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Repulsion-mediated step wandering on a $001) vicinal face
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With a S(002) vicinal surface in mind, we study step wandering instability on a vicinal surface with an
anisotropic surface diffusion whose orientation dependence alternates on each consecutive terrace. In a con-
served system step wandering takes place with step-up adatom drift. Repulsive interaction between steps is
found indispensable for the instability. Monte Carlo simulation with a strong repulsive step interaction confirms
the result of linear stability analysis, and further shows that in-phase step wandering produces straight grooves.
Grooves widen as their amplitudes increase in proportion to the square root of time.
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[. INTRODUCTION perpendicular to the average step direction arises if steps are
tilted, and it causes a wandering instability. This step wan-
On a vicinal surface of a crystal, steps undergo two typeslering is unique, since it happens only on a vicinal face, and
of dynamical instabilities: wandering and bunching. Steptherefore is truly a many-body effect.
wandering is the instability for step deformation along the A simple model for a §D01) vicinal face with a drift of
step, and step bunching is the one for the interstep distanceadatoms is introduced in Sec. Il. We show, by a linear sta-
Both instabilities are caused by some asymmetry in the sufility analysis in Sec. lll, that the steady state with step-up
face diffusion field. There are many effects which cause thdlrift is unstable and wandering instability occurs. A heuristic
asymmetry, and the drift flow of adsorbed atofadatomgis analysis in Sec. IV shows that the wandering instability is
one of them. On $111) and S{001) vicinal faces, a direct Similar to that found in other conserved systems!in Sec.
electric current induces drift of adatoms and the instabilitiesV, With Monte Carlo simulations, we confirm the above the-
have been observed under its applicafion. oretical predictions and also study the growth law of the
The S(OO]_) surface is reconstructed and forms rows ofwandering amplitude. In Sec. VI we give a brief discussion
dimerized atoms arranged in &2 unit cell(Fig. 1). On the  on the character of the present instability and interpret recent
reconstructed surface, the adatom surface diffusion is anis@periment$on S(002).
tropic such that it takes place more easily perpendicular to
the dimerg(parallel to the dimer rowsthan in parallel. On a Il MODEL
vicinal face terraces of different heights are bounded by '
steps. On consecutive terraces the dimer orientation alter- Atoms detached from steps migrate on terraces and attach
nates, and we call theX2 terrace | and the 2<1 terrace to some steps. For wandering instability, adatom drift is nec-
Tg. essary in addition to diffusive motion. Evaporation and im-
Due to the alternation of the orientation of fast surfacepingement are omitted. Steps run parallel to xhdirection
diffusion on different terraces, conditions of the step insta-on average, and the positiye direction is chosen in the
bilities for a S{001) vicinal face differ from those for a step-down direction. The drift is assumed in thdirection.
Si(112) vicinal face. Experimentally, bunching is observed With the anisotropy of the diffusion coefficient, the diffusion
on a(001) vicinal face with a finite current irrespective of its equation of adatom densig(x,y,t) is expressed as
directior’°and the step wandering with the step-up curfent.
Since the drift is believed to be parallel to the currehthe
drift direction that will cause the step wandering is opposite
to that on a Sil11) vicinal face. dt
Theoretically, step bunching on a(@01) vicinal face has
been studied by one-dimensional step flow motiélsand  whereD, is the diffusion coefficient in the direction,D, is
by Monte Carlo simulation¥ When the alternation of an- in they direction, andf (=F/kgT) is the force to induce the
isotropic surface diffusion is taken into account, the stepdrift divided by the temperature. The meaningif andD,
bunching instability is found irrespective of the drift direc- depends on which terrace we are discussingpi Tg, and
tion, in agreement with the experimerts.On the contrary, we come to this point later. For simplicity, we assume that
to our best knowledge, there is no theoretical study on thehe step kinetics is fast enough that the adatom density at-
step wandering on a @02) vicinal face so far, which we tains its local equilibrium value at each step:
undertake in this paper.
We find that strong step repulsion prevents steps from
colliding and maintains an alternating terrace structure. On
these terraces, due to the step repulsion, a diffusion current
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D, D difference of the equilibrium adatom densitieg and cg at
steps g and §. Then the steady state with vanishing step
velocities can be established even with the drift to be

D, (cae"A—cg) Dj(cge’s—cp)
ela—1  efle—1

®)

Terrace T, . . - _—
B Terrace T, Since the average terrace width of the vicinal face is fixed

FIG. 1. A S(001) vicinal face. Short lines on terraces representt':J l, wide and narrow terraces app.e_ar.alternatellylhasl
dimers. +61/2 andlg=I1-61/2, and the equilibrium densities also

alternate ag, = cg,~ Ac/2 andcg=Co,+ Ac/2, respectively.
Here + (—) indicates the lowefuppe) side of the stepcgq For a small driftfl and the strong repulsive interaction, Eq.
is the equilibrium adatom density of a free straight s@p, (5 gives the density differencéc=cg—cy as

the atomic areaB the step stiffnessg the curvature of the 2(D,- DL)cgqtanr(flAIZ)tanr(flB/2) D.-D,

step, andU the step-step interaction potential. We assumey - 0l
that U is a function of the step distanden they direction Djtanh(flg/2) + D, tanf(flA/2) D, +Dj
as® U=A(I;%+1-2) with a positive constam, correspond- (6)

ing to step repulsion. There is a more detailed model wher
U is expressed by an integration of the force dipole along th
step® But in the linear analysis the complication is shown to
be incorporated into the renormalization of the stiffness. Ac~Agsl &
Therefore, we use the simple form forhere. '
By solving Eq. (1) with the boundary conditions in the \here sl is the difference of the terrace width and is

quasistatic approximations¢/dt=0), the adatom density

and then the adatom currepaire determined. The step ve- 12A0.c°
locity is given by Ag= €4

©n the other hand, from the step-step repulsibo,is given

ket °

V=0n-(j|-=jl+), () . . :
From Egs.(6) and (7), the terrace width differencél is
wheren is the normal vector in the step-down direction.  given by
Due to the different orientation of the dimer rows og T
and T, a set of diffusion coefficientsY,,D,) corresponds sl FI%D,-Dy 9
to different combinations: @, ,Dy)=(D;,D,) on T, and | _12'Q'A(DL+DH). ©)
(Dx,Dy)=(D, ,Dy) onTg, andD, is larger tharD . Since
the step §is rougher than Son a S{001) vicinal face, step  Without repulsive interactioA=0, the terrace width cannot
parameters are different in general for the two types of stepgemain finite. Also the above equation indicates that the de-
S, and §, but for simplicity, we neglect these differences. viation of the terrace widttsl/1 is small under a very strong
step repulsion.
IIl. STABILITY ANALYSIS We now study the stability of this steady state with alter-
nating terrace widths under the adatom drift. The evolution
On a flat vicinal face where parallel steps are arrangedf the perturbation/,(t)e'¥ to Sy and {g(t)e'¥ to S; are
equidistantly, the adatom concentration is homogeneous agverned by
cgq. The step velocitie¥ , andVy of the steps $and § are

calculated as dfy QD,fAc[f aA(gAcoshaAlA—gBef'A’z)}
AT Ty :
QF(DL_DH)ng dt (eflA_l) 2 SlnhaAIA
VazTVer T T @ g2
B n QD“fAC f aB(gACOShaglg—é’Be B )
Since the step velocitie¥, and Vg are nonvanishing and (1—e fl8)[2 A sinhaglg

opposite for a finite drift E+#0), the flat vicinal face is
unstable against step pairing. Without the repulsive step-step
interaction, the adatom concentration is as homogeneous as
cgq, irrespective of the step distance. The steps move with
the velocitiesV, and Vg given above, and by coalescence +QDHFq2 ié“A—
the surface is covered by one type of terrace, for instance, T 2
for positive F sinceD, >D;.

If the repulsive interaction is granted, the difference of _QDLAg(gA_é’B)[
terrace widthd , andlg of terraces } and Tz causes the

o f
—-QD,I'q EfA

ap({acoshapl p— Lge™"'A?)
SInhaA| A

ag({acoshaglg— {ze''5?)
Slnha'B| B

f . ap(coshapl o+e 1472
2 SinhaAlA
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f  ag(coshaglg+ ef'B/Z)}

+QDAg(§A_£B)|:E_ SinhOlBIB

(10
ng_QDHfAC f aB(g‘BCOShaB|B_£AefIB/2)
dt (1-efle)[2°° sinhaglg
L ODMAC [ ax(zacoshanla=tae A
(e Ma—1)[2°" sinhaal s

f aB( {BCOShOZBI B gAeifIBIZ)
_ 2| _
byl {2§B+ sinhaglg
ap({gCoshanl s~ ae"'A?)
SinhaAlA

| f
+QD,I'q 558_

—(OD|Ag({s—{a)

apg(coshaglg+ e‘”B/Z)}

f
27 Sinharglg

f  ap(coshaal+e'a?)
+QDLAg(§B_§A) E_ Sinha’A|A ’
(11)
wherel'=Q.c2B/kgT, and
ap= f—-I-ﬂq2 (12
A 4 D,
f2 D,
_ 4t N2

When the step distance is as smallas<1, Eqgs.(10) and
(11) are approximated as

dZa  ds OAc
dt - dt 2

X(T'q?+2A0)({a—LB),

Q
(DL =Dp(fa—&s)— 7(DL+Dy

(14)

where we neglect the difference of the step distance. When

the fluctuationsZo(x,t) and {g(x,t) increase proportionally
to e“!, the amplification ratev is given by

OAc

Q
©3=2—5—(D, =Dy =27 (D, + D)) (I'g®+2Ag),

(19

o= w, Is the rate of amplification for the out-of-phase fluc-
tuation; {,=—{g. Since we are considering the limit of
strong step repulsiofor weak drify, Ag is quite large to
suppress the out-of-phase fluctuation asndis negative.w

= w, is the amplification rate for the in-phase fluctuation;
{pn={g. w,=0 means the step is marginal to the in-phase
step wandering, since the step repulsion is ineffective for the
deformation which does not alter the step separation. How-

PHYSICAL REVIEW B7, 125408 (2003

ever, by assuming,= (g, Egs.(10) and(11) can be easily
expanded one-order higher in the terrace widths

For the fluctuationsZa(x,t)={g(x,t)={.e'Ped, the
amplification rate for smalg is given by

quazqz—a4q4, 17)
where the coefficienta, and «, are
Q(D,—DyAc
ay=— %, (18)
Q2(Dy+D,)cS Bl
e (Dj+D,)CeyB 19

2kgT

Here we have assumed that the terrace widths are as small as
gl<1l. When the drift is in the step-down directiorr (
>0), the quadratic term ig is negative and the steady state
is stable. When the drift is in the step-up directidh<(0),
the quadratic term is positive. Then the steady state with
straight steps is unstable and in-phase step wandering occurs.
Thus the first term indicates an instability of the steady state
by changing its sign with the drift direction. Note that the
wandering is caused by the differende of equilibrium
concentrations at the steps originated from the step repulsion.
Thus the step repulsion is indispensable for the establishment
of wandering instability on a 8)01) vicinal. Also note that
there is no critical value for the step-up drift. If the drift
changes from step down to step up, steps immediately show
the wandering instability, because the Gibbs-Thomson effect
gives only a quartic term, higher than the destabilizing qua-
dratic term.

The wavelength of the most unstable mode is given by

N L B 208 (20)
=24 =2 .
ne 2T\ N

The characteristic wavelength is inversely proportional to the
square root of the external field which causes the drift:

N max* LE.

DL"_DH
DL_DH

IV. NONLINEAR ANALYSIS

After the instability sets in, the step deformation ampli-
fies, and a nonlinear analysis is called for. Assuming an in-
phase motion of steps due to the strong step repuléjon
={g={(X,t), a heuristic argument is possible on the nonlin-
ear evolution of the step wandering. This simultaneously re-
veals the physical origin of the wandering.

We first assume that every step is tilted uniformly from
they direction with an angle as

Jd
—§=tan0.

X (21)

The adatom density on a terrace, T(xtano<y<l,
+xtand) is given by

efA(yftan 0x) _ efAIA

c(X,y)=(ca—Cg) +cg, (22

1—efala
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wheref , is defined as ence of the equilibrium densities at both ends of the terrace.
From Eq.(24), the x component of the total flux on Tis
_ fD, given by
fpm=———————. (23
A D, + DHtanZB

IA_
_ Jf=f j2(0y)dy=—Dj(ca—Cg)tand. (30)
Herec, andcg are the adatom concentrations on terraces A 0

and B, respectively, in the steady state. They differ from th

values determined by E@5) since the steps are uniformly %lmnarly thex component of the flux ongis given by

tilted. J8=—-D, Actané. (31
Then adatom currerjg in the x direction andj} in they _
direction are given by Then, the average flux per step is
I JA+738) Ac ¢
ac efaly =Nt tang w_ ) o AcdL
A YC B A J= ~—(D,—Dy) . (32
=Dz =DPia=Ce)—— 77— @4 x 2 172" x
WhenAc<O0 (i.e., F<0), the flux is an increasing function
Jc DLe?A(y—tanﬁx) ~ of the slope and an instability is expected.
j§‘= —DLa—-i-DLfC: = (ca—cp)(f—Tp) The other diffusion current is along the steps due to the
y 1-enn chemical-potential change with curvature. Considering that
Faln the normal distance between steps for a tilted part is
+ DLfCB_ €7 "Ca _ (25) I o gCOS0, the flux(per step passing through the two terraces
1—efala induced by the chemical-potential gradient is
From the above current components, the adatom current per- - (1ncOS6D|+I BcoseDl)cgqcose o
pendicular to the step on a terracg i€ given by J == —. (33
2kgT X
Fal ; . ; ;
Cp€'AA—C The chemical potentigh is determined solely by the Gibbs-
A AL S A _ A B €
Ji=~Jysinf+jycosf=D, T coso efala_1 (26) Thomson effec) B« and is independent of the step repul-

o ) o sion in the present choice of interactibhsince the terrace
Similarly, on a terrace d, the corresponding current is given wjdth in they direction is constant for the in-phase modula-

by tion. A more general expression given by Paulin and
) co-workers® might modify the following result quantita-
cgefels—c i itati
B B A tively but not qualitatively.
J1=Dyf cosd—=1 @ With the two contributions together, mass conservation
leads to the following nonlinear time evolution of the in-
where phase step deformatiaf(x,t):
. DH‘FDJ_'[B.I"?GI at X
The steady state is determined by the condifidsj® . For o 1 0 I
strong repulsion witH ,=1g, the difference of the equilib- =T 1422 arlxt aa %] (34)
X X

rium adatom density depends on the step slope as
where, = d{lax and = d°¢19x?. The coefficientsy, and
a, are those in Eq(17). With gzgqeiq’“”"qt the linear am-
plification ratew, is recovered from Eq(34). Interestingly,
Eq. (34) is the same as the nonlinear equation obtained for

where we usdl<1. By comparison with Eq(6), the step  other conserved systeni!416-18although the mechanism
tilting is found to make the amplitude of the concentration|ooks very different.

difference|Ac| smaller by a factor of cd9 than the case
without tilting.

When the tilting angled varies from place to place, the
nonuniformity causes the step instability, as described in the To study the behavior of wandering steps, we carry out a
previous section. Since all steps move in phase and the nunMonte Carlo simulationt?1®2° We use a square lattice
ber of atoms is conserved, the in-phase step motion is connodel, and the lattice constant is setaat1. The boundary
trolled by the adatom current in the direction. The drift ~ condition is periodic in thex direction and helical in the
current has na& component so that only the diffusion current direction in order to incorporate steps running in ¥hdirec-
determines the evolution of step fluctuation. tion. We forbid two-dimensional nucleation and use solid-on-

There are two contributions in the diffusion current. Onesolid steps(the step position is a single-valued function of
is the current across the terrace induced by the differx). We choose the time increment for a diffusion tris

_ DL_DH
DL+DH

fl co£6c?

Ac eq

(29

V. MONTE CARLO SIMULATION
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256 256

FIG. 2. Snapshots of the step
wandering with (@) step-down
drift at t~5.0x10°, (b) step-up
drift at t~2.5x10°, and (c)
step-up drift at~12.4< 10°. The
number of steps is 32 and the sys-
tem size is 25& 256.

192 192

y128‘7

B4y

}7128

64

0 64 128 192 256 %
(@) X (b) X

=1/AN, (N, is the number of adatomsand the diffusion The theoretical analysis is now compared with the results
coefficient is chosen to bB, =1. The long-range step re- of Monte Carlo simulations. We study steps with an average
pulsion is taken into account in thedirection, but in thex  distancd =8 on a square lattice system of size 28856 or
direction, only the short-range repulsion is taken account byp12 X 128. Length hereafter is measured in units of the
forbidding overlap of steps. lattice constant, and time in units od?/D, . The param-

In a terrace A, an adatom on the sitej§ moves to ( eters are so chosen to be equilibrium adatom dertﬁgy
+1,j) with the probability 1/4 and toi(j + 1) with the prob-  _¢ 18, step stiffnes®/kgT=0.13, Dy=0.5, andD, =1.0.
ability py(1+Fa/2ksT)/4, wherep,=D;/D,(<1) andF  There is no extra energy barrier for the over-step diffusion.
represent the anisotropy of the surface diffusion and the exrhe kinetic coefficient is large enough so that the local equi-
ternal force to induce the drift, respectively. In a terrace B, aniprium condition is valid. The strength of the repulsive po-
adatom on the sitéi (j) moves to (£ 1,j) with the probabil-  tential A/kyT=46 is large enough to suppress step bunching
ity pg4 and to (,j*x1) with the probability (1 i the following simulations.
+Fa/2kgT)/4. We use the permeable steps: adatoms diffuse |n Fig. 2 we show snapshots of the step wandering under
over step¥ to the neighboring terraces without an extra po-yarious drift forcesf=0.1 for Fig. 2a) and — 0.1 for Figs.
tential barrier. The diffusion between neighboring terraces i9 ) and 2c). Dotted lines represent the steg 8nd solid
assumed to occur with the transition probability of the uppefijnes represent the ste SWe start the simulation with an

side terrace. _ _ equidistant train of straight steps. With step-down drift in
When an adatom comes in contact with a step from theig @) (upward drift in the figurg steps remain straight.
lower terrace, solidification occurs with the probability With step-up drift in Figs. @) and 2c) step wandering oc-
AE.+AU— 1 curs, in agreement with the linear stability analysis. Because
p= 1+exp< Sk—Td)” , (35) the_ wandering is in phase, grooves appear parallel toythe
B axis.

Since|fl|=0.8 is not very small, we have to use a general

where AE is the increment of the step energy agdthe .
potential gain by solidification. When there is no adatom onformula for the wavelength of the most unstablg mode, and it
s obtained to b =77, in good agreement with the result

h f li h iti Iti
&i?ht?ﬁeoprgbz%;ﬁtyatom at the step position, melting oceur ~64 in Fig. 2b). There, the wandering amplitudehe av-
erage step fluctuation widktis w~14.5, wherew is defined

AE+AU+ ¢\ ] 71 by
Pm=|1+exg ————— (36)
kT N T T 2
1 1 1 .
AE, is given byAE = e X (the increment of the step perim- W) =5 nzl T ;1 Y= EI ya()| . (39
eten, where half of the nearest-neighbor bond enetgis
related to the step stiffnedd as In a late stage shown in Fig(@ the amplitude increases up
to w~37.2 when the wavelength of the grooves is about 85.

2B c Thus, the structure coarsens parallel as well as perpendicular

—— =sinlf=—— h )

KT S|nr?2KBT. (37)  to the steps

Recently, Paulin and co-workéfsstudied the step wan-

AU is the change of step-step interaction potential. For thélering induced by the Ehrlich-Schwoebel effect in a con-
long-range interaction in thg direction, we use the interac- Seérved system. They found perpetual enhancement of the
tion potentialu=Al"2. The equilibrium adatom density of Wandering amplitude as~t# with g~ 1/2, irrespective of

an isolated step satisfies the detailed balan&@s:(l the step repulsion, but the coarsening of the wavelength of
_ng) P, at a kink site where the perimeter length does notdrooves took place only with a step repulsion. Although we

e . _ 0 take account of the long-range step repulsion only inythe
change by solidification or by melting,£s=0. Then,Ceq is direction but not in thex direction as did Pauliret al, the

; 0
given by entropic repulsion may have caused an effective repulsion in
thex direction and eventually the coarsening in our case, too.
c0 — 1 _ (39) In Fig. 3 open circles represent the time evolution of the
f 14 elkeT wandering amplitudev for f=—0.1. The result is obtained
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dering. Thus the step repulsion mediates steps to establish
the asymmetry in the diffusion field. Due to this asymmetry,
the step wandering occurs with step-up drift. The in-phase
wandering leads to the formation of straight grooves on a
vicinal face, in accordance with other conserved
systemsl.?’*“'le‘ls

The present step wandering is unique since it happens
only on a vicinal face. A steady state with only one isolated
step pair is not possible in a conserved system. A simple
analysis shows that, with weak evaporation, a step pair may
be formed but a straight step pairgtable with step-up drift
Wandering instability occurs only with step-down drift.
Therefore it is truly a many-body effect. In contrast, wander-

ing instabilities known in ordinary systerfike thosé*~23of
Si(111)] are essentially single-step instabilities. Wandering
instabilities also occur on a vicinal face but the mechanism is
the same for an isolated step and for a vicinal face.

by averaging over ten runs of the size 51228 with 16  Recently, in an experiment by Nielsen and CO"_"’O&HS
steps. In an early stage<2x 10°), the step width increases dimpled specimen was used and step wandering on the
rapidly. Then, the width enhancement slows downvto Si(001) vicinal face was observed with the application of a
~t12" The exioonent is the same as the values obtained fc%irect electric current. Near the bottom of the dimple, where
the siep wandering in other conserved syst&t&16-18The the inclination is very small, the step bunching occurs irre-
slowing down of the fluctuation amplification is attributed to Spicn;:e of the current dwgcﬂ:fﬁ.‘l’he frlluctur;l]tlon qfhbugches
the suppression of the diffusion current due to the narrowin Ith the step-up Cl.ment IS arger't an t. at wit . the step-
of the terrace widtf® The groove wavelength is obtained own current. On increasing the inclination, which means

by counting the number of grooves for ten samples, and iincreasing the re_pulsive interaction, in-phase step wandering
depicted by open squares in Fig. 3. The slow increase as occurs and straight grooves parallel to the current appear

—t with a=0.17+0.04 is consistent with the one found with the step-up current. The step wandering was observed in
ith th f l ; f Ed) 16 arange (_)f_mcllnatlon angl_es b_etween 0.08f’ and 0.5°. On_the

with the use of a generalized version of &4) Si(001) vicinal face, the direction of the drift of adatoms is

believed to be the same as that of the electric curr®and

our results of step wandering under a step-up drift qualita-

In this paper, we studied the drift-induced step wanderindVe!y agree with the experimefit.
ona V|c_|nal face with an anisotropic surface dlffus_lon whose ACKNOWLEDGMENTS
orientation dependence alternates on consecutive terraces.
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