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1. Introduction

During the last decade, the physics of surface growth has attracted the attention of
statistical physicists as well as electronic structure community. Here, we shall attempt
to import some of the ideas introduced by statistical physicists and examine some of
the implicit assumptions made from a microscopic atomistic viewpoint.
Several theoretical attempts [1] through discrete and continuum models of kinetic

roughening have been made, motivated by experiments. Roughening is often an in-
evitable part of surface formation, so that an understanding of the surface morphologies
has a crucial part to play in the many vital applications of this �eld. Almost all the
continuum and discrete models of MBE growth have so far only inserted empirically
obtained parameters as inputs for their kinetic processes. On the other hand, attempts
to study interface growth via the methods of electronic structure have usually involved
computational approaches such as Kinetic Monte Carlo [2], and have stopped short of
trying to provide the analytical understanding of aspects like interface roughness, that
macroscopic continuum equations provide.
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We propose a set of coupled stochastic equations to model atomistic growth on surfaces. We
carry out electronic structure calculations on a speci�c example to justify some of underlying
assumptions of the model.



We shall examine a particular model of surface growth proposed by us [3]. We
shall desist from going into the merits and demerits of the statistical mechanical model
itself, rather concentrate on a microscopic study of some of its underlying assumptions
and their validity in a speci�c system.

2. A statistical model for atomistic deposition

Atomic deposition has many features in common with granular deposition. The added
feature is atomic binding. In the usual deposition geometry, a randomly uctuating
ux of atoms is incident on a substrate. Atoms deposit on the surface of the substrate
and di�use along it to minimize the energy. A cloud of unbonded atoms envelope this
deposit and continuously exchange atoms with it through evaporation and re-deposition.
Among various physical processes which have been taken into account in models of

growing interfaces, surface di�usion has been considered as the most important process
involved. One such model involves the linear fourth-order Mullins–Herring continuum
equation [4,5] supported by the discrete model of Wolf and Villain (WV) [6]

@h(x; t)=@t =−�∇4h(x; t) + �(x; t) ; (1)

where h(x; t) is the height of the interface from some mean height 〈h(x; t)〉 and �(x; t)
represents Gaussian white noise as usual. This equation yields a large roughness expo-
nent �= 1:5 in d= 1.
Although there have been a number of nonlinear equations which add to this simple

linear description [7–9] of surface growth, there have been rather few attempts so far
to look separately at the roles of relatively immobile atoms which are bonded to the
surface (forming clusters) and the cloud of mobile atoms above the surface. The latter
arise both from the impinging atomic beam and from evaporation caused by atoms
knocked out of the surface by thermal or mechanical disturbances. These are described
by their local density �(x; t). In an earlier communication [3] we had proposed a new
class of growth equations with an explicit coupling between the pro�le of “bonded”
atoms represented by the local height of the surface h(x; t), and “mobile” atoms on
the surface represented by their local density �(x; t). Our equations read:

@h=@t =−Dh∇4h−T+ �h(x; t) ; (2)

@�=@t =−D�∇2�+T ; (3)

where the transfer term T is given by

T= (�− �)|∇h| : (4)

We shall now describe the physical signi�cance of the above terms.
(i) The fourth-order term in Eq. (2) describes surface di�usion of bonded atoms;

this is the usual WV [6] term where Dh represents a di�usivity. The particle current
leading to this term is the gradient of the local chemical potential, which is assumed to
be proportional to the local curvature. This assumption of ‘local’ behaviour may appear



trivial at �rst glance, but in situations where a metallic overlayer is being deposited on
a metallic substrate, a second glance convinces us that it is not at all obvious. Surface
current arises due to rearrangement of bonded atoms near the surface to minimize
energy. In a metallic system the bonding glue is the Fermi sea of valence electrons,
which encompasses a spatially extended volume. It is not at all clear that the local
chemical potential, which is the energy needed to detach an atom from a speci�c site
depends only on its local environment. Such a detachment can perturb the Fermi sea
over an extended region. However, the black-body theorem that goes back to Friedel
and explicity stated by Heine or equivalently the “short sightedness” paradigm of Kohn
should lead precisely to this conclusion. In the next section we shall examine this point
for a speci�c system: Fe deposited on (1 0 0) Ag substrate.
(ii) The mobile atomic gas consists of atoms that are neither bonded to one another

nor to atoms on the surface. The �rst term in Eq. (3) describes normal, as opposed to
surface di�usion of the mobile atoms, where the corresponding current is the gradient
of the density.
(iii) The �rst term in the transfer term T, Eq. (4), describes spontaneous generation

of mobile atoms on the surface or evaporation. This could be due to “vibration” caused
by, for example, thermal disturbances. We have assumed that it is easier thermally to
eject atoms bonded at high slopes on the clusters. � then is a measure of the substrate
temperature. In the next section we shall examine this assumption for Fe deposited
on Ag.
(iv) The second term in T, Eq. (4), represents ‘condensation’, whereby mobile atoms

accumulate and accrete preferentially at points of high slope.
(v) Finally, the last term in Eq. (2) is a Gaussian white noise characterized by its

width �h

〈�h(x; t)�h(x′; t′)〉= �2h�(x− x′)�(t − t′) :
We assume that growth occurs on a at substrate; this and the absence of a pre-
ferred direction causes us to consider always the absolute values of slope in the above
equations.

3. Energetics of bcc Fe deposited on fcc Ag (1 0 0) substrate

We shall take the example of Fe deposited on the (1 0 0) surface of a Ag substrate.
The face diagonal of bcc iron, the most commonly known ferromagnet, closely matches
the lattice constant of fcc silver, an excellent non-magnetic electrical conductor. This
favors epitaxial deposition of bcc Fe on Ag(1 0 0) without inbuilt stress. This would
simplify our total energy estimates considerably and is one of the reasons for our
particular choice.
The �rst step will be to produce a rough surface pro�le from the coupled

equations. This should yield a random arrangement of Fe atoms on the bcc growth
on the fcc Ag substrate. We should note that lattice translation symmetry is lost both



normal and parallel to the surface. The standard band structure methods for at surfaces
can no longer be used [10]. Equally unsatisfactory is the mean �eld, ‘coherent potential
approximation’ (CPA) [11–13] which mimics the rough surface by a binary alloy be-
tween atomic spheres and empty spheres carrying charge but no atoms. The CPA
assumes homogeneous disorder, while the rough pro�les produced are dominated by
short-ranged ordering due to the formation of islands and clusters. The estimate of the
local chemical potential aims at accuracies of 50–100 mRyd/atom-spin and a proper de-
scription of local morphology is essential if one is to reach any reasonable conclusions.
We propose to base our study on the recursion method of Haydock et al. [14]

The method restricts itself to real space and therefore can examine the exact surface
morphology without resorting to any mean �eld like approximation. The recursion
method requires a basis of representation in which the Hamiltonian is sparse. The
tight-binding linearized mu�n-tin orbitals (TB-LMTO) method proposed by Andersen
et al. [15–19] is ideally suited for our purpose. The TB-LMTO yields results with
accuracy of the same order as we require. It is self-consistent within the local spin
density approximation of the density functional theory (LSDA), and therefore can take
into account charge ow and leakage at the surface.
Having produced an atomic model out of the rough surface generated by the cou-

pled equations, we shall consider an extra tracer Fe atom and determine the local
chemical potential at various di�erent sites on the surface. This energy is de�ned as
the di�erence between the system which consists of the surface with the extra atom
bonded at a given site and that of the surface without the tracer atom plus the energy
of the isolated tracer atom. Any attempt at calculating these energies separately and
then subtracting them leads to very large subtractive errors and hence to non-sensical
results. We shall use the orbital peeling technique of Burke [20] which was designed
to calculate exactly such energy di�erences directly. This energy di�erence gives the
energy of breaking the bonds of an atom at a particular site before it can di�use to
other sites. According to the Wolf–Villain conjecture, atoms di�use so as to maximize
their number of nearest-neighbour bonds.
Atoms sitting at larger concave curvatures are easier to detach. The chemical poten-

tial is proportional to the local curvature and this leads to the term ∇4h in the coupled
equations.
Fig. 1 (left) shows the contour plot of the curvature of the top of the height pro�le

at various points over the substrate, as produced by the coupled statistical equations.
Fig. 1 (right) shows the contours of the binding energy for the tracer atom, again on top
of the height pro�le, as calculated by orbital peeling of the TB-LMTO Hamiltonian. The
remarkable similarity of the contour pro�les point to the fact that the minimum energy
positions of the tracer are at points of highest positive curvature (convex with respect to
the substrate) or where the number of nearest neighbours available for bonding is max-
imum. This was the main assumption behind the WV term in the equations. We have
veri�ed the locality principle embodied in Heine’s black-body theorem in this system.
To justify the transfer term, we have picked out positions of varying slope and

calculated the energy required to knock out the tracer atom bonded at these slopes.



Fig. 1. (left) Contour plot of the local curvature of the rough surface. (right) Contour plot of the binding
energy of the tracer atom to the surface atom on the rough surface.

Table 1

|∇h| �E in Ryd.

1 1.27
2 1.19
4 1.16

Again the Orbital Peeling method was used to obtain the energy di�erence accurately.
Table 1 shows that it requires less energy to knock o� an atom at a higher slope than
in a gentler one. This is a justi�cation for the �|∇h| term, through which a bonded
atom gets knocked o� due to local disturbances, either thermal or mechanical, into the
cloud of unbonded atoms around the surface.
The justi�cation of the condensation term in T is more di�cult from simple en-

ergetic considerations. However, physically it is reasonable to assume that it must be
proportional to the density of the mobile atom cloud just above the surface. Moreover,
such condensation or accretion should take place in grooves of high slope. A formal
justi�cation of this term would require a dynamical simulation.

4. Conclusion

We have proposed here a methodology to study growth and electronic structure on
rough overlayers. A very similar method applies to rough interfaces where one species
di�uses into the other, or to surfaces of random alloys. A large class of problems where
translational symmetry is broken in many directions are amenable to such treatment as
are systems whose randomness itself is inhomogeneous and anisotropic.
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