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AN EMBEDDED CLUSTER APPROACH TO COMPUTATIONAL MATERIALS SCIENCE

D. E. Ellis and K. C. Mundim*
Dept. of Physics and Astronomy and Materials Research Center

Northwestern University, Evanston, IL 60208

We describe a hybrid classical and quantum approach to modelling complex structures,
which spans the distance scale of Angstrom to nanometers. Molecular dynamics and
Generalized Simulated Annealing methodology is used in connection with parametrized
interatomic potentials to determine equilibrium and low energy geometries of defect
complexes, interfaces, and surfaces, as well as bulk systems. Embedded Cluster Density
Functional (ECDF)  theory is employed to analyze electronic states and properties
associated with  selected geometries, providing wavefunctions and properties for
comparison with experiment. ECDF energetic analysis is used to refine the classical
interatomic potentials, leading to improved estimates of geometry and chemical
composition in an iterative process.

1. INTRODUCTION
   In complex materials of mechanical, chemical,  magnetic and electronic interest today
there exists a close connection and  interplay between geometrical structure and
electronic states which are responsible for desired properties. There has been rapid
progress in the last decade in developing both classical dynamical methodologies and
quantum theoretical techniques. The greatly different time scales of atomic diffusion and
vibration, compared to electronic relaxation, sometimes work to advantage as in the
adiabatic approximation and the time-honored Born-Oppenheimer scheme. However,
efforts to understand and produce better materials are often frustrated by the gap
between semiempirical methodologies  common at the mesoscale of nanometers to
microns, and the Angstrom to nanometer size scale of first-principles electronic structure
algorithms. Attempts to bridge the size- and time-scale gap include such interesting and
important developments as dynamical-tight-binding and the Car-Parinello schemes which
introduce a fictional electronic time coordinate into nuclear equations of motion. Our
purpose here is to report upon a ‘tool-box’ approach which incorporates classical
dynamics, stochastic dynamics, and embedded-cluster density functional theory in an
integrated fashion. The procedures are evolutionary, developing in response to
particular materials needs; examples from recent applications will be presented to
illustrate the principles and procedures used in the present implementation.

* On leave from Federal University of Bahia, Salvador, BA, Brazil
** Supported by USDOE, contract no. DE-FC02-92CE40945 under subcontract from
McDermott Technologies Inc., and by NSF-MRSEC (DMR-9632472) and NSF grant
no.INT-9600016. KCM thanks the Brazilian agency CNPq for a fellowship.



2

2. CLASSICAL METHODOLOGY

   By now, Molecular Dynamics (MD) is a standard tool, whereby the Newton equations of

motion are solved on a time-step basis with interatomic forces derived from parametrized

interatomic potentials1. Aside from routine matters of precision, sample size and

computation time, the key issue is the choice of potentials, which will determine all static

and time-averaged atomic properties. In molecular mechanics the atom is represented by

a spherical body with a particular mass equal, in general, to the respective atomic mass.

In today's molecular mechanics, several force fields have been proposed. The most

typical are included in our Molecular Mechanics code, Eqn. (1). Our implementation

makes use of the THOR tabulated force fields2, augmented and modified as needed by

the users. Available potentials include a selection of harmonic bond and angular terms,

including both 3- and 4-center interactions, van der Waals, and Coulomb potentials.
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The first terms of Eqn. 1 represent so-called bonding interactions: VH is the energy

to stretch or compress atomic bonds; Vb represents the bond-angle bending interaction;

V tor-i ,V tor-p are torsional contributions representing harmonic dihedral bending and

sinusoidal dihedral torsion interactions. The last terms VC and V vdW contain the so-called

non-bonded terms of long range (Coulombic), and short range (van der Waals) type. We

note that the absolute energies are of lesser interest than the relative  energy differences

between different geometrical configurations.

MD can be used to generate statistical averages such as temperature-dependent

energy, specific heat, and entropy as well as dynamical measures such as diffusion

coefficients. With use of gradient-following and cooling (annealing) schemes, MD also

provides an efficient procedure to find energy-minimum configurations. Unfortunately,

MD trajectories tend to get trapped into local energy minima and special tricks are

needed to extract slow rate processes from the typical femtosecond sampling rate.

 Monte Carlo schemes provide an alternative way to sample the entire

configuration space of the system in an exhaustive manner. In its most basic form, a

‘visiting scheme’ is executed in which a proposed change in system coordinates ∆Xj   is

evaluated in terms of a ‘cost function’ based upon the total energy. Usually, a lower
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energy state is immediately accepted and forms the starting point for the next step.

Otherwise, an acceptance probability function with an effective temperature T

(Boltzmann statistics in many cases) is consulted to determine whether to step to the

proposed higher energy state E or to try another ∆Xj. An optimized Generalized

Simulated Annealing (GSA) scheme3 allows us to optimize both the statistics of sampling

and the rate of cooling (see Eqn. 2,3), permitting surveys of large portions of the energy

surface and providing a ‘steering mechanism’ to select states for detailed electronic

density analysis.
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Here g(x) is the visiting distribution probability, x=E/kBT, t is the time, q is the visiting

parameter and T(t) the visiting temperature4. The MC/GSA algorithms have proved to be

very useful in detecting and mapping competing low-energy states which may or  may

not belong to the minimum energy basin5.  In searching for minimum energy states, we

find that the GSA scheme is initiallly very efficient. However, at a well determined cross-

over point, the MD-gradient algorithms provide a superior final approach to minimum.

   Tight constraints and boundary conditions can be imposed on the model system to

guarantee that sampling occurs over the region of phase space of interest, thus

controlling computation time to acceptable levels. Developing and testing local and

volume boundary conditions forms an important part of the modeling effort which is

difficult to state in compact quantitative format; it seems that a certain amount of

experience is essential. At some point an  ‘expert systems’  approach should be able to

take over a large part of this task.

3. QUANTUM METHODOLOGY

   The first principles Density Functional theory has become a major tool for analyzing

electronic structure of molecules and solids, with high intrinsic accuracy and reasonable

computational effort6. For extended systems with no periodicity to exploit, a cluster

approach offers many advantages, providing that a reasonable embedding scheme is
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used. Definition of  ‘reasonable embedding’  depends upon the nature of the system-

while a point charge environment is acceptable for  a highly ionic compound, it is quite

poor in treating localized covalent interactions where there is hybridization of orbitals

with neighboring atoms. Our implementation of the ECDF scheme employs ‘guard atoms’

on the surface of the cluster to saturate interior bond structures, and synthesis of total

charge and spin densities including the environment, to determine effective cluster

potentials7.  Applications have been made to a variety of molecules and extended solids,

including metals, semiconductors, and insulators.

   In outline, the following steps are performed:

(i) Accept a set of nuclear coordinates and initial atomic configurations from the MD/GSA

procedures

(ii) Produce a total charge (and spin) density of the form
ρ ρ ρ( )

r
r cluster host= + (4)

(iii) Form matrix elements of the effective Hamiltonian
h t V VC xcσ σ= + + , (5)

and overlap operators over a set of numerical atomic basis functions (AO s) χ j . Here t,

VC, and Vxc are kinetic energy, nuclear and electronic Coulomb potential, and exchange-

correlation potential respectively. The index s refers to spin orientation.

(iv) Solve the Schrödinger equation in the AO basis to obtain variational eigenfunctions

in the form
ψ χσ σn j

j
j,nr r C( ) ( )

r r
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(v) Project the cluster densities onto a localized ‘effective atom’ expansion as

ρ ψ ρσ σ
σ

ν
ν

cluster n n
n

f= ≅∑ ∑2
(7)

Here fn are Fermi-Dirac occupation numbers and n enumerates atoms within the cluster.

(vi) Equilibrate the various clusters selected to span the region of interest, either by

matching Fermi energies or spectral features, and iterate steps ii-vi until adequate

convergence of charge and spin distributions, spectral features, and total energy is

obtained.

With an adequate sampling of electronic densities, self-consistent atomic

configurations, and energetics it is possible to improve upon the interatomic potentials

used in the MD/GSA procedures. In particular, it is possible to update atomic charges in

‘real time’ during the simulations. This is very useful, since the extent and nature of

charge transfer processes are of critical importance in say, molecule/solid reactions and

are not known at the beginning of the analysis.
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4. EXAMPLES

   4.1. Copper-Carbon Solid Solutions

   The mechanical, thermal, and electrical properties of metals can be altered by

inclusion of particulates and fibers. Efforts to improve the friction properties of copper

electrical contacts and interest in improving high temperature strength lead to

consideration of carbon and carbide fibers in a Cu matrix host. Here we discuss some

results of recent GSA/ECDF studies on Cu:C solid solutions and on the Cu:graphite

interface. Further details may be found in the literature8; the following experimental

features require theoretical interpretation:

(i) The solubility of C in copper is <0.02%, even at elevated temperatures. In

consequence, carbon fibers are poorly wetted and composite matrix/fiber assembly is

difficult.

(ii) High resolution Scanning Electron Microscopy (HRSEM) on heat-treated Cu:graphite

interfaces shows a ~50 nm thick amorphous solid solution.

(iii) The addition of small amounts of alloying elements like W and Cr perhaps leads to

interface segregation and formation of stabilizing surface carbide phases.

   A simple interatomic potential was developed with the objective of modelling a small

volume with tightly controlled boundary conditions. A harmonic potential was adopted for

the Cu-Cu interactions with constraints which permit Cu atoms to move in a restricted

volume for which Hook’s law interactions are appropriate; diffusion of Cu was thus

suppressed. Cu-C and C-C interactions were described by a van der Waals potential

(Lennard-Jones or six-twelve type) which permits C diffusion. This is probably the most

compact parameter set which could represent the physical situation; values chosen are

given in Table 1.

Table 1. Hooke’s law and Lennard-Jones parameters of atomistic Cu-C simulations, as

defined in Eqn. 1.

Hook

Cu-Cu

Lennard-Jones

C-C Cu-C
Ro   =    2.475 Å C6    =       24.255       41.548 (eV/Å6)
Kij    =   6.920 (eV/Å2) C12  = 34969.820   2989.110 (eV/Å12)
Eo    = -0.875 (eV)

   Simulations were carried out with a single carbon atom sampling vacancy (S-site),

octahedral (O-site) and tetrahedral (T-site) interstitial sites and (100) surface of copper.

With the boundary constraints it was found that a block of ~160 Cu atoms was sufficient

to generate adequate site sampling and energetics. This small sample size is in contrast

to traditional MD/MC simulations, where large periodic boxes are typically used to form

boundary conditions. We wish to emphasize that, with appropriate choice of potentials
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(e.g., relatively short range) and constraints on atomic displacements, local  distortions

and rearrangements of the solid can be realistically modelled. In the context of

embedded cluster electronic density analysis, only the local  geometric response is of

interest.  In accordance with expectations based on its low solubility, we find a carbon

substitutional (vacancy) S-site (set to 0.0 eV) at lowest energy, followed by a surface O-

site (+0.45eV), a bulk O-site (+0.60 eV), and T-site (+1.27 eV).  The barrier height at the

transition state between two O-sites is critical to carbon diffusion, and found to be

relatively high: 5.34 eV. An interesting dimer complex was detected, at +3.47 eV relative

to the two S-site carbons, consisting of adjacent S- and T- sites. This ST dimer, shown in

Fig. 1, may represent the nucleation of a carbon particle precipitate.

Fig. 1. Relaxed geometry of C2 dimer at adjacent substitutional and tetrahedral interstitial

sites in Cu. Perspective view showing isocharge surface and contour levels.

   Certain general features emerge from the ECDF calculations for a variety of

geometries:

(i) Carbon is an acceptor at all sites; unrelaxed geometries provide a very unreliable

measure of charge transfer and energetics. In relaxed configurations, ~1e is transferred

to C as measured by Mulliken population analysis of the wavefunctions.

(ii) Charge transfer takes place primarily from the first neighbor Cu coordination shell. Cu

second neighbor shells sometimes show a small charge accumulation  , in analogy to the

RKKY oscillations of an electron gas around a point-charge perturbation.

(iii) Bond order analysis of the Cu-C interaction indicates presence  of a  bonding

interaction between host and impurity. However, visualization of the electron density

shows no net accumulation along bond lines. Therefore, the interaction is a mixture of
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ionic and diffuse-metallic character, see Fig. 2. This gives a direction to future

improvements of the semiempirical potentials.

Fig. 2. Carbon surface-octahedral site interstitial in copper bulk: isocharge surface and

contour map

   We have carried out preliminary studies of the Cu(100):graphite(0001) interface, in

which several layers on either side of the interface were allowed to relax freely.

Interfacial C layers were found to disorder greatly, while lesser disturbance was seen in

the first Cu layers. A low energy configuration is shown in Fig. 3. Ongoing studies focus

on the high-T properties at the interface, and on electronic structure effects of Cr- and

W-impurities in the interface region.

Fig. 3. Cu(100):graphite (0001) relaxed interface.
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   4.2. Scheelite Bulk, Surface, and Interface with MgO

   Scheelite, with chemical formula CaWO4, is a promising candidate as host matrix

material for matrix/fiber composities. With candidate fibers like Al2O3 and alumino-

silicates one has the possibility to design and fabricate structural ceramics which can

function at temperatures well above 1000C9. Among the important design issues is the

need to understand and control the chemistry of the fiber:host interface, which can be

quite different from that of either bulk material. In order to control fiber pull-out under

stress and to optimize fracture properties, both experimental and theoretical data are

needed on an atomic size scale. A schematic of bulk and a low energy (001) surface of

scheelite is given in Fig. 4.

Fig. 4. Schematic of CaWO4 bulk and (001) oxygen terminated surface.

   A qualitative understanding of scheelite can be gained by considering that the

tungstate complex (WO4)
2- is remarkably stable and that the counterion Ca2+ is relatively

isolated within cages formed by the tungstate tetrahedra. The structure can be visualized

as tungstate chains with interstitial Ca lying in rather open zigzag canals. ECDF

calculations on bulk and surface (Table 2) show that Ca is fairly close to its nominal

divalent state, while W, with net ionic charge ~3.3e is very far from the nominal

hexavalent state. This is very reasonable, as an evidence of the strong covalent W-O

interaction accompanied by the rather short bond length R(W-O)= 1.75Å. In comparison,

the Ca-O distance of 2.41Å is consistent with ionic interaction. The main surface effect is

seen to be reduction of oxygen net charge.

Table 2. Mulliken atomic orbital populations and ionic charge for bulk and (001) surface

sites of scheelite. Atom types (I) ,(II) refer to inequivalent cluster sites, which are

however physically identical in bulk material.
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Bulk Surface Bulk Surface

W(I) 5d 2.51 3.10 Ca 3d 0.03 0.02

    6s 0.08 0.06    4s 0.01 0.01

    6p 0.11 0.17    4p 0.06 0.04

net Q 3.35 2.72 net Q 1.92 1.94

W(II) 5d 2.45 2.59 O(I)  2s 1.96 1.98

    6s 0.13 0.04      2p 5.33 4.88

    6p 0.10 0.07 net Q -1.29 -0.86

net Q 3.37 3.32 O(II) 2s 1.97 1.95

    2p 5.36 4.39

net Q -1.33 -0.33
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Fig. 5. Densities of states of different orbital character for bulk and surface states of

scheelite.

A further dimension of analysis of electronic interactions is given by Density of States

(DOS) analysis. In essence, we take each cluster wavefunction, analyze its composition

by atomic and orbital type, and superimpose Lorentzian lineshapes at each energy,

weighted by composition. Fig. 5 shows typical data for the tungsten 5d, 6s, 6p , oxygen

2s, 2p, and Ca 3p, 3d,4s,4p energy distributions.
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   Preliminary calculations have been made for a scheelite:magnesia interface. The

CaWO4:MgO interfaces are unstable with respect to solid solution10 and thus are not

suitable for ceramic applications. Nevertheless, they can serve as a good simulation

testing ground prior to attacking more realistic fiber systems. They could potentially also

be fabricated and studied experimentally under controlled conditions.  The interdiffusion

of the mobile Ca and Mg ions will teach us much about interface processes. Since one of

the main issues of fiber:host interaction is the (unknown) nature of crystalline facets and

possibly amorphous interface regions, we decided to construct a tilted  interface and let

energy minimization determine the local structure. The GSA results are shown in Fig. 6.

Fig. 6. Tilted interface of CaWO4(001) with MgO(001). (a) Prior to reconstruction,

(b) GSA energy minimized interface

   Several sites were selected within the interface ‘core’ , centered upon W, Ca, and Mg,

and analyzed by the self-consistent ECDF procedure. Typical modifications of metal

coordination in the interface, compared to bulk, are

(i) Missing atoms; i.e., incomplete coordination

(ii) Modified bond lengths; typically some shorter bonds due to lesser packing

(iii) “Wrong atoms” ; e.g., metal-metal proximity which is chemically unfavorable, but

does pack into the interface low-energy structure.

   These modifications lead to detectable changes in the component DOS, as reflected in

X-ray near-edge absorption (XANES) and emission spectra, spatially resolved electron

energy loss spectra (SREELS) and other localized spectroscopic probes. Such

modifications have been successfully used11 to study valence and coordination changes

at grain boundaries in oxide ceramics such as SrTiO3. We discuss the DOS features

elsewhere; here the contour maps of Fig. 7 show the covalent character of the tungstate
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group versus the Mg-O and Ca-O ionic environments. Distortion of the tetrahedral oxide

environment around an interface W atom due to perturbation by Mg ions is seen in Fig.

7a. Severe distortion of the octahedral oxide environment around an interface Mg atom,

due to packing at the grain boundary, is seen in Fig. 7b.

(a) (b)

Fig.7. Electron density contour maps for CaWO4:MgO. (a) Distorted volume around an

interfacial W atom, (b) Distorted volume around an interfacial Mg atom.

5. CONCLUSIONS

   We have described an implementation of combined classical simulation and quantum-

mechanical density functional analyses of complex solids. Results presented for the

copper:carbon system and for scheelite demonstrate the utility of our approach. It is

expected that development of graphical interfaces between computational units will make

these techniques available to a wide group of materials researchers.
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