VOLUME 75, NUMBER 24 PHYSICAL REVIEW LETTERS 11 BCceEMBER 1995

Faceting through the Propagation of Nucleation

Hyeong-Chai Jeong and John D. Weeks

Institute for Physical Science and Technology, University of Maryland, College Park, Maryland 20742
(Received 31 August 1995

Experiments show that faceting of a vicinal surface can be induced by surface reconstruction, which
often occurs only on sufficiently wide terraces. We study this process using a one-dimensional terrace-
step model that assigns a lower free energy to terraces wider than a critical widttWhen mass
is conserved locally, through surface diffusion, we find that a reconstructed terrace can nucleate the
growth of another such terrace nearby. The dynamics and spatial distribution of facets arising from this
model are very different from that produced by conventional thermal nucleation.

PACS numbers: 68.35.Bs, 64.60.Qb, 82.65.Dp

Surface reconstruction can often cause a vicinal surfacgteps and quickly forms an elongated cigarlike shape. The
with a single macroscopic orientation to facet into a “flat” steps which bound the lateral regions of the elongated
surface, on which the reconstruction occurs, and a muchucleus are usually almost straight [4]. The 1D variable,
more sharply inclined surface with closely spaced steps (the position of the:th stepx, in our TS model is assumed
“step-bunched” surface) [1]. Faceting experiments on @ describe theaverage(over the lateral size., of the
number of different systems, such agAg(110), Si(111), elongated nucleus) position of th¢h step.

Pt(111), and Au(111), have found varying, but noticeable, The projected free energy [8] of a (unreconstructed)
degrees of regularity in the size and spacing of the flavicinal surface inclined at an average angl¢éo the low-

facets [2—6]. Itis hard to reconcile these regularities with @andex face on which reconstruction can occur (referred
picture of random nucleation of the reconstructed regionso hereafter as the flat surface) is well described by

While a number of different factors can contribute to[9] fu(s) = fo + Bs + gs°. Heres = tard = 0 is the
the facet spacing in particular experiments, we argue hergope of the surface. If we take the step height to be unit
that there exists a rather genekahetic mechanism that length, the number density of steps is givensbgnd the
can lead to regular features in the faceting process. Waverage terrace widtl; = 1/s. The first termfy is the
consider the case where the reconstruction effectively ocsurface energy per unit area of the flat surface, gnid
curs only on terraces wider than some critical terracehe free energy per unit length to form an isolated step.
width w,., and assign a lower free energy (due to re-The last term gives the effective interaction between the
construction) for terraces wider than.. Whenw, is  steps. This term includes the entropic repulsion between
much greater than the initial terrace spacing a nucle- steps (due to fluctuations along the step edge) as well as
ation event is required to form the first wide terrace. Thepossible energetic contributions such as elastic or dipole
subsequent temporal and spatial behaviors of the facetingteractions [10]. In most cases, the effective interaction
process depend crucially on the mechanism of mass tranbetween steps of the same sign is repulsige>(0).
port on the surface. When mass is conserved locally, as iHence the free energy of the vicinal surface is convex
the case of faceting through surface diffusion, the motiordownward as shown in Fig. 1 and the surface is stable
of a step is directly coupled to the motion of neighboringwith respect to faceting.
steps. We find that a growing nucleus d¢aducethe for- Surface reconstruction is assumed to occur only on
mation of another nucleus nearby [7]. This can lead tdarge ( > w.) flat terraces. The driving force for
a propagation of nucleation events. We call this process
induced nucleation The faceted surface formed in this
way will exhibit very different characteristics from the
conventional thermally nucleated one. In this process, the

average number of steps in a bunef), and final facet m
size, Wy, are mainly selected by the dynamics. Some as- =
pects of the regularity found in recent experiments may be

explained by this mechanism. fo

The kinetics of faceting on a vicinal surface is studied
using a one-dimensional (1D) terrace-step (TS) model.
Although a 1D model cannot describe the formation of the
initial thermally prc_>d_qced 2D cr'ltlcal nucleus, the motlpn FIG. 1. Free energies for unreconstructed surfacé¢Eq. (1)]
of steps after that initial nucleation event can be described,q reconstructed surfaga [Eq. (2)] vs slopes. The critical

by a 1D model. In most cases, once a nucleus is createglope s. and the slope of the surface at step bunchgsare
it propagates much faster in the direction parallel to thegiven bys. = €,/ ands, = (e/2g)"/>.
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faceting arises from the physically reasonable assumption £y = 28 28

that the free energy of the reconstructed flat surface has a owl, owl

lower value (e per unit area) than the unreconstructed + e [O(wny — we) — O(wy, — wo)].  (4)
n— c n c .

flat surface but effectively a higher energy cosf per

unit length) for forming an isolated step [11]. Hence We nowassume thatthe velocity of a step is proportional

the free energy of a reconstructed surface with slppe t0 the change in free energy produced by its motion

is given by [12]fz(s) = (fo — €) + (B + &)s + gs3. [13]. When the mass movement is nonlocal (case I),
As shown in Fig. 1, two free energy curves cross at &toms at step edges effectively exchange with the reservoir

critical slopes. = €,/e. The thick curve in the figure, (vapor)and steps move according to the chemical potential
given by difference between the step and the reservoir:

fs) = fuls) = (1 — s/sc)e Osc — ), (1) 9xn = Dies[€n — Eres], (5)
with the unit step functior®, represents the free energy
of a hypothetical system in whicéll terraces are recon-
structed (unreconstructed) when the average slopéess
than (greater thany.. In a real system there would be a
distribution of terrace widths around the average slope
and nears. we expect to find both reconstructed and un-

where D, is an effective step-reservoir exchange coeffi-

cient. The chemical potential of the reservéis is set to

be zero when there is no overall motion of steps. How-

ever, when the mass movement is local (case Il), as in
mass movement through surface diffusion, we expect the

reconstructed terraces. This would remove the cusp %:turrent between step and step: + 1 to be proportional

s. and produce a smoothly varying curve in this region. O &n = &ni:
Still, because reconstruction is possible, the free energy 9xn = Dy[(&n — Enrr) + (&, — En1)], (6)

of the _comblned system Io§es overall ConveX|ty Just .ag‘/vhereDs is some effective surface diffusion coefficient
the uniform terrace model illustrates, and faceting WI";F'S]

take plag:e. Thu”s "phase separgtion" will oceur between et ys consider the case where only one (thermally nu-
the two phases Whos_e properties are determined by Fheleated) terrace is larger than. at timer = 0 as shown
usual tie bar construction as indicated by the dashed ling, Fig. 2(a). The surface profiles at> 0 are obtained

?xglt?n 1.wi|tT1 F’tﬁ:ii‘éls(;h g:fuil[gzefgt tzﬁr?;ig kl’:nﬁcgﬁ ‘;)Oby (numerically) integrating the differential equations (5)
o (g/zg)1/3 2 shown in Fig, 1. 9 Yand (6) with&, given by Eq. (4). For case I, as shown

. . .. ... in Fig. 2(b), the nucleated facet continues to grow indef-
However, Fig. 1 does not describe the spatial d'smbuinitely. The width of the facet increases d¢? [16,17]:
tion of terraces and step bunches. The key factor in dev-VO(t) ~ wo(t = 0) + 2[2Drese(w; — wy)]/211/2 w’here
termining the sizes of the final facets is how far the facei'wb — 1/s, = (2g/€)'/3 is the e:quilibrium ster; spacing
nuclei are from each other when they form (or, how of-;'iha step bunches.
ten they are created Whe_n facgts grow slowly comparec? On the other hand, for case Il, the facet does not
to the creation of a nuclei). This requires a study of the.,ntin,e to grow indefinitely, in contrast to what simple
dynamicsof step motion as influenced by the attachment
or detachment kinetics of atoms at the step edges. This

in turn can be related to the chemical potential at the step (a)

edge [13]. The chemical potentigl, of stepn (which }/—/
separates the — 1 and thenth terrace) is defined as the
difference in the total surface free energy before and after (b)
an atom is removed from step

fn = [F(Wn) + F(anl)] - [F(Wr/z) + F(W,/I,I)]

9

\\\R

= Ly[{wnf(wn) — (wp = 8)f(w, — &)} 00
2
+ {Wn—lf(wn—l) - (Wn—l + 5)f(wn—1 + 6)}] ”J >0
= 0, Guf 0D, — o)l @ g
Herew, (w)) is the average distance between stepnd /100/
n + 1 before (after) an atom is removed from the step, 40
L, = 1/6 is the length of a step edge (i.e., the lateral /_’19&)9_,__,_:—’/
size of the facet), anéf(w,) = Lyw, f(w,) is the surface J_I@p_,—’_'_,_r'

free energy of theth terrace [14]. When we assume that
the reconstruction effectively occurs only when a givenr|g. 2. Surface profiles at different times. (a) At 0,
terrace is wider than some., f(w,) can be accurately there is only one terrace which is wider tham. (in the
approximated as in Eq. (1): middle). The other terraces are uniform with width < w.,.
(b) Surface profiles at > 0 in case I. (c) Surface profiles at
Fwa) = fulwn) = (1 = we/wy) € O(w, — we). (3) t > 0 in case Il. A growing flat facet induces a new nucleus
Thus the chemical potentigl, of stepn is given by for another flat facet. Here,/w; = 1/20 andw./w; = 3.
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thermodynamic consideration would predict [4]. Rather, Figure 3(a) showsy,, the position of step, as a
it grows only to a certain size and stays there [Fig. 2(c)]function of time,r. We define thecollision time ¢, as
This is because the local mass conservation causestlae time at which step 2 first begins to move to the right.
growing facet toinducea new nucleus which “collides” The spacing between steps 1 and 2 is then of orndgr
with the original facet as it grows. the thermodynamically determined bunch spacing. Since
To understand this process, we first consider the motiow, <« w;, it follows from Egs. (5) and (7) that the value
of steps in the initial stages of faceting near the original; barely changes for < 7;. If we ignore this small
reconstructed terrace. Let the origin be the middle ofthange, we have the following zeroth order picture. Step
this “zeroth” terrace as shown in Fig. 2(a). We assumel moves right with a constant velocity/;, and step
the system is in the nucleation regime withy < w., 2 moves left with another constant velocity until they
and consider the simplest case, which arises when theollide ats = #;. The system then quickly achieves a
spacing between steps in a bunehis much less thaw;.  quasisteady state where both steps 1 and 2 move right
From Fig. 1, this implieg > 2g/w; and means that step with the same constant velocity,. Now atoms from
repulsions play an important role in the dynamics onlyboth steps 1 and 2 effectively contribute to the motion of
when the spacing approaches. step 3, which moves left until it collides with step 2 (at
At r = 0, all terraces except the zeroth one are smaller = #,). Fort > 1,, steps 1, 2and 3 move right with
than the critical width ,, = w; < w. for n = 1). &,,  the velocity,Vs, while step 4 moves left, and so on. Itis
given by Eq. (4), is zero for = 2 and is approximately  straightforward to show that the velocity of steps. ., n
atstep1{, = e + 2g/wy — 2g/wi = €). Sinceé; >  fort,.; <t <1, is given by [17]
&,, atoms move from step 1 to step 2, allowing the facet to _ 3 2
grow. Thus step 1 moveps right arrl)d step 2 m?ie@sl e., Va = 6Qn + D)Dse/n(n” + 207+ 20 + 1), (7)
w, decreases ang, increases Because this movement in the zeroth order PlCthe Sinde, ~ n~? for largen,
also produces an increased repulsive interaction betwedHe expects, — t,-1 ~ 1/V, ~ n* and, therefores, ~
step 1 and 2¢, increases a little and becomes h|ghern On the other hand, the width of the zeroth terrace
than ;. Although some atoms at step 2 can then movet 1 = 1, is proportional ton since there are: steps in
to step 3, the net motion of step 2 is still to the leftthe step bunch. Thus in the absence of other nucleation
as long asé; — & > & — &3 more atoms come from events, we havey(r,) ~ n ~ tn/ in agreement with the
step 1 than go to step 3. However, as time goes on (anclassic continuum treatment of Mulllns [16]. A detailed
&, continues to increase, whilé, decreases)¢; — & calculation shows that
eventually becomes smaller thaa — &;. Bothstep 1 4 1/ds~~3/4.1/4
and step 2 now move to thrgght and w, now decreases wo(t) = 5(72Dse) Py, (8)
This occurs when the repulsive interaction between stefor larger wherew = w; — wy.
1 and 2 becomes large enough to drive step 2 to the Figure 3(b) shows the widths of the first four terraces
right; the spacing between the two steps is then of ordeas a function of time. As explained, far < ¢, w;
wp. Since theé’s are rapidly varying functions oir for  decreases whilevy (not shown) andw, increase. For
such spacings, a quasisteady state is quickly establisheg; < r < r,, w, decreases while,;, increases. Hence
in which both steps 1 and 2 move right with the samew, has its maximumy"®* atr = r,_;. Inthe zeroth order
velocity [18] as the facet continues to expand. | picture,w;™* andt, satisfy the following equations [17]

wmax=w-+2n_1 "Z,‘l k +}1z:1( max—w-)i1
n " 3p -2 2% + 1 YAk -1 |’

th = th—1 + w;nax/Vn(l + n?/2n + 1)). 9

For large n, wi™* increaseslinearly with n [w ™ =~ | so on [see Fig. 2(c)]. All flat facet sizedV{) [all step
(w/3)n] andt, increases as* (1, =~ wn*/18D;€). Note  bunch sizes W,)] are essentially the same and given
that there is a large time interval"** ~ (w;zm"‘)3 around by Wy = nyw [W;, = (n, — 1)w,], since the nuclei are
t,—1 where terrace is larger than any of its neighbors.  separated by the same number of steps, The velocity
One important physical implication of this observation of the nucleation front idinear in r because it always
is that new nuclei for reconstruction can bwlucedby takes the same amount of time to induce a nucleus. This
a growing nucleus. Sincev)®* increases withn, for  propagation is much faster than the conventional faceting
any given critical terrace width, there is an integen  through surface diffusion~ ¢'/#) or through evaporation
such thatw™* > w,.. Letn, be the smallest such that or condensation ¢'/2) [16].
wp > w.. Oncew,, gets larger tham, reconstruction In real materials, this kinetic facet size selection would
can occur. Asw,, continues to grow it will induce not be sharp due to thermal fluctuations. However, in the
another nucleus &atn,. Thenw,,, will induce ws,, and  zeroth order approximation, aside from the original facet,
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time

FIG. 3. The step positions and the terrace widths as a function
of time. Herew,/w; = 1/20. Recall thatw, = x,1q — x,
when comparing (a) and (b).

only one terrace is larger tham; at a given time. As

n and hencew®* increase, there is an increasing long
interval Ar;"®* where terrace: is larger than any others
due to the induced nucleation mechanism. A thermal
fluctuation leading to a widthw > w,. is more likely to
occur on such a wide terrace. Thus even when therm
fluctuations contribute to achieving a width, > w,,
this is most likely to happen on that largest terrace and
probably whenw®* is close tow.,.
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