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ABSTRACT 

Excess free energies of solid Cu - Solid Sn and Solid Cu - liquid Sn have been calculated 
employing an adiabatic switching formalism in a Molecular Dynamics (MD) framework. The 
atomic interactions are described by modified embedded atom method (MEAM) potentials which 
includes the angular dependence of the electron density to describe bond bending forces necessary 
to model covalent materials. 

INTRODUCTION 

The excess energy present in the surface or the interface boundary is an important 
parameter which controls various thermodynamic and metallurgical processes such as sintering, 
grain growth, nucleation, cold welding, crack nucleation and growth, adhesion, fr-iction and wear 
among others. It is thus a pivotal quantity in the understanding of material processes and 
properties, yet there have been few direct measurements of “interphase” interfacial free energies 
except in the cases of interfaces separating a solid with its saturated liquid or vapor. Excess surface 
free energies of interfaces separating two phases of different chemistry, crystallography or in 
different state (i.e. solid-liquid) are difficult to measure and lacking in the literature. The 
difficulties, both theoretical and experimental have been sumarized by Duga [l]. For instance, 
calorimetry measurements based on the htrom technique [2] asume some value for the associated 
entropy at the interface and therefore there is a high degree of uncertainty in these type of 
measurements. Homogeneous nucleation experiments of solid-liquid interfacial free energies also 
show large variations, with values found in the literature differing by as much as a factor of 2 [3]. 

There have been few computational studies of surface free energies of Lennard-Jones (LJ) 
liquids [4] and of LJ solid-liquid interfaces [5,6] but these studies have concentrated on generic LJ 
systems and to our knowledge there has been no computational work on interphase interfacial 
excess free energies of systems with different chemistry and physical state. We present here a 
computational method based on the adiabatic switching formalism [7,8] for computing excess free 
energies of an interface separating any two phases. Employing this method we have evaluated the 
excess interfacial free energies in the system Cu-Sn for temperatures in the range 300K - 1200K. 
The interatomic interactions in this system are described by modified embedded atom method 
(MEAM) potentials [9]. MEAM has been succesfuly applied to fcc, bcc, hcp [lo] and diamond 
cubic materials and reproduce quite well diamond a and p-Sn as well as its liquid state [l 11. We 
will discuss the formalism for calculating excess free energies as well as the method employed in 
fitting Cu-Sn interactions and will present our results on the morphology of the interface with 
temperature and the excess interfacial free energies values. These values will be compared with 
solid-liquid Cu and solid-liquid Sn interface energies. 
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METHODOLOGY AND POTENTIALS 

The method employed in the evaluation of the Cu-Sn interfacial free energies is based on 
calculating the reversible work required to pull appart the surfaces which define the interface. This 
basic idea has been applied to LJ liquids [4] and to LJ solid-liquid interfaces [5], however in the 
present case we have eliminated the need of so called external cleaving potentials which are quite 
cumbersome to use in heterogeneous cases like the present one. The work required to separate the 
surfaces at the interface can be equated to the energy of adhesion which for our Cu-Sn system can 
be written as follows: 

WCu-Sn = Fs(Sn) + Fs(Cu) - FI(Cu-Sn) , (1) 

where WCu-Sn is the energy of adhesion, FS(Sn) and Fs(Cu) are the surface free energies of Sn 
and Cu respectively and FI(Cu-Sn) is the interfacial free energy. 

The work done in separating the surfaces is evaluated by employing adiabatic switching in 
a Molecular dynamics (MD) framework [7,8]. Within this method, the free energy difference 
between two systems whose interactions are described by hamiltonians HO and H1 say, is given 
by 

where AA is the free energy difference between system HO and HI. In the present system, HO is a 
Cu-Sn slab with Cu-Sn interactions and system H1 is comprised of Cu and Sn slabs with 2 free 
surfaces each and with no Cu-Sn interactions. This is shown schematically is fig 1. The fmal 
system (Hcu+Hsn) is obtained by adiabatically switching off the Cu-Sn interactions. 

FIG. 1. Schematic of Cu-Sn system used to calculate excess free energy. The work done in 
separating the Cu-Sn surfaces at the interface is given by AA = (<Hcu>+<Hsn>) - <Hcu-sn>. 

The surface free energies of Cu and Sn at each sampled temperature were calculated in the 
same way. Thus, from equation (1) it is straightforward to evaluate FI(Cu-Sn). 

We used slabs of 2000 and 2500 atoms with almost equal number of Cu and Sn types. The 
Cu side of the interface was Cu(100) which was matched to both p and cubic Sn crystals at OK. 
The %direction is defined normal to the interface. These configurations were annealed to 900K to 
create a solid Cu - liquid Sn system. This structure was then equilibrated at various temperatures in 



the range 300 - 1200 K and once thermalized, the MD switching runs were done at constant 
temperature and the excess interfacial free energy was computed. The switching was done over 5 - 
10 psec time scales (z in equation (2)). 

MEAM MODEL OF Cu-Sn 

The Cu-Sn model was developed using the same methodology as in Baskes et al. [12] for the Ni- 
Si system. The reference structures for Cu and Sn were taken as the equilibrium structures, fcc 
and d m o n d  cubic respectively. For convenience the reference structure for the alloy was taken as 
the Ll2 (cubic) alloy Cu3Sn even though the equilibrium structure is A3 (hexagonal). The 
equations for the background electron density and Cu-Sn pair potential are given in Reference E121 
and wiU not be repeated here. The parameters for Cu, Sn, and the reference alloy Cu3Sn are given 
in Table 1 using the same definitions as in Baskes [SI. 

Table 1: Parameters for the MEAM. Values listed are the cohesive energy E, (eV), the equilibrium 
nearest neighbor distance re (A), the exponential decay factor for the universal energy function a, 
the scaling factor for the embedding energy A, the exponential decay factors for the atomic 
densities p@, the weighting factors for the atomic densities to), and the scale factor for the electron 
density PO. 

Using this model for the Cu-Sn system the properties of Cu, Sn, and Cu3Sn have been 
calculated. The results for Cu have been presented previously [9] and will not be repeated here. 
The results for Sn and Cu3Sn are presented in Table 2. Agreement with experiment is quite good 
in most cases. Notable exceptions are the vacancy formation energy and a couple of the elastic 
constants for p-Sn. 

RESULTS 

In what follows, we will take the Zdirection to be the direction normal to the interface and 
the XY plane as the plane parallel to the interface. Figure 2 shows both side and top view profiles 
of a small cross section (25x25 A2) of the Cu-Sn interface at 300 K and 900 K. No miscibility 
between Cu-Sn were observed in any of the equilibration or switching runs. This is found to be 
true for a number of binary metal systems [13]. We find an effective higher density of Sn atoms at 
the interface which seems to increase with temperature. The interface also appears smoother at 
higher temperatures. This might be a result of solidification of Sn below 500K and subsequent 
crystallization for which a higher strain in the Sn is expected due to the large misfit between Cu 
and Sn. Figure 3 shows the "layer" density (number of atoms as a function of 2) around the 



interface at 300K and 900K. The separation between Cu layers does not change appreciably with 
temperature except for thermal expansion. The contact layer of Sn with Cu at 900K has a density 
20-30% higher than at 300K. 

TABLE 2. Comparison of MEAM model of Sn with experimental values. Values listed are the 
lattice constants a and c (A), energy relative to the reference structure AEx+ref (ev), bulk 
modulus B (eV/8,3), shear elastic constant in the x-y plane Cxy (eV/8,3), shear elastic constant in 
the x-z plane cXz (ev/8,3), elastic. constants ~ 1 1  and ~ 6 6  (ev/8,3), relaxed vacancy formation 
energy Eflv (eV), thermal expansion coefficient at room temperature, a~ (10-6 K-I), liquid 
density at 900 K p~ (g/cm3), and temperature derivative of the liquid density dpL/dT (g/cm3-K). 
Experimental values in parentheses are taken from Reference [14]. 

The thickness of the interface can be assessed by plotting the average potential energy per 
atom as a function of Z. Figure 4 shows such a plot of the potential energy per atom at two 
different temperatures (300 and 900 K). The dashed line is a guide to point at the ideal location of 
the interface (at Z=O). Values in the 2 < 0 region are those in the Cu slab while Sn-values are 
found in the 2 > 0 region. On the Cu side, only the contact layer shows appreciable variation in the 
energy per atom relative to bulk values. For Sn, the energy variation with Z is small but larger 
than for Cu, with values decaying back to nominal bulk values within 4 8, of the ideal interface. 
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FIG. 4. Energy per atom as a function of distance from interface. Cu-atoms are located at ZeO, 
while Sn atoms are located at B O .  -. . 
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FIG. 5. Cu-Sn Interfacial free energy (ev/A2) as a function of temperature. The dashed line is a 
guide to the eye. 
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The calculated interfacial energy as a function of temperature is shown in figure 5. The 
calculated values are in the range 480-200 ergs/cm2. The variation with temperature can be 
calculated from a fit to the data. We obtain a value of dySLldT = 0.25-0.50 (ergs/cm2-K). As a 
guide, the experimental value for the solid-liquid interface free energy of Cu and Sn are ys~(Cu) 
= 177 ergs/cm2 (1356 K) and ySL(Sn) = 55 ergs/cm2 (500K).. 



CONCLUSIONS 

We have calculated excess free energies of Cu(S)-Sn(S) and Cu(S)-Sn(L) interfaces as a 
function of temperature by evaluating the reversible work required to pull the surfaces appart at the 
interface. This work was calculated using the method of adiabatic switching in a Molecular 
Dynamics framework. We have employed the h4EAM formalism to obtain the potentials describing 
the interactions in the system. The agreement with experimental properties of Cu and Sn and 
Cu3Sn is quite good in most cases. Notable exceptions are the vacancy formation energy and a 
couple of the elastic constants for p-Sn. 

runs. The calculated interfacial free energy values are 480-200 ergdcm2 corresponding to 
temperatures in the range of 300-1200K respectively. Work on liquid Sn solid Cu-Sn alloys 
(CugSn) is currently in progress. 

No miscibility or alloying of Cu-Sn where observed in the time scale of our thermalization 
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This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied. or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
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