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Diffraction from two-dimensional vicinal surfaces with noncolliding meandering steps

Joachim Wollschla¨ger and Mats Larsson*
Institut für Festkörperphysik, Universita¨t Hannover Appelstrasse 2, D-30167 Hannover, Germany

~Received 7 March 1997; revised manuscript received 16 October 1997!

We present a diffraction pattern analysis for vicinal surfaces with meandering noncolliding steps, so that the
fluctuations of adjacent steps are not correlated. For these conditions, we evaluate the shape of the diffuse
scattering~additional to sharp peaks due to the long-range order of the steps!, and show that the root-mean-
square width, the kink density, and the correlation of the individual meandering steps can be obtained from the
diffuse scattering for different scattering conditions due to the intrastep correlation. The surface morphology is
generated by Monte Carlo simulations performed at various temperatures until the kink density is equilibrated
but the steps do not collide. This enables us to compare the direct statistical analysis of the surfaces with the
diffraction analysis. We demonstrate that the agreement is excellent. Furthermore, we discuss how these results
can be applied to the analysis of diffuse x-ray diffraction from multilayers with noncorrelated interfaces.
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I. INTRODUCTION

The roughness of surfaces has been studied very in
sively during the last years, since it plays a dominant role
many physical and chemical processes at surfaces. Mi
scopic and diffraction techniques have been applied to st
the surface roughness at equilibrium and far from it~e.g.,
surfaces of epitaxial films!. While microscopic technique
provide information about roughness details, one obta
mainly statistical averages and correlations from diffract
experiments. Thus both techniques are complementary,
it is very useful to combine both. Using the insight obtain
from microscopic pictures simplifies the analysis of diffra
tion pattern and spot profiles.

Since diffraction techniques do not directly provide
image of the surface morphology, one has to model surfa
with defects, and study their impact on the diffraction p
tern. Evaluating diffraction spots from these surfaces a
analyzing their shape, one is able to interpret experime
diffraction patterns with respect to surface defects as ato
steps. The spot profile analysis for one-dimensional~1D!
stepped surfaces is well developed. It has been demonst
that the spot profiles depend on both the scattering cond
and the correlation of surface atoms.1 Assuming that the
sizes of adjacent terraces are not correlated, it has b
shown that the spot profile depends only on the terrace
distribution at the out-of-phase condition where adjacent
races interfere destructively.1–3 While the spot profiles are
broad for wide terrace size distributions, they show a sp
ting into more or less broad satellites for sha
distributions.1,4–6

These evaluation techniques are not well suited to st
two-dimensional correlation effects of ‘‘real’’ surfaces.
the meantime, however, Monte Carlo~MC! simulations pro-
vide not only more insight into studying processes such
diffusion, nucleation of islands, etc. on surfaces, but they
also a very efficient tool to study the effect of the surfa
morphology on diffraction spots. For instance, they are
plied to investigate growth on nonvicinal surfaces in both
submonolayer and multilayer regime.7–10
570163-1829/98/57~23!/14937~13!/$15.00
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While these investigations are focused mainly on the
fluence of diffusion barriers on the growth morphology, vic
nal surfaces are well suited to study the meandering of s
at thermal equilibrium involving, e.g., the energy to crea
kinks and the interaction between adjacent steps. But
only from this point of view but also for diffraction spo
analysis, vicinal surfaces are much simpler than rough lo
index surfaces where the topography is dominated by isla
forming closed loops of atomic steps. Thus both the isla
diameter and the island distance distribution influence
diffraction spots. On the other hand, for vicinal surfaces,
steps have a preferential direction, so that the rough sur
can be described by the meandering of steps, and only
intracorrelation of the position of the same step and the
tercorrelation of the position of nonidentical steps enter i
the spot evaluation. Beside analytic models,11–14 which are
based on different interactions of step atoms within one s
and between different steps, MC simulations15–17 have also
been used to study the influence of step meandering on
diffraction pattern.

Basing on the terrace-ledge-kink model and consider
only the anisotropic interaction between nearest-neigh
step atoms of the same step and of next-neighbor steps,
lain, Grempel and Lapujoulade distinguished two differe
phases for the morphology of vicinal surfaces.11 The phases
are characterized by the displacement correlation defined
gn(x)5Š^@un1m(x1x8)2um(x8)#2&‹m,x8 for large dis-
tances. Hereun(x) is the displacement of thenth step run-
ning in thex direction, while the brackets denote averagi
with respect tom andx8 ~for more details, also see Sec. II!.
For the low-temperature phase the steps are not straight
the fluctuations are finite, so that one obtains the lim
g0(x)5^@um(x1x8)2um(x8)#2&x8→2w2 for x→` @w de-
notes the root-mean-square~rms! width of the step#. This
saturation effect cannot be observed for the high-tempera
phase where the displacement correlation diverges loga
mically. This behavior has been corroborated by M
simulations.15

Since the step fluctuations are finite for the low
temperature phase and diverge for the high-tempera
14 937 © 1998 The American Physical Society
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14 938 57JOACHIM WOLLSCHLÄGER AND MATS LARSSON
phase, the inverse rms widthw can be used as order param
eter for this~Kosterlitz-Thouless! phase transition. This mo
tivates our nomenclature as a correlation with long-range
der for the low-temperature phase, and a correlation w
short-range order for the high-temperature phase~an analog
to the nomenclature of two-dimensional phase transition!.

The diffraction spot profiles for both phases are sign
cantly different. Above the critical temperature the logari
mic divergence is reflected by power-law profiles w
temperature-dependent exponents. Below the critical t
perature the profiles split into two components: a sharp p
due to the long-range order and a diffuse scattering du
the step roughness. Up to now, however, the diffuse sca
ing for the low-temperature vicinal surface with long-ran
order has not been analyzed in detail, while the temperat
dependent exponent of the power-law profiles for the hi
temperature phase has also been studied experimenta
determine the critical temperature of the roughening tra
tion TR .18–21 It has also been reported that the roughen
can be obtained from the vanishing of the sharp central p
of the low temperature phase atTR .22,23

Bartelt, Einstein, and Williams reported that the logari
mic diverging displacement correlation can only be obser
for distances larger than the average collision distance
tween adjacent steps.14 For shorter distances it increases li
early. Consequently, the spot profiles show only a power-
behavior for small scattering vectors, while the profiles ha
a Lorentzian profile for large scattering vectors.

The goal of this paper is to analyze the spot profiles fr
vicinal surfaces in the low-temperature phase (T,TR),
where the steps do not collide and the rms width of
fluctuating steps are small compared to the average step
distance. For that purpose we compare analytic closed-f
spot profiles with spot profiles obtained from MC simul
tions. In a previous paper, we demonstrated that the att
ation of the sharp peak of the spot profiles can be use
analyze the rms width of noncolliding steps.24 The main re-
sult of our studies is that, starting the MC simulation w
straight equidistant steps, the kink density saturates a
some time although the steps do not collide. Therefore
attribute the investigated phase to the low-temperature p
with long-range order below the roughening temperatu
The temporal evolution of the rms width shows a power-l
behavior with different exponents before and after the k
density has saturated.

In this paper we emphasize the analysis of the diffu
shoulder. We demonstrate that one can obtain detailed in
mation about the statistics of the fluctuating steps. The h
width of the spot profiles perpendicular to the steps are g
erned by the rms width of the fluctuating steps. The ha
widths of spot profiles recorded parallel to the parallel ste
however, depend on the scattering condition. The half-wid
of the the spot profiles recorded at the center of the Brillo
zone are determined by the correlation lengthj. They are
sensitive to the kink density for spot profiles at the bound
of the Brillouin zone.

The paper is organized as follows. In Sec. II, we initia
the evaluation of the diffraction pattern for vicinal surfac
followed by the analysis of the diffuse scattering with resp
to the rms width, the correlation length, and the kink dens
of the meandering steps~Sec. III!. After a short description
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of the applied Monte Carlo model~Sec. IV!, we demonstrate
in Sec. V that the assumption of noncorrelated step fluct
tions is in excellent agreement with the calculated s
roughness.

II. EVALUATION OF THE DIFFRACTION PATTERN
FOR VICINAL SURFACES

For the sake of simplicity, we base the evaluation of t
diffraction pattern on the simple cubic~sc! lattice. This im-
plies that the higher-order spots have the same phase de
dence as the specular (00) spot has. Most of the repo
experiments have been carried out at surfaces of fa
centered-cubic~fcc! and body-centered-cubic~bcc! crystals.
If, however, one confines the diffraction spot analysis to
first Brillouin zone,all lattices show an identical behavio
The effect on higher Brillouin zones will be discussed lat

We suppose that the step train of the vicinal surface r
into they direction with ascending step height, implying th
the steps are parallel to thex direction~cf. Fig. 1!. Within the
kinematic approximation the amplitude of the wave scatte
at this surface is

A~Kz ,Ky ,Kx!5(
n

eiK zdn(
x

eiK xax
eiK yRn11~x!2eiK yRn~x!

12eiK ya
,

~1!

whereRn(x) andRn11(x) denote the position of thenth and
(n11)th meandering steps, respectively, confining thenth
terrace. Herex is an integer, so thatax is the position of the
step atom parallel to the step. The scattering vector has b
split into the scattering vector perpendicular to the terra
(z direction! of the vicinal surfaceKz , the lateral scattering
vectorKy perpendicular to the steps (y direction, the direc-
tion of the step train!, and the lateral scattering vectorKx
parallel to the steps (x direction!. Equation~1! supposes tha
the step position is a single-value function neglecting ov
hangs. Additional islands on top of the vicinal terraces
also excluded.

For the scattering experiment, however, not the scatte
amplitude but the lattice factor

G~Kz ,Ky ,Kx!5uA~Kz ,Ky ,Kx!u2

5
12cos~Kzd!

12cos~Kya!(n
eiK zdn(

x
eiK xax

3Š^eiK y[Rn1m~x1x8!2Rm~x8!]&‹m,x8 ~2!

FIG. 1. Schematic drawing of a vicinal surface with meander
steps.
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57 14 939DIFFRACTION FROM TWO-DIMENSIONAL VICINAL . . .
is important whereŠ^•••&‹ denotes averaging with respect
the step indexm and the lateral position in the direction o
the stepx8.

A. One-dimensional vicinal surfaces: step correlation effects

Above we discussed the difference between long-
short-range order. Thus, here, we want to show the impac
these correlations on the diffraction from quasi-1D surfac
since the spot profile analysis by the analytic closed-fo
profile evaluation works very well for these ‘‘artificial’’ sur
faces. We emphasize that these models are well suite
obtain a better insight into thediffraction effects but not into
the physicsof the roughening.

Especially vicinal surfaces with short-range order~the
step position is determined from the position of the adjac
terraces via the terrace size distribution! have been studied
intensively.1,4,6 The analysis is based on the 1D form of t
lattice factor shown in Eq.~2!, neglecting the dependence o
x andx8. The main result of these studies is that the diffra
tion spots broaden and shift to the center of the Brillou
zone, as shown in Fig. 2 for the out-of-phase condition. G
erally, both the broadening and the shift depend on the s
tering condition. The short-range order implies that the c
relation vanishes gradually with increasing distance betw
the two steps. Therefore, this model is equivalent to a n
confined random walk.

Here we study a different model for surfaces with lon
range order. Due to the long-range order the uncertaint
the step position cannot increase infinitely. Comparing
distance between two stepsRn1m2Rm , one expects that the
position is not too different from the distancenaL, whereL
denotes thenumberof atoms between two adjacent steps
an ideally stepped regular vicinal surface. Therefore, it
useful to split the position of thenth stepRn into the position
for the regular vicinal surfacenaL and the displacementun
with respect to the regular position. For this vicinal surfa
with long-range order we expect the constant displacem
correlation^@un1m2um#2&52w252^um

2 &, except forn50,
where the correlation equals zero. Thus the long-range o

FIG. 2. Diffraction pattern for a 1D surface with noncorrelat
sizes of adjacent terraces. Due to the short-range order the pea
not show sharp profiles. Conversely, the half-width of the pe
increase with increasing width of the terrace size distribution~in-
creasings).
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model is equivalent to a confined random walk. Of cou
this model is only useful in the limitw!aL.

On the other hand, for surfaces with short-range order
displacement correlation diverges via^@un1m2um#2&}n, at
least for small distances, while for larger distances the div
gence may be less drastic~cf. the logarithmic divergence
expected for the roughening transition!.

For the 1D vicinal surface with long-range order~LRO!,
we obtain

GLRO
1D ~Kz ,Ky!5ub~Ky!u2Greg

1D ~Kz ,Ky!

1
12cos~Kzd!

12cos~Kya!
@12ub~Ky!u2# ~3!

from Eq. ~2!, assuming that the displacement of adjace
terraces are not correlated. Here

Greg
1D ~Kz ,Ky!5

12cos~Kzd!

12cos~Kya!(p
d~KyaL1Kzd22pp!

~4!

denotes the lattice factor of a regularly stepped vicinal s
face whereb(Ky)5^eiK yaun(x)&n,x5(upueiK yau denotes the
characteristic function~Fourier transform! of the fluctuation
distributionpu . Figure 3 presents typical diffraction patter
for the out-of-phase condition. The sharp equal distant pe
which are expected for regularly stepped surfaces are s
ing. The intensity of these peaks, however, is attenuated
to the fluctuating step position via the prefactorub(Ky)u2, so
that for s/L50.5 the second-order peaks are hardly visib
On the other hand, the intensity of the diffuse shoulder
creases, and its shape narrows with increasing rms widtw
~defined byw25^u2&). We would like to mention that only
the first cases/L50.2 presented in Fig. 3 is reasonab

do
s

FIG. 3. Diffraction pattern for a 1D surface with long-rang
order, preserving the position and the half-width of the sharp pe
The increasing fluctuation of the steps yields an increasing diff
background and the attenuation of the intensity of the sharp pe
especially for the higher-order peaks.
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14 940 57JOACHIM WOLLSCHLÄGER AND MATS LARSSON
because the probability to form overhangs by the nonco
lated step position fluctuations is unlikely. Since this is n
the case fors/L50.5, the model and the diffraction patte
are unphysical.

This effect of noncorrelated step fluctuations is very sim
lar to the well-known Debye-Waller effect causing an atten
ation of the peaks due to thermally activated atomic vib
tions ~except for the homogeneously distributed diffu
scattering!. Thus the attenuation effect may be called t
static Debye-Waller effect, as proposed for the x-ray diffra
tion from multilayers.25

In our previous MC study of the temporal development
the rms width, we have shown that the intensity is attenua

generally byub(Ky)u2.e2w2Ky
2

for the sharp central pea
close to the center of the Brillouin zone.24 Here we assume
that the fluctuations are Poisson distributed„pu

5@(w/a)2(u1w)/G(u1w11)#e2(w/a)2
and u>2w where

G(x) denotes theg function…. Thus one obtains the attenu
tion factor

ub~Ky!u25expF22
w2

a2
@12cos~Kya!#G ~5!

to evaluate the diffraction pattern in Fig. 3. Equation~5!
matches and confirms the Gaussian behavior for scatte
vectors close to the center of the Brillouin zone.

On first sight the diffraction pattern analysis for 1D su
faces seems to be quite academic, since ‘‘real’’ surfaces
2D. However, a simple way to extract the correlation effe
presented here for 1D surfaces is to integrate the 2D diff
tion pattern in the step direction

Gslit~Kz ,Ky!5E dKxG~Kz ,Ky ,Kx!

5
12cos~Kzd!

12cos~Kya!(n
eiK zdn

3Š^eiK ya[Rn1m~x8!2Rm~x8!]&‹m,x8. ~6!

In this case only the step positions for a cross section in
step train direction enter the evaluation of the lattice fac
@i.e., identical lateral positionsx8 for both step positions in
Eq. ~2!#, so that the 1D analysis can be applied. Obviou
the averaging is with respect to different steps~indexm) and
cross sections~index x8).

B. Two-dimensional surfaces: fluctuation effects

We have established that the 1D vicinal surface w
long-range order shows completely different diffraction p
terns compared to the diffraction patterns that are known
vicinal surfaces with short-range order. Now we want to e
tend this analysis to 2D surfaces with long-range order. T
means that each individual step may fluctuate individua
and the fluctuations are confined to a region close to
straight nonfluctuating step, so that they do not influence
fluctuations of the adjacent steps.

Equivalent to the 1D case, we split the positionRn(x) of
the nth fluctuating step into the average~with respect tox)
positionR̄n5^Rn(x)&x and the displacementun(x) from the
e-
t
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average position. Additionally, we also assume equidist
steps on average (R̄n5naL), so that Eq.~2! can be trans-
formed to

G~Kz ,Ky ,Kx!5
12cos~Kzd!

12cos~Kya!(n
ei ~Kzd1KyaL!n

3(
x

eiK xax
Š^eiK ya[un1m~x1x8!2um~x8!]&‹m,x8.

~7!

Assuming nonmeandering steps@un(x)[0#, the last part of
Eq. ~7! is equal to 1. Thus one obtains the lattice factor

Greg
2D ~Kz ,Ky ,Kx!5

12cos~Kzd!

12cos~Kya!(l
d~Kxa22p l !

3(
p

d~KyaL1Kzd22pp!, ~8!

with sharp peaks on they axis running through the center o
the Brillouin zone for the regularly stepped 2D vicinal su
face with terrace sizeL. The positions of the peaks are equ
distant, but depend on the scattering vectorKz .

Similar to the 1D case, the lattice factor can be split in
one part with sharp peaks and one diffuse part:

G~Kz ,Ky ,Kx!5ub~Ky!u2Greg
2D ~Kz ,Ky ,Kx!

1Gdi f f~Kz ,Ky ,Kx!, ~9!

assuming that the fluctuations of the individual steps have
impact on neighbor step fluctuations. The attenuation fac
ub(Ky)u2 of the sharp peaks is defined in the same way as
the 1D surface@cf. Eq. ~5!#. Thus one can also transform th
results mentioned above to the 2D case.

In the following we will concentrate our study on th
diffuse scattering. As mentioned above we assume no co
lation of neighbor step fluctuations. However, we will n
neglect correlations within the same step~i.e., intrastep cor-
relations! including interaction between kinks and that th
bending of the steps is governed by the stiffness of the s
With these assumptions the last term of Eq.~7!

^eiK ya[un1m(x1x8)2um(x8)]&x8 vanishes except forn50, and
the diffuse scattering

Gdi f f~Kz ,Ky ,Kx!5
12cos~Kzd!

12cos~Kya!
^Gm~Ky ,Kx!&m ~10!

is obtained with

Gm~Ky ,Kx!5(
x

eiK xax^eiK ya[um~x1x8!2um~x8!]&x8.

For symmetry reasons, we suppose that the evolution
all steps follows the same statistics, i.e.,Gm(Ky ,Kx) does
not depend on a particular step, and can be replaced by

Gsingle~Ky ,Kx!5(
x

eiK xax^eiK ya[u~x1x8!2u~x8!]&x8,

~11!

with u(x)[um(x) for all m, which gives the lattice factor



ra
ti

es
to
c

-

d
po
e
on

r

te

a

e
or
tio

is

re
o
n
on
er

s
u

e

on
s

t

the

lel
g
of
be
s.

ce

ds
na-
to

fore
ms
dif-
ep
the
er-

lev-
e
tion
ect
a-

the
r.

oth

for

on

e
st

57 14 941DIFFRACTION FROM TWO-DIMENSIONAL VICINAL . . .
Gdi f f~Kz ,Ky ,Kx!5
12cos~Kzd!

12cos~Kya!
Gsingle~Ky ,Kx!.

~12!

The mathematical form forGsingle(Ky ,Kx) is equivalent to
the one for a 1D surface which is often discussed in lite
ture. Also, the physical interpretation is similar if one subs
tutes the lateral displacementu(x) by the vertical displace-
ment involved in the spot profile analysis of 1D surfac
This equivalence is also clear from Fig. 4, showing the
view on a vicinal surface with small displacements: ea
fluctuating step looks like a 1D~or cross section of a two
dimensional! randomly stepped surface.

Therefore, we would like to apply the well-develope
theory for spot profile analysis of 1D surfaces to the s
profile analysis for noncolliding fluctuating steps. Cons
quently one also has to transform the scattering conditi
for the 1D surfaces: The scattering vectorK' vertical to the
surface has to be replaced by the lateral scattering vectoKy
vertical to the steps and the scattering vectorK i parallel to
the 1D surface by the lateral scattering vectorKx parallel to
the steps. Therefore the vertical in-phase conditionK'

52pn/d transforms to a line scan atKy50, crossing the
center of the Brillouin zone and running parallel to the s
directions. The vertical out-of-phase conditionK'5@(2n
11)p/d# is equivalent to a line scan parallel to the steps
the Brillouin-zone boundary (Ky56p/a). We will demon-
strate that cross sections of the diffuse scattering at th
different scattering conditions are sensitive to different m
phology parameters, e.g., the kink density or the correla
length.

III. ANALYSIS OF THE DIFFUSE SCATTERING
FOR NONCORRELATED FLUCTUATIONS

A. General form

Equation~12! demonstrates that the diffuse scattering
affected by the details of the displacementu(x). Thus the
correlation effects between the displacements at diffe
sites are important to determine the exact profile
Gsingle(Ky ,Kx). Following the basic spot profile evaluatio
for 1D randomly stepped surfaces introduced in Ref. 1,
has to consider only correlation effects for constant diff
enceau with integeru, since we assume that all step atom
are on lattice sites. For each difference one has to introd
a partial correlation functionwu(x), describing generally the
lateral dependence of the displacement fluctuations. Th

FIG. 4. Schematic model for a vicinal surface with a step m
andering within two levels. The dashed lines show the average
position yieldingu56

1
2 andv561 @cf. Eq. ~13!#.
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functions are defined by the well-known pair-correlati
functions ~defined by the probability that two step atom
separated by the lateral distancex have the displacemen
differenceu) C(x,u)5Cu@12wu(x)# whereCv depends on
the displacement distributionpu via Cv5(upu1vpv with in-
tegerv. From these fundamental relationships, we obtain
basic description

Gsingle~Ky ,Kx!5(
v

Cv@12cos~Kyav !#Fv~Kx! ~13!

entering the lattice factor of Eq.~12!. The functionsFv(Kx)
obeying the normalization*dKxFv(Kx)51 are the Fourier
transforms of the partial correlation functionswu(x) intro-
duced above.

Equation~13! shows that the profiles of line scans paral
to the steps~constantKy) depend in detail on the scatterin
vector Ky , the displacement distribution, and the details
the partial lateral correlation. The latter dependence can
eliminated for slit profiles integrated parallel to the step
One obtains

Gslit~Kz ,Ky!5
12cos~Kzd!

12cos~Kya!
@12ub~Ky!u2#, ~14!

which is identical to the diffuse scattering for the 1D surfa
with long-range order@cf. Eq. ~3!#. The slit-integrated pro-
files are influenced only by the rms widthw.

Although the evaluation of the diffuse scattering depen
on many details of the step fluctuation statistics, we can a
lyze the diffuse shoulder for certain scattering conditions
obtain information about the step roughness. Thus, be
presenting the full analysis with respect to kink density, r
width, correlation length and phase dependence of the
fuse shoulder, we start with a simple model of limited st
meandering to explain the main effects one expects for
diffuse scattering from surfaces with noncorrelated meand
ing steps.

B. Small fluctuations: two-level model

The simplest case is step meandering confined to two
els ~cf. Fig. 4!. Similar to the submonolayer regime for th
growth on flat terraces, this case is the smallest devia
from perfectly smooth straight steps. Although we exp
larger displacements for ‘‘real’’ fluctuating steps, the ‘‘ac
demic’’ case, where forward and backward kinks of lengtha
alternate, is worth studying because it gives insight into
principles of the diffraction analysis for the diffuse shoulde

For the two-level case, Eq.~13! can be simplified very
easily, since only displacement differencesv561 are
present, so that the shouldersF61(Kx) are the only contri-
butions to the diffuse scattering. For symmetry reasons, b
shoulders must be identical@F61(Kx)5F(Kx)#, and both
levels are equally populated (p61/25

1
2 ). Inserting these into

Eqs.~12! and ~13!, one obtains the diffuse scattering

Gdi f f~Kz ,Ky ,Kx!5 1
2 @12cos~Kzd!#F~Kx!, ~15!

indicating the expected vanishing of the diffuse scattering
the vertical in-phase condition (Kzd52pn) and the maxi-
mum intensity at the vertical out-of-phase condition@Kzd
5(2n11)p#. Furthermore, the intensity does not depend

-
ep
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the lateral scattering vectorKy in the step train direction, so
that all cross sections parallel to the steps are identical w
respect to both the shape and the maximum intensity.

It has been demonstrated for 1D randomly stepped
faces that the profile of the diffuse scattering can be ev
ated from the terrace size distribution.1 Applying this con-
cept to the fluctuating steps considered here, the terrace
distribution ~the distance between two atomic steps! trans-
forms to the kink distance distribution, so we obtain the p
file

F~Kx!5
1

12cos~Kxa!F12g~Kx!

11g~Kx!
1c.c.G ~16!

for the diffuse scattering, whereg(Kx) denotes the charac
teristic function of the kink distance distribution. For in
stance, supposing that kinks interact repulsively, short
tances are suppressed, so that the kink distance distribu
shows a maximum close to the average kink distance^D&.
Therefore one expects that the diffuse scattering has m
mum intensity atKx.2p/^D&. However, if the kinks do not
interact, their positions are distributed randomly, leading t
geometric kink distance distribution, and the characteri
function is

g~Kx!5
1

12 i ^D&Kx
.

Inserting the characteristic function into Eq.~16!, one ob-
tains the Lorentzian shape

Gdi f f~Kz ,Ky ,Kx!5
4@12cos~Kzd!#

k21Kx
2

~17!

for the diffuse scattering, where the half-width depends
the linear kink densityr51/̂ D& via k52r.

C. General kink density analysis

In contrast to the result obtained for the two-level mod
generally the half-width of the diffuse scattering depends
the lateral scattering vectorKy perpendicular to the steps, a
shown in Sec. III A. Even if one has randomly distribut
kinks but step meandering larger than the lattice constant
diffuse scattering is governed by several shouldersFu(Kx)
@cf. Eq. ~15!#, with a Lorentzian shape but a different depe
dence onKx ~cf. the consideration of Sec. III E!.

Therefore, at first sight, it is not clear how the kink de
sity can be evaluated from the diffuse scattering. The so
tion of this problem comes from the formal equivalence b
tween the diffraction from meandering steps and from
randomly stepped model surfaces. It is well known for t
1D models that theshapeof the diffuse shoulder does no
depend on the scattering condition for two-level surfa
while the shape shows differences between in-phase and
of-phase conditions with increasing surface roughness. S
tion III B showed that equivalence holds strictly for the tw
level excitations of the vicinal steps: the shape of the diffu
shoulder does not depend onKy .

It is also well known, however, that for one special sc
tering condition—the vertical out-of-phase conditionKzd
5(2n11)p—the profile depends only on the terrace s
th
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distribution, independent of the number of exposed lay
~out-of-phase projection!.26 To apply this concept to vicina
surfaces with meandering steps, we have to consider tha
vertical out-of-phase condition is equivalent to the late
out-of-phase conditionKy

out56p/a at the boundary of the
Brillouin zone. The kink distance distribution of the mea
dering step is equivalent to the terrace size distribution of
randomly stepped 1D surface. Accordingly, we have to a
lyze line scans for this scattering condition to obtain in
simple way the information about the kink distance distrib
tion. Only for these line scans is the shape of the diffu
shoulder linked directly to the kink distance distribution, i
dependent of the rms width of the meandering steps. T
we have found an outstanding scattering condition to de
mine the kink-kink distance distribution, which may offe
more insight into the thermodynamical properties of step

In Sec. III B we presented the relation between the av
age kink-kink distance and the spot profile for a geome
kink-kink distance distribution for the two-level model@Eq.
~17!# and can now generalize this result to rougher steps
the lateral out-of-phase conditionKy

out :

Gdi f f~Kz ,Ky
out ,Kx!5

4@12cos~Kzd!#

kout
2 1Kx

2
. ~18!

Here kout denotes the half-width of the diffuse shoulder
the lateral out-of-phase condition. Accordingly the line
kink density r can be evaluated from the full width ha
maximum~FWHM!, which is equal to 2kout54r.

D. Diffuse scattering close to the center of the brillouin zone

We have demonstrated that information about the k
density can be extracted from the diffuse scattering at
lateral out-of-phase conditionKya5(2n11)p. In this sec-
tion we show that it is also possible to obtain the correlat
length j by analyzing the diffuse scattering at the late
in-phase conditionKy50 ~line scans parallel to the step
including the center of the Brillouin zone!.

Assuming an exponential form of the lateral correlatio
the correlation lengthj is defined via the autocovarianc
function ^u(x1x8)u(x8)&5w2a(x) of the meandering step
positionu(x) by

a~x!5expS 2
uxu
j D , ~19!

where the bracketŝ•••& denote averaging with respect t
x8. Equation~19! is related to the earlier defined displac
ment correlationgn(x) via g0(x)52w2@12a(x)#. It has
been reported that the displacement correlation shows
linear behaviorg0(x).@b2(T)/a#x for small lateral dis-
tances, whereb2(T) denotes the temperature-dependent d
fusivity governing the probability to find a kink for a random
walk in the step direction.27 Approximating the exponentia
of the autocovariance by a linear function, we obtain t
diffusivity b2(T)5w2a/2j from the correlation parameters

Substituting Gsingle(Ky.0, Kx) in Eq. ~12! with the
second-order Taylor approximationGsingle(Ky.0, Kx)
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.Ky
2V(Kx) @the power spectrumV(Kx) denotes the Fourie

transform of the autocovariance#, one obtains the diffuse
scattering

Gdi f f~Kz ,Ky50, Kx!52@12cos~Kzd!#V~Kx!, ~20!

with

V~Kx!5
2w2k in

k in
2 1Kx

2
,

where k in is defined viak in5j21. Thus the correlation
lengthj can be determined from the half-width of the diffu
scattering at the lateral in-phase conditionKy50 while the
peak intensity

Gdi f f~Kz ,Ky50, Kx50!54@12cos~Kzd!#w2j ~21!

is additionally influenced by the rms widthw.

E. Diffuse profiles parallel to the steps

Sections III C and III D showed that the profiles at t
center and at the boundary of the Brillouin zone are g
erned by the correlation length and the average kink-k
distance, respectively. For the two-level model both leng
are identical. This is reflected by the constant diffuse pro
for this model. In general, however, both lengths are diff
ent. Since the correlation length is larger than the aver
kink-kink distance, we expect broader profiles at t
Brillouin-zone boundary than at the center.

To describe the full dependence of the diffuse should
we apply a recently developed model for intermediate rou
nonvicinal surfaces (0.5,w/a,`), where we obtain a
simple analytic formula for the phase dependence of the h
width assuming an analytic form of thevertical dependence
of the pair-correlation function to the intermediate st
fluctuations.28 Transforming this to the case studied here,
half-width of the diffuse profiles parallel to the steps can
approximated by

k~Ky!.
2w2

ja2

12cos~Kya!

12ub~Ky!u2
~22!

with ub(Ky)u25exp†22(w2/a2)@12cos(Kya)#‡.
Thus one obtains the relationkout.4(w2/a2)k in connect-

ing the half-widthk in at the lateral in-phase condition wit
the half-widthkout at the lateral out-of-phase condition v
the rms widthw. This implies that the correlation lengt
depends on both the kink density and the rms width viaj
52w2/ra2. Substituting this result into the expression f
the diffusivity, we find the simple relationb2(T)5ra3 un-
derpinning the intuitive interpretation of the diffusivity as th
probability to create a kink during a random walk along t
step.

Due to the fact that the slit-integrated intensity can
approximated by

Gslit
di f f~Kz ,Ky!.2kGdi f f~Kz ,Ky ,Kx50!, ~23!

the peak intensity of the diffuse shoulder at a vanishing p
allel scattering vector is
-
k
s
e
-
e

r,
h

lf-

e
e

e

r-

Gdi f f~Kz ,Ky ,Kx50!5
j@12cos~Kzd!#

w2 F 12ub~Ky!u2

12cos~Kya!G .
~24!

Both Eqs.~22! and ~24! have the right asymptotic behavio
predicted forKy→0. Thus the correlation length and the rm
width of the steps determine the phase dependence of
diffuse shoulder over the total Brillouin zone.

IV. MONTE CARLO SIMULATION

Our MC simulations are based on a fcc lattice with
~111! surface instead of a~100! surface of the sc lattice use
for the calculation of diffraction patterns. We choose the
MC simulation conditions, since they are closer to realis
experimental conditions: there exist many studies on
samples, while only very few samples with sc structure
available.

As pointed out above, the diffraction pattern of the fir
Brillouin zone~which we analyze throughout this paper a
which is also mostly investigated in other studies! is not
influenced by the underlying lattice of the surface. This h
also been demonstrated by MC simulations studying
growth on fcc~100! surfaces which additionally include shad
owing effects of lower-level atoms at atomic steps.29 There-
fore the diffraction analysis developed for the sc lattice c
be applied directly to the analysis of the MC data if o
confines oneself to the first Brillouin zone.

If one applies the analytic results to the higher-order B
louin zones of the fcc lattice, one has to consider an ad
tional phase shift ofKz5(2p/3d)(n21) for the scattering
condition for thenth Brillouin zone.

Since the details of the MC model used here are repo
elsewhere,30 we present only the basic features of the mod
Generating the fcc lattice, we skewed an original sc latti
The binding of the atoms on the sc lattice, however, mim
the binding configuration of an fcc lattice~e.g., a terrace
atom has six bonds to adjacent terrace atoms and three
tional bonds to atoms one layer underneath!.

The hopping probabilityn i , f used for the MC simulations
depends on both the local environment of the initial and
final coordination number (ni and nf , respectively! of the
atom under interrogation via

n i , f5n0expF2
E~ni ,nf !

kT G , ~25!

with activation energy

E~ni ,nf !5niE01~ni2nf !Eb , ~26!

and effective attempt frequencyn051013 s21. Here T de-
notes the sample temperature, andk the Boltzmann constant
Note that, forEb50, the final state does not influence th
transition probability. Final-state effects can be caused
EbÞ0. It has been demonstrated that the diffusion is lo
isotropic forEb50, while EbÞ0 leads to locally anisotropic
diffusion at steps.30

The simulations have been performed on lattices of 2
3128 sites and eight equidistantly spaced terraces sepa
by one-atom-high steps, so that the initial terrace width
L516 atoms. Screw-boundary conditions16 are used in the
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FIG. 5. Comparison of the MC simulated morphology, the 2D diffraction pattern at the vertical out-of-phase conditionKz5p/d, and
cross sections of the diffraction pattern forKx50 ~from left to right! for ~a! T5700 °C and~b! T51351 °C. With increasing temperatur
the step fluctuations and the diffuse background~streaked in the direction of the step train! increase, while the intensity of the sharp pea
decreases.
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step train direction, while we used periodic boundary con
tions parallel to the steps. All simulations start with unifor
straight nonfluctuating steps. The MC simulations are p
formed until the kink density has reached a constant le
~quasiequilibrium! for various temperatures. Since only nex
neighbor bindings are used in the MC model, the probabi
to create vacancies and to nucleate islands increases
increasing temperature. This additional roughness of the
races would complicate the diffraction analysis. Theref
the maximum temperatureT51351 °C has been chosen
obtain rough meandering steps and almost flat terraces
negligible number of surface adatoms and monovacanc
For these configurations the diffraction patterns have b
evaluated at the vertical out-of-phase conditionKzd5p be-
cause of the maximum sensitivity of the diffuse scatteri
The details of the time development have been repo
elsewhere.24

We usedE050.3 eV andEb50.1 eV for the study pre-
sented here. While the first parameter implies just the sca
of the temperature, the latter energy contribution causes
anisotropic diffusion. It enhances the diffusion along ste
compared to the diffusion from steps onto the adjacent
race, since the moving adatom has less nearest-neighbo
oms on a terrace site than on a step site. Therefore, the p
ability to detach adatoms from the step is suppressed by
ansatz of Eq.~26!. This asymmetric diffusion has been r
i-
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ported from effective-medium theory calculations.31 Further-
more, the formation of overhangs of the meandering ste
also less probable for this case than for vanishingEb .

V. RESULTS

Figure 5 shows the typical morphologies of the vicin
surfaces, the 2D diffraction patterns, and the line scan
Kx50 for the lowest and the highest studied temperatu
~700 and 1351 °C, respectively! after having reached quas
equilibrium conditions. Obviously the roughness of the ste
increases with increasing temperature. Nevertheless the
erage position of the steps is identical to the position wh
the simulation was started, so that the line scans forKx50
show still sharp peaks atKy5@(2p11)p/aL#. In addition,
the fluctuations are small compared to the width of the t
races, so that the meandering steps do not collide, sugge
that the fluctuations of adjacent steps are not correlated
the following, we will analyze the diffraction pattern wit
respect to the spot profile evaluation presented above. In
paper, we would like to emphasize the analysis of the diffu
shoulder; we presented the attenuation effect of the sh
peaks previously.24

As predicted, the 2D diffraction patterns show a streak
diffuse intensity in the direction of the step train in additio
to residual sharp peaks caused by the perfect regularly
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rangedaveragestep position. The intensity of the sharp pa
tern decreases drastically~especially for the higher-orde
peaks! with increasing temperature while the diffuse inte
sity increases. All eight orders of peaks expected for
regularly stepped surface can be seen for 700 °C, but o
four orders can be distinguished from the diffuse backgro
for 1351 °C.

Both the 2D diffraction patterns and the line scans p
sented in Fig. 5 demonstrate that the structure of the diff
scattering does not depend strongly onKy for small fluctua-
tions (T5700 °C). The diffuse scattering shows an incre
ing intensity at the center of the Brillouin zone for increasi
step roughness, as predicted by Eq.~24!.

Following Eq.~5! the intensity of the sharppth order peak
„positionKy5@(2p11)p/aL#… is attenuated by

ubu25expF2
w2

a2 S ~2p11!p

L D 2G ~27!

for the lower-order peaks. Figure 6 demonstrates that
attenuation depends on the square of the diffraction orde
all temperatures and forp<4. Fitting the MC simulated re-
sults to Eq.~27!, we are able to evaluate the rms widthw
from the diffraction pattern. Figure 7 shows the excelle
one-to-one agreement between the rms widthwMCS obtained
by analyzing directly the step roughness from the MC sim
lation ~cf. Fig. 5!, andwdi f f from the diffraction analysis~cf.
Fig. 6!. Additionally, the inset shows the increasing rm
width of the steps with increasing temperature. For m
details, see Ref. 24, where the physical processes of the
mal roughening are discussed more explicitly; in this stu
we concentrate on the diffraction analysis.

Figure 8 shows the diffraction pattern integrated para
to the steps~open dots!. The scaling has been chosen
emphasize the diffuse scattering. Therefore not all sh
peaks can be seen. Obviously the slit-integrated diffuse
file becomes more peaked with increasing step roughn
The solid line shows the diffuse shoulder predicted by E
~14!. The only parameter fitted to the profiles is the pe
intensity atKy50. For the evaluation of the profiles we hav
used the rms width obtained from the analysis of the p
intensity attenuation~cf. Fig. 7!, which gives the correc
value for the noncorrelated step fluctuations.

FIG. 6. Attenuation of the intensity of the sharp peaks for d
ferent temperatures. With increasing temperature, the attenuati
stronger. The straight lines demonstrate that Eq.~9! is fulfilled, so
that one can evaluate the rms widthw of the steps from the slope
e
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For Kx50, Fig. 9~a! shows the line scan for the large
step roughness investigated here (T51351 °C). Only four
orders of sharp peaks can be distinguished from the ba
ground. Figure 9~b! presents line scans of the diffuse shou
der parallel to the steps~open symbols! for a fixed Ky , as
labeled in Fig. 9~a!. Fitting the data to Lorentzians yields th
solid lines shown. The line scans also demonstrate that

is

FIG. 7. Comparison of the rms width of the meandering o
tained directly from analyzing the MC simulation pictureswMCS

and from analyzing the attenuation of the intensity of the sh
peakswdi f f . The solid line shows the perfect one-to-one agreem
The inset shows the temperature dependence of the rms width.
increasing temperature, the step fluctuations increase.

FIG. 8. Profiles from slit integrating the diffuse intensity paral
to the steps~open dots!. The solid lines show the diffuse scatterin
following Eq. ~14!. The rms widthw entering the evaluation has no
been fitted, but is taken from Fig. 7. The agreement between th
and MC simulations is perfect.
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peak intensity of the diffuse shoulder decreases with an
creasing distance from the center of the Brillouin zone, a
that the half-width of the shoulder increases.

A more detailed analysis of the diffuse shoulder profi
recorded for scattering conditionsKy52pp/aL, half be-
tween the positions of the sharp peaks, is shown in Fig.
For comparison, the analysis forT5700 °C is included. Ob-
viously, the behavior of both surfaces is very different. F
T5700 °C, both the maximum intensity and the half-wid
of the diffuse shoulder are almost constant. This is in go
agreement with our analysis for small fluctuations~two-level
model!, although the evaluated rms width ofw50.75a is
slightly larger than the maximum value for the two-lev
model (w50.5a) with equally distributed step chords o
both levels.

There are drastic variations of both the peak intensity
the half-width forT51351 °C. Compared toT5700 °C the
maximum intensity is high, while the half-width does n
change drastically for the lateral in-phase conditionKy50.
This implies that the correlation lengthj does not vary
strongly with temperature. The half-width, however, i
creases with increasing temperature for the lateral out
phase conditionKy5p/a, indicating that the kink density
increases with temperature.

FIG. 9. Diffraction pattern forT51351 °C. ~a! Line scan for
Ky50 showing the diffuse scattering and the sharp peaks due to
long-range order of the steps.~b! Profiles of the diffuse scattering
taken at the scattering conditions labeled in~a!. With decreasing
scattering vectorKy , the profiles become sharper and more inten
The line scansA, B, C, and D are equidistant, taken exactly a
positions between two sharp peaks to emphasize the diffuse pro
parallel to the steps.
-
d

s

0.

r

d

d

f-

The solid lines shown in Fig. 10 correspond to the p
dicted behavior@according to Eqs.~22! and~24!#. Again the
shape of the lines has not been fitted. Since the rms widtw
was obtained from analyzing the intensity of the sharp pe
~cf. Fig. 7! the only parameters adjusted are the FWHM
the out-of-phase condition and the maximum intensity at
in-phase condition for~a! and ~b!, respectively. The agree
ment for the intensity is perfect and reasonable for the h
width.

Comparing the kink densityr obtained directly from the
MC simulation with the kink density evaluated from the ha
width of the diffuse shoulder shows excellent agreeme
Figure 11 demonstrates that the predicted behavior is
filled for all studied surfaces: a FWHM equal to 4r ~solid
line, no fitting parameter!. We conclude from the Lorentzian
shape of the diffuse scattering that the kink-kink distan
distribution is geometric. This implies that the kinks are d
tributed randomly at the meandering steps so that the k
kink interaction is very weak.

Increasing the temperature increases the kink density.
inset of Fig. 11 shows additionally that the kink density fo
lows an Arrhenius behavior for our MC simulations. W
obtain the energy ofEkink50.26 eV for the formation of
kinks, which is in excellent agreement with the expect
value ofEkink5

1
2 E01Eb .24

VI. DISCUSSION AND CONCLUSION

In this paper we have presented a diffraction analysis
the diffuse scattering for vicinal surfaces with noncollidin

he

.

les

FIG. 10. Analysis of the diffuse scattering depending on
perpendicular scattering vectorKy from fitting profiles with Lorent-
zian shape forT5700 andT51351 °C.~a! Half-width. While the
half-width is almost constant forT5700 °C, it increases with in-
creasing scattering vector forT51351 °C.~b! Peak intensity of the
diffuse scattering. The diffuse scattering becomes more pronounc
with increasing step roughness (T51351 °C). The solid lines for
both figures follow Eqs.~22! and ~24!, taking the rms width from
Fig. 7.
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meandering steps. The analysis was performed for var
rough surfaces generated by MC simulations at the vert
out-of-phase condition required for terraces„Kz5@(2n
11)p/d#… to have maximum sensitivity to the surfac
roughness. In the following, first, we will discuss the resu
of the diffuse scattering profile analysis. Since the key po
is that adjacent steps do not collide, and that fluctuation
neighbor steps are not correlated we will demonstrate
the MC simulations performed here are well suited to fulfi
ing this conditions. Finally, we show that this analysis c
also be applied to diffuse x-ray-diffraction analysis fro
multilayers.

Our study shows that different roughness parameters s
as the rms widthw, the correlation lengthj, and the kink
densityr of the meandering steps can be obtained by a
lyzing profiles of the diffuse shoulder for different later
scattering conditions. The rms widthw characterizing the
perpendicular step fluctuations can be evaluated from the
fuse profile in the direction of the step train~perpendicular to
the steps! for Kx50. One has to use line scans parallel to t
steps at different lateral scattering conditions to obtain
two roughness parametersj andr characterizing the rough
ness parallel to the steps. While the correlation lengthj gov-
erns the diffuse profile for the lateral in-phase conditionKy
50 ~the line scan including the center of the Brillouin zon!
the kink densityr determines the profile at the lateral ou
of-phase conditionKy56p/a ~the line scan at the boundar
of the Brillouin zone!.

Also striking is the effect of the residual sharp peaks ev
at the roughest surfaces studied here, which are only att
ated by the increasing step fluctuations. This is a clear ef
of the noncolliding steps, preserving the long-range orde
the steps. It has been shown previously by many authors
1D surfaces that the loss of long-range order yields
broadening of the peaks, presuming that the sizes of adja

FIG. 11. Comparison of the kink densityr obtained from di-
rectly analyzing the MC simulation pictures and from analyzing
diffuse scattering at the out-of-phase scattering at the bounda
the Brillouin zone. The solid line shows that the predicted FWH
is equal to 4r. The inset shows an Arrhenius plot of the kink de
sity from which one obtains the kink formation energyE50.26 eV.
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terraces are not correlated.1,4–6

This effect can also be included in the analysis presen
here if one drops the constraint of average equidistant st
Assuming also that theaveragestep-step distance fluctuate
~averaging with respect to the coordinatex along the step!
Eq. ~7! can be modified to include these effects. This leads
a broadening of the sharp peaks perpendicular to the s
governed by the distribution of average terrace sizes. H
we define the average terrace size by the distance betw
two neighbor steps where the position of the step is obtai
from the average step position eliminating the fluctuation

Furthermore, we would like to stress the point that t
noncolliding of the steps is not the only assumption of o
analysis. Previously, we investigated the diffraction patt
from vicinal surfaces with strongly correlated steps@un(x)
5u(x) for all steps#.6 This substantially affects the evalua
tion of the diffraction pattern. The main result is that th
diffuse shoulder is constricted to lateral scattering vect
close to the center of the Brillouin-zone. Hence one can
perform the kink density analysis from the spot profiles
the Brillouin zone boundary. Nevertheless, the analysis
diffraction spot profiles close to the center of the Brillou
zone yielding the correlation length and the rms width is s
possible.

We obtained Lorentzian profiles at the lateral out-o
phase scattering condition. Therefore the kink-kink distan
distribution is geometric, and the kinks are distributed sta
tically at the single steps. If there is a kink-kink repulsio
one would obtain a preferential kink-kink distance and
peaked kink-kink distance distribution. For these conditio
the profiles would split into satellites atKy56p/a andKx
56p/^D&, where ^D& denotes the average kink-kink dis
tance. For different lateral scattering conditionsKy , the po-
sition of the satellite may shift closer toKx50. This situa-
tion is similar to the diffraction pattern obtained for 1
surfaces with preferential terrace size, where one observ
maximum splitting of the satellites at the~vertical! out-of-
phase condition, while the satellites move closer to
specular beam for scattering conditions closer to the~verti-
cal! in-phase condition.5

The standard analysis for the surface roughening tra
tion predicts logarithmic correlation functions for the roug
phase, yielding power laws for the spot profiles.11,15,16,32,33

The authors of Ref. 14, however, showed that the shap
profiles parallel to the steps taken atKy5p/aL ~the position
of the first-order peak! have different scaling behaviors de
pending on the considered range ofKx . The logarithmic be-
havior can only be observed forKx,1/xcoll , while a Lorent-
zian shape governs the profiles at 1/xcoll,Kx,2p/a, where
xcoll denotes the lateral distance between step collisio
Therefore we can explain the Lorentzian profiles by the f
that we do not observe any step collisions for the tempe
tures studied here~cf. Fig. 5!, so that we proposexcoll.aL.

Reference 14 also presented the estimatexcoll
.L2a3/4b2 of the average collision distance~we would like
to remark that the factora3 appears here becauseL denotes
the averagenumberof terrace atoms between two adjace
steps, while Ref. 14 denoted the averagedistanceby L).
From our kink density analysis of the diffusivity, we can al
calculate the average collision distancexcoll.L2/4r ranging
from 800 to 220 lattice sites for the investigated temperat
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range 700–1351 °C. This underpins the impression of ne
gible step collisions even at the highest temperatures,
cause we performed the MC simulation on a lattice with s
Lx5256 parallel to the steps~cf. Fig. 5!. Since we do not
observe any step collisions in our MC simulations even
the highest temperatures reported here@cf. Fig. 5~b!#, it
seems that the above expression forxcoll underestimates the
collision distance.

This effect is also important for the interpretation of e
periments. The lattice size for the MC simulation is equiv
lent to the instrumental resolution of a diffraction apparat
Therefore, one may have the impression of a well-orde
vicinal surface with slightly fluctuating steps if the avera
step collision distance is larger than the transfer width of
instrument.

We mention that we also studied the surface roughnes
higher temperatures, where we observed both effects of
collisions and of additional roughening of the terraces. Th
however, will be subject of a forthcoming report.

The spot profile analysis of Ref. 14 concentrated on p
files parallel to the steps atKy5p/aL to study the transition
from power-law to Lorentzian profiles depending on the d
tance of step collisions. The authors showed that the h
width of the Lorentzian is governed by the correlation leng
j. On the other hand, here, we study in detail the diffract
from vicinal surfaces in the temperature range where s
collisions are negligible. We obtain roughness parame
from line scans parallel to steps at different scattering c
ditions. The correlation lengthj also governs the line scan
at the center of the Brillouin zone. Because this scatter
condition is close toKy5p/aL ~usually L is sufficiently
large! the only difference between both studies is the pref
tor between half-width and inverse correlation length whi
can be explained by Eq.~22!.

Furthermore, we have demonstrated that one obtains
kink density~to be more accurate, the kink distance distrib
tion! from the line scans at the Brillouin-zone boundar
Connecting the correlation length and kink density, we
able to determine the diffusivityb2(T) proportional to the
kink density ~cf. also Ref. 27!. Therefore, the temperatur
dependence of both is identical following an Arrhenius b
havior corresponding to the kink energyEkink50.26 eV.

Finally, we emphasize that the diffraction spot evaluati
presented here can also be applied to x-ray studies from m
tilayers using the out-of-phase condition perpendicular to
races, and considering the scattering vectorsKx and Ky as
parallel and perpendicular to the interfaces of the multilay
respectively. In this picture adjacent terraces can be con
ered as adjacent layers. Using the scattering conditionKz
5p/d for the vicinal surface leads to a maximum contra
between adjacent terraces associated with scattering am
li-
be-
ze
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tudes61. Usually, the contrast between adjacent layers
due to different~complex! scattering amplitudes~including
scattering phase differences!. This, however, affects only the
total intensity of the diffuse scattering and of the sha
peaks.

Since, in contrast to the infinite number of terraces f
vicinal surfaces, multilayers have only a finite number
layers the sharp peaks are notd function like sharp but show
a finite width corresponding to the total thickness of t
multilayer. Additionally, for very thick multilayers the re
duced reflected intensity due to absorption of the beam ha
be taken into account. In this sense Fig. 9~a! corresponds to
the (u,2u) specular scans normal to the multilayer, and F
9~b! to transverse scans~rocking curves! parallel to it.

From x-ray measurements fromW/C multilayers, it has
been reported that the diffuse scattering is focused in sca
ing planes parallel to the multilayer at the 3D Brag
condition.25 This effect has been explained by the part
correlation of interfacial fluctuations.34,35The 3D Bragg con-
dition is equivalent toKy50 in our study. Figure 9 clearly
shows that this focusing effect can also be produced by
terfaces with noncorrelated fluctuations if the rms width
not too small and if the off-specular scanning conditio
(KxÞ0) is not too large. The focusing effect due to parti
interface correlations is much larger than the one we obse
here for noncorrelated rough interfaces.

In summary, we have shown that the analysis of the d
fuse scattering from vicinal surfaces with noncolliding ste
is a powerful method to obtain statistical information abo
the roughness of the steps as well as the kink density,
correlation length, and the rms width of the meanderi
steps. For this purpose, we have analyzed line scans for
diffuse scattering in different directions and for different la
eral scattering conditions. While line scans at the Brilloui
zone boundary are only sensitive to the kink distance dis
bution, line scans at the center of the Brillouin zone a
governed by the correlation length. Since for rough surfa
the correlation length is much larger than the average k
distance the diffuse scattering at the Brillouin-zone bound
is broader than at the center of the Brillouin zone. Furth
more, long-range order with negligible step collisions co
serves the ideal positions of the sharp peaks. In addition,
collisions broaden these spots, so that one is able to dis
guish both kinds of step roughness easily.
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