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Ripple formation and rotation in the growth of Ag/Ag(110): A microscopic view
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The recently observed formation of cross-channel ripples in the growth of Agjl@gat low temperatures
and their rotation at higher temperatures are studied by kinetic Monte Carlo simulations. The key microscopic
mechanisms of both ripple formation and rotation are singled out.
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Upon the deposition of several atomic layers, even ini-ripples disappear at intermediate(around 150 K because
tially flat crystal surfaces can begin to develop spontaneouthere the weak CC bonds are easily broken and that, up to
kinetic patterning, with the formation of regular arrays of this T, neither CC diffusion nor interlayer mobility play an
three-dimensional mounds. Mound formation can take placénportant role, so that the surface current still flows in the
by different mechanisms, like Ehrlich-SchwoekEB) barri-  in-channel direction. This is a crucial point because it dem-
ers, adatom-step attraction, fast atomic motion along stepnstrates that ripple formation and rotation during growth are
edges, and othefsOn symmetric surfaces, these moundsqualitatively different from mounding: the latter can be ex-
take a pyramidlike shape, which follows the substrate symplained in terms of surface currents caused by adatom diffu-
metry [square for Cu/C{001) and Fe/F&01), symmetry for  sion, while the former are deeply connected also to the prop-
Pt/P{111) (Ref. 2]. Very recently, also multilayer growth on erties of the bonds in the different directions. Finally, we
the initially flat anisotropic A¢L10 surface has been experi- confirm that, at highl (around 200 K, the formation of IC
mentally investigated The Ag(110) surface is of rectangular ripples requires CC both intralayer diffusion and IC inter-

Symmetry, with channels a|0ng tIDéTO] direction(see F|g |ayel’ rn(:)b”lty3 HOWeVer, these ingl’edients are not suffi-
1); the channels are separated by close-packed atomic rowgent: also CC bond breaking is crucial. Strong CC bonds
On this surface, diffusion of single adatoms is easy along th#ould inhibit IC ripple formation. Our results demonstrate
in-channel(IC) direction, while the cross-chann@C) mo-  that the anisotropy of bonds is extremely important for the
tion (along the[ 001] direction takes place by exchange and mor_phology of $u_rface instabilities in mglt|layer deposition,
is more difficult*® Surprisingly, instead of the formation of besides determining the submonolayer island shéjses:*?
anisotropic moundsonly, a much richer phenomenology has The most important elementary diffusion processes in our
been observedlin fact, at low temperature$ (around 130 model are summarized in Fig. 1. We consider both intralayer
K), a ripplelike instability is produced, with ripples oriented and interlayer processes. The most important intralayer pro-
along the CC direction. IfT is raised to about 160 K, an ¢ess is the IC diffusion of isolated adatofpsocessa in Fig.
intermediate regime, with mounds elongated in the two di-l), With a barrier of 0.28 e\(as calculated in Refs. 5 and 7
rections, is found, and finally, around 200 K, ripples appeafy many-body tight-binding potentigison the other hand,
again, but rotated by 90°, so that they become oriented alongC diffusion (b) costs morg0.38 eV(Refs. 5 and J]. The
the IC direction. other intralayer processes are modeled by dhésotropic

In this Rapid Communication we study the microscopicPond-breaking modelABBM),**?where the breaking of the
mechanisms of ripple formation and rotation in the growth of
Ag(110) by realistic kinetic Monte CarldKMC) simula- a:0.28 eV b:0.38 eV a130.30 eV 13.0.48 eV
tions. The mechanisms of the mounding instability have been a2:0.32 eV
investigated in several papefsee, for example Ref.)lon
the contrary, much less is known about the mechanisms lead-
ing to the organization of mounds into ripples and to their
rotation with increasing. To our knowledge, what follows
is the first microscopic study of the latter issues. In the fol-
lowing, we show that our model reproduces quantitatively
the experimental observations of Ref. 3, giving a complete
microscopic explanation, which involves one more key in-
gredient besides the rc_)tation of surfacg curreatsd which c:0.36eV d:0.36eV |p1. 0.40 eV
is closely related to island shapes in the submonolayer -y

839 A) b2: 0.42 eV (B)
regime>=* In fact, here we demonstrate that, even though
the mounding instability is due to ES barriers hindering in-  F|G. 1. Diffusion processes with their barrief#) Diffusion
terlayer mobility, the organization of mounds into CC ripplesprocesses for isolated adatoms, both intralayer and interléggr.
at low T (around 130 K is due to the stability of the weak Intralayer diffusion processes for atoms with neighbors; in the
CC bonds for adatoms in nearby channels and to the anisogimulation we let also interlayer processes for atoms with neighbors
ropy of diffusion of isolated adatoms. Then we show that CC(not shown in the figure
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FIG. 2. Snapshots at different temperatures after deposition of 0.5 05 F%
30 monolayers. The in-chann@C) and cross-channéCC) direc- ‘\\ 2N
tions are along the short and long diagonals, respectively. At 130 K, 0 OF \ .” \\ e
CC ripples are evident; these are transformed into anisotropic -
mounds at 150-160 K. -0.5 t=30ml -0.5 1=30ml ]
strong IC bonds costs 0.18 eV, while the breaking of the e S Bl
25 r 50 0 25 r 50

weak CC bonds costs 0.02 eV, so that, for example, process
a3 (which is IC diffusion with the breaking of one IC and g, 3. Height-height correlatios(x,01) (along the IC direc-
one CC bonglhas a barrier of 0.280.18+0.02=0.48 eV. tjon, solid line$ and G(0y,t) (CC direction, dashed lingén dif-
We stress that IC bonds are practically never broken at thferent conditions for the full modet.=x or y is measured in the
temperatures we shall consider in the following. The ABBM number of atomic rows or columns. Oscillations G(x,0t) to-
reproduces quantitatively the intralayer diffusion barriers agjether with a monotonic decay Gf(0,y,t) indicate the existence of
calculated by many-body potentials; a complete discussiogC ripples.
of intralayer mobility is given in Ref. 12. Concerning inter-
layer processes, IC interlayer mobility is relatively egsio-  G(x,01t) presents a damped oscillation, indicating the onset
cessc) with an additional ES barrier of 0.08 eV, whereas CCof a periodicity along the IC direction, which is perpendicu-
interlayer mobility is possible only at kinkgrocessd (Ref.  |ar to the ripple orientation, whereas in the other direction the
7)1, being extremely difficult along straight stepsVe take  monotonic decay is again found. From the distance between
in the following a common prefactor of 30s™*. Adatoms  subsequent maxima, we find a ripple wavelengthof 4.0
are deposited randomly on the surface. If atoms land omm at 130 K, quite close to the experimental value of 4.6 nm.
growth sites(fourfold hollows, they stick; otherwise, they |f T is raised further to 150 K, a periodicity arises also in
cascad® and search for the closest growth site with lowerG(0,y,t) and anisotropic mounds are formed instead of CC
height. ripples.\, increases witlT and is of 6 nm at 150 K, 9 nm at
Let us first consider the low and intermediateranges 160 K, and 14.4 nm at 170 K, again in good quantitative
(100<T<160 K). Our results are well summarized by the agreement with the experimerjsee the open circles in Fig.
snapshots in Fig. 2, taken after the deposition of 30 mono3(b) of Ref. 3]. Also for the ripple slopex(x,t) we obtain
layers at a flux of 1 monolay&ML) per minute} the same  very good agreement with experiments. We estimatas
as in experiments. In Fig. 2, IC and CC directions are alongollows. First we calculate the ripple lateral sigéx,t) from

the short and long diagonals, respectively. The size is of5(£(x,t)/2,0t)=1/2 (Ref. 14; then « is given by a(x,t)
about 30 nm and 40 nm along the two directions; this is not=tan-1[2w/&(x,t)], wherew is the interface width. We

far from the size of experimental terradesd it can accom- find, for t=30 ML, a=20.6° at 120 K, 19.9° at 130 K,
modate several ripple wavelengths at IGwAt 100 K no  17.1° at 140 K, 15.4° at 150 K, and 13° at 160 K.
ev_idenc_e of mounding is found: none of the processes of Fig. \what are the microscopic mechanisms of CC ripple for-
1is active. The situation changes at £2D<140 K. There,  mation at lowT? How does their transformation into mounds
well-defined ripples with CC orientation are formed, in 4t intermediateT take place? In our KMC simulations we
agreement with the experiments. This finding is confirmeccan answer these questions by selectively either suppressing
by the analysis of the height-height correlation functiongr enhancing some microscopic processes, and then looking
G(X,y,t) at ﬁxed t|met (See F|g 3;)( andy are the IC a.nd at the effects on the growth morpho'ogy_
CC directions, respectively G is defined by G(x,y,t) First, we analyze ripple formation around 130 K, where
=9(x,y,t)/9(0,0f), whereg is given by interlayer mobility is not active due to the ES barriers; this
o _ should cause a mounding instabilitut something more is
g(x,y,t)=([h(x,y,t)—h(t)][h(0,0)—h(t)]), (1) needed to organize mounds into CC ripples. If we eliminate
_ CC bonds, so that bothl anda2 have the same barrier as
h(x,y,t) is the surface height ak(y), andh(t) is the aver- (see Fig. ], mounds are already formed at Iowinstead of
age surface height. In the followingis measured in ML. At  CC ripples[seeG in Fig. 4(a); both G(x,0t) and G(0,y,t)
100 K andt=30 ML, both G(x,0t) and G(0y,t) show a are already developing a damped oscillation at 130 K, as at
monotonic decay. On the contrary, at ¥20<140 K, 150 K when CC bonds are taken into accduftherefore,
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FIG. 4. G at low and intermediatd when some processes are
either enhanced or suppressed; symbols as in Fi@) Results at
30 ML and T=130 K when CC bonds are eliminated; both
G(x,0t) andG(0,y,t) are developing oscillations, corresponding to
the formation of anisotropic moundg) Strong CC bonds are as-
sumed; ripples are still present at intermediate

CC bonds are important for the formation of well-defined CC

ripples because these bonds are needed to correlate atoms inFIG. 5. Snapshot after 30 ML at 210 K with the simplified
different channels; without them, mounds do not merge comodel(see text In-channel ripples are evident

herently into ripples. Even if they are weak, these bonds are

rather stable up to 140 K. Also the anisotropy of diffusion isT, CC bonds are negligible, while IC bonds are still stable. In
important. We have verified that a more isotropic diffusionFig. 5 (where the IC direction is horizontalve show a snap-
give less well-defined CC ripples. The preferential IC diffu- shot of the surface after deposition at the same flux and cov-
sion causes the formation of islands which are mainly orierage as in Fig. 2. Clearly, well-defined ripples are now
ented along the CC direction already in the submonolayeformed along the IC direction, again in agreement with
regime!? experiments,as can also be seen in Figah At high T, if

Now we look for the microscopic processes causing thédone suppresses CC diffusion, IC ripples do not form at 210 K
disappearance of the ripples at intermediBitéOne may be [see Fig. )]. Moreover, we have checked that, suppressing
tempted to attribute this to the onset of intralayer CC diffu-completely interlayer mobility, well-defined IC ripples are
sion (procesj)) or of interlayer IC mob”ity(procesg;) ’3 but not formed. This demonstrates that the above processes must
this is not the case. In fact, bothandc are not frequent up e active to complete ripple rotation, in agreement with the
to 160 K, and, suppressing them, we have not noticed angualitative explanation in Ref. 3. However, these processes
qualitative change in the results of Figs. 2 and 3. Therefor@re not sufficient, because also CC bond breaking is needed:
another mechanism is responsible for the disappearance #f fact we have verified that strong CC bonds inhibit IC
ripples, and it is again related to the CC bonds. In fact, if wefipple formation even at higfi. Concerning the quantitative
assume that CC bonds are as strong as IC bédd8 ev  agreement at high, we find that our simulations form the IC
instead of 0.02 eY/ so that they cannot be broken, CC ripples in the sam@ range as in the experimertgut\, is
ripples do form at lowT, but they do not disappear at inter- shorter by more than a factor of 2 at 210 K. Hevg in-
mediateT [see Fig. 4b), where a periodicity is clearly seen creases withT, in agreement with experiments, but remains
only in G(x,0t), and compare it to Fig.(8)]. Therefore, the in comparison too short. However, one cannot expect quan-
disappearance of CC ripples is related to the breaking of C@tative accuracy for the simplified model, so that the search
bonds. This shows that, at low and intermedifteveak CC ~ of the accuracy at higf is left for future work. What is
bonds and preferential IC diffusion, together with the ab-
sence of interlayer mobility, are the key ingredients for the 1 LR 1 T
explanation of the growth morphologies.

Let us now turn to the analysis of the hightegime
(close to 200 K, where the experimentshow that ripples 05
rotate to the IC direction. In this regime, KMC simulations |
become more and more time consuming, because of the in- '..
creased number of diffusion moves in between deposition or:
events, so that the study by the model we used at Tow &
becomes cumbersome. Because of that, we have employed a \
simplified model, in which we assume a simple cubic geom- B T ST
etry with the same anisotropic barrigisee Fig. 1, without ! r
cascades. This simplified model reproduces the qualitative F|G. 6. G at 210 K; symbols as in Fig. 3a) Results at the
features of the full fcc model at low and intermedidtebut  conditions of Fig. 5, with clear oscillations &(0,y,t) and a long-
gives an enhanced roughness of the surface aflloAs an  distance decay of5(x,0t). (b) CC diffusion is suppressed; the
example, we consideF=210 K as in experimentsAt this  decay ofG(0y,t) indicates that IC ripples are not formed.
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important is that the general ripple behavior is reproduced, iffior this transformation. On the other hand, both intralayer

the rightT range, even with such a simplification. CC and interlayer IC diffusion are needed to complete the
In conclusion, we have proposed a model for AQJAD  high-T rotation towards the IC direction. Our results demon-

growth which reproduces quantitatively the experimental restrate the essential role of the anisotropy of bonds to repro-

sults at low and intermediate temperatufigs to 160 K and,  duce the morphology of surface instabilities as they develop
in a simplified version, gives a general semiquantitative dewith temperature.

scription up to 210 K. This model has allowed a complete
study of the microscopic mechanisms of ripple formation
and rotation in order to answer to the following questions:
Why do ripples form on this surface? And why do the ripples
rotate? In particular, we have demonstrated that atTothe We acknowledge useful discussions with F. Buatier, G.
key ingredients for cross-channel ripple formation are theCostantini, C. Boragno, and U. Valbusa, and thank A. Pimp-
existence of weak CC bonds, together with a preferentiainelli and Z. Zhang for a careful reading of the manuscript.
in-channel diffusion; the role of CC bonds is crucial to cor-R.F. acknowledges financial support from the Italian
relate structures along the CC direction, determining theMURST under Project No. 9902112831; F.H. thanks the
growth of ripples instead of simple mounds. Wh&nis  ICTP, Trieste, Italy and the Swedish International Develop-
raised to the intermediate regime, these ripples transforrment Agency(SIDA) for financial support. F.H. is on leave
into mounds because of the breaking of such bonds, whillom IMSP/FAST, UniversiteNationale du Benin, Porto-
CC diffusion and IC interlayer processes are not importanfNovo, Benin.
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