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Morphology transitions at vicinal Cu surfaces based on entropic step-step interaction and diffusion
along steps
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An extension of the Burton-Cabrera-Frank model including diffusion along steps and entropic step-step
interaction is introduced. This extended model is successfully applied to simulate recent experiments at vicinal
Cu surface$T. Maroutianet al., Phys. Rev. Lett83, 4353(1999]. In particular, the rise of two qualitatively
different morphologies can be explained by the competition of the four distinct driving and restoring forces of
the model implying different directions for the growth of instabilities along the step edges. In addition, a linear
stability analysis of the extended model is carried out. The result is a wavelength for the fastest growing mode
which is larger than the one predicted by Bales and Zangwill and in agreement with the experiments.
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During molecular beam epitaxfMBE) appropriate con- attaching at kinks from different step-edge directions, the
ditions for the controlled growth of vicinal surfaces can beso-called kink Ehrlich-Schwoebel effedKESE).>1° The
fine tuned and one can fabricate either atomistically flat oKESE can either destabilize or stabilize steps depending on
nanostructured surfaces. The ability to exert control on strucwhether the slope of the meander instability is greater or less
turing along the growth direction and fabricate substrateghan 1. In Ref. 5 calculations including a stabilizing KESE
with smallest-scale built-in periodicities normal to the sur-current along steps were compared to the further conjecture
face is well advanced. Efforts to better determine functionafhat islands might nucleate at step edges and thereby consti-
properties of a grown substrate now focus on the IateraﬁUte a still different wavelength of instability. It appeared that

structuring within one layer of growth. One direction along including this assumption produced a better fit to the experi-

this line is to make use of the inherent instabilities due to thé“enta.I wavele.ngth values. . L
A different light was shed on these investigations by ex-

dynamics of the growth process itsél necessary first step . . 2

. . : . periments which revealed that a morphology qualitatively

is to understand the basic wavelengths of those inherent in;. . .
different from the meandering one can develop on a vicinal

stabilities in addition to the kind of morphologies which will surface as well, with growth conditions being exactly the

develop. ; ;
__— same as for the meandering morphology except for a differ-
More then ten years ago, Bales and Zangwlledicted ent polar angle of the vicindt This morphology can be

that a growing vicinal surface should undergo a step meansparacterized by the absence of one global growth direction
dering instability when kinetic step—e_dge barrlers.suppresand thereby ~resembles the so-calledegenerated
the attachments of atoms to descending stefcording to morphology!'? Thus the inadequacy of theoretical approaches
their analysis, a straight step is linearly unstable against peg, gxpjain the difference between the wavelength of instabil-
turbations with wavelengths larger thag=27y2I'L, and  jty predicted by Bales and Zangwill and the one observed
a fastest growing wavelength at, =2\, (F=Qy/ksT,  experimentally was further revealed by the failure to explain
L,y=Dcg/FI?). HereF denotes the deposition ratB, the  this degenerated morphologNote that the surface of the
diffusion constant for diffusiorn the terraceszr;gq the equi-  in-phase meandering morphology displayed in the scanning
librium concentration of a straight step,the step stiffness, tunnel microscopé€STM) topograph in their Fig. (b) (Ref.

Q) the atomic area, ankkT the thermal energy. Even though 5) was wrongly identified as G@,1,1% and is in fact a
the meandering instability has meanwhile been observed i€u(0,2,29 surface. The true Ga,1,17%, on the other hand,
experiments and simulatiofighe quantitative prediction of displays adegenerated morpholody

the Bales-Zangwill analysis could not be recovered in many In this paper | will introduce a different model which can
of those experimental findings. This point received much in-explain the rise of two different morphologies as well as their
terest in view of recent experiments by Maroutieinal® at  basic wavelengths including KESE currents plus entropic
CEA Saclay. Analytical efforts to resolve the disagreemenstep-step repulsion in the classical Burton-Cabrera-Frank
between experimental measurements and theoretical prediBCF) model®? It is the competition between the destabiliz-
tion led to a precise study of the limit of desorptionlessing and the stabilizing forces combined in this extended BCF
growth. To derive a single evolution equation this case hasnodel (EBCF model which results into two different kinds
the interesting feature of displaying a singularity in the spiritof morphologies depending on the difference in magnitude of
of multiscale expansiohAs a result, meander wavelengths orthogonal driving forces. In contrast to the widely used
larger than the ones predicted by Bales and Zangwill can bMonte Carlo modef€?°for the simulation of vicinal surface
explained, however, without reaching the order of experigrowth, as a continuum model the EBCF allows for a math-
mental observationsOther efforts center around the inves- ematical stability analysis. This reveals an analytical expres-
tigation of an extra diffusion currertiongstep edge8.Such  sion for the basic wavelength of the meander instability
a current triggers an asymmetry in energy barriers for atomshich is in agreement with recent experimental observations.
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Moreover, careful investigations with the model elucidate the T 11— _
fact, that to explain(i) the correct morphology transitions 7=l 1= € cos6= o), ©
plus (ii) the correct wavelength formation at Cu vicinals, all where~yo refers to the step stiffness of a straight stepto
four of the driving and restoring forces explained underneathhe material’s crystalline anisotropy ardto the angle be-
in detail have to be taken into consideration. This modekween the normal vector of a straight step and the local nor-
resolves these four physical components as well as the dynal of the meandering step. With an initial orientation of
namics resulting from their interaction explicitly. instabilities in the(130) direction, destabilizing), currents

To get an impression of the basic ideas underlying thef different magnitudes are triggered with respect to a
EBCF model let us start with the one-sided BCF model, i.e.straight step direction in EIthQﬂ.l@ or <]_OO> To evaluate
the model formulated by Burton, Cabrera, and Frank in 195]"]k a quantitative value for the KESE |eng”}, is required_
for the case of complete suppression of attachment of adarhe diffusion barrier for the jump of a single adatom along
toms to descending steps. This one-sided BCF model consfihe step edge in thel30) direction is~0.39 eV picturing it
tutes amoving boundary problerof a diffusion-relaxation a5 an alternation of one jump with a barrier of 0.26 eV suc-
equation for the dynamics of the adatoms on the terraces angeded by one jump with barrier of 0.52 eV according to
two boundary conditions for the conservation of mass anRef. 19. From this the KESE length, can be derived as

the conservation of energy at the steps, respectively: 0.2016<1C°. The resulting j, current densities for
1 Cu(0,2,24 versus Cul,1,1% differ by one order of magni-
c=DV2c— —c+F, (1) tude: for Cu0,2,29 j, takes a value _of 3.5518

T X107 (As)"!, whereas for C(1,1,17 j,=3.1915

x 108 (As)~1. Despite their different magnitudes in both

Ceq=Caq (1+kQY/KgT), (20 cases KESE currents are destabilizing, favoring unsaturating
amplitude growth. Wavelengths of instabilities turn out to be

dJc even less than in the BCF model. As a consequence, taking
vp=DQ—r. 3 into account KESE as the only additional driving force in the

) BCF model cannot explain the experimental work by T. Ma-
Herec and « denote the areal adatom density and the steoytian and co-authors. An obvious antagonist of the desta-
curvature, respectivelyy refers to the step stiffness taking bilizing KESE is the repulsion due to the succeeding step.
into account its fourfold anisotropy. Equatio(® and(3) are  Entropic as well as elastic interactidhfave to be taken into
to be evaluated at the front of each step. For vicinal Cuaccount. Since the step interaction enefgys small com-
surfaces in the temperature range of the experiments undgared to the entropic repulsion in the temperature ranges un-
discussion a current involving the diffusion coefficieDf,  der discussiolt, it is sufficient to extend Eq(2) by taking
along the kinked steps is operati¥/&ollowing the notation into account the suppression of step wandering:
of Pierre-Louiset al. in Ref. 10 this diffusion along steps

plus its anisotropy due to KESE can be included inriinav- 0 K ~ (kgT)? ’

ing boundary problenabove by adding- d,J; to the right- Ceq= Ceq+kB_T' QyCeqt % | )

hand side of Eq(3), whereJ, refers to the KESE current Y

given by Egs(2) and(3) of Ref. 10. For a meandering step .

with local slope|M|>1 it reads vn=DQ—=—d,J. (3"
Fs(1-|MPhM N S . .

k:L+—|I\/I|’ (4)  The additional term £kgT)“/61°y is the step interaction
S

parameter withl the width of the terraces. Equatioi($),
where L¢ denotes the KESE length arfel the respective (2'), and (3) constitute the extended BCF mod&BCH).
incident flux.Jy is a function of the local slope of the mean- Its simulation withT=280 K, F=3x10"2 monolayers/s,
dering step with respect to the straight step. Since growth=21.7 A, D,,=10"% cn/s, cng 8.208<10°% A1 and
proceeds in the direction of minimal step stiffness, the initialy,=1.034 eV/A yields two morphologies for the @,2,24
orientation of the meandering instability is aligned with this surface(Fig. 1) and the C(d,1,17% (Fig. 2), respectivelyno
direction of minimal step stiffness. Assuming the step edgeglesorption.

to be infinitesimal sections of a surface perpendicular to  The four components regulating growth of instabilities in
(001), the orientational dependency of the step stiffness cafhe EBCF model are:

be determined in direct analogy to the calculation of varia-  (j) enhancement of growth via the gradient of the adatom
tions of surface tension with surface orientation in Ref. 14 diffusion field normal to the interface setting the length scale
The appropriate potential is a Lennard-Jones potential. The, as a primary wavelength of the meandering instability;
result is the(130) orientation of edges as the direction to (i) restore via step stiffnegsorr. length scalel’);

minimize step stiffness. This implies that this direction of  (jji) driving of amplitude growth via KESEscale:Ly);

minimal step stiffness encloses an anggeof approximately (iv) restore via entropic repulsion(scale: Lg
63.5° with the straight steps in case of(C/1,17, whereas  =g6y12/k;T2) .

0o is approximately 71.5° in the case of @i2,24. 6, has In the situation depicted by Fig. 2 the magnitude of the
to be taken into account as part ¢f i.e., KESE current derivative,J is negligibly small. The remain-
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GU -

tude of the remaining driving force due to this KESE current
is ten times smaller then the magnitude of the adatom diffu-
sion field gradient in the direction of minimal step stiffness.
The precise factor, evaluated via the simulation, is 11.129 for
Fig. 1 averaged over 500 time steps. Due to the dominance
of L, growth can proceed in the direction of minimal step
stiffness.

To understand the basic wavelength of the instability the
two new length scalelg andL, set by entropic interaction
asin Eqg. (2) and by an anisotrop diffusion current along the
step as in Eqg. (3 respectively, have to be taken into ac-
count. Equations$l), (2'), and (3) constitute a system with
N a type-l bifurcation’ Its dispersion relation can be evaluated
. . , in an analogy to a dilute binary alloy undergoing directional
800 1450 2100 GU solidification', For I'<<t g the resulting expression to lead-

) ] ] ] _ing order reads
FIG. 1. In-phase meandering according to numerical simulations

of the EBCF model. The parameters of the simulation are calibrated Ly-T-kg IL,

to Fig. 1(b) in Ref. 5. GU refers to grid units of the underlying ANy= \/577(4 +2\27 3. (6)

numerical grid. A train of 15 steps with periodic boundary condi- T

tions in the lateral direction is displayed. Horizontal boundary con-Herel+=2D/v,, wherev, denotes the velocity of a straight

ditions are periodic as well. Space calibration leads to roughly testep. Equatiori4) replaces Eq(l) in Ref. 5. It is sufficient in

gri_d ynits corresponding tg 1 A. Asymmetry with respect to yhe the most interesting temperature range 2.8x383 KL

axis is a consequence 6f in Eq. (5). where it displays deviations from an Arrhenius-type behav-

ior, which increases with increasing temperature. Neverthe-

ing forces due to entropic and step stiffness effects act iess, it is in good agreement with the experimental dgig.

directions perpendicular to each other. The result of thi3). Simulations of the EBCF model also support this expres-

competition of perpendicular forces of equal strength is thesion.

degenerated morphologgs observed in other contexts with The EBCF model explains two relevant interesting results

an analogous competition of driving forc¥s. for growth at vicinal surfaces, namely the experimentally
In Fig. 1 the KESE current contributes to the evolution of observed deviation from the Bales-Zangwill instability and

surface morphology. It has a component which is opposed to

the entropic forces reducing their overall effect. The magni- 100 . - - . - - .
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FIG. 3. The “+" data points are taken from Ref. 5 and give the

FIG. 2. Thedegeneratednorphology as obtained in simula- wavelength measurements recorded there. The dashed line is the
tions. Same as in Fig. 1 except a different scale of 1 GU corresolution of Eq.(4). Crosses with error bars are data points obtained
sponding ® 1 A and taking into account the different vicinal from simulation with the EBCF. There are limitations to a precise
[namely Cu1,1,17% versus C(0,2,29] via a different angle be- wavelength measure in simulations. Due to the horizontal periodic
tween the alignment of straight steps and the direction of minimaboundary conditions wavelengths are always a divider of the sys-
step stiffnesdi.e., 6p). A train of 25 steps with the first step grow- tem’s width. Enlarging this system width systematically until the
ing towards infinity is displayed. This simulation result is in good rise of a further cell as well as restricting the width until the extinc-
agreement with thedegenerated morphology recorded for tion of one of the cells allows the determination of upper and lower
Cu(1,1,1% after deposition of about 20 monolayeff§lL’s) at F bounds. Data points are the mean of these bounds which themselves
=5x10"2 ML's/s at surface temperature 285 K via STM topogra- are taken into account via the error bars, thus each data point is a
phy (Ref. 1. result of up to 15 simulations with different system widths.
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the rise of adegenerated morphologyyam not aware of any lack of experimental data. It seems an interesting question
other model which allows for an analytical wavelength whetherin situ transitions from one morphology to the other
analysis as well as for a quantitative investigation of thecan be obtained via a change in the ratio of driving forces
morphology transition via explicit consideration of all four (e.g., by lowering temperature during the experiment
competing driving and restoring forces discussed here. Thesg/hether this morphology transition displays features which
results are related to experimental findings in the group ofesemble a true phase transition remains to be investigated.
H.-J. Ernst. The new basic wavelength predicteq .t_heoreti— The diffusion relaxation Eq(1) is solved on a quadratic
cally from the EBCF model can be observed as initial peryiq. The interface is discretized separately by curvilinear

turbation of the step at the @229 as well as the goqments and respective interpolations from the interface to
Cu(1,1,17 surfaces. The qualitative difference between thelr,[he grid

morphologies, i.e., whether a surface displays an in-phase-
meandering [Cu(0,2,24] or a degenerated structure | thank T. Maroutian for sending me a STM picture of the
[Cu(1,1,17] after deposition of a few monolayers, dependstrue Cuy1,1,17 surface morphology as well as M. Rusanen
on the magnitude of the angle between the direction of defor sending me Ref. 20 prior to publication. Comments by H.
stabilizing and restoring forces. Time scales for the developMuller-Krumbhaar as well as assistance by T. lhle when get-

ment from initial perturbation to the fulllegeneratednor-

ting started on explicit solvers for moving boundary prob-

phology could not be compared with experiments due to théems are gratefully acknowledged.
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