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Abstract

By applying ab initio molecular dynamics simulation to liquid CugSns alloy, the
hetero-coordination tendency is discovered by Bathia—Thornton partial correlation functions
and a chemical short-range parameter. However the local structural environment of Sn in
[-CugSns alloy resembles that of liquid Sn by Voronoi analysis. A new feature, i.e. a subpeak in
between the first and second peaks, is discovered by the present method which implies that
topologically disordered B-Sn-type structural units may exist in /-CugSns alloy. The local
density states of electrons show that both Cu—Sn and Sn—Sn bonding exist in /-CugSns alloy.
This work suggests that chemical short-range order between unlike atoms and self-coordination

between Sn atoms coexists in /-CugSns alloy.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In 1966, Enderby et al [1] determined the partial structural
functions of liquid Cu¢Sns alloy by using the technique of
neutron diffraction with isotopic substitution. Then in 1970,
North et al [2] performed x-ray scattering experiments to get
the partial structural functions of /-CugSns alloy by assuming
that the partial structural functions are independent of atomic
concentration. The x-ray absorption fine structure (XAFS)
technique was also applied to the investigation of the local
structure of [-CueSns alloy [3], by which it is found that
the shape of the gcuycu() and gsnsn(r) is affected by the
presence of unlike atoms and therefore the assumption of
the independence of atomic concentrations as the basis of
previous XRD studies [2] is not fully justified. However, XAFS
experiments are not sensitive to the structure beyond the first
coordination shell.

Recently, the structure of [-CusSns alloy was again
studied by Kaban et al [4] through applying reverse Monte
Carlo (RMC) simulation on the data from x-ray and neutron
diffraction. On the one hand, a slight tendency to self-
coordination was suggested based on partial coordination
number analysis. However, on the other hand, by applying
the micro-inhomogeneous model, a CuzSn-type cluster is
suggested to be one of the basic alloys existing in /-CugSns
alloy. Cu3Sn is an intermetallic compound which has a much
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higher melting temperature than the intermetallic compound
n’-CugSns [5]. This means that micro-heterogeneous clusters
exist in [-CugSn;s alloy. These two avenues are seemingly in
conflict with each other.

In 1’-CugSns, from 0.263 to 0.286 nm, an Sn atom may
have Cu atoms with as many as 20 kinds of Sn—Cu distances,
while Sn atoms have the shortest Sn—Sn distance of about
0.331 nm. From 0.254-0.272 nm a Cu atom may have other
Cu atoms with as many as 6 kinds of Cu—Cu distances. The
shortest Sn—Cu distance (0.263 nm) is much less than the
average of the shortest distances of Cu—Cu (0.254 nm) and
Sn—Sn (0.331 nm). This means that there exists a strong
affinity between some Sn and Cu atoms. Though the crystalline
structure is very complex, especially in the case of the Sn local
environment, some Sn atoms are preferentially coordinated by
Cu atoms.

After melting, such a characteristic may persist into the
liquid state. Furthermore, in research works [1-4] on [-
CueSns alloy the atomic distance between unlike atoms is
obviously shorter than the mean of the two like-atom distances.
This phenomenon also implies that the affinity between unlike
atoms is rather strong and seems to be incompatible with the
self-coordination preference found in [4].

By checking the existing experimental results we find that
the structure of liquid CugSns alloy may be more complex

© 2009 IOP Publishing Ltd  Printed in the UK
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than expected and needs to be investigated further by other
methods. Ab initio molecular dynamics (AIMD) simulations
have been widely employed to investigate the structure of
different kinds of liquid alloys. For example, though there were
experimental partial pair correlation functions (PCFs) of liquid
AlgoNiyg alloy, recently the application of AIMD simulation
on such an alloy provided a clear picture of the icosahedron’s
clusters [6]. Apart from the published experimental results
on [-CueSns alloy by different techniques, the application of
AIMD simulation is then expected to supply detailed local
structure information alternatively.

This paper was arranged as follows. Section 2 describes
the details of our AIMD simulations, in section 3 we firstly
compare the calculated pair correlation functions of liquid Cu
and Sn with the experimental results, and then present our
structural analysis on /-CueSns alloy. Section 4 shows the local
structural character by Voronoi analysis on /-CugSns alloy.
Section 5 is about the electronic structure of liquid CugSns
alloy. The dynamical properties of /-CugSn;s alloy are included
in section 6. Section 7 is a summary.

2. AIMD details

The AIMD simulations were carried out using the most recent
version of the Vienna ab initio simulation package (VASP) [7]
in which the interactions between the ions and electrons
are described by the projector augmented-wave method [8].
Simulations were performed using a gradient-corrected energy
functional [9]. The plane-wave basis set contained components
with energies up to about 273 eV. A cubic cell containing 77
atoms with periodic boundary condition was used to simulate
the liquid system. We employed the density 48.8 nm™3,
34.3 nm~ and 74.9 nm~3 for liquid CusSns alloy, liquid Sn
and Cu, respectively. For liquid CusSns alloy, the pressure of
the system is about —8.6 kBar at 913 K. Only the I'-point was
used to sample the supercell Brillouin zone.

All the dynamical simulations were carried out in the
canonical ensemble (NVT) through a Nosé [10] thermostat
with a characteristic frequency equal to 52 ps~!. Newton’s
equations of motion were integrated using the Verlet algorithm
with a time step of 3 fs. For liquid Cu, Sn and CueSns alloy,
the systems were simulated at 7 = 1473 K, 873 K and 913 K
for 9 ps, respectively. The partial PCFs are evaluated by
equation (1) from the configurations which span the last 6 ps:

N, Ng
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The partial structure factors are updated according to
equation (2), and then the total structure factor of Faber—Ziman
type is calculated through equation (3):
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Table 1. First peak positions of g,s(r) by different methods.

Methods Fcucu (NM) Tcusn (M) T'snsn (NM)
AIMD 0.253 0.270 0.326
X-ray [2]  0.260 0.269 0.315
XAFS [3] 0.253 0.267 0.307
RMC [4] 0.26 0.26 0.32

In equations (1)—(3) c¢g and N, are the concentration and
atomic number of the Ath and ath elements in the alloy,
respectively. pg is the averaged number density of the liquid
CueSns alloy. 7y, is the position vector of the puth atom of the
ath element. f,(Q) is the x-ray scattering factor of the ath
element. The brackets (- - -) here denote the time average. The
partial coordination numbers are evaluated by equation (4):

Ny = / drrrics pogas (r) dr 4)
0

where N4 means that there are N,g atoms of the Bth element
around an atom of the oth element on average. rp, is the
location of the minimum in between the first and second peaks
in gop(r). The Bathia—Thornton (BT) partial PCFs are then
evaluated through equations (5)—(7) [11]:

g (r) = cgugcucu(r) + €3,8snsn () + 2¢cuCsngcusn(r) (5)

gcc(r) = ccuCsnlgcucu(r) + gsusn(r) — 2gcusn(r)]  (6)

gnc(r) = cculgcucu(r)—gcusn () 1+Csnlgsnsn () —&cusn (1) 1.
(7

3. Structural functions of /-Cu, /-Sn and /-CugSns
alloy

To verify the reliability of the AIMD simulation on /-CugSns
alloy, we first performed AIMD simulations on both /-Sn and
[-Cu. In fact, Cu and Sn have rather different liquid structures.
The structure of /-Cu can be simply modeled by hard sphere
packing [12], while /-Sn has a rather complex structure with a
shoulder at the right of the first peak in the structure factor [13].

The calculated PCFs of both /-Sn and /-Cu are shown in
figure 1 with the corresponding experimental curves [12, 13]
for comparison. In general, the calculated g(r)’s of both [-Sn
and [-Cu fit well with the experimental ones. For /-Sn, the first
peak position of the experimental curve at 0.312 nm is well
reproduced by AIMD simulation at 0.310 nm, while, for /-Cu,
the first peak of g(r) at 0.247 nm agrees well with the peak
in the experimental curve at 0.250 nm. This indicates that the
AIMD simulations can be applied in Cu—Sn alloys.

The static structure factors of /-CugSns alloy are shown in
figure 2. The first peak of Ssnsn(Q) is more diffused than that
of Scucu(Q) and Scyusn (Q). The total structure factor by AIMD
is in good agreement with the experimental curve [4].

Then, we depict the calculated gog(r) (o, B = Sn,
Cu) with those by experiments in figure 3 and the first peak
positions of these curves are compiled in table 1.

Firstly, it is helpful to compare these parameters given
by AIMD simulation with those of the crystalline phase. We



J. Phys.: Condens. Matter 21 (2009) 155106

J Qin et al

—o=—Cu fromref.12

g

—o—Sn from ref.13
Sn AIMD

Figure 1. PCFs of both /-Sn and /-Cu by AIMD simulations and
experiments [12, 13].

3 Total structure factor
2}
1F
ol
-1 L L L L L
0 2 4 6 8 10 12

0/10nm™

Figure 2. The static structure factors of liquid CueSns alloy by
AIMD simulation.

can show that the coordination shells separated by nearest
distances in the crystalline phase should merge into a diffused
coordination shell in the liquid state. The nearest Cu—Cu
distance in the crystalline state is 0.254 nm, very close to the
value 0.253 nm in the liquid state. For the Sn—Cu distance its
mean value in the crystalline state is 0.274 nm, while in the
liquid state it is 0.270 nm. The Sn—Sn distance in the liquid
state is 0.326 nm, which is comparable with the shortest Sn—
Sn distance of 0.331 nm in the intermetallic compound.

From table 1, we find that rcysy, equals reycy 1S @
remarkable feature of the results by RMC. Generally, when two
metal elements form an intermetallic compound the unlike-
atom distance is often smaller than half of the sum of the two
like-atom distances, but does not equal any of them. Our results
on the atomic distances resemble those of XAFS in both rcyucy
and rcysn- The reysy by AIMD simulation is about 6.3% shorter
than the arithmetic mean of the rcycy and rsys,. This also
implies that Cu—Sn bonding exists in liquid CusSns alloy, but
its strength would not be as strong as that revealed by RMC.

oo A Xray by North et al
L ® RMC by Kaban et al
A = AIMD

== = XAFS by Trapananti et al|

r/0.1nm

Figure 3. Comparison of PCFs of [-CusSns alloy by different
methods (curves except for AIMD simulation are digitized
from [2-4]).

Secondly, we pay attention to the profiles of these curves.
For gcucu(r) and geusn(r) the four curves fit each other rather
well beyond the first minimum. In the region of the first
peak, the curve by RMC has the smallest rcys, and the largest
rcucu among the four curves [4], while AIMD simulation
results in reasonable rcycy and reys, compared with those from
experiments. The largest heights in both gcucu (7)) and geusn ()
are given by RMC and AIMD simulation, respectively.

However, there is an apparent discrepancy in the profile
of gsnsn(r) between calculated and experimental results. For
gsnsn(7), RMC gives the same first peak position as XAFS [3].
The curve by North et al [2] has a little larger first peak position
but nearly the same height as XAFS. AIMD simulation has a
first peak position near that by North e al, but has the most
diffused and asymmetric first peak.

At 0.628 nm in gsnsn(7) by Noth et al the second peak
was located. XAFS did not extend the curves beyond about
0.38 nm. AIMD simulation reveals a second peak at about
0.66 nm, associated with a subpeak at about 0.52 nm which
has not been discovered by other methods.

In order to verify whether the subpeak is a structural
characteristic or an artificial peak, we performed other
simulations for /-CugSns alloy at 2073 K with the same density
as at 913 K, and for [-CugsSns (at 1223 K) and /-Cu;5Sngs
(at 803 K) alloys. The gsnsn(r)’s are then plotted in figure 4
together with that of /-CugSns alloy at 913 K. We find that, at
much higher temperatures, the position of the subpeak is hardly
changed, but its height is enhanced relatively. The subpeak
is even more pronounced in [-CugsSnis alloy, but hardly
perceived in /-Cu;sSngs alloy. This implies that the subpeak
between the first and second peaks in gspsn(r) is indeed a
structural feature of /-CugSns alloy. Here we provide only
a straightforward explanation for this phenomenon. Detailed
surveys on the composition dependence of the structure of
liquid Cu-Sn alloys are to be carried out soon. Since the
partial coordination numbers Ng,s, are found to decrease as the
content of Sn decreases, while they decrease with increasing
temperature, we think that in /-Cu—Sn alloys when the Ngpsy
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Figure 4. Comparison of PCFs of /-CusSns alloy at different
temperatures with that of /-Cu;sSngs and /-CugsSn;s alloys.
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Figure 5. Comparison between PCF of /-Si and gsus, () of [-CugSns
alloy.

is smaller, the covalent nature of Sn—Sn correlation becomes
more important.

We have also tested whether the energy cutoff of the plane
wavefunction sets and the spin of the electrons would influence
the subpeak. If the energy cutoff is changed to 1.2 times
273 eV, no obvious difference is observed in the structural
patterns. Also little difference has been made to the subpeak
and the whole profile of the partial PCFs by considering the
spin of the electrons.

Up to now, there are some research works on the structure
of liquid Si [14-16] and liquid Sn [17, 18]. In general it is
thought that covalent bonds partially exist in both /-Si and /-
Sn, and that 8-Sn local structure is employed to model both /-
Si and /-Sn. To get more insight into the partial structure of Sn
atoms in liquid CueSns alloy, it is useful to compare gsnsn(r)
with g(r) of [-Si [14] as shown in figure 5, in which each
PCF is rescaled on its horizontal axis by its first peak position
(termed ry in figure 5).

We find that both the ggnsn(r) and [-Si curves have
a subpeak at nearly the same position »/r; = 1.60.

N
EN
(=]
-]

10
r/0.1nm

Figure 6. The BT partial correlation functions of /-CusSns alloy.

Table 2. Partial coordination numbers of liquid CugSn;s alloy.

o B Tmin M) Ny Rep (%) Nominal (%)
Cu Cu 0.349 474 47.6 54.55
Cu Sn 0377 523 524 45.45
Sn Cu 0.377 6.27 41.7 54.55
Sn Sn  0.460 8.76 583 45.45

According to [15], among several structural models, only the
topologically disordered B-Sn-type structure can produce this
subpeak for liquid Si. In crystalline S-Sn structure [19],
there are coordination shells around r/r; = 1.56, while in
diamond-type silicon the second shell is located at r/r; =
1.63. However, in a diamond-type structure the coordination
number in the first shell should be near 4. Then the
subpeak in gspsn(7) of [-CugSns alloy can be regarded as
the same structural characteristic which was modeled by the
topologically disordered B-Sn-type structural units in /-Si.

Thirdly, we will supply some chemical information on
[-CugSns alloy. According to [4] the [-CugSns alloy has
a self-coordination trend. We tried to examine this topic
by employing the BT partial correlation functions. Here
gnn(r) describes the sites of the scattering nuclei but does
not distinguish between the chemical species that occupy
those sites, gcc(r) describes the chemical ordering and has
positive or negative peaks when there is a preference for
like or unlike neighbors, respectively, and gnc(r) describes
the correlation between sites and their occupancy by a given
chemical species.

The BT PCFs of [-CugSns alloy are shown in figure 6.
gnn(7) shows rather strong topological short-range order with
an asymmetric first peak which results from different atomic
radii of both Sn and Cu. It is interesting to note that gcc (r) has
a negative peak, which implies the chemical short-range order
between unlike atoms.

We further analyze the constitutional proportion of the
three elements in the partial coordination numbers. Here we
define R,p as the ratio of the proportion of the population of
element B in the partial coordination number of element o
and Ryg = Nug/(Nya + Ngg). Such values are compiled in
table 2.
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Figure 7. The population of n-faced polyhedra in /-Sn, /-Cu and
[-CugSns alloy.

In table 2 amongst the nearest neighbors of Sn, the
constitutional proportion of Sn atoms is 58.3%, which is
markedly higher than its nominal values. This suggests that
Sn tends to attract more Sn atoms than a random distribution.
Around a Cu atom, the constitutional proportion of Cu atoms is
47.6%, which is markedly less than its nominal values, which
suggest that there may be less Cu—Cu bonding. But for unlike
atoms the trends are in conflict with each other from both Sn
and Cu sides. Cu tends to have more Sn atoms but Sn tends to
have less Cu atoms. This situation is unusual in liquid alloys to
our knowledge.

We have also calculate the Cargill-Spaepen chemical
short-range order [20] by equation ncusn = Zcusn/Z sy — 1>
in which ZéuSn = cSnZCuZSn/(cCuZCu + cSnZSn)~ In this way,
we get Neusn = —0.055, which means that there is a weak
tendency for compound formation. This is consistent with that
drawn by BT correlation functions.

4. Voronoi analysis

To make clear the local environment of both Sn and Cu atoms
in liquid CueSns alloy, we performed Voronoi analysis [21, 22]
on the configurations from AIMD simulation, and employed a
signature to represent the shapes of the polyhedron: (n3, n4,
ns, ne), i.e. n; is the number of j-sided faces.

As shown in figure 7, pure Cu and pure Sn have similar
distribution via the n-faced polyhedrons, where 7 is the sum of
n; in the signature (n3, n4, ns, ng). However, in liquid CusSns
alloy, the distribution of the partial population of Sn and Cu
atoms differs markedly from that of pure liquid Sn or liquid
Cu. Partial Sn has the same maximum at 12 though the curve
of partial Sn is much lower than that of pure Sn. Partial Cu
has a very different curve from pure Cu. This means that, after
alloying, the population of the n-faced polyhedrons around a
Cu atom is very different from that in pure Cu, while an Sn
atom has a similar distribution with that in pure Sn.

To make the difference clearer, we take signatures of pure
Cu as the reference system to make a comparison with that

J Qin et al
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Figure 8. Comparison of the partial population of the signatures of
Cu in /-CueSns alloy with that of /-Cu.
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Figure 9. Comparison of the partial population of the signatures of
Sn in /-CugSns alloy with that of /-Sn.

of partial Cu in [-CugSns alloy. First we sort the signatures
by populations in descending order, and then pick the same
signatures in the partial Cu signature set. The comparison
is plotted in figure 8. It is found that the difference of the
signature distribution is markedly different.

Then we take the pure Sn signature set as the reference,
the population of the signature of partial Sn in /-CusSns alloy
is investigated, and the result is plotted in figure 9. It is found
that the population of the signature vibrates along that of /-Sn
slightly. They exhibit rather similar behavior.

By Voronoi analysis, it is found that the local structure
of partial Sn in /-CugSns alloy resembles that of /-Sn, while
the local environment of Cu atoms in /-CugSns alloy is largely
different from that in /-Cu.

5. Electronic structure

In order to understand the bonding character in /-CugSns alloy,
its local densities of states (LDOSs) have been calculated.
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Figure 10. Local density of states of both Cu and Sn atoms in liquid
CueSns alloy.

In figure 10 only parts of the PDOS of both Cu and Sn
atoms in liquid pure elements and liquid alloy were plotted.
We neglect the other PDOS since either they are very small or
they have plain changes compared with those in the liquid pure
elements. We observe that at about —1.7 eV the characteristic
of the s—p hybridization of Sn atoms in /-Sn is still visible in
[-CugSn;s alloy, while such a characteristic at about —6.6 eV
is invisible in the liquid alloy. For s electrons of Sn atoms the
peak at —8.5 eV is enhanced, perhaps due to their interaction
with the s electrons of Cu. After alloying with Cu, a significant
change takes place in the PDOS of p electrons of Sn atoms.
A single peak at —1.5 eV has been split into double peaks at
—1.7 and —4.0 eV where the main peak is located. This is
correlated with the marked change in the PDOS of d electrons
of Cu atoms in /-CusSns alloy and manifests the hybridization
between p electrons of Sn atoms and d electrons of Cu atoms.

Overall Cu—Sn and Sn—Sn bonding is found in /-CugSns
alloy. We think that the electron density distribution of the Sn
atoms is markedly modified by alloying with the Cu atoms;
then the Sn—Sn bonding nature changes from more metallic in
[-Sn to more covalent in /-CusSns alloy.

6. Dynamical properties

Firstly, we studied the diffusion of atoms in the liquid
by calculating the time-dependent mean-square displacement
(MSD) defined in the usual way for species « as

1
(Ar(1)?) = N—<Z IFai (1 + 10) = Fosi (ro>|2>, ®)
YA

where the sum goes over all N, atoms of species «, fy is an
arbitrary time origin and the angle brackets denote a thermal
average or equivalently an average over time origins. The MSD
over time is plotted in figure 11.

For diffusing liquids the MSD is linear in ¢ for large time,
and the slope is proportional to the diffusion coefficient D, of
species o:

(Ar(t)?) = 6Dyt + By, )

Cu Sn

<Ar () *>
w

0 " 1 " 1 "
0 1 2 3 4

t/ ps

Figure 11. The time dependence of the MSD of atoms in /-CusSns
alloy.

where B, is constant. The unit of the diffusion coefficient in
this paper is 107> ¢cm? s™'. For Cu atoms the present work
gives 2.45; unfortunately, we cannot find the corresponding
experimental value for /[-CusSns alloy. For Sn atoms Dy, is
1.60 (913 K), which is much less than its experimental value
of 7.5 (1073 K) [23].

To verify the calculated results, we evaluate the viscosity
of [-CugSns alloy by using the relationship with the diffusion
coefficient through the Stokes—Einstein equation:

_ ksT
" 2xaD’

where D = (Dcy + Dsn)/2 and a is the effective ‘diameter’
of the diffusing particles. We define the particle size a as the
average value of the nearest-neighbor distances of Cu—Cu, Cu—
Sn and Sn—Sn from table 1 which results in 0.283 nm. The
calculated viscosity of /-CugSns alloy is 3.4 mPa s, which is in
good agreement with its experimental value ~3.25 mPa s [24].

We also evaluate the diffusion coefficients for both /-Sn
and /-Cu and compared them with those from the literature.
The present work gives Ds, and D¢, as 4.1 (873 K) and
3.6 (1473 K), respectively, for /-Sn and [-Cu. The available
Dsy,’s for [-Sn are 5.5 (825 K) [25], 3.0 (573 K) [17] and
3.6 (873 K) [18]. Dcy is found to be 3.97 for /-Cu [26]. By
comparison we think that our results on Ds, and D¢, for [-Sn
and /-Cu are reasonable.

More detailed information about the single-particle dy-
namics can be obtained by studying the velocity autocorrela-
tion function defined as

n (10)

(Vi(0) - Vi(1))

YO =0 oy

(1n
where V;(t) is the velocity of particle i and the brackets ()
denote an average over particles and over time origins. The
corresponding spectral density Z(v) is given by

Z(v) = /OO Y (t) cos(2mvt) dt. (12)
0
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Figure 12. Velocity autocorrelation functions and the corresponding
spectral densities (inset) of /-CueSns alloy and /-Sn and /-Cu.

From figure 12 we find that all four curves for v (¢) have
negative minima which are often regarded as the behavior of
simple liquids [17]. However, the depth is different in the
way that /-Cu has the deepest minimum, while the /-Sn is the
shallowest. [-Sn has a peak at 2.8 THz, while Sn atoms in /-
CueSns alloy have a shoulder at about 3.0 THz. The covalent
Sn dimer has an experimental vibrational frequency of about
5.7 THz [27], which is close to the peak around 3.0 THz. The
fact that the spectrum of Cu atoms in /-CugSns alloy shifts
towards the left from /-Cu implies that Cu atoms in /-CugSns
alloy have a less close-packed environment than atoms in /-Cu.

7. Summary

In summary, the complex structure of liquid CugSns alloy is
revealed by the AIMD simulations. The hetero-coordination
tendency is manifested by BT pair correlation functions and the
chemical short-range order parameter. On the other hand, the
preference for self-coordination of Sn atoms is suggested by
Voronoi analysis and the partial coordination number analysis.
Moreover, the gsysn(r) by AIMD simulation is distinguished
from those by experiments and RMC methods through a
subpeak located in between the conventional first and second
peaks. A fraction of the topologically disordered B-Sn-type
structural units are suggested to survive in liquid CugSns alloy.
The LDOS analysis provides that Cu—Sn and Sn—Sn bonding
exists in the liquid CugSns alloy.

Finally, we have to say that we are in a quandary. On
the one hand, the experimental techniques employed so far in
the investigation of liquid CugSns alloy seem overwhelming.
On the other hand, the AIMD simulation is thought to be a

very successful tool in the study of liquid alloys. However,
the discrepancy between the gsnsn () by AIMD simulation and
that by experiments could not be thought to be negligible. We
then suggest that both the experimental and theoretical results
should be counterchecked by other methods.
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