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Dynamics of surface profile evolution through surface diffusion
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We have studied the evolution, mediated by surface diffusion, of periodic corrugations on a surface using
Monte Carlo simulations on a solid-on-soli80OS model. Above the roughening temperatdrg, for both
unidirectional and bidirectional sinusoidal corrugations of wavelehgthe amplitudeh decays exponentially
with time h/hg~exp(— at), with t/L* scaling in agreement with Herring-Mullins theory. Below the roughening
temperature, there is a gradual transition to a power-law decay of the amplitude as the temperature is lowered.
The wavelength scaling varies with the substrate temperature and the periodicity of the corrugation in the two
orthogonal transverse directions. Well beldw, the amplitude in unidirectional sinusoidal corrugations
evolves with time according tb/hy~(1+xt) ™%, with t/L5 scaling for diffusion-limited kinetics, in agree-
ment with the theory of Ozdemir and ZangwfiPhys. Rev. B42, 5013 (1990]. In bidirectional sinusoidal
corrugations, profile decay is driven by a combination of line-tension and step-step entropic repulsion, in
agreement with the theory of Rettori and Villdid. Phys.(Parig 49, 257 (1988]. [S0163-182806)07439-3

An important problem in crystal growth is the continuum In this Brief Report, we discuss Monte Carlo simulations
description of surface morphology in terms of rougheningon a solid-on-solidSOS model of surface profile evolution
processes such as the random arrival of atoms, strain arabove and below the surface-roughening temperature. As the
diffusion bias, and smoothing processes such as surface afggbstrate temperature is lowered from above to beTuy
bulk diffusion and evaporation-condensation. Surface diffuthere is a gradual transition from an exponential decay to a
sion is the dominant mechanism of relaxation during thin-Power-law decay of the amplitude. The wavelength scaling
film growth of many materials. A mathematical framework Varies with t_he §ubstrate temperature and the peri_odici'ty of
for the continuum description of relaxation was provided bythe corrugation in the two orthogonal transverse directions.
Herring' and later developed by MullifsFor the canonical ~Well below Tg, the amplitude in unidirectional sinusoidal
problem of the evolution of an imprinted sinusoidal profile of Corrugations  evolves - with ~ time  according to
wavelengthL, this predicts a shape-preserving solution with/ho~(1+Xt) =, with t/L> scaling for diffusion-limited ki-
an exponential decay of the amplitude with timandt/L*  Netics in agreement with an.alytlc thec'ifyln. bidirectional _
scaling. This has been verified both experimentafignd in ~ Sinusoidal corrugations, profile decay is driven by a combi-
Monte Carlo simulatior’s® above the surface-roughening _natlon of Ilne-te_n5|on an(_Jl step-step entropic repulsion, also
fransition temperaturdg. Below Tg, the associated equa- N @greement with analytic theofy. o
tions become singular due to the cusp in the surface free The SOS model is described by the Hamiltonian
energy at low index orientations.

Both analytié='® and Monte Carld®"?° techniques H=2S |hi—h| i
have been used to study profile evolution belby: Analyti- 24V P
cal models describe surface relaxation beltpto be driven
by step-step interactions and line tension. For a unidirecwhereh; is the height at sité ande is the bond energy. The
tional sinusoidal profile, they predict the appearance of a flagsimulations were performed on a square lattice with the sum
top and a power-law decay of the amplitude with® scal- limited to nearest neighbors. Periodic boundary conditions
ing for diffusion-limited kinetics:* Experiments on periodic were employed in the transverse directions. The roughening
profiles on Ni and §D01) have shown the development of a transition temperatur@g for this model iskgTr/e=0.62%°
flat top, but the amplitude evolution appears to folltk*  The only interactions between steps in this SOS model are
scaling®?* Monte Carlo simulations have reproduced thestatistical. The free energy per unit projected surface @rea
t/L* scaling close to but beloWy (Refs. 8 and 19 For a  can be expanded in terms of the sldpeas
bidirectional sinusoidal profile, the amplitude decay is ex-
pected to followt/L® scaling for diffusion-limited kinetic$. G=Gy+Gy|h |+ 3 Gzh)2<+ 1G5 hy3+--- . 2)
Annealing of rough surfaces of Cilll) produced by
growth?? and of TiO,(110) (Ref. 23 and G¢00l) (Ref. 24  For T>Tg, the coefficients of odd powers
produced by ion bombardment has yielded results consiste@;=G;="--=0.2° For T<Tg, current models of surfaces
with amplitude decay followind/L" scaling, withn taking  predict the coefficien®, of the quadratic term to vanish, and
the values of 3short-time behavigr 4, and 2.2 for C(11), the condition of noncrossing of steps gives rise to the cubic
TiO,, and G&001), respectively. Thus we see a wide varia- term in the projected surface free enefgy.
tion in the time and wavelength dependence of the profile The Monte Carlo simulations were performed(#1)D
evolution. As many crystal processing steps occur well bewith conservative dynamics. Each step consists of picking a
low Tg, it is of interest to determine the onset and nature ofsite at random and making a move to an adjacent site with
low-temperature profile evolution. probability
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FIG. 1. (a) A discretized unidirectional sinusoidal corrugation with an amplithgle4 units. The evolution of the amplitud€h, as a
function of scaled timeé/L" at (b) T=1.2Tg, (c) T=0.8Tg, and(d) T=0.54Tx. The amplitude is defined as the average height at one or
two rows at the extrema of the initial sinusoidal pattern. The data are averaged over at least 5000 columns. Also shown are the functions
exp(— at/L") and(1+Xt/L™ 2, wherea and\ were chosen to give good fits to the initial 25% of the decay in amplit{@&he variation
in scaled step positions shown as a functiort/af for the wavelengths of =20 and 30 lattice units & =0.54T.

L exp(— AE/kgT), AE>0 tion of the groove in unidirectional corrugatiofiBig. 1(a)] .
p= (3) must be sufficiently large to allow for many step-step colli-
1, AE=<O sions. A nonmonotonic change in the rate of amplitude decay

was observed a®/ was increased from very smdkkssen-
where AE is the difference in binding energy between thetially no collisions over the whole widihto large values
present site and the neyadjacent site. The approach to (few to several collisions A width of 1000 lattice units was
equilibrium was investigated for unidirectional and bidirec- used for the simulations below the roughening temperature.
tional sinusoidal corrugations. At low temperatures, the av- The time evolution of the amplitude in unidirectional
erage position of steps was followed by determining thesinusoidal corrugations was studied at five different tempera-
number of atoms at each level. This introduces an error duaures ranging fronT=0.54T to 1.2T for the wavelengths
to incomplete cancellation of adatom and vacancy concentraf L=10-40 units. The initial amplitudla, was four units.
tions, but this is deemed sufficiently small to not affect theThe amplitudeh represents an average over either one or two
conclusions drawn here. The size of the surface ranged fromows (perpendicular to the corrugation directjoat the ex-
10* to 1@ columns. It is noted that the widiW in the direc-  trema of the starting sinusoidal profile. The data shown are



54 BRIEF REPORTS 10 379

averaged over at least 5000 columns. Figurés)-11(d)

show the amplitude decay at three different temperatures.

Also shown are the functiond/h,=exp(—at/L") and 1.0
h/ho=(1+\t/L") 1. Itis noted that the parametesisand\ h ogg|
were chosen to give good fits to the initial 25% of the decay. To ________ (1 + ML )t
At T=1.2T, [Fig. 1(b)], the decay is seen to be exponential, 0.6 -

with at/L" scaling,n=4.0+0.1, in agreement with Herring- 0.4
Mullins theory? Assuming the effective activation energy of ’
2e+g4 (sum of adatom formation and migration energy 02F L=60 e
the coefficienta, we getG,=1.24. As the temperature is
lowered, we observe a gradual transition from an exponential
decay to a power-law decay of the amplitude. This does not 0.600 0‘601 0.(')02 0.603 0.604
agree with the prediction of a linear decay of the amplitude 5

below Tg.1® At T=0.8Tx, the scaling is still of the form t/L.

t/L", n=4.1*+0.1, in agreement with earlier Monte Carlo (a)
simulations[Fig. 1(c)].%° However, the decay function de-
viates from the exponential form. At=0.54Tg, the ampli-
tude decayFig. 1(d)] follows the power law, as predicted for
relaxation driven by step-step entropic repulsiblso the
wavelength scaling exponent=5 gives a good fit over a
significant portion of the decayup to h~0.25), as ex-
pected for diffusion-limited kinetickt The scaling is not as
good toward the end when only one pair of steps is left. This
may be due to finite-size effects from larger step separation
as noted above. The plateaus in Fi¢d)lcorrespond to inte-
ger heightsh. The plateaus would be less prominent for
higher values of the initial amplitude,. | ! L '

T=054T,

0.0 L 50 40 T30 20

The decay proceeds through the contact of unlike steps at 0 1 3 2 3
the extrema. This leads to formation of islands and their t/L
subsequent evaporation onto the terraéégure Xe) shows (b)

the average position of individual steps during the profile
evolution atT=0.54T. For the steps at the extrema, we FIG. 2. Evolution of the amplitudb/h, with scaled timet/L",

define an effective step position in terms of the number of, _5 5,4 3 afl = 0.54T for wavelengths fronl =16 to 60 lattice

atoms or vacancies remaining. We see that all steps mOoVg,ts in bidirectional sinusoidal corrugations. The data are averaged
toward the center and the low index facet at the top grows agyer at least 500 columns, exceptlat60, where it is averaged
each pair of steps annihilate. The scaled step positions shoyyer 200 columns.

t/L° scaling, which indicates that the shape of the evolving

profile follows this scaling. It is also interesting to note the lengths(L =40, 50, and 6pyields n~3.8. This shift can be
sudden change in the step velocities when the steps at thgjersio0d qualitatively in terms of the line tension and step-

extrema vanish, in agreement with the description in analytigyey entropic contributions to the excess step chemical
theory! The entropic repulsion faced by the next to last SteEEq

t the ext q l 'd e otential®>?’ For a fixed initial amplitude, steps are more
at the extrema decreases rapidly on one side, resulting In the,se|y spaced at short wavelengths, giving rise to a large
sudden change in velocities of all steps.

Th luti f bidirectional si al . q step-step entropic term. This leads to a decay similar to that
The evolution of bidirectional sinusoidal corrugations de- ¢\ nigirectional profiles. At large wavelengths the line ten-
scribed by the envelope

sion dominates for the islands at the extrema. The analyti-
cally predicted form of the decay in this Ilimit is
o ( 27TX) . ( 277)/) h—hy~ — Bt/L.° The simulations show a trend towane-3
h(x,y,0)=hgsinl —|sin 4) ; .
L as the wavelength increases. An exponential decay of the
amplitude witht/L® scaling has been observed beldw in
was also investigated. The wavelengths in the rdngd6—  this SOS model, but with different dynamits.
60 lattice units were again followed at different temperatures One effect not included in analytic models is the interac-
from T=0.54T to 1.2ZTx. The initial amplitudeh, was four  tion between opposite steps at the extrema in unidirectional
units. AboveTg, the amplitude decayed exponentially with sinusoidal corrugations'** These models strictly describe
time with t/L* scaling as expected. BeloW, profile decay the evolution of a corrugation with only one type of step.
is driven by line tension in addition to step-step entropicEvolution of a half-sinusoidal profilg(corresponding to
repulsion. Figure 2 shows the variation of amplitude atL=20,h,=4 and employing screw periodic boundary condi-
T=0.54T with time scaled by two different wavelength ex- tions) with only one type of step has shown that the steps at
ponentst/L°® andt/L3. We see that there is no single wave- the extrema move more slowly than their counterparts in the
length scaling exponent valid for all wavelengths. For ex-full sinusoidal profile(using the definition above of effective
ample, at short wavelength§L=16,20, n~5 gives a step positioh This clearly shows that the island decay must
reasonable fit, while a similar exercise at the longest wavebe taken into account for a determination of the absolute rate

L
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of decay. This phenomenon of step-antistep annihilation is In conclusion, we have studied the evolution of unidirec-
analogous to the single step to double step transition on viciktional and bidirectional sinusoidal corrugations above and
nal surface$® below the roughening transition temperatdrg on a SOS

We discuss certain features regarding the details of thenodel using Monte Carlo simulations. Abovg, the ampli-
simulation. The starting surface configuration is a discretizegyge decays exponentially with time, in agreement with
sine wave with straight stefg unidirectional gratings and  Herring-Mullins theory? Below the roughening temperature,
one would expect a finite time for the steps to develop thernere is a gradual transition to a power-law decay of the
mal fluctuations. Figure(#) shows the rapid readjustment of 5mpjitude as the temperature is lowered. The wavelength
step positions at the beginning of decay. This shows tha{ajing varies with the substrate temperature and the period-
equilibration time is short compared to the total time of de-jqy, of the corrugation in the two orthogonal transverse di-

cay a’?d hence is not a major factor in the o_bserved UM@actions. Well belowTg, the amplitude in unidirectional
evolution of the amplitude. Another feature is the rather inusoidal corrugations evolves with time according to

large slopes of the profiles in the simulations. The analytical Ihg~(1+At) "L, with t/L® scaling for diffusion-limited Ki-

theory is developed in the limit of small slopes, yet we getan ' ° % . ; S
excellent agreement with analytical expressions of deca)Pet'CS in agreement with analytic thedryin bidirectional

This may come from two sources. First, the higher_orders'ingsoidal.corruga_tions, profile decay is driyen by a combi-
terms [0(h®)] in the projected surface free energy may benatlon of Ilne-Fensmn gnd step-step entropic repulsion, also
small. The other is the assumption of infinite vertical diffu- I @greement in analytic theofy.

sion in the. dyr_1am|cs O.f the SOS model. The smaI.I slqpe We would like to thank Professor J. P. Sethna for suggest-
approximation in analytical theory comes from considering

only mass transport in the transverse directions, and ia'd the problem and acknowledge several enlightening dis-

equivalent to the assumption of infinite vertical diffusion. cussions with Jim Sethna, Eugene Kolomeisky, Jack

Lo e ; ; lakely, Chris Henley, and Mike Dubson. This work was
Hence a simplifying step in the dynamics of the SOS mode|3
might be aiding us in making a comparison to analyticalSUPPorted by NSF under Grant No. GER 9022961 and Cor-
expressions. nell University Materials Science Center under Grant No.

The decay of sinusoidal profiles followed diffusion- DMR 9121654-. o
limited kinetics since there was no step-attachment baitier.  Note added in proofWe have performed kinetic Monte
In the other extreme of interface-limited decay amplitudeCa”O simulations and they yield the same results described
evolution followst/L* scaling for unidirectional profilds in this paper. In writing the probabilities of jumpEqg. (3)],
andt/L? scaling for bidirectional profiles. Hence, surfaceswe have taken the energy of the transition state between any
evolving through surface diffusion below the rougheningtwo neighboring sites andj to beey higher than the higher
temperature may show amplitude followirtgL" scaling, of the two states andj. This is irrespective of the binding at
with n ranging from 2 to 5. sitesi andj.
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