
length,

2 2
cicibib;
g(r) = E E —lLJ_zgij(”)’ (2)
i1 j=1 (c1b+ b))

where the neutron scattering lengths are b;,=4.065 and by,
=6.225;3! ¢; and c; are their number concentrations, respec-
tively. g;;(r) is calculated by the following definition:
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FIG. 1. Calculated properties of a liquid In,oSng alloy at different temperatures: (a) total binding energy for 80 atoms (64 Sn+ 16 In); (b)
the volume of the simulation cell, the dotted line is a guide to the eye and the solid line is a curve fit obtained assuming a linear behavior.

gij(") =

1
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where py is the average number density of the liquid, r;; is
the interatomic distance between atom i and j. Using the
atomic coordinates from the molecular dynamics simula-
tions, the total pair correlation functions of liquid In,ySng,
shown in Fig. 2(a), were calculated at six different tempera-
tures ranging from 798 to 1193 K. As can be seen from Fig.
2(a), the characteristic feature of g(r), i.e., large value or “flat
shape” between the first peak position and the second one,
and an asymmetry of the first peak, were reproduced in our
simulations. But no obvious shoulder appears at the right
side of the first peak. The first peak position of the total pair
correlation function is around 0.313 nm, which is in good
agreement with the experiment value 0.315 nm at 923 K.’
As can also be seen, the positions of the first and the second
peaks are not sensitive to temperature, but the heights of
them decrease with the increase of temperature. The partial
pair functions gg, 5,(r), gsuim(r), and g, (r) were also cal-
culated according to Eq. (3). The partial pair correlation
functions between Sn atoms at different temperatures are
plotted in Fig. 2(b). The first peak position of gg,.,(r) is
around 0.31 nm, which is slightly longer than that of pure
liquid Sn (0.30 nm),*? and almost invariable with the varia-
tion of temperature. The heights of the first and the second
peaks decrease with increasing temperature. The partial pair

correlation functions between Sn and In atoms are shown in
Fig. 2(c). The first peak position of gg,,(r) is around
0.315 nm and there is almost no shift with temperature. The
height of the first peak decreases with the increase of tem-
perature and the same to that of the second one. The partial
pair correlation functions between In atoms at different tem-
peratures are also shown in Fig. 2(d). Because of the rela-
tively small number of In atoms, the statistics for the g, ;,(r)
are not good, but we can see a maximum around 0.315 nm,
which is close to the experimental value 0.31 nm for pure
liquid In. In addition, as shown in Figs. 2(a)-2(d) the com-
parison of results between 80-atom and 120-atom systems
indicates that the finite-size effect is much smaller.

According to the partial pair correlation functions given
above, the average coordination numbers can be obtained by
the integration of the g;;(r) to its first minimum,

Rcumff )
Njj= . 4mr Pjgij(”)d”a 4)

where p;=pyc; is the partial number density of the atom j.
Here, the cutoff distance R, is taken to be 0.44 nm, cor-
responding to the position of the first minimum of the pair
correlation functions. Figure 3 plots the average coordination
number of a Sn atom (Ng,=Nyg,.s,+Ns,.;,) as a function of
temperature. Apparently, the average coordination number of
a Sn atom decreases monotonically with the increase of the
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FIG. 2. Pair correlation functions of liquid In,;Sng, at different temperatures (open circles for a 120-atom system). (a) Total pair
correlation function; (b) partial pair correlation function for Sn-Sn; (c) partial pair correlation function for Sn-In; and (d) partial pair

correlation function for In-In.

temperature, no valley appears as in Fig. 1(c) of Ref. 17, but
we can also find that it decreases more strongly in the low
temperature range (from 798 to 986 K) than that at higher
temperatures (from 986 to 1193 K), resulting in a noticeable
bend between 929 and 986 K.

The structure factor, S(Q), is also an important physical
quantity. In a two-component alloy, the partial structure fac-
tor S;;(Q) can be obtained by the Fourier transformation of
gij(r ),

MI’Z a’r,

5
or (5)

Si(Q) =6+ 4’”’P0f [gi(r) - 1]
0

where i and j denote the two components of the binary alloy
and p, is the average number density. The total structure
factor S(Q) is expressed as a linear combination of the three
partial structure factor S;;(Q) normalized by the scattering
lengths of the elements in the alloy,

2

2
NOEID ;

29i
i=1 j=1 (c1by +c3by)

where the neutron scattering lengths (b;, and bg,) are the
same as defined in Eq. (2); ¢; and c; are their number con-
centrations, respectively. The total structure factors of liquid
In,oSng, alloy, shown in Fig. 4(a), were calculated at six
different temperatures from 798 to 1193 K. It can be easily
found that a shoulder is reproduced clearly in the high-Q side
(around Q=28 nm™!) of the first peak. As mentioned in Ref.
22, due to the fragment of the tetrahedral unit remaining in
liquid Sn, a shoulder appears at around Q=28 nm™' in S(Q)
of liquid Sn. Thus, our present result confirms that the direc-
tional bonds of Sn atoms partially remain in liquid In,;Sng.
The positions of the first peak and the second one seem not
sensitive to the variation of temperature. Figure 4(b) plots
the first-peak height of the structure factor as a function of
temperature. As one can expect, the height of the first peak
becomes lower and lower with the increase of temperature.
However, in the low temperature region from 798 to 986 K,
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FIG. 3. Temperature dependence of the coordination numbers
for a Sn atom (open square for a 120-atom system).

the peak height drops more sharply, compared to the high
temperature region from 986 to 1193 K. In other words,
there is a noticeable bend at around 986 K in the curve of
peak-height versus temperature, indicating that an abnormal
structural change may occur at around 986 K in a liquid
InyoSngq alloy. This is consistent with that found in the aver-
age coordination number of a Sn atom (as shown in Fig. 3).

The bond-angle distribution function gs(6), as one type of
three-body distribution function, was calculated from the
atomic configuration obtained by our simulations. The angle
noted in g3(6) is formed by a pair of vectors drawn from a
reference atom to any other two atoms within a sphere of a
cutoff radius r.,,s Due to the directional bonds of Sn atoms
partially remaining in liquid In,ySng,, it may provide more
detailed information about the microscopic structure of lig-
uid In,,Sng,. Figure 5 gives the total bond-angle distribution
function g5(6) of liquid In,,Sngy at six different temperatures
with the bond length r.,,;=0.44 nm. One can easily find
that the bond-angle distribution function shows two peaks.
For the first peak, its position is around 53°, invariable with
the variation of temperature; but its height decreases with
increasing temperature. The second peak is located around
102°, neither its position nor its height varies with increasing
temperature. It is well known that when the interatomic in-
teraction is isotropic and the atoms are packed in a closed-
packed form, the g3(6) should show peaks around 60° and
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FIG. 4. (a) The total structure factor S(Q) of the simulated liquid
InyoSngg at different temperatures; (b) temperature-dependent height
of the first peak in S(Q) of the simulated liquid In,,Sng, (open
square for a 120-atom system).

120°. On the other hand, in the covalent bond crystal of
diamond type with anisotropic interactions, it should show
the tetrahedral bond angle of 109°. Therefore, here, the 53°
peak indicates a feature of the typical simple liquid structure,

0.00 A A | v T T T T T
0 20 40 60 80 100 120 140 160 180
6 (degree)
FIG. 5. Bond-angle distribution function of liquid In,oSng, at
different temperatures. The two dotted lines denote the location of
two peaks.
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but the second peak may be related to a complex local struc-
ture due to anisotropic interactions or an incomplete tetrahe-
dral unit remaining in liquid In,ySngy,.

To obtain more detailed information about the local
atomic structure of the liquid In,(Sng, alloy, we use the pair
analysis technique. The pair analysis technique, which was
used by Blaisten-Barojas®? for decomposing the first two
peaks of the pair correlation function and generalized by
Honeycutt and Andersen,?® has been widely used to monitor
liquid, glass, and crystalline structures.> In this technique
pairs of atoms can be classified by the relationship among
their neighbors with four indices of integer. The first integer
indicates whether the considered atomic pair is closer than a
specified cutoff distance, chosen to be the nearest-neighbor
distance determined by the first valley in the pair correlation
function. Such atomic pairs are referred to as neighbors or,
equivalently, are considered to form a bond. If the pair is
bonded, the first integer is 1, or else, 2. The second integer is
the common-neighbor number of the considered pair; the
third represents the number of bonds among the common
neighbors; the fourth is used to distinguish the atomic pair
when the former three integers are not sufficient. A relative
number of different types of pairs are normalized so that the
total number of those pairs is unity. By counting all kinds of
types of atom pairs, each of the various phases of a bulk
system has its own signature that characterizes its local
structure.>® The 1421-type pair represents a fcc-like local
structure, the 1422-type pair characterizes a hexagonal-close-
packed-like (hcp-like) local structure, the 1441-type and
1661-type pairs characterize a body-centered-cubic-like
(bee-like) local structure, the 1551-type pair characterizes a
icosahedronlike local structure, and the 1541-type and 1431-
type pairs characterize the defect and disorder local
structure.?*3% Note that, in our simulated liquid Iny,Sng, the
meaning of 1551-, 1541-, and 1431-type pairs may be a little
different from that in simple liquid metal such as liquid Al
and Cu, see the discussions below. Of the results obtained for
different atomic bonded pairs, those that merit emphasis are
summarized in Fig. 6. From this figure we can see that (i)
With lowering temperature, a large increase occurs in the
number of 1551-, 1541-, 1441-, and 1431-type pairs,
whereas, a large decrease occurs in the number of 1201-,
1311-, 1321-, and 1422-type pairs. On the whole, those pairs
pertaining to the relatively close-packed structure increase in
the number with the decrease of temperature. (ii) In the high
temperature region, the most prevalent atomic bonded pairs
are the 1311 type, whereas in the low temperature region, the
most prevalent atomic bonded pairs are the 1551 type. (iii)
Compared with the high and low temperature region, in the
middle temperature region (929-986 K), all pairs seem to
increase or decrease much more strongly, thus, there seems
to exist a steplike increase for 1551-, 1541-, 1441-, and
1431-type pairs and a steplike decrease for 1201-, 1311-,
1321-, and 1422-type pairs, implying that the liquid structure
may change abnormally between 929 and 986 K.

In recent experiments, Zu et al.'” found in liquid In,,Sng,
that, there is a clear peak at 973 K in the curve of internal
friction versus temperature. Corresponding to the peak of the
internal friction, a remarkable valley appears abnormally
around 973 K for the mean nearest-neighbor distance and the
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FIG. 6. Relative number of those main atomic bonded pairs as a
function of temperature (see text for the data shown by gray sym-
bols at 963 K and gray symbols at 1193 K for a 120-atom system).

coordination number, which vary only slightly with tempera-
ture before and after the valley, and the size of short-range
orders and the ordering degree decreased abruptly at about
1030 K. This finding suggests a temperature-dependent dis-
continuous structural change could occur in liquid In,ySng.
Our present ab initio simulation shows that, the first-peak
height of S(Q) and the coordination number of a Sn atom
decrease more sharply in a low-temperature region from
798 to 986 K than that in a high-temperature region from
986 to 1193 K; with the decrease of temperature there exist
a steplike increase for 1551-, 1541-, 1441-, and 1431-type
pairs and a steplike decrease for 1201-, 1311-, 1321-, and
1422-type pairs around 929-986 K. These results are in
good agreement with the Zu’s experimental observation, im-
plying that an abnormal structural change may occur around
986 K in a liquid In,,Sng, alloy.

Recently, Tanaka'4 presented a general view of a liquid-
liquid phase transition on the basis of his proposed two-state
model. The two-state model means that there always exist
two competing orderings in any liquid: (i) density ordering
leading to crystallization (long-range ordering) and (ii) bond
ordering favoring a local symmetry (medium-range ordering)
that is usually not consistent with the crystallographic sym-
metry. The former is characterized as the state of normal-
liquid structures (j=p) and the latter is denoted as the state of
locally favored structures (j=S). E s Ujis and g;jare the energy,
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specific volume, and degeneracy of the j state, respectively.

This model tells us that Eg<E, and gg<g,. The free energy
is14.36

f(S) = SEg+ (1 = S)E, + [Svg+ (1 = S)v, P

S
+ kgT| SIn — + (1 = 8)In
8s gp

+JS(1-5), (7)

where T is the temperature and P is the pressure. J expresses
the cooperativity of excitation and J >0, which indicates the
excitation of the same type of structures as its neighbor is
energetically more favored than that of the different type.
The local structures are “cooperatively” excited in the sea of
the background structures (normal-liquid structures) and
their number density increases upon cooling since Eg<E,,.
The equilibrium value of S can be straightforwardly ob-
tained, if the cooperativity term containing J in Eq. (7) is
neglected, from the condition df/dS=0 as

(8)

TS S ? exp ﬂ[(Ep—ES) - (US—UP)P],

p

where B=1/kpT. As shown in Fig. 6, with lowering tempera-
ture a large increase occurs in the number of 1551-, 1541-,
and 1431-type pairs, and there exists a steplike change in
these local atomic structures around 929-986 K. In liquid
InyoSng, the existence of the short-range order with a tetra-
hedral unit is evidenced by the shoulder in the high wave
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number side of the first peak of the structure factors shown in
Fig. 4(a) and the peak located around 102° in the bond-angle
distribution function shown in Fig. 5. The 1551-type pair,
corresponding to two neighboring atoms with five common
neighbors that form a pentagon of near-neighbor contacts,
can be regarded as five tetrahedra organized around a com-
mon neighboring pair. Similarly, the 1541-type pair and the
1431-type pair can be regarded as five and four tetrahedra
with some distortion. Therefore, the tetrahedral symmetry
and the number of tetrahedra are enhanced through the in-
crease in the abundance of 1551-, 1541-, and 1431-type pairs
with lowering the temperature. Here, we analyze the tem-
perature dependence of the relative number of 1551-type
atomic bonding pairs, which is selected as an approximate
estimation of the population of tetrahedral units (locally fa-
vored structures), namely, S in Eq. (8). We fit an exponential
function like Eq. (8) to the temperature dependence of the
relative number of 1551-type atomic bonding pairs. We find
the exponential curve fitting is good, indicating that the
structural transition (suggested by the steplike change in the
local atomic structures shown in Fig. 6) is in agreement with
the prediction of the two-state model without cooperativity.
As is well known, it requires cooperativity that the first-order
discontinuous liquid-liquid transition takes place. So, we
would conclude that the presently observed abnormal
structure-change in liquid In,ySng, is not of first order. In
order to corroborate this, we have performed another simu-
lation of liquid In,,Sng, at 963 K. The obtained data of the
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coefficient, D, of a Sn atom in liquid In,;Sng, as a function of temperature, 7 (open square for a 120-atoms system).
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1193K

Density of State

FIG. 8. The total and local
electronic density of states for lig-
uid InypSng, at 798 K (left panel)
and 1193 K (right panel).

E-EF(eV)

local atomic structures at 963 K are also presented in Fig. 6.
From this figure, we can see that the change in local favored
structure units around 929-986 K seems to be continuous,
though the related atomic bonding pairs increase or decrease
much more strongly in the temperature range 929-986 K
than in both low and high temperature ranges. Therefore, it is
not of first order that the abnormal structural change around
986 K occurs in a liquid In,ySng, alloy.

During ab initio molecular dynamics simulations, the in-
formation of microscopic atomic motion can also be ob-
tained. The diffusion behavior of Sn atoms in liquid In,;Sngg
has been studied by calculating the time-dependent mean-
square displacement (MSD), defined in the following way:

G
(Arg(0) =~ Dt +10) =7t ). (9)

a \ i=1

where the summation goes over all N, atoms of species a, 7;
is the coordinates of atom i, 7, is an arbitrary origin of time,
and the angular brackets denote an average over all possible
time origins. As is well known, in liquid state, the MSD is
linear with ¢ in the limit of large time and the slope is pro-
portional to the diffusion coefficient (D) according to the
so-called Einstein relationship,

(Ar(H* — 6Dt + C, (10)

where C is a constant. Figure 7(a) shows the MSD for Sn
atoms at six different temperatures from 798 to 1193 K. The
MSD always increases with time, this being consistent with
the generalized Einstein model in which the atom in a cage,
formed by its surrounding atoms, oscillates about a center
which itself is undergoing Brownian motion. This also con-

5 0 5

E-EF(eV)

firms that our sample is well in liquid state. According to Eq.
(10), we can easily calculate the diffusion coefficients of Sn
atom (Dyg,) at different temperatures. As shown in Fig. 7(b),
the natural logarithm of Dy, is plotted as a function of the
reciprocal of temperature (1/7). The diffusion coefficients at
798 and 1073 K are in good agreement with the result of
first-principles molecular dynamics simulation for pure lig-
uid Sn.?? It can be approximately considered that the natural
logarithm of Dyg, has a linear relationship with 1/7, i.e., the
temperature-dependent diffusion coefficient of Sn atom fol-
lows the Arrhenius relationship:

where Ej, is called the activation energy, D, is the preexpo-
nential factor, and kp is the Boltzmann constant. By a linear
fit of In(Dy,) via 1/T, the obtained E;, and D, are 0.16 eV
and 3.68 X 107 cm? s™!, respectively for a Sn atom.

The microscopic atomic structure is correlated with the
electronic structure. So we have also studied the electronic
density of state (DOS) and the local density of states
(LDOS), i.e., the DOS for each atomic species is decom-
posed into angular-momentum-resolved contributions. By
projecting all the wave functions in a sphere of radius R
around atom i onto the spherical harmonic (/,m), we ob-
tained the (/,m) angular momentum component of the atom
i. For a binary system, there is no unambiguous way to de-
fine the value of the sphere radius R and several choices are
possible. Here, we have used the covalent radius of atoms,
Rg,=0.141 nm and R;,=0.144 nm. The calculated DOS and
LDOS of liquid Iny,Sngy at 798 K and 1193 K are repre-
sented in Fig. 8. We can see that there are four main peaks
located near —8.5, —6.3, —1.3, and +1.0 eV in DOS. From
LDOS, we can see that the peaks near —8.5 eV and —6.3 eV
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in DOS mainly result from an Sn (s) orbital and an In (s)
orbital. The In-Sn bonds mainly result from the overlaps be-
tween the In (p) orbital and the Sn (p) orbital in which bond-
ing and antibonding orbitals locate at —1.3 eV and +1.0 eV,
respectively. As can also be seen, with the increase of the
temperature to 1193 K, the gap at Fermi level becomes more
shallow than that at 798 K, and the boundary between the
bonding and antibonding states becomes more unclear.

IV. CONCLUSIONS

In summary, ab initio molecular dynamics simulations
were performed for liquid In,;Sng, by using the cell size of
80 atoms. The structure properties of a liquid In,ySng, alloy
and its temperature dependence have been studied at con-
stant pressure. The volume has an approximate linear rela-
tionship with temperature and the thermal expansion coeffi-
cient is 1.085Xx 10~ K~! at 900 K, which is comparable to
that of pure liquid Sn (9.991 X 107> K~! at 900 K). The pair
correlation function, average coordination number, structure
factor, and bond-angle distribution function at each tempera-
ture have been calculated. The calculated pair correla-
tion function is in good agreement with experimental data.
The existence of a shoulder in the high-Q side (around

PHYSICAL REVIEW B 73, 024201 (2006)

Q=28 nm™!) of the first peak in the structure factor, along
with the appearance of the peak at 102° in the bond angle
distribution function, indicates that the residual directional
bonds of Sn atoms exist in a liquid In,ySng, alloy. There is a
noticeable bend at around 986 K in the curves of the first-
peak height of S(Q) and the average coordination number of
a Sn atom versus temperature, respectively, together with the
behavior of the steplike change for some atomic bonded
pairs, indicating that an abnormal structural change may oc-
cur around 986 K, which is qualitatively in agreement with
experimental observation. However, the analysis based on
the two-state model and the additional calculation at 963 K
show that the change in local atomic structures is continuous,
indicating that the abnormal structure change that happened
in liquid In,,Sngg is not of first order.
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