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Free energy and stiffness 0f110) and (010) steps on a(001) surface of a cubic lattice:
Revival of the solid-on-solid model
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We have determined the stiffness and free energild® and(010 oriented steps on @01) surface of a
cubic lattice within the framework of a solid-on-solid model having nearest-neigiNié)y and next-nearest-
neighbor(NNN) interactions. The stiffness 110 oriented steps depends on both the strength of the NN and
NNN interactions, whereas the stiffness of (&0 oriented steps only depends on the NNN interaction. For
a vanishing NNN interaction the dimensionless inverse stiffness of(hé oriented steps reduces to the
universal value of 42 as obtained by the Ising model. As an example we apply this solid-on-solid model to
the well-studied C(D01) surface.
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[. INTRODUCTION a next-nearest-neighbofNNN) (diagonal interaction as
well. For semiconductors surfaces, for which step and kink

The free energy of monatomic steps on single-crystal surenergies can be associated with covalent bonds, this method
faces is a fundamental parameter to describe many surfagéorks very satisfactorily.>~°In contrast to semiconductors,
processe$ The thermal roughening temperature of a facetmetals have wave functions that are quite extended in com-
of a crystal is determined by the step free energy. At zerdarison to the spacing between nearest-neighbor atoms.
temperature the step free energy is equal to the step formdherefore it is natural to assume that in the case of _metals,
tion energy. With increasing temperature, however, the stepNN and perhaps even next-next-nearest-neighbor interac-
free energy decreases to a meandering of the step. Althougpns Might be needed to describe the energetics of the sur-

. . - : - ly. If we restrict ourselves to NN and NNN inter-
step meandering requires kink creation, the entropy gain i CE€ proper i .
sufficient to result in an overall decrease of the step freé\'letlons only we show that the stiffness of #140) oriented

energy. One can easily show that an isolated step can alwa)?éep depends on both the NN and NNN interactions, whereas

lower its free energy at nonzero temperatures by meanderingle stiffness o010 oriented steps only depends on the

. X . NN interaction. Expressions for the step free energies are
Thermodynamically an isolated step is therefore alwaysaISO derived P P g

rough at temperatures above 0 K. A facet will thermally g o jjiustrative example we show that within the frame-
roughen at the temperature at which the step free energy . of the solid-on-solid model that includes NN and NNN
vamshgs. _ interactions, the energetics of @@1) can be described ad-
Besides the roughening of a facet the step free energy alsqyuately. The difference between the kink creation energy
determines the two-dimension&D) equilibrium shape of (130 mevA) (Refs. 10-12 and the[110] step formation
an island or vacancy island on a crystal surface. Within thenergy (220 me\d) (Refs. 13 and 1¥ican simply be under-
framework of the two-dimensional Ising model Rottman andstood in terms of NN and NNN interaction energies. More-
Wortis* determined the exact equilibrium shape of an islandover, the temperature dependence of the 2D island equilib-
They found that in the case of isotropic nearest-neighborium shape and the high stiffness ofG10 oriented step on
interactions the equilibrium shapé @K is aperfect square, Cu(001) are also described reasonably well.
whereas the corners of the square become rounded at higher
temperatures. Il. SOLID-ON-SOLID MODEL WITH NN
Although we have only briefly discussed a few equilib- AND NNN INTERACTIONS
rium surface processes there are many nonequilibrium pro-
cesses, such as crystal growth and etching, in which the step The meandering of a step can be characterized by the
free energy plays a leading role. Besides the step free energpatial step correlation functioB(x), which is defined &3
there is another quantity, denoted as step stiffness, which is X
often used to describe the meandering of a step. The step _ _ a_ ooy XL
stiffness describes the resistance to meandering of the step GO0 =([y(x+X0) =y(Xo) 1) =(n%) @

l '
and is closely related to the energy required to generate a ) ,
kink in the step. Within the framework of a simple solid-on- wherex andy are coordinates parallel and perpendicular to

solid model with only nearest-neighb¢kN) interactions, —the mean step edge direction, whileanda, are the atomic
expressions for the step free energy and step stiffness fénits along and perpendicular to the step edge. F'”?&
various types of high-symmetry steps, such as, for instancd€fers to the mean-square kink length and is definétl as
(110 and (010 oriented steps on a simple culi@0l) sur-

face, have already been derived.Here we consider a <n2)=2 n-2p- )
slightly more complicated solid-on-solid model that includes oo
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(A) with NN (g;) and NNN (e,) interactions the step edge for-
<110>
—>

mation energy per unit length(=a) is given by

€1
E<11®:?+82. (6)

The kink formation energy of a kink with a length af(n
=1) units i€

€1
Ek(n)=n?+(n—1)sz. (7

Instead of a set of NN and NNN interaction energies it is
equally valid to consider a NN interaction energy and an
effective corner energgk). The following relations between
the two sets of interaction energies can be derfred:

FIG. 1. Schematic diagrams @) (110 and(b) (010 oriented x=¢1t+2¢e,,
steps on &001) surface of a cubic crystat., ande, refer to the NN
and NNN interaction energies between the surface atoms. The NN K=—¢>,. (8)

d NNN dist bet f arand 2 tively. . . . . .
an istances between atoms arand y2a, respectively This set of interaction energies also result in a step edge and

single kink formation energies of 220 and 130 ma)fe-
spectively.
The step free energy per unit lengihis given by

where p; refers to the probability of finding a kink with a
length ofn; units. The summation runs over all possible kink
configurations. The mean-square kink length is the expecta-
tion value of the square kink length at each step edge posi-
tion and can be considered as the diffusivity of the step edge. F=—-k,TInZ=—KkT In( Z e Ei ”‘bT) , 9

At zero temperaturéor infinity large kink creation energy !

the step edge diffusivity or mean-square kink length is rewhere the summation runs over all possible step configura-
duced to zero. The spatial step correlation function can alsgons andE; refers to the formation energy of théh con-

be written in terms of the step edge stiffnegs’ figuration. The partition function of 110 oriented step,
Z110 . is given by

1+2, eEk(n)’ka] (10)
n=1

) kpT
G(X)=([y(x+Xo) —y(X)] >=y—aau|x|, 3
! Z(llQ: e7 E<11@ /ka

where the dimensionless inverse step edge stiffness is de-

fined as - ;
The step free energy per unit lengtlof a(110 oriented step
k,T is then

: 4
'}/a” Ze—sl/Zka

&
F<11@:?l+82_ ka |n
where T is the temperature ank, Boltzmann’s constant.

Thus the following relation between the step edge stiffnessp,o mean-square kink length can now easily be calculated to

. (1)

1+ 1o G2 ep)lkyT

and mean-square kink length exists, be
keT (n? 28257 nZe BT
va ® ()= Troes o - 12
yay I 1+237_.e E(N)/7KpT

First, we consider a step running along1d0 direction  Substituting the kink formation energy and some mathemat-
(see Fig. 1 Within the framework of a solid-on-solid model ics finally results in

zaf e®2 /ka67 (eq/2+ sz)lka[ 1+e” (eq/2+ sz)lka]

2 —
<n ><110> - [l _ e*(81/2+ 82)/ka+ 2e*(81/2+ 82)/kae£2 /ka][ 1—e (eq/2+ sz)lka]Z (13)
and thus
ka 2e—el/2ka[1+ e—(€1/2+ sz)lka]
Yaa = [1_e (C12F 2Kt § pg soT|[ 1@ (e27 e2pT]2" (14
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Hence the mean-square kink length and the step edge stiffnum curvature of an island (1319 meV/a).'? The forma-
ness of 110 oriented step depend both on the strength oftion energy of a(110 oriented step is extracted from the
the NN and NNN interactions. As we show below this is jsland equilibrium shape (22620 meV/a) (Ref. 13 and the
quite different for a step oriented along@L0) direction. size dependence of island shape fluctuations (220
Second, we consider @10 oriented stepsee Fig. 1~ +11 meV/a).* By using Egs.(6) and (7) we can extract a
The route we follow to extract the mean-square kink length\N interaction energy of 260 me¥/and a NNN(diagona)
step free energy, and step edge stiffness is analogous to theraction energy of 90 meV/corner. Using these values we
(110 step. The partition function of €010 oriented step is  find a dimensionless inverse stiffness db40) oriented step
given by of 0.2 at room temperature, which agrees perfectly with the
(e1+ 2k T 4 D (o1 +3622)/ksT 4 @ o1+ 26)/kyT. experimental available datd.However, in order to explain
(15) the temperature dependence c_)f the 2D equilibrium island
shape properly, a lower NNN interaction energy has been
Here we have considered a line segmept \2a along the  found of 63 meV/cornel! A NNN interaction energy of 63
mean{010 direction. The step edge free energy per unitmeV/corner results in a dimensionless inverse step stiffness
lengtha of a (010 oriented step is given BY of 0.3, which is 0.1 higher than the experimentally deter-
mined value of 0.2. As suggested by Dieluwigtal? it
might very well be that more sophisticated many-body inter-
actions such as, for instance, kink-kink interactions contrib-
ute to the reduction of the dimensionless inverse step stiff-
ness as well. Because &attractive NNN interaction &)

Z<01@ =e

+
F<01@=V2[(¥) —kpTIn(1+e 22Ty | (16)

The mean-square kink length is

ai[e*(sl+282)/ka+e*(£1+382/2)/ka] can be interpreted as @epulsive corner energy(x),” Eq.
<n2)<010>= 7 (18) can be used immediately. By inserting= —¢e,=
(010 —90 meV/corner we arrive again at a dimensionless inverse
ale c2T step t_adge s}iffness_of 0.2, in perfect agreement With_ the
= 3o T (17)  experiments: Thus, in marked contrast to Ref. 14 we arrive
at the conclusion that a NNN interactigor equivalently, an
Becausea, =a,= \/2a we finally find effective corner energyis the main cause for the strong re-
duction of the dimensionless inverse stiffness @0&0 ori-
k,T V2 ented step on G00Y).
(0102 T 1rerd%eT (18) We have not taken into account additional contributions to

o i ] . ) ) the step free energy arising from vibrational entropy
For a vanishing NNN interaction the dimensionless inversqerms!8-20pye to the reduced coordination of steps atoms in
step stiffness reduces to the universal value/Z)L/of the  5(010) oriented versus &110) oriented step this vibrational

Ising modef*° With an increasing attractive NNN interaction entropy term is expected to be larger {6040 than for(110)
the dimensionless inverse step stiffness decreases and thygented steps.

the step stiffness increases.
IV. CONCLUSIONS

Ill. APPLICATION TO THE Cu (001) SURFACE _ . . .
(003 Within the framework of a solid-on-solid model with NN

In order to test the applicability of our model we make and NNN interactions we have derived expressions for the
contact with the well-studied @001) surface. The creation step edge stiffness, step free energy, and mean-square kink
energy for a single kink in 110 oriented step has been length of(110» and(010) oriented steps of €01 surface of
determined experimentally by analyzing the spatial step fluca cubic lattice. The energetics of @@1) is described in a
tuations (12& 3 meV/a) (Refs. 10 and 1land the mini- very satisfactory way by this solid-on-solid model.
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