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Diffraction from two-dimensional vicinal surfaces with noncolliding meandering steps
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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)stmps 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.
[S0163-182698)06020-3

I. INTRODUCTION While these investigations are focused mainly on the in-
fluence of diffusion barriers on the growth morphology, vici-

The roughness of surfaces has been studied very intemal surfaces are well suited to study the meandering of steps
sively during the last years, since it plays a dominant role irat thermal equilibrium involving, e.g., the energy to create
many physical and chemical processes at surfaces. Micrdinks and the interaction between adjacent steps. But not
scopic and diffraction techniques have been applied to studgnly from this point of view but also for diffraction spot
the surface roughness at equilibrium and far fronteiilg.,  analysis, vicinal surfaces are much simpler than rough low-
surfaces of epitaxial films While microscopic techniques index surfaces where the topography is dominated by islands
provide information about roughness details, one obtaingrming closed loops of atomic steps. Thus both the island
mainly statistical averages and correlations from diffractiondiameter and the island distance distribution influence the
experiments. Thus both techniques are complementary, ardiffraction spots. On the other hand, for vicinal surfaces, the
it is very useful to combine both. Using the insight obtainedsteps have a preferential direction, so that the rough surface
from microscopic pictures simplifies the analysis of diffrac-can be described by the meandering of steps, and only the
tion pattern and spot profiles. intracorrelation of the position of the same step and the in-

Since diffraction techniques do not directly provide antercorrelation of the position of nonidentical steps enter into
image of the surface morphology, one has to model surfacgée spot evaluation. Beside analytic models'* which are
with defects, and study their impact on the diffraction pat-based on different interactions of step atoms within one step
tern. Evaluating diffraction spots from these surfaces andnd between different steps, MC simulatibhid” have also
analyzing their shape, one is able to interpret experimentaddeen used to study the influence of step meandering on the
diffraction patterns with respect to surface defects as atomidiffraction pattern.
steps. The spot profile analysis for one-dimensiofid) Basing on the terrace-ledge-kink model and considering
stepped surfaces is well developed. It has been demonstratedly the anisotropic interaction between nearest-neighbor
that the spot profiles depend on both the scattering conditioatep atoms of the same step and of next-neighbor steps, Vil-
and the correlation of surface ator#\ssuming that the lain, Grempel and Lapujoulade distinguished two different
sizes of adjacent terraces are not correlated, it has begmases for the morphology of vicinal surfacéghe phases
shown that the spot profile depends only on the terrace sizare characterized by the displacement correlation defined by
distribution at the out-of-phase condition where adjacent tergn(X) = {{[Un+ m(X+X") = Un(X)1*)m for large dis-
races interfere destructively® While the spot profiles are tances. Herei,(x) is the displacement of theth step run-
broad for wide terrace size distributions, they show a splitning in thex direction, while the brackets denote averaging
ting into more or less broad satellites for sharpwith respecttam andx’ (for more details, also see Sec). |
distributions!4-® For the low-temperature phase the steps are not straight, but

These evaluation techniques are not well suited to studyhe fluctuations are finite, so that one obtains the limit
two-dimensional correlation effects of “real” surfaces. In go(X)={([Um(X+X") —Un(X')]?)x—2W? for x—= [w de-
the meantime, however, Monte CafIC) simulations pro- notes the root-mean-squatems) width of the step. This
vide not only more insight into studying processes such asaturation effect cannot be observed for the high-temperature
diffusion, nucleation of islands, etc. on surfaces, but they arghase where the displacement correlation diverges logarith-
also a very efficient tool to study the effect of the surfacemically. This behavior has been corroborated by MC
morphology on diffraction spots. For instance, they are apsimulationst®
plied to investigate growth on nonvicinal surfaces in both the Since the step fluctuations are finite for the low-
submonolayer and multilayer reginet’ temperature phase and diverge for the high-temperature
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phase, the inverse rms widih can be used as order param- z N
eter for this(Kosterlitz-Thoulesgphase transition. This mo- Y\I/, (n-1)
tivates our nomenclature as a correlation with long-range or-
der for the low-temperature phase, and a correlation with
short-range order for the high-temperature ph@seanalog (n+1)"
to the nomenclature of two-dimensional phase transijions
The diffraction spot profiles for both phases are signifi-
cantly different. Above the critical temperature the logarith-
mic divergence is reflected by power-law profiles with
temperature-dependent exponents. Below the critical tem-
perature the profiles split into two components: a sharp peagt
due to the long-range order and a diffuse scattering due to

the step roughness. Up to now, however, the diffuse scattef o applied Monte Carlo modéBec. IV), we demonstrate

ing for the low-temperature vicinal suriace with Iong—rangein Sec. V that the assumption of noncorrelated step fluctua-
order has not been analyzed in detail, while the temperaturg:, i's in excellent agreement with the calculated step
dependent exponent of the power-law profiles for the high'roughness
temperature phase has also been studied experimentally to '
determine the critical temperature of the roughening transi-

tion Tr.*®"2L It has also been reported that the roughening !l EVALUATION OF THE DIFFRACTION PATTERN
can be obtained from the vanishing of the sharp central peak FOR VICINAL SURFACES

of the low temperature phase B.?>%

Bartelt, Einstein, and Williams reported that the Iogarithg

n" step

FIG. 1. Schematic drawing of a vicinal surface with meandering
eps.

For the sake of simplicity, we base the evaluation of the
iffraction pattern on the simple cubisc) lattice. This im-
lies that the higher-order spots have the same phase depen-

. _ i _ ~dence as the specular (00) spot has. Most of the reported
tween adjacent stepé For shorter distances it increases lin- P (00) sp P

. experiments have been carried out at surfaces of face-
early. _Consequently, the s_pot profiles shqw only a ppwer'laVY:entered-cubic(fcc) and body-centered-cubibco) crystals.
behavior for small scattering vectors, while the profiles ha

. ) ; V8t however, one confines the diffraction spot analysis to the
a Lorentzian profile for large scattering vectors.

Th | of thi . I h files f first Brillouin zone,all lattices show an identical behavior.
_ The goal of this paper Is to analyze the spot profiles froMry, o eftect on higher Brillouin zones will be discussed later.
vicinal surfaces in the low-temperature phase<(Tg),

h h q lid d th th of th We suppose that the step train of the vicinal surface runs
where the steps do not collide and the rms width of th§ they direction with ascending step height, implying that

fluctuating steps are small compared to the average step-stgh, steps are parallel to tledirection(cf. Fig. 1). Within the

distance. For that purpose we compare analytic closed-fory, e natic approximation the amplitude of the wave scattered
spot profiles with spot profiles obtained from MC simula- at this surface is

tions. In a previous paper, we demonstrated that the attenu-
ation of the sharp peak of the spot profiles can be used to K Ry 100 _ aiKyRy(X)
analyze the rms width of noncolliding steffsThe main re- _ KNS ik axS e
> Wic ! e mainre- A(K, K, K)=2 e e .

sult of our studies is that, starting the MC simulation with n X 1-¢'Ky2
straight equidistant steps, the kink density saturates after (1)
some time although the steps do not collide. Therefore we N
attribute the investigated phase to the low-temperature phadéhereR,(x) andR;.;(x) denote the position of theth and
with long-range order below the roughening temperature(n+1)th meandering steps, respectively, confining titie
The temporal evolution of the rms width shows a power-lawterrace. Heres is an integer, so thatx is the position of the
behavior with different exponents before and after the kinkstep atom parallel to the step. The scattering vector has been
density has saturated. split into the scattering vector perpendicular to the terraces

In this paper we emphasize the analysis of the diffusdz direction of the vicinal surfaceK,, the lateral scattering
shoulder. We demonstrate that one can obtain detailed inforectorK, perpendicular to the stepy (irection, the direc-
mation about the statistics of the fluctuating steps. The halftion of the step trai and the lateral scattering vectii
width of the spot profiles perpendicular to the steps are govparallel to the stepsx(direction. Equation(1) supposes that
erned by the rms width of the fluctuating steps. The halfthe step position is a single-value function neglecting over-
widths of spot profiles recorded parallel to the parallel stepshangs. Additional islands on top of the vicinal terraces are
however, depend on the scattering condition. The half-width&lso excluded.
of the the spot profiles recorded at the center of the Brillouin  For the scattering experiment, however, not the scattering
zone are determined by the correlation lengthThey are amplitude but the lattice factor
sensitive to the kink density for spot profiles at the boundary
of the Brillouin zone. G(K,. Ky Ko =|A(K,, Ky K,)[?

The paper is organized as follows. In Sec. Il, we initiate 1 cogK,d)
the evaluation of the diffraction pattern for vicinal surfaces - Tz
followed by the analysis of the diffuse scattering with respect 1—-cogKya)“n
to the rms width, the correlation length, and the kink density ) , ,
of the meandering stepg$ec. Il). After a short description X<<9'KV[R”*’“<X+X )~ Rm(x )]>>m,x’ 2

mic diverging displacement correlation can only be observe
for distances larger than the average collision distance b

eiKZdnE glKxax
X
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FIG. 2. Diffraction pattern for a 1D surface with noncorrelated
sizes of adjacent terraces. Due to the short-range order the peaks do
not show sharp profiles. Conversely, the half-width of the peaks
increase with increasing width of the terrace size distribution
creasingo).
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is important wheré( - - - }) denotes averaging with respect to

the step indesm and the lateral position in the direction of ~ FIG. 3. Diffraction pattern for a 1D surface with long-range
the stepx’. order, preserving the position and the half-width of the sharp peaks.

The increasing fluctuation of the steps yields an increasing diffuse
background and the attenuation of the intensity of the sharp peaks,

A. One-dimensional vicinal surfaces: step correlation effects ~ €SPecially for the higher-order peaks.

Above we discussed the difference between long- angnodel is equivalent to a confined random walk. Of course
short-range order. Thus, here, we want to show the impact ahis model is only useful in the limitv<alL.
these correlations on the diffraction from quasi-1D surfaces, On the other hand, for surfaces with short-range order the
SlnC-e the SpOF prOflle anaIySIS by the analytIC_ -CI-Osed'forrTUisp|acement correlation diverges \(i@n+m—um]2>ocn’ at
profile evaluation works very well for these “artificial” sur- - |east for small distances, while for larger distances the diver-
faces. We emphasize that these models are well suited {gence may be less drasticf. the logarithmic divergence
obtain a better insight into theiffraction effects but not into  expected for the roughening transition
the physicsof the roughening. For the 1D vicinal surface with long-range ord&RO),
Especially vicinal surfaces with short-range ord#ie  \ye obtain
step position is determined from the position of the adjacent

terraces via the terrace size distributidrave been studied GlRo(Kz.Ky) =1 B(K))[2Gey(K, Ky)
intensively*® The analysis is based on the 1D form of the

lattice factor shown in E(2), neglecting the dependence on 1—codKd) [1-]|8(K)[Z] (3
x andx’. The main result of these studies is that the diffrac- 1-cogKya) y

tion spots broad_en _and shift to the center of thg .Brillouinfrom Eqg. (2), assuming that the displacement of adjacent
zone, as shown in Fig. 2 for the out-of-phase condition. Gen—erraces are not correlated. Here
erally, both the broadening and the shift depend on the sca%— '
tering condition. The short-range order implies that the cor- 1-cogK,d)
relation vanishes gradually with increasing distance between GrleDg(KZ,Ky)=—2 do(KyaL+K,d—2mp)
the two steps. Therefore, this model is equivalent to a non- 1-cogk,a)%y
confined random walk. )

Here we study a different model for surfaces with long-denotes the lattice factor of a regularly stepped vicinal sur-
range order. Due to the long-range order the uncertainty oface whereg(K,)=(e'y2*®) == p 2" denotes the
the step position cannot increase infinitely. Comparing theharacteristic functioriFourier transform of the fluctuation
distance between two stef., — Ry, one expects that the distributionp,. Figure 3 presents typical diffraction pattern
position is not too different from the distanoal, whereL for the out-of-phase condition. The sharp equal distant peaks
denotes th@umberof atoms between two adjacent steps forwhich are expected for regularly stepped surfaces are strik-
an ideally stepped regular vicinal surface. Therefore, it isng. The intensity of these peaks, however, is attenuated due
useful to split the position of theth stepR,, into the position  to the fluctuating step position via the prefadtﬁ(Ky)|2, SO
for the regular vicinal surfacaal and the displacement, that for o/L=0.5 the second-order peaks are hardly visible.
with respect to the regular position. For this vicinal surfaceOn the other hand, the intensity of the diffuse shoulder in-
with long-range order we expect the constant displacemerdreases, and its shape narrows with increasing rms width
correlation{[ Un. m—Um]%)=2w?=2(u?), except forn=0, (defined byw?=(u?)). We would like to mention that only
where the correlation equals zero. Thus the long-range ordé¢he first caseo/L=0.2 presented in Fig. 3 is reasonable,
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because the probability to form overhangs by the noncorreaverage position. Additionally, we also assume equidistant

lated step pOSition fluctuations is Unlikely. Since this is notsteps on averagd5(1: nal_), so that Eq(2) can be trans-

the case foir/L=0.5, the model and the diffraction pattern fgrmed to

are unphysical.

IarIcr)“tigf\]:\‘/a;tl-i;g\?v?mcggglat?d step fluctuat|on§ is very SImI__G(K KoK= l—cos(sz)E o (Ka+Kyabin

ye-Waller effect causing an attenu 20T —cogKya) 4

ation of the peaks due to thermally activated atomic vibra-

tions (except for the homogeneously distributed diffuse

scattering. Thus the attenuation effect may be called the

static Debye-Waller effect, as proposed for the x-ray diffrac-

tion from multilayers®® (7)
In our previous MC study of the temporal development of Assuming nonmeandering steps,(x)=0], the last part of

the rms W|dth, we have shown that the intensity is attenuateéq. (7) is equal to 1. Thus one obtains the lattice factor
2
generally by|,8(Ky)|2ze‘W2Ky for the sharp central peak

< E eiKXax<<eiKya[un+m(x+x’)fum(x’)]>>m o
= !

close to the center of the Brillouin zoA&Here we assume 2D 1—cogKd)
, : S Gioy(K; Ky Ky)=7———""2 8K a—2ml
that the fluctuations are Poisson distributecp, reg(Kz:Ky Ky 1—cos(Kya)z| (Ka=2ml)
=[(W/a)2 " W/T (u+w+1)]e”™a* and u=-w where
I'(x) denotes they function). Thus one obtains the attenua- XE S(KyaL+K,d—2mp), (8)
tion factor p
5 with sharp peaks on the axis running through the center of
W the Brillouin zone for the regularly stepped 2D vicinal sur-
2: —_— — —
|B(Ky)| ex;{ 2a2 [1-codK,a)] ® face with terrace size. The positions of the peaks are equi-

distant, but depend on the scattering vedfor

to evaluate the diffraction pattern in Fig. 3. Equati) Similar to the 1D case, the lattice factor can be split into
matches and confirms the Gaussian behavior for scatteringne part with sharp peaks and one diffuse part:
vectors close to the center of the Brillouin zone.

On first sight the diffraction pattern analysis for 1D sur- G(K,,Ky K =|B(Ky)[2GZy(K, Ky Ky)
faces seems to be quite academic, since “real” surfaces are
2D. However, a simple way to extract the correlation effects +Gairr(Kz, Ky Ky), 9
presented here for 1D surfaces is to integrate the 2D diffracassuming that the fluctuations of the individual steps have no
tion pattern in the step direction impact on neighbor step fluctuations. The attenuation factor
|B(Ky) |2 of the sharp peaks is defined in the same way as for
the 1D surfacégcf. Eqg. (5)]. Thus one can also transform the
results mentioned above to the 2D case.
1—cogK,d) _ In the folloyving we wiII_ concentrate our study on the
= — TN gikan diffuse scattering. As mentioned above we assume no corre-

1-cogK,a)5 lation of neighbor step fluctuations. However, we will not

K alR s (x )= ()] neglgct cqrrelat_ions' within _the same s(e'ap.., intrastep cor-
X ((ey A Fnem M WMk 6 relations including interaction between kinks and that the

; o . ending of the steps is governed by the stiffness of the step.
In this case only the step positions for a cross section in th ith these assumptions the last term of Eq7)

step train direction enter the evaluation of the lattice factor ™ , , i
[i.e., identical lateral positions’ for both step positions in (€'y2Unem* >0 =UnCAT) , vanishes except fon=0, and
Eq. (2)], so that the 1D analysis can be applied. Obviouslythe diffuse scattering
the averaging is with respect to different stéjpglexm) and 1—cogK,d

z

cross sectiongindex x'). Guairr(Kz, Ky, Ky) :Ts(Ka))@m(Ky K))m (10
y

GS|it(KZ va) = j dKXG(KZ ,Ky ’KX)

B. Two-dimensional surfaces: fluctuation effects is obtained with

We have established that the 1D vicinal surface with
long-range order shows completely different diffraction pat- Gm(Ky,KX)ZE eiKxax<eiKya[um(x+X’)7Um(X’)]>X,_
terns compared to the diffraction patterns that are known for x
vicinal surfaces with short-range order. Now we want to ex- .
tend this analysis to 2D surfaces with long-range order. This FO Symmetry reasons, we suppose that the evolution of

means that each individual step may fluctuate individually !l Steps follows the same statistics, i.&y(Ky,K,) does

and the fluctuations are confined to a region close to th&©°t depend on a particular step, and can be replaced by

straight nonfluctuating step, so that they do not influence the

fluctuations of the adjacent steps. Gsingle(KyaKx)zz eikxax giKyalu(x+x) —u()ly
Equivalent to the 1D case, we split the positigg(x) of x

the nth fluctuating step into the averageith respect tax) (1D

positionﬁn:mn(x))X and the displacement,(x) from the  with u(x)=un(x) for all m, which gives the lattice factor
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functions are defined by the well-known pair-correlation
functions (defined by the probability that two step atoms
separated by the lateral distangehave the displacement
differenceu) C(x,u)=C,1— ¢,(x)] whereC, depends on
the displacement distributiom, via C, =X ,py+,P, With in-
tegerv. From these fundamental relationships, we obtain the
basic description

Gsmgm(Ky,Kx):g C,[1-cogK,av)]®,(K,) (13

FIG. 4. _Sc_hematlc model for a V|C|na_1l surface with a step me'entering the lattice factor of E412). The functionsb, (K,)
and.e.rlng \.Nlthlln two l_eyels. Thefashed lines show the average Stegbeying the normalizatiofidK,®,(K,)=1 are the Fourier
position yieldingu=*3 andv==1 [cf. Eq. (13)] transforms of the partial correlation functiogs,(x) intro-

duced above.
K,). Equation(13) shows that the profiles of line scans parallel
to the stepgconstantk,) depend in detail on the scattering
(120 vectorK,, the displacement distribution, and the details of
The mathematical form foBginq (K, .K,) is equivalent to thg partial Iatera! corre_latiqn. The latter dependence can be
the one for a 1D surface which is {)ften discussed in "tera_ehmmateq for slit profiles integrated parallel to the steps.
ture. Also, the physical interpretation is similar if one substi-One obtains

1-co9K,d)

Gairr(Kz,Ky,Ky) :mGsmgle(Ky,
y

tutes the lateral displacemeufx) by the vertical displace- 1-cogK,d)
ment involved in the spot profile analysis of 1D surfaces. Gair(K,,Ky) = z [1-|B(KYI?], (19
This equivalence is also clear from Fig. 4, showing the top 1-cogK,a)

view on a vicinal surface with small displacements: eachyhich is identical to the diffuse scattering for the 1D surface
fluctuating step looks like a 1Mor cross section of a two- ith long-range ordefcf. Eq. (3)]. The slit-integrated pro-
dimensional randomly stepped surface. files are influenced only by the rms widtih

Therefore, we would like to apply the well-developed  ajthough the evaluation of the diffuse scattering depends
theory for spot profile analysis of 1D surfaces to the spolyn many details of the step fluctuation statistics, we can ana-
profile analysis for noncolliding fluctuating steps. Conse-jyze the diffuse shoulder for certain scattering conditions to
quently one also has to transform the scattering conditiongptain information about the step roughness. Thus, before
for the 1D surfaces: The scattering veckor verticalto the  presenting the full analysis with respect to kink density, rms
surface has to be replaced by the lateral scattering vé&Gtor jidth, correlation length and phase dependence of the dif-
vertical to the steps and the scattering vedtqrparallel to  fyse shoulder, we start with a simple model of limited step
the 1D surface by the lateral scattering ved{grparallel to  meandering to explain the main effects one expects for the

the steps. Therefore the vertical in-phase conditn  diffuse scattering from surfaces with noncorrelated meander-
=2mn/d transforms to a line scan #,=0, crossing the ing steps.

center of the Brillouin zone and running parallel to the step
directions. The vertical out-of-phase conditidh, =[(2n

+1)«/d] is equivalent to a line scan parallel to the steps at . . . _
the Brillouin-zone boundaryK, = = m/a). We will demon- The simplest case is step meandering confined to two lev-

strate that cross sections of the diffuse scattering at thesds (¢f. Fig. 4. Similar to the submonolayer regime for the
different scattering conditions are sensitive to different mor-9rowth on flat terraces, this case is the smallest deviation

phology parameters, e.g., the kink density or the correlatioifom Perfectly smooth straight steps. Although we expect
length. larger displacements for “real” fluctuating steps, the “aca-

demic” case, where forward and backward kinks of length
alternate, is worth studying because it gives insight into the
principles of the diffraction analysis for the diffuse shoulder.
For the two-level case, Eq13) can be simplified very
A. General form easily, since only displacement differences=+1 are
present, so that the shouldebs. ,(K,) are the only contri-
butions to the diffuse scattering. For symmetry reasons, both
§houlders must be identicafb . ;(K,)=®(K,)], and both
evels are equally populategh{,,=3). Inserting these into
Egs.(12) and(13), one obtains the diffuse scattering

B. Small fluctuations: two-level model

Ill. ANALYSIS OF THE DIFFUSE SCATTERING
FOR NONCORRELATED FLUCTUATIONS

Equation(12) demonstrates that the diffuse scattering is
affected by the details of the displacemerfx). Thus the
correlation effects between the displacements at differe
sites are important to determine the exact profile o
GsingidKy ,Ky). Following the basic spot profile evaluation
for 1D randqmly stepped surf_aces introduced in Ref. 1_, one Gairi(K, Ky K =34[1—cod K,d)]®(Ky, (15)
has to consider only correlation effects for constant differ-
enceau with integeru, since we assume that all step atomsindicating the expected vanishing of the diffuse scattering for
are on lattice sites. For each difference one has to introduddée vertical in-phase conditiorK(d=27n) and the maxi-

a partial correlation functionp,(x), describing generally the mum intensity at the vertical out-of-phase conditiog,d
lateral dependence of the displacement fluctuations. These (2n+1)]. Furthermore, the intensity does not depend on
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the lateral scattering vectdt, in the step train direction, so distribution, independent of the number of exposed layers
that all cross sections parailel to the steps are identical witfiout-of-phase projectiorf® To apply this concept to vicinal
respect to both the shape and the maximum intensity. surfaces with meandering steps, we have to consider that the
It has been demonstrated for 1D randomly stepped sumertical out-of-phase condition is equivalent to the lateral
faces that the profile of the diffuse scattering can be evalueut-of-phase conditiorK§Ut= +/a at the boundary of the
ated from the terrace size distributibpplying this con-  Brillouin zone. The kink distance distribution of the mean-
cept to the fluctuating steps considered here, the terrace sigering step is equivalent to the terrace size distribution of the
distribution (the distance between two atomic stepsns-  randomly stepped 1D surface. Accordingly, we have to ana-
forms to the kink distance distribution, so we obtain the prodyze line scans for this scattering condition to obtain in a
file simple way the information about the kink distance distribu-
tion. Only for these line scans is the shape of the diffuse
K= 1 [1—¥(Ky) tec (16) shoulder linked directly to the kink distance distribution, in-
X 1—cos{KXa)[1+ v(Ky) T dependent of the rms width of the meandering steps. Thus
i i we have found an outstanding scattering condition to deter-
for the diffuse scattering, wherg(K,) denotes the charac- ine the kink-kink distance distribution, which may offer

teristic function_ of the kink d_istance distrib_ution. For in-. more insight into the thermodynamical properties of steps.
stance, supposing that kinks interact repulsively, short dis- |, gec 11 B we presented the relation between the aver-
tances are su.ppressed, so that the kink d|§tanqe dlStrIbutI%e kink-kink distance and the spot profile for a geometric
shows a maximum close to the average kink distafl2  jnk-kink distance distribution for the two-level modgq.

There_fore one expects that the diffuse_scatte_ring has Max}{17)] and can now generalize this result to rougher steps for
mum intensity ak,=2m/(D). However, if the kinks do not o' |5teral out-of-phase Conditidﬁ?[ut.

interact, their positions are distributed randomly, leading to a
geometric kink distance distribution, and the characteristic
function is 4[1—-cogK,d)]
Gairr(Kz KU Ky = =57,
KOUI+ KX

D(

(18

X Here k., denotes the half-width of the diffuse shoulder at
Inserting the characteristic function into E@.6), one ob- the lateral out-of-phase condition. Accordingly the linear
tains the Lorentzian shape kink density p can be evaluated from the full width half
maximum(FWHM), which is equal to 2,,=4p.
4[1-coqK,d)]

Gyirf(K;,Ky ,Ky) = 1
aite(Kz Y ) K>+ K>2< 17 D. Diffuse scattering close to the center of the brillouin zone
for the diffuse scattering, where the half-width depends on We have demonstrated that information about the kink
the linear kink density=1/D) via x=2p. density can be extracted from the diffuse scattering at the

lateral out-of-phase conditiok,a=(2n+1). In this sec-
tion we show that it is also possible to obtain the correlation
length £ by analyzing the diffuse scattering at the lateral
In contrast to the result obtained for the two-level model,in-phase conditiorK,=0 (line scans parallel to the steps
generally the half-width of the diffuse scattering depends orincluding the center of the Brillouin zohe
the lateral scattering vectdt, perpendicular to the steps, as  Assuming an exponential form of the lateral correlation,
shown in Sec. Il A. Even if one has randomly distributedthe correlation length¢ is defined via the autocovariance
kinks but step meandering larger than the lattice constant, thiinction (u(x+x")u(x’))=w?a(x) of the meandering step
diffuse scattering is governed by several shouldey$K,) positionu(x) by
[cf. EqQ.(15)], with a Lorentzian shape but a different depen-
dence orK, (cf. the consideration of Sec. Il)E IX]
Therefore, at first sight, it is not clear how the kink den- a(x)=exp( — _)
sity can be evaluated from the diffuse scattering. The solu- €
tion of this problem comes from the formal equivalence be-
tween the diffraction from meandering steps and from 1Dwhere the bracketé. - -) denote averaging with respect to
randomly stepped model surfaces. It is well known for thex’. Equation(19) is related to the earlier defined displace-
1D models that theshapeof the diffuse shoulder does not ment correlationg,(x) via go(X)=2w?[1—a(x)]. It has
depend on the scattering condition for two-level surfacedeen reported that the displacement correlation shows the
while the shape shows differences between in-phase and ouirear behaviorgy(x)=[b?(T)/a]x for small lateral dis-
of-phase conditions with increasing surface roughness. Setances, wher&?(T) denotes the temperature-dependent dif-
tion 11l B showed that equivalence holds strictly for the two- fusivity governing the probability to find a kink for a random
level excitations of the vicinal steps: the shape of the diffusavalk in the step directioA’ Approximating the exponential

C. General kink density analysis

(19

shoulder does not depend &g . of the autocovariance by a linear function, we obtain the
It is also well known, however, that for one special scat-diffusivity b?(T)=w?a/2¢ from the correlation parameters.
tering condition—the vertical out-of-phase conditithd Substituting Ggjngid(Ky=0, K,) in Eq. (12) with the

=(2n+1)m—the profile depends only on the terrace sizesecond-order Taylor approximatiorGg;,gq(Ky=0, Ky)
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sz,Q(KX) [the power spect_rurﬁ(KX) deno_tes the Fc_)urier & 1—cog sz)][ 1— |:8(Ky)|2
transform of the autocovariangeone obtains the diffuse Gyiti(Kz,Ky,Ky=0)= 5 [1—cos{K ~E
scattering w y 24

Gaitt(Kz,Ky=0, K,) =2[1-cogK,d)]Q(Ky), (200  Both Egs.(22) and(24) have the right asymptotic behavior
with predicted forK,— 0. Thus the correlation length and the rms
width of the steps determine the phase dependence of the
diffuse shoulder over the total Brillouin zone.

2W2Kin
Q(Kx) =T 2
Kin T K5 IV. MONTE CARLO SIMULATION
where «;, is defined viakj,=¢& 1. Thus the correlation
length& can be determined from the half-width of the diffuse
scattering at the lateral in-phase conditiép=0 while the
peak intensity

Our MC simulations are based on a fcc lattice with a
(111) surface instead of €100 surface of the sc lattice used
for the calculation of diffraction patterns. We choose these
MC simulation conditions, since they are closer to realistic
experimental conditions: there exist many studies on fcc
samples, while only very few samples with sc structure are
is additionally influenced by the rms width. available.

As pointed out above, the diffraction pattern of the first
Brillouin zone (which we analyze throughout this paper and
which is also mostly investigated in other studiés not

Sections [l C and 1lI D showed that the profiles at the influenced by the underlying lattice of the surface. This has
center and at the boundary of the Brillouin zone are govalso been demonstrated by MC simulations studying the
erned by the correlation length and the average kink-kinkgrowth on fc¢100) surfaces which additionally include shad-
distance, respectively. For the two-level model both lengthgwing effects of lower-level atoms at atomic stépThere-
are identical. This is reflected by the constant diffuse profil&ore the diffraction analysis developed for the sc lattice can
for this model. In general, however, both lengths are differ-ne applied directly to the analysis of the MC data if one
ent. Since the correlation length is larger than the averageonfines oneself to the first Brillouin zone.
kink-kink distance, we expect broader profiles at the |f one applies the analytic results to the higher-order Bril-
Brillouin-zone boundary than at the center. louin zones of the fcc lattice, one has to consider an addi-

To describe the full dependence of the diffuse shouldertjonal phase shift oK,=(27/3d)(n—1) for the scattering
we apply a recently developed model for intermediate rough.ondition for thenth Brillouin zone.
nonvicinal surfaces (0Sw/a<w«), where we obtain a  Since the details of the MC model used here are reported
simple analytic formula for the phase dependence of the halfg|sewhere® we present only the basic features of the model.
width assuming an analytic form of theertical dependence  Generating the fcc lattice, we skewed an original sc lattice.
of the pair-correlation function to the intermediate stepThe binding of the atoms on the sc lattice, however, mimics
fluctuations?® Transforming this to the case studied here, thethe binding configuration of an fcc latticee.g., a terrace

half-width of the diffuse profiles parallel to the steps can beatom has six bonds to adjacent terrace atoms and three addi-

Gaitr(K,,Ky=0, K,=0)=4[1—cog K,d)Jw?¢ (21)

E. Diffuse profiles parallel to the steps

approximated by tional bonds to atoms one layer underngath
The hopping probability; ; used for the MC simulations
2w? 1—cogK,a) depends on both the local environment of the initial and the
Kk(Ky)= ? m (22 final coordination numbern; and n;, respectively of the

atom under interrogation via
with | B(K,)|?=ex —2(w?/a?)[1—cosK,a)]].

Thus one obtains the relation, ;=4 (W?/a?) «;, connect- B exp{ ~_ E(i,np)
ing the half-widthk;, at the lateral in-phase condition with o kT
the half-width k,,; at the lateral out-of-phase condition via
the rms widthw. This implies that the correlation length
depends on both the kink density and the rms width &ia E(n;,ns)=n;Eq+(n;j—n¢)E,, (26)
=2w?/pa®. Substituting this result into the expression for _ 5 1
the diffusivity, we find the simple relatiob?(T)=pa® un- and effective attempt frequenag,=10"* s™*. Here T de-
derpinning the intuitive interpretation of the diffusivity as the NOtes the sample temperature, dnithe Boltzmann constant.
probability to create a kink during a random walk along theNote that, forE,=0, the final state does not influence the

, (25

with activation energy

step. transition probability. Final-state effects can be caused by
Due to the fact that the slit-integrated intensity can beEb#0- It has been demonstrated that the diffusion is local
approximated by isotropic forE,=0, while E,# 0 leads to locally anisotropic
diffusion at steps?®
Ggfiftf(Kz,Ky)22KGdiff(Kz,Ky,KXZO), (23) The simulations have been performed on lattices of 256

X 128 sites and eight equidistantly spaced terraces separated
the peak intensity of the diffuse shoulder at a vanishing parby one-atom-high steps, so that the initial terrace width is
allel scattering vector is L=16 atoms. Screw-boundary conditiéhsre used in the
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MC Simulation Diffraction Pattern Profile Perpendicular
to Steps
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MC Simulation Diffraction Pattern Profile Perpendicular
to Steps
= 10°
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FIG. 5. Comparison of the MC simulated morphology, the 2D diffraction pattern at the vertical out-of-phase cdfgitietid, and
cross sections of the diffraction pattern #¢=0 (from left to righ for (a) T=700 °C and(b) T=1351 °C. With increasing temperature
the step fluctuations and the diffuse backgro(stdeaked in the direction of the step traincrease, while the intensity of the sharp peaks
decreases.

step train direction, while we used periodic boundary condiported from effective-medium theory calculatiohgzurther-

tions parallel to the steps. All simulations start with uniform more, the formation of overhangs of the meandering step is

straight nonfluctuating steps. The MC simulations are peralso less probable for this case than for vanistipg

formed until the kink density has reached a constant level

(quasiequilibrium for various temperatures. Since only next- V. RESULTS

neighbor bindings are used in the MC model, the probability

to create vacancies and to nucleate islands increases with Figure 5 shows the typical morphologies of the vicinal

increasing temperature. This additional roughness of the tesurfaces, the 2D diffraction patterns, and the line scans at

races would complicate the diffraction analysis. ThereforeK,=0 for the lowest and the highest studied temperatures

the maximum temperatur€= 1351 °C has been chosen to (700 and 1351 °C, respectivglgafter having reached quasi-

obtain rough meandering steps and almost flat terraces withquilibrium conditions. Obviously the roughness of the steps

negligible number of surface adatoms and monovacancieincreases with increasing temperature. Nevertheless the av-

For these configurations the diffraction patterns have beearage position of the steps is identical to the position when

evaluated at the vertical out-of-phase conditibji=7 be-  the simulation was started, so that the line scanKige 0

cause of the maximum sensitivity of the diffuse scatteringshow still sharp peaks &,=[(2p+1)=/aL]. In addition,

The details of the time development have been reportethe fluctuations are small compared to the width of the ter-

elsewheré? races, so that the meandering steps do not collide, suggesting
We usedE,=0.3 eV andE,=0.1 eV for the study pre- that the fluctuations of adjacent steps are not correlated. In

sented here. While the first parameter implies just the scalinthe following, we will analyze the diffraction pattern with

of the temperature, the latter energy contribution causes amspect to the spot profile evaluation presented above. In this

anisotropic diffusion. It enhances the diffusion along stepgaper, we would like to emphasize the analysis of the diffuse

compared to the diffusion from steps onto the adjacent tershoulder; we presented the attenuation effect of the sharp

race, since the moving adatom has less nearest-neighbor geaks previously?

oms on a terrace site than on a step site. Therefore, the prob- As predicted, the 2D diffraction patterns show a streaked

ability to detach adatoms from the step is suppressed by ouliffuse intensity in the direction of the step train in addition

ansatz of Eq(26). This asymmetric diffusion has been re- to residual sharp peaks caused by the perfect regularly ar-
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FIG. 6. Attenuation of the intensity of the sharp peaks for dif-
ferent temperatures. With increasing temperature, the attenuation is 1.0
stronger. The straight lines demonstrate that @yis fulfilled, so
that one can evaluate the rms widthof the steps from the slope. 0.75
' | | | |
rangedaveragestep position. The intensity of the sharp pat- 0.75 1.0 1.25 1.5
tern decreases drasticallgspecially for the higher-order diffraction rms—width wes

peak$ with increasing temperature while the diffuse inten- G c i  th idth of th deri b
sity increases. All eight orders of peaks expected for the _FIG. 7. Comparison of the rms width of the meandering ob-
regularly stepped surface can be seen for 700 °C, but Onguned directly from analyzing the MC simulation pictures;cs

four orders can be distinguished from the diffuse backgroun nd from analyzing the attenuation of the intensity of the sharp
peakswyiss - The solid line shows the perfect one-to-one agreement.

for 1351 °C. The inset shows the temperature dependence of the rms width. With

Both the 2D diffraction patterns and the line scans pre"ln(:reasing temperature, the step fluctuations increase.

sented in Fig. 5 demonstrate that the structure of the diffuse

s_cattering does not depe.nd stronglylo_pfor small flu<_;tua- For K,=0, Fig. 9a) shows the line scan for the largest
tions (T=700 °C). The diffuse scattering shows an increas<ten roughness investigated hefe=(1351 °C). Only four
ing intensity at the center of the Brillouin zone for increasing . qers of sharp peaks can be distinguished from the back-

step roughness, as predicted by E2f). ground. Figure @) presents line scans of the diffuse shoul-
Fc_>I_IOW|ng Eq.(5) the intensity of the sharpth order peak 4o, parallel to the step@pen symbolsfor a fixedK,, as
(positionKy=[(2p+1)m/aL]) is attenuated by labeled in Fig. 9a). Fitting the data to Lorentzians yields the

solid lines shown. The line scans also demonstrate that the
2

(27)

a? L

2
|ﬁ|2=ex;{ d (—(2p+1)77

for the lower-order peaks. Figure 6 demonstrates that the
attenuation depends on the square of the diffraction order for
all temperatures and fgy<4. Fitting the MC simulated re-
sults to Eq.(27), we are able to evaluate the rms width
from the diffraction pattern. Figure 7 shows the excellent
one-to-one agreement between the rms wiggh. 5 obtained

by analyzing directly the step roughness from the MC simu- 1
lation (cf. Fig. 5, andwyg;s; from the diffraction analysigcf. 20
Fig. 6. Additionally, the inset shows the increasing rms
width of the steps with increasing temperature. For more
details, see Ref. 24, where the physical processes of the ther-
mal roughening are discussed more explicitly; in this study
we concentrate on the diffraction analysis.

Figure 8 shows the diffraction pattern integrated parallel
to the steps(open dots The scaling has been chosen to
emphasize the diffuse scattering. Therefore not all sharp
peaks can be seen. Obviously the slit-integrated diffuse pro-
file becomes more peaked with increasing step roughness.
The solid line shows the diffuse shoulder predicted by Eq.
(14). The only parameter fitted to the profiles is the peak riG. 8. Profiles from slit integrating the diffuse intensity parallel
intensity at, = 0. For the evaluation of the profiles we have to the stepgopen dots The solid lines show the diffuse scattering
used the rms width obtained from the analysis of the peakollowing Eq. (14). The rms widthw entering the evaluation has not
intensity attenuatior(cf. Fig. 7), which gives the correct been fitted, but is taken from Fig. 7. The agreement between theory
value for the noncorrelated step fluctuations. and MC simulations is perfect.

slit integrated intensity

sy
B O 0O

1351°C
w=1.41a
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slit integrated intensity
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20 FIG. 10. Analysis of the diffuse scattering depending on the

perpendicular scattering vectss, from fitting profiles with Lorent-
zian shape foif =700 andT=1351 °C.(a) Half-width. While the
half-width is almost constant fof =700 °C, it increases with in-
0.2 0.1 0 0.4 0.2 creasing scattering vector fdr=1351 °C.(b) Peak intensity of the
parallel scattering vector K,a/2x diffuse scatteringThe diffuse scattering becomes more pronounced
with increasing step roughnes$ 1351 °C). The solid lines for

FIG. 9. Diffraction pattern fofT=1351 °C.(a) Line scan for  both figures follow Eqs(22) and(24), taking the rms width from
K,=0 showing the diffuse scattering and the sharp peaks due to theig. 7.
long-range order of the stepé) Profiles of the diffuse scattering
taken at the scattering conditions labeled(@. With decreasing The solid lines shown in Fig. 10 correspond to the pre-
scattering vectoK, , the profiles become sharper and more intensedicted behaviofaccording to Eqs(22) and(24)]. Again the
The line scansA, B, C, andD are equidistant, taken exactly at shape of the lines has not been fitted. Since the rms width
positions between two sharp peaks to emphasize the diffuse profilegas obtained from analyzing the intensity of the sharp peaks
parallel to the steps. (cf. Fig. 7) the only parameters adjusted are the FWHM at

the out-of-phase condition and the maximum intensity at the
peak intensity of the diffuse shoulder decreases with an in'rn-phase condition fofa) and (b), respectively. The agree-
creasing distance from the center of the Brillouin zone, andnent for the intensity is perfect and reasonable for the half-
that the half-width of the shoulder increases. width.

A more detailed analysis of the diffuse shoulder profiles Comparing the kink density obtained direcﬂy from the
recorded for scattering conditions,=2mp/aL, half be-  MC simulation with the kink density evaluated from the half-
tween the positions of the sharp peaks, is shown in Fig. 1Quidth of the diffuse shoulder shows excellent agreement.
For comparison, the analysis for=700 °C is included. Ob-  Figure 11 demonstrates that the predicted behavior is ful-
viously, the behavior of both surfaces is very different. Forfilled for all studied surfaces: a FWHM equal tg 4solid
T=700 °C, both the maximum intensity and the half-width line, no fitting parametér We conclude from the Lorentzian
of the diffuse shoulder are almost constant. This is in googhape of the diffuse scattering that the kink-kink distance
agreement with our analysis for small fluctuatigtvgo-level  distribution is geometric. This implies that the kinks are dis-
mode), although the evaluated rms width @f=0.7% is  tributed randomly at the meandering steps so that the kink-
slightly larger than the maximum value for the two-level kink interaction is very weak.
model (v=0.5a) with equally distributed step chords on Increasing the temperature increases the kink density. The
both levels. inset of Fig. 11 shows additionally that the kink density fol-

There are drastic variations of both the peak intensity angows an Arrhenius behavior for our MC simulations. We
the half-width forT=1351 °C. Compared t6=700 °C the  obtain the energy oE,;,=0.26 eV for the formation of
maximum intensity is high, while the half-width does not kinks, which is in excellent agreement with the expected
change drastically for the lateral in-phase conditiop=0.  value of E,j=3Ey+ E,.2*

This implies that the correlation lengté does not vary

10

strongly vv_ith _temper_ature. The half-width, however, in- VI. DISCUSSION AND CONCLUSION
creases with increasing temperature for the lateral out-of-
phase conditiork, = 7/a, indicating that the kink density In this paper we have presented a diffraction analysis of

increases with temperature. the diffuse scattering for vicinal surfaces with noncolliding
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terraces are not correlatéd-®
temperature T[K] . . . .
1600 1400 1200 1000 This effect can also be included in the analysis presented
B g g-gg O ' ' here if one drops the constraint of average equidistant steps.
-‘§ 0'20 i pe<exp(—Exni/KT) Assuming also that thaveragestep-step distance fluctuates
- s Biiric=0-266V (averaging with respect to the coordinatealong the step
£ 010k Eq. (7) can be modified to include these effects. This leads to
m B g . . . a broadening of the sharp peaks perpendicular to the steps
R = 08 08 10 governed by the distribution of average terrace sizes. Here
s 20 - 1000/T [K™] we define the average terrace size by the distance between
% two neighbor steps where the position of the step is obtained
15 |- |_'2"_| from the average step position eliminating the fluctuations.
Furthermore, we would like to stress the point that the
10 noncolliding of the steps is not the only assumption of our
analysis. Previously, we investigated the diffraction pattern
5| from vicinal surfaces with strongly correlated stdpg,(x)
=u(x) for all stepg.® This substantially affects the evalua-
0 ! L | tion of the diffraction pattern. The main result is that the
0.0 0.1 0.2 03 diffuse shoulder is constricted to lateral scattering vectors

linear kink density ap close to the center of the Brillouin-zone. Hence one cannot
i ) ) ) ~ perform the kink density analysis from the spot profiles at
FIG. 11. Comparison of the kink densify obtained from di-  tne Byillouin zone boundary. Nevertheless, the analysis of
;ei;ﬂ;’ear;igfg%;hzt“fé S(')T;j(')?fsﬁaz'eCt:(iZtSt;?:gf;"t”:hae”gg’j;%%gediffraction spot profiles close to the center of the Brillouin
the Brillouin zone. The solid line shows that the predicted FWHM pgggigllsldlng the correlation length and the rms width is still
is. equal to 4’ The inset .Shows an Arrheniqs plot of the kink den- We o.btained Lorentzian profiles at the lateral out-of-
sity from which one obtains the kink formation energy- 0.26 eV. phase scattering condition. Therefore the kink-kink distance
meandering steps. The analysis was performed for varioudistribution is geometric, and the kinks are distributed statis-
rough surfaces generated by MC simulations at the verticdically at the single steps. If there is a kink-kink repulsion,
out-of-phase condition required for terracék,=[(2n  one would obtain a preferential kink-kink distance and a
+1)7w/d]) to have maximum sensitivity to the surface peaked kink-kink distance distribution. For these conditions
roughness. In the following, first, we will discuss the resultsthe profiles would split into satellites &,= + 7/a andK
of the diffuse scattering profile analysis. Since the key point= = 7/(D), where(D) denotes the average kink-kink dis-
is that adjacent steps do not collide, and that fluctuations ofance. For different lateral scattering conditidgg, the po-
neighbor steps are not correlated we will demonstrate thagition of the satellite may shift closer #,=0. This situa-
the MC simulations performed here are well suited to fulfill- tion is similar to the diffraction pattern obtained for 1D
ing this conditions. Finally, we show that this analysis cansurfaces with preferential terrace size, where one observes a
also be applied to diffuse x-ray-diffraction analysis from maximum splitting of the satellites at thgertica) out-of-
multilayers. phase condition, while the satellites move closer to the
Our study shows that different roughness parameters sudpecular beam for scattering conditions closer to (thezti-
as the rms widthw, the correlation lengtl¥, and the kink  cal) in-phase condition.
densityp of the meandering steps can be obtained by ana- The standard analysis for the surface roughening transi-
lyzing profiles of the diffuse shoulder for different lateral tion predicts logarithmic correlation functions for the rough
scattering conditions. The rms width characterizing the phase, yielding power laws for the spot profitég®16:3233
perpendicular step fluctuations can be evaluated from the diffhe authors of Ref. 14, however, showed that the shape of
fuse profile in the direction of the step traiperpendicular to  profiles parallel to the steps takenkaf=r/alL (the position
the stepsfor K,=0. One has to use line scans parallel to theof the first-order pegkhave different scaling behaviors de-
steps at different lateral scattering conditions to obtain thgpgending on the considered rangekaf. The logarithmic be-
two roughness parametefsand p characterizing the rough- havior can only be observed fér, <1/, , while a Lorent-
ness parallel to the steps. While the correlation legggov-  zian shape governs the profiles ax L, <K,<2w/a, where
erns the diffuse profile for the lateral in-phase conditilop  Xcoi denotes the lateral distance between step collisions.
=0 (the line scan including the center of the Brillouin zpne Therefore we can explain the Lorentzian profiles by the fact
the kink densityp determines the profile at the lateral out- that we do not observe any step collisions for the tempera-
of-phase conditioiK, = =+ 7/a (the line scan at the boundary tures studied heréf. Fig. 5), so that we proposg.,>aL.
of the Brillouin zong. Reference 14 also presented the estimatg,,
Also striking is the effect of the residual sharp peaks everr=L2a%4b? of the average collision distanéee would like
at the roughest surfaces studied here, which are only attente remark that the factaa® appears here becausedenotes
ated by the increasing step fluctuations. This is a clear effedhe averagenumberof terrace atoms between two adjacent
of the noncolliding steps, preserving the long-range order ofteps, while Ref. 14 denoted the averatjstanceby L).
the steps. It has been shown previously by many authors fdfrom our kink density analysis of the diffusivity, we can also
1D surfaces that the loss of long-range order yields thealculate the average collision distancg,=L2/4p ranging
broadening of the peaks, presuming that the sizes of adjacefrom 800 to 220 lattice sites for the investigated temperature



14 948 JOACHIM WOLLSCHLAGER AND MATS LARSSON 57

range 700-1351 °C. This underpins the impression of neglitudes = 1. Usually, the contrast between adjacent layers is
gible step collisions even at the highest temperatures, belue to different(compley scattering amplitudegéincluding
cause we performed the MC simulation on a lattice with sizescattering phase differenge3his, however, affects only the
L,=256 parallel to the step&f. Fig. 5. Since we do not total intensity of the diffuse scattering and of the sharp
observe any step collisions in our MC simulations even apeaks.

the highest temperatures reported hécé Fig. Sb)], it Since, in contrast to the infinite number of terraces for
seems that the above expressionxgy, underestimates the Vicinal surfaces, multilayers have only a finite number of
collision distance. layers the sharp peaks are rdotunction like sharp but show

This effect is also important for the interpretation of ex- a finite width corresponding to the total thickness of the
periments. The lattice size for the MC simulation is equiva-multilayer. Additionally, for very thick multilayers the re-
lent to the instrumental resolution of a diffraction apparatusduced reflected intensity due to absorption of the beam has to
Therefore, one may have the impression of a well-ordere#€ taken into account. In this sense Figg)Torresponds to
vicinal surface with slightly fluctuating steps if the averagethe (¢,26) specular scans normal to the multilayer, and Fig.
step collision distance is larger than the transfer width of the?(b) to transverse scar(socking curve$ parallel to it.
instrument. From x-ray measurements frol¥/C multilayers, it has

We mention that we also studied the surface roughness &een reported that the diffuse scattering is focused in scatter-
higher temperatures, where we observed both effects of stépg pIanes parallel to the multilayer at the 3D Bragg
collisions and of additional roughening of the terraces. Thiscondition?® This effect has been explained by the partial
however, will be subject of a forthcoming report. correlation of interfacial fluctuation:*The 3D Bragg con-

The spot profile analysis of Ref. 14 concentrated on prodition is equivalent t&K,=0 in our study. Figure 9 clearly
files parallel to the steps &, = w/aL to study the transition shows that this focusing effect can also be produced by in-
from power-law to Lorentz|an profiles depending on the dis-terfaces with noncorrelated fluctuations if the rms width is
tance of step collisions. The authors showed that the halfrot too small and if the off-specular scanning condition
width of the Lorentzian is governed by the correlation length(K,# 0) is not too large. The focusing effect due to partial
. On the other hand, here, we study in detail the diffractioninterface correlations is much larger than the one we observe
from vicinal surfaces in the temperature range where stepere for noncorrelated rough interfaces.
collisions are negligible. We obtain roughness parameters In summary, we have shown that the analysis of the dif-
from line scans parallel to steps at different scattering confuse scattering from vicinal surfaces with noncolliding steps
ditions. The correlation lengt also governs the line scans is a powerful method to obtain statistical information about
at the center of the Brillouin zone. Because this scatteringhe roughness of the steps as well as the kink density, the
condition is close toK,=m/alL (usually L is sufficiently  correlation length, and the rms width of the meandering
large) the only dlfference between both studies is the prefacsteps. For this purpose, we have analyzed line scans for the
tor between half-width and inverse correlation length whichdiffuse scattering in different directions and for different lat-
can be explained by E@22). eral scattering conditions. While line scans at the Brillouin-

Furthermore, we have demonstrated that one obtains tHone boundary are only sensitive to the kink distance distri-
kink density(to be more accurate, the kink distance distribu-bution, line scans at the center of the Brillouin zone are
tion) from the line scans at the Brillouin-zone boundary.governed by the correlation length. Since for rough surfaces
Connecting the correlation length and kink density, we arghe correlation length is much larger than the average kink
able to determine the diffusivitp?(T) proportional to the distance the diffuse scattering at the Brillouin-zone boundary
kink density (cf. also Ref. 27. Therefore, the temperature is broader than at the center of the Brillouin zone. Further-
dependence of both is identical following an Arrhenius be-more, long-range order with negligible step collisions con-
havior corresponding to the kink ener§y;=0.26 eV. serves the ideal positions of the sharp peaks. In addition, step

Finally, we emphasize that the diffraction spot evaluationcollisions broaden these spots, so that one is able to distin-
presented here can also be applied to x-ray studies from mu@uish both kinds of step roughness easily.
tilayers using the out-of-phase condition perpendicular to ter-
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