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The solid-on-solid model, with nearest- and next-nearest neighbour interac-
tions, of two-dimensional nucleation on the surface of a crystal in unstable
equilibrium with its supersaturated vapour allows from the local mean direc-
tion of curved step to derive closed formulae for the shape, the area, and the
activation energy for growth of the crystal nucleus. The formulae facilitate
to estimate {from the observed shape patterns the parameters of nucleation,
to follow the evolution of the crystal nucleus with temperature and the de-
pendence of activation energy on distance between screw dislocations which
provide steps on the crystal surface.

PACS numbers: 61.50.Cj, 64.70.Hz.

1. Introduction

Crystal nucleation and equilibrium crystal shapes in D = 2 dimensions, with
nearest-neighbour (NN) interaction between the atomic constituents, are described
by the Ising model [1-5]. When the crystal lattice has square symmetry the Ising
model free energy has proper fourfold symmetry.

To study equilibrium crystal shapes with the nearest- and next-nearest neigh-
bour (NNN) interactions the solid-on-solid (SOS) approximation of Burton, Cabr-
era and Frank (BCF) [6] is used. The SOS model fails to possess the exact four-fold
symmetry of the square lattice [1-3, 7] but the deviation from this symmetry is
proportional to Texp(—J/kpT), thus is negligibly small at low temperature T for
typical values of the NN interaction energy parameter J = ¢1 /4. In the SOS model
of BCF the equilibrium crystal shape, the crystal nucleus area in D = 2 dimen-
sions and the activation energy for nucleation can be expressed by closed formulae
which are derived below.

(745)
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2. Equilibrium structure of step

When the crystal bulk correlation length is small, the crystal interface can
be modelled as a two-dimensional surface and the dominant fluctuations of this
surface are steps or ledges [8-14]. A crystal in unstable equilibrium with its super-
saturated vapour has curved steps appearing on the surface. BCF considered the
surface of a simple cubic crystal with NN and NNN interaction energies ¢; and
$2, respectively. With the Boltzmann constant kg and 8~ = kg7 the Boltzmann
factors are 1,2 = exp(—¢1,28/2) in the notation of BCF. We write = 7. For
a vapour saturation ratio @ BCF give an explicit expression for the local mean
direction of a curved step at point z. The angle §(x) between the step and the
[0, 1] crystal direction is given by

tgh(z) = (u—v ) [(u+u =)t = (u+ut+es5)7Y], (2.1)
where u = o® = exp(zIna), and

ca=mn  c=c+cl (2.2)

ca=1-nn(2~n), eca=m(l-n), c5=csfca (2.3)

To express u as function of tgf(z), solution of the quartic equation in u,
Eq. (2.1), is necessary. We use Eq. (2.1) from the value £ = 0 where § = 0 up to
a maximum value z); determined by § = —n/4, i.e.

tg0(zm) = —1. (24)

The positive root up of this quartic equation gives zm = (Inuy)/In e, and tends
to the value uy = ¢2/(1 + (1 + ¢2/cs)!/?) for low temperatures. If ¢, = 0, then
uM = c2/2. The value zp1 corresponds to the crystal boundary point on the crystal
diagonal.

3. Shape of two-dimensional nucleus

For the vapour saturation ratio @ > 1 the step, or the crystal nucleus bound-
ary, has a finite radius of curvature [3, 6]. BCF have given explicit formula for the
step shape from which the equilibrium crystal shape in D = 2 dimensions can be
stated. The dependence of the y Cartesian coordinate on the £ Cartesian coordi-
nate of the crystal nucleus boundary follows from Eq. (2.1) by integration

y(z) = /ow tgf(z)dz

=[n((cc~u—u)(ut+ut+ es)"teicg2er)] /Ina, (3.1)
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where

c6=1—c, cr =2+ cs. (3.2)

The lengths = and y are measured here .in units of the crystal lattice constant ar,,
and both are scaled by Ina. Equation (3.1) which gives y(0) = 0 and y < 0 for
z > 0, is used up to the maximum value z = z);. For larger x the mirror reflection
in the z = y 4 1/2 square diagonal gives the crystal nucleus shape with square
symmetry [2]. Zia et al. [2, 3] discussed the SOS approximation for the square
lattice. The edge free energy obtained by taking the SOS for polar angle from 0
to /4 and using fourfold symmetry to get the rest would have a kink at w/4,
but deviation from the Ising model crystal shape is small for low temperatures
and small angles [1-3]. Therefore the use of mirror reflection in square diagonal
is not a bad approximation. On a square lattice it is appropriate to use as linear
dimension of the nucleus its half-diameter z1, = zym — y(zm) = 1/2. At very low
temperatures, if ¢ = 0, zy, differs little from zp and the nucleus becomes square.
If ¢2 > 0, it becomes an octagon.

4. Area of the nucleus

The area of the crystal nucleusin D = 2 dimensions can be expressed starting
from Eq. (3.1). If the NNN interaction energy is restricted to 0 < ¢2 < ¢1/2, the
area a(z) between the [0, 1] or « axis and the crystal nucleus boundary given by
Eq. (3.1), i.e. between z = y = 0 and z, y(z), can be expressed by the integral

a(z) = ./01‘ y(z)dz = {[Liz(c1/u) — Liz(ciu) + Lia(—csu)+

—Lis(—cs/u)]Ina + 2z1n(cg)} /Ina, (4.1)
where
cs = 2/[es + (2 — 4)1/?], co = (1+cs)/ce (4.2)

and
Lig(u) = _/u In(1 — z)dz/z (4.3)

is the dilogarithm function [15]. For z > 0, since y < 0, also a(z) < 0. At given
temperature, the ratio of the actual area ng of the crystal nucleus to the area I2
of the square circumscribed on it, can be expressed by

no/1? =1~ [(y(em))? — 2a(zm)] /f. (4.4)

Typical values of the area ratio are given in Table for two values of the NNN inter-
action energy. Our computed value of nqo/I? corresponding to the BCF parameters
for iodine crystal agress within 1% with the value obtained graphically by BCF.
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TABLE

Values of zp, half-diameter z5, and area ratio no/I?
of the crystal nucleus for @ = 1.01 and ¢; = 0.15 eV.

¢2 | T oM L, no/l?
(eV) [ (K) (av) (aL)

0.031 2713.8873x10° | 4.5354x103 0.9576

194 | 5.0668%102 | 6.2898x102 0.8948

300 | 3.0537x102 | 3.9796x102 0.8519

0.074| 2714.8377x10° | 6.4359x103 0.8759

194 | 6.6287x102 | 8.9348x102 0.8403

300 | 4.1393%x102 | 5.6888x102 0.8142

5. Activation energy

Microscopically the diameter of the crystal nucleus is expressed in terms of a
multiple of the crystal lattice constant, as in Eq. (86) of BCF [6]. Macroscopically
the diameter of the critical nucleus at a given saturation ratio o can be measured by
the distance d between two opposite sign screw dislocations whose Burgers vectors
protrude normal to the crystal surface, say at points P and }. We refer to Fig. 15
of BCF, see also Uwaha and Noziéres [13]. A critical nucleus of diameter ! < d
can pass freely between two dislocations. When ! > d there are two equilibrium
positions: one, stable, with the nucleus boundary short piece PAQ, and the other,
unstable, with the nucleus boundary long piece P BQ. The nucleus growth requires
an activation energy A; which is half the edge free energy of the boundary piece
P B() minus half the edge free energy of the boundary piece PAQ. The free energy
of a boundary piece can be found by evaluating the area of the sector contained by
the piece and the lines joining its ends to the centre of the nucleus, for the given
d/l, as described in §16 and Appendix D of BCF. The ratio of activation energy
Ag at two dislocations, a distance d apart along the [0, 1] crystal direction, to the
activation energy Ag for ordinary free nucleation, can be evaluated from the shape
and the area functions of the step, Eqs. (3.1) and (4.1), respectively:

Aufdo = b(a) = 2 a(er, — () +2a()] /o
for d = 2(zy, + y(z)) when 2zp < d <1, and
AafAo=1-b(z)

(5.1)

(5.2)

for d = 2z when d < 22). As the dislocation distance d increases from 0 to 2z
the nucleus boundary coordinate z increases from 0 to zpr. As d increases from
2z to 2zr, = I the z increases from zy to zr,. Corresponding to Fig. 16 of BCF
where each point of the plot was obtained by using planimetry, Fig. 1 gives the
calculated graphs of the ratio Ag/A as function of d/I. When d approaches ! the
activation energy Ag drops with vertical tangent to zero. At lowest temperatures
the dependence of A4/Aq on d/I becomes nearly polygonal. For Fig. 1 the value
of the NNN .interaction energy ¢, has been assumed near to ¢, /2 and hence at
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Fig. 1. Activation energy ratio Ag/Ao for the growth of a step between two dislocations
a distance d apart (a) when 0 < d < 2zM, (b) when 22m < d < 1. In the lower part of
Fig. 1(a) the boundaries of the two-dimensional crystal nucleus at three temperatures
‘are plotted (for 0 < z < zm). The saturation ratio @ = 1.01, the interaction energies
are ¢1 = 0.15 eV and ¢ = 0.074 eV.
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Fig. 2. One quarter of the crystal nucleus at three temperatures, for o = 1.01, ¢1 = 0.15
eV, and (a) ¢2 = 0.03 eV, (b) ¢2 = 0.074 eV.

low temperature the boundary of the crystal nucleus becomes almost octagonal,
as seen in the lower part of Fig. 1(a), and in Fig. 2(b). At higher temperatures
the curvature of the nucleus boundary becomes almost direction independent and
the nucleus becomes nearly circular. For the D = 2 Ising crystal the surface free
energy has been expressed in terms of an elliptic integral by Zia and Avron [3].
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6. Concluding remarks

For a rough, i.e. stepped crystal surface in unstable equilibrium with its
supersaturated vapour, the D = 2 solid-on-solid model, with NN and NNN inter-
actions yields expression for the local mean direction of a step, and hence, by an
integration, for the shape of the crystal nucleus. A second integration gives the
nucleus area, and further the activation energy for nucleation between two screw
dislocations. :

The closed formulae for the crystal nucleus area and activation energy com-
plement the formulae of BCF paper [6], and are useful for estimating from observed
step patterns the important parameters of nucleation. The shape and activation
energy of the crystal nucleus depend on the homogeneous vapour saturation ratio
by simple scaling relation, while their dependence on the atomic or molecular in-
teraction energies is more involved. The closed formulae for the nucleus shape and
activation energy make possible to follow the evolution of the crystal nucleus with
temperature and the activation energy dependence on screw dislocation distance.
Program for computing on a square lattice the nucleus shape and activation en-
ergy can be supplied on request. Further the two-dimensional model is useful in
a survey of the two-dimensional surface and cross sections of a three-dimensional
crystal.
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