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The roughening behavior of a vicinally miscut Ag(110) surface has been studied with x-ray diffraction
using synchrotron radiation. The lateral profiles recorded at different g, were analyzed with (a) the
domain-matrix method, an evaluation scheme for diffraction profiles, and (b) using a conventional
power-law profile shape analysis. Both methods result in a roughening temperature of T =900+20 K
(=0.73T,,). The type of the roughening transition is consistent with the predictions of the anisotropic
body-centered solid-on-solid (=six-vertex) model with step creation energies of J, =45+3 meV and
J,=60+3 meV along [110] and [001], respectively. At low temperatures, a two-component (bimodal)
step distribution corresponding to a bunching of steps is identified.

I. INTRODUCTION

The idea of a surface roughening transition' as origi-
nally developed by Burton and Cabrera in 1949 (Ref. 2)
has been confirmed by a number of experimental studies
on meal surfaces.3” !> While a number of studies dealt
with open faces, such as, e.g., fcc(711), fcc(511), and
fcc(311) (Refs. 3-8) (where roughening occurs at the step
edges), the more recent work®~!° focused on close-packed
surfaces where adatom-vacancy pairs are generated on a
surface that, at low temperatures, is free of steps.

The roughening principle, namely the existence of a
high-temperature rough phase for purely entropic
reasons, is usually discussed for surfaces perfectly aligned
to a low-index crystallographic plane. The low-
temperature nature of vicinally miscut surfaces at present
is controversial, however. Discrepancies have been re-
ported between experimental and theoretical diffraction
line shapes on slightly miscut Ni,'° Ag,'*15 and Cu (Ref.
16) (110) surfaces in the low-temperature phase below
Tgr. Asymmetrical line shapes or line shapes consisting
of a superposition of two or more unresolved peaks, in-
consistent with the theoretical one-component line
shapes,1 have been reported,lo‘ 14,1516 and by some au-
thors attributed to a faceting of the surface. Questions
have been raised about the general applicability of the
standard (Kosterlitz-Thouless) roughening theory' for
such misaligned surfaces. !4

In this paper, we focus on this problem and investigate
the step distribution and its temperature dependence at
the slightly misaligned Ag(110) surface. This surface has
been investigated previously where the occurrence of
shoulders in the beam profile and their characteristic
shift with the momentum transfer normal to the surface
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have been attributed to faceting. This had been explained
in a macroscopic picture with the cusp in the surface en-
ergy in the Wulff construction.!* A later scanning-
tunneling-microscopy (STM) study saw facets due to step
bunching which were considered to be due to impurities
pinning the steps.!”!® The purpose of this paper is the
determination of the step distribution and its change with
temperature from a detailed analysis of the beam profiles.
While we cannot identify the origin of the step distribu-
tion, we show that a two-component (bimodal) terrace
width distribution produces the observed asymmetrical
diffraction profiles. We apply a profile calculation ap-
proach (the domain-matrix method,!® denoted DMM in
the following). The temperature dependence of the ter-

race width (step-step distance) distribution has been stud-

ied in two lattice directions, along [110] and [001], and
the result shows that near the roughening temperature
the distribution approaches a geometric distribution simi-
lar to the roughening of a flat surface. In addition to the
direct determination of step distribution functions with
the DMM, we have analyzed the profiles at the out-of-
phase diffraction condition with the conventional method
assuming a power-law profile with an exponent 7. The
solid-on-solid (SOS) theory of roughening is, strictly
speaking, not valid for a vicinal surface which exhibits
step bunching or faceting. We include this analysis, how-
ever, for comparison with previous studies. With both
methods a roughening transition temperature of
Tr =900+20 K (corresponding to 0.73T,,) is obtained.
Ignoring the slight miscut at higher temperatures, we
have further determined the step energies J, and J,, along
x=[110] and y=[001] using the anisotropic BCSOS
model (body-centered solid-on-solid model?®) appropriate
for fcc(110) surfaces.
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The DMM has the additional advantage that a general
form of terrace width (step-step distance) distribution
function (and not only its height-height correlation func-
tion) can be handled appropriately. This allows an exact
description of rough surfaces (along both azimuths), even
those containing a considerable amount of miscut.

The paper is organized as follows: Sec. II gives a short
description of the experiments. In Sec. I A we describe
the domain-matrix method and its applications. In Sec.
III the roughening behavior is studied using the DMM
(Sec. IITI A) and the power-law analysis (Sec. III B), and
the step energies are determined (Sec. III C). The results
obtained by the different data analysis methods are sum-
marized in Sec. IV.

II. EXPERIMENT

The measurements were performed at the beamline
X16A of the National Synchrotron Light Source (NSLS)
storage ring at the Brookhaven National Laboratory us-
ing the four-circle diffractometer operated in the five-
circle mode.?! Prior to mounting the crystal into the
UHYV chamber the surface was oriented, polished, and
chemically etched using a 50% HNO; solution. Final
cleaning was achieved under UHV conditions by long-
term (several hours) Ar*-ion sputtering (500 eV) and sub-
sequent annealing at 800—1000 K by radiative heating us-
ing a filament. All measurements were carried out at an
x-ray energy of 11.6 keV, and the lattice parameter was
effectively corrected for thermal expansion. The sample
was aligned using bulk Bragg reflections (301) and (031)
(in the surface-adapted orthorhombic setting??). Slits of 2
mm (in-plane) and 10 mm (out-of-plane) mounted 600
mm in front of the Nal scintillation detector
provided an in-plane longitudinal resolution of
Ag=1.9%10"%-A"! full width at half maximum
(FWHM) and a perpendicular resolution of Ag,=9.8
X 1072-A~! FWHM, the latter corresponding to about
0.05 reciprocal-lattice units.??> All data shown here are
transverse scans (@ scans) whose resolution is only limit-
ed by the sample mosaic which can well be described by a
Gaussian of ~0.002 reciprocal-lattice units FWHM.?
Care was taken during the sample annealing and cooling
cycles in order to reach equilibrium conditions. Each
scan was taken after several minutes of waiting at a given
temperature. The accuracy of the temperature setting
(using a Pt resistance) is estimated to be better than +3
K.

The recorded data sets consist of lateral diffraction
profiles [the (T0/) and the (01/) rods in the surface-
adapted orthorhombic setting??] recorded along the (cu-
bic) directions g, =[110] and [001] at different g¢,. In the
following, we use q”a=2‘rrh, q”b=21rk, and gq,c=27l,
and take the reciprocal coordinates (4kl) in the ortho-
rhombic setting whereby % corresponds to [001] and & to
[T10]. The in-plane lattice constants are a =4.086 A
and b=2.889 A, and the layer spacing is d,
=2.889 A/2=1.44 A. The experimental profiles of the
(101) and (011) rods measured along [110] and [001]
(transverse scans) are shown in Fig. 1 at / =0.1, 0.5, and
0.7. Note that for these rods the in-phase condition
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(where the terraces separated by a step scatter in phase) is
at / =1, whereas the out-of-phase condition (where the
terraces scatter out of phase) occurs at / =0.

A. The domain-matrix method and different step models

For a calculation of the diffraction profiles from arbi-
trary step distributions we used, as already mentioned,
the domain-matrix method.!® This calculation scheme is
based on the assumption of one-dimensional disorder.
The reflected intensity is calculated from a transition ma-
trix p,z which contains the probabilities to find a domain
of type B next to a domain of type a. The quantities pf,%
(the Ith powers of p) then describe the probability to find
a domain of type a in a distance of / domains from one of
type B. Together with the a priori probabilities p, (the
probabilities to find a domain of type a anywhere on the
surface) it therefore holds that

ple,)a’=zpizlﬁ_l)pﬁa’ ’ pa=llimp£111)1' ’ (1)
ﬁ —> 00

where for large distances the correlations vanish. The
number of domain types now depends on the problem,
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FIG. 1. Experimental profiles recorded at 300 K on the
Ag(110) surface along [110] [the (T0) rod] and [001] [the (01)
rod] at different /. The in-phase condition is at / =1, the out-
of-phase condition at /=0. Note that the profiles show a
second component that is strongly visible along [110], but al-
most not along [001]. At /=0.1 the profiles along [001] are
clearly broader, indicating that the main step direction is along
[T10].
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and can be chosen appropriately. A facet model with two
facets, for instance, is well described by two domain types
(the two-facet orientations), while a rough surface re-
quires three domain types: upward steps, downward
steps, and terraces (no steps). We consider a step as a
separate domain and in the corresponding width distribu-
tion only one value occurs (namely one) when only single
steps are considered. The description with three domain
types has the advantage that the occurrence of multiple
steps (usually present on rough surfaces) can be included.
It should be noted that the lattice vector can be chosen
separately for each domain type in the DMM.

Each domain is described by a structure factor F :"
that depends on the width w, of the domain of type a.
For a homogeneous chain, the diffracted intensity of the
domain structure can then be computed by averaging
over all possible arrangements of domain types (and their
respective sizes along the chain), which finally gives

I(g)= Ezpapgt)z' 2 va(wa)va'(wa')[F:aF;'wal]
! ad

wawa'
XP(a,a',wq,wy,l) . (2)

Thereby the quantities v,(w) describe the width distribu-
tion of the domains of type a. The interdomain phase
factor ¢(a,a’,w,,w,,!) takes account of the geometrical
phase difference between the domain pair (a,a’) which is
separated by / —1 intervening domains. The calculation
of this phase factor is the central point of the problem.
Unlike the matrix method applied to a sequence of unit
cells an analytic expression cannot be given and the cal-
culation is done iteratively, again averaging over all pos-
sible domain types (and lengths) between the first and /th
domains along the chain (see also Ref. 19).

The coverage 0,, finally, fixing the amount to which
the respective domain types occur on the surfaces, are
determined by p, weighted with the average width (w, )
of the domains of type a; thus

oSwy)
6a=~Lw—, (we)= I v (ww . (3)

S paw,)

The explicit form of the transition matrix p for the mod-
els studied now in more detail [and fitted via Eq. (2) to
the diffraction profiles] are discussed in more detail in
Sec. IIB.

B. DMM analysis of the low-temperature state

With the DMM we have now calculated possible step
arrangements of the vicinally miscut Ag(110) surface.
Four models have been considered which, together with
the corresponding step-step distance distributions, are
shown in Fig. 2. In Fig. 2(a) a two-facet structure is
shown; in Fig. 2(b) a surface with a single-component
step distribution, i.e, a distribution with a single max-
imum; in Fig. 2(c) one with a two-component step distri-
bution; and in Fig. 2(d) a structure consisting of rougher
tilted and flatter untilted surface parts. The last struc-

S. PFLANZ et al. 52

(i10] 7
F F
a) ! 2 [oo1]

FIG. 2. The four models tested for the low-temperature state
of the Ag(110) surface: (a) the facet model, (b) the single-
component step model, (c) the two-component (bimodal) step
model with meandering steps, and (d) a hill-and-valley struc-
ture.

ture, a so-called hill-and-valley structure,?® corresponds

to faceting where large flat terraces exist and facets with
a certain range of facet angles. The difference in model
(c) is that facets close to the [110] orientation are exclud-
ed. Model (d) had been previously proposed for the
misaligned Ag(110) surface.!* In Fig. 2(c) a two-
dimensional step distribution is drawn to illustrate that a
correlation between the step distributions in both lattice
directions should exist when a crossing of steps is exclud-
ed. This may be considered as a possible cause for the
observed bimodal step distribution.

Let us first focus on the question whether facets [Fig.
2(a)] or a step distribution function with a single max-
imum [Fig. 2(b)] could explain the observed diffraction
profiles. Both models represent extreme cases of a vici-
nally miscut surface. The facet model, consisting of two
smooth facets, is described by p; =p, =0.5 and the corre-
lation matrix

01
10

) @)

which means that domain 1 follows domain 2 and vice
versa. Note that structure factors describing atoms
within the unit cells of both facets depend on the facet
orientation. To respect the macroscopic miscut angle «,
a lever rule must hold:
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S (w; )sin(a;)
- =tan(ay) , (5)
> {w; Yecos(a;)

whereby a;,a, and (w, ), {(w, ) are the orientation angles
and average widths (in A) of the two facets. The widths
of the facets (in units of the facet unit cell) are described
by v,(w) and v,(w) in Eq. (2) can be varied according to
different width distribution functions. For large facets,
however, it turns out that details of v,(w) and v,(w) are
irrelevant for the diffraction profile, because then the in-
coherent sum of both contributions is visible in the
profile. Consequently, two- reciprocal-lattice rods arise.
In the calculated example, the first one is tilted and the
second one is not. Figure 3(a) shows the corresponding
reflection profiles whereby broad distribution functions
vy(w) and v,(w) of Gaussian type and (w;)=3750 A
and (w,)=2900 A (widths along [110]) have been as-
sumed; the corresponding tilt angle is then [Eq. (5)]
0.125°. Figure 3(a) shows that the result is a sharp satel-
lite which moves with /(271 =g, c) in its lateral position.
The comparison with the experimental profiles [Fig. 3(c),
points] shows clearly that a two-facet structure as shown
in Fig. 2(a) is not present on the misaligned Ag(110) sam-
ple at 300 K. Smaller facets and other size distributions
would not change this picture unless the facets become so

a) b) ¢c) d)
Facet Model| One—Comp. | Two—Comp. | Hill+Valley
flat+flat Step Model | Step Model | flat+rough
o s0 - ©%P-
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o 50 o 500 “lo 500 500 =
10° v (F)= v (F2) " v(w) v (wy) vw) v (wy)
107"
1072 £10°
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1=0.5
10° L1072
10~
1=0.7
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FIG. 3. Calculated profile shapes along [110] at / =0.7, 0.5,
and 0.1 for (a) the facet model, (b) the single-component step
model (c) the two-component step model, and (d) the hill-and-
valley structure in comparison with the experimental profiles
(squares) at 300 K. The calculated profiles were convolved with
a Gaussian of 0.002 reciprocal lattice units FWHM to respect
instrumental resolution. In the upper panel the distribution
functions v (w) are visualized.
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small that a description with a step distribution is more
appropriate.

The next model is the one-component step model [Fig.
2(b)]. In this model the distribution of the step distances
is an analytical function such as, e.g., a Gaussian or an
exponential (geometrical) size distribution function. For
the calculation with the DMM method we assume the flat
terrace as a domain of type 1, the upward steps as type 2,
and the downward steps as type 3. We assume that only
single steps exist. The correlation matrix is

r 1
0 r+1 r—+1
P= |1 0 0 . (6)
1 0 0

The parameter r describing the ratio between up and
down steps takes the surface asymmetry into account. As
for the facet model, a lever rule holds:

alw) _1—r
dl 1+r

(tanay) ™!, (7)

whereby (w ) is the average terrace width and a the lat-
tice constant. A typical result for the one-component
step model is shown in Fig. 3(b), whereby, as in the facet
model, a broad truncated Gaussian function has been as-
sumed for v(w). The profile now splits into two
diffraction peaks at I =0.1 (with / the vertical scattering
phase). This effect, appearing close to the out-of-phase
condition I =0 for the (10) rod (where both components
become equally strong), is a well-known fact for steps
with a preferred size distribution that generates an aver-
age superlattice. As this splitting is absent in the experi-
mental profiles [Fig. 3(c), points] and, on the other hand,
occurs for every distribution function we tested (such as
Gaussian, Poisson, and algebraic distributions, not shown
here), we are led to the conclusion that neither model (b)
nor model (a) is the correct model for the vicinally miscut
Ag(110) surface. Having ruled out models (a) and (b), we
tested models (c) (two-component step model) and (d)
(hill-and-valley structure) assuming Gaussian functions
for both components of the distribution function.

We first focus on the two-component or bimodal step
model with meandering steps as depicted in Fig. 2(c).
This model possesses a step distribution with two maxima
and therefore consists of parts of broader terrace widths
in coexistence with parts of smaller terrace widths. The
main step direction in this model, however, does not fall
into the misaligned azimuth, but is perpendicular to it.
This means that the origin of this special step arrange-
ment is not the misalignment alone, but also the anisotro-
py of the surface that makes steps along [110] at a lower
cost available than along [001].

To now describe the two size distributions of the flat
terraces in model (c), four domain types are necessary.
These are the broader terraces (type 1), the upward steps
(type 2), the smaller terraces (type 3), and the downward
steps (type 4). Using this order, for a correlation matrix
along [110] and along [001] we obtain
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0 ri+1 0 ri+1
1—s 0 s 0
Py = rs 1 ’
0 r,+1 0 r,+1
1—s 0 s 0
(8)
01 2
Pioop=1(1 0 0
1 00

Each step is followed by either a smaller terrace de-
scribed by v,(w) (probability: s) or a broader terrace de-
scribed by v;(w) (probability: 1—s). Consequently, we
obtain two misorientation parameters r, and r, which are
now the ratio of upward to downward steps for com-
ponents one and two. The parameter s fixes the area of
the rough phase 6, (in unit cells). Noting the area of the
smoother phase by 6,, we further obtain

0 — (1—s)w,)
1 (1—s)<w1)+s(w2> ’
9
s{w,)
0,

T =5 w, ) +sCwy)

Along [001] we do not distinguish between broader and
smaller terraces, and therefore can use a (3X3) correla-
tion matrix. This handling is justified because the experi-
mental profiles along [001] (Fig. 1) exhibit neither a pro-
nounced shoulder nor a pronounced asymmetry in the
[001] azimuth. The parameter s measures the amount of
step bunching along [110]; s =0 corresponds to absence
of bunching. A fit of s to the experimental diffraction
profiles (Fig. 3, points) now shows that s is nonvanishing
below Ti. A step bunching with rough (meandering)
steps is therefore present at room temperature. The pa-
rameters r; and r, as well could be determined from fits
to the profiles. The sensitivity to the parameter 7, how-
ever, is very small because it essentially shifts slightly
only the central peak in the profile (about =~0.001 re-
ciprocal lattice units). We therefore fitted only r,. In the
following we denote this value as . Figure 3(c) shows the
best-fit results obtained for model (c) in comparison with
the experimental profile [points in Fig. 3(c)]. It is obvious
that model (c) gives a much better agreement than the
previously discussed models. Before discussing this in
more detail, we describe model (d), the hill-and-valley
structure, with an exclusion of certain terrace sizes corre-
sponding to a phase separation.

To describe model (d) we can use the identical transi-
tion matrix as in model (c) [Eq. (8)], but with the
difference that v;(w) and v,(w) now represent step dis-
tances in the flatter (untilted) and rougher (tilted) surface
areas. Physically, the hill-and-valley structure is stabi-
lized by a cusp in the equilibrium crystal shape (EQS
theory?*?*) which, in the mean-field approach and at low
temperatures, should lead to a gap in the surface orienta-
tions along [110]. Strictly speaking, this is only correct
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in the mean-field approach and at 7 =0 K, but we can as-
sume that 300 K is still a low temperature. We therefore
have chosen v,;(w) and v,(w) in such a way that they do
not overlap significantly (Fig. 3, upper inset).

From Fig. 3(d) it is obvious that model (d) describes the
profile data along [110] almost equally well as model (c).
Both models differ only slightly and the details of the dis-
tribution function obviously cannot be extracted from the
diffraction profiles. It follows that both models (c) and (d)
are appropriate descriptions of the low-temperature state
along [110], making both the hill-and-valley structure
and the meandering step model possible. There is, how-
ever, a relevant difference in the profile shapes along
[001] for the two models (c) and (d). While model (c) is
consistent with broader profiles along [001] than along
[110], this is less likely for model (d) because the ex-
istence of all terrace sizes along [001] makes the assump-
tion of a gap in [110] unrealistic. From the anisotropy of
the profile shapes along both azimuths it thus follows
that model (c) and not model (d) is the most reasonable
approach to the low-temperature state of the misaligned
Ag(110) surface studied here.

We finally note that, for models (c) and (d), Gaussian
distributions of fitable widths have been assumed for
v(w,) and v(w,). Details of these distribution types,
however, turned out to be not very significant. The im-
portant point, however, is that for both models broad
shoulders occur in the diffraction profiles that decrease in
intensity from the in-phase condition / =1 to the out-of-
phase condition /=0, exactly as in the experimental
profiles. This clearly shows that models (c) or (d) and not
(a) or (b) are correct.

In summary, from the profile analysis it follows that
the Ag(110) surface, misaligned by 0.1°-0.2° along
[110], exhibits a bunching of steps at low temperatures.
This result is confirmed by recent STM studies on vicinal-
ly miscut Ag(110) surfaces.!”!® In Ref. 17 the bunching
has been attributed to defects (e.g., dislocation lines or re-
sidual oxygen) that pin and locally bend the steps. By
Auger electron spectroscopy (AES) we could not detect
any defects within our resolution limit of =1% of a
monolayer. According to Ref. 18, however, even densi-
ties lower than 0.1% (far below our AES detection limit)
can produce step bunching. A defect-induced step
bunching is thus a possible scenario for our (and also the
previously studied) misaligned sample(s). Another ex-
planation, not using defects, is also worth considering: A
crossing of straight steps is energetically unfavorable and
leads to an interconnection between terraces and curved
steps. The exclusion of step crossing may then act as a
repulsive potential for all pairs of steps that meander op-
positely (out of phase), but as an effective attractive po-
tential for steps that meander uniformly (in phase). Such
simple energetic arguments could possibly explain the
identified bimodal step distribution at low temperatures.
Further theoretical calculations [such as, e.g., the calcu-
lations of den Nijs and co-workers?® for models with
competing nearest-neighbor (NN) and next-nearest-
neighbor (NNN) interactions] including both the miscut
and surface anisotropies (and, possibly, the additional po-
tential of defects) are thus necessary to elucidate the
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reason for the step bunching in more detail.

The best-fit parameters obtained by fitting model (c) to
the experimental data (300 K) are <(w;)=230,
(w,)»=10, r=r,=0.15, and s=0.9. The last value
means a relative good separation of areas with bunched
steps and flat terraces. From the fit values obtained, mis-
cut angles a; and a, of the smoother and rougher surface
areas along [110] can be derived. In a previous study'*
resulting in quite similar (multicomponent) diffraction
profiles the macroscopic miscut angle o, of the sample
was measured to be ~0.19° along [110] and ~0.10°
along [001], while a;=0.14° was determined from the
fitting of two Lorentzians to the profiles along [110]. As
here we used the same sample and the same
diffractometer setting, we expect a similar miscut of
0.1°-0.2°. Using the average orientation a,=0.14
+0.05° (the value of Ref. 14) and

147 1+7
—I(I_S)(wl>+—rzs(w2) _E_ s

t =
(anaO) l_rl l_ 2 dl

(10)

for the misorientation parameter of the first component
we obtain a relatively high value of »;, =0.78. This value
means that the symmetry of the flatter surface parts
(r;=0.78) exceeds that of the rougher surface parts
(r,=0.25), which again shows that some steps must be
bunched.

We finally note that the domain width distribution
functions v (w), used in the DMM calculations and de-
picted in the insets of Fig. 3, are not the same quantities
as the coverages of the surface with domains of width w.
The latter are the products wv(w). The relation between
v(w) and the coverage is visualized in Fig. 4 for some ter-
race size distribution functions.

III. ROUGHENING BEHAVIOR OF Ag(110) SURFACE
A. Analysis using domain-matrix method

1. [110] azimuth

Along the [110] azimuth we have now fitted the bimo-
dal step model, discussed in Sec. II B, to the experimental
profiles at temperatures between 300 and 900 K. Figure
5(a) shows some of these fits [using Eq. (8)] on a logarith-
mic scale. Transverse scans through the (10/) rod (scans
along [110]) at / =0.5 between 300 and 770 K are shown
as open circles, and the fits to this model as solid lines.
The dashed lines in Fig. 5(a) indicate symmetric line
shapes for comparison. The shaded regions mark the
asymmetry of the reflection profiles arising mainly from
the rough component in this model. The scans were per-
formed along the [110] azimuth, which is the direction of
the close-packed rows in the (110) surface. The analysis
was performed at / =0.5, between in-phase and out-of-
phase conditions, since here the step-induced asymmetry,
arising from the different phase shifts of up and down
steps, and therefore the sensitivity to the parameter
r =r,, are at its maximum.
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FIG. 4. Relation between the distribution function v (w) and
the coverage of the surface with terraces of width w, measured
by wv (w), for some step distribution functions.

The fit parameters [using Eq. (2) with the correlation
matrix of Eq. (8)] were the maximum and the width of
the two (truncated at zero) Gaussian distribution func-
tions v;(w) and v,(w) and the parameters r (ratio be-
tween up and down steps) and s (phase separation or step
bunching parameter; see Sec. II B). At s =0.5 no distinc-
tion between areas with high and low step densities can
be made, and the surface is then in a homogeneous state.
Besides 7, s, v;(w), and v,(w), we fitted the background
(as a constant) and convoluted the reflection profile with
a Gaussian resolution function of 0.002 FWHM rec.
units. The upper inset of Fig. 5(a) shows the obtained
step distribution functions for some of the profiles and
the low inset how r and s change with temperature.

Let us first concentrate on the terrace width distribu-
tion of the smaller terraces v,(w) and the development of
the parameter s. As Fig. 5(a) shows, v,(w) essentially
remains constant for all temperatures while s decreases
from 0.9 at 300 K at about 0.5 at T [lower inset of Fig.
5(a)]. The area of the bunched steps (given by 8,) there-
fore decreases with temperature. This obviously means
that the flat regions show a stronger roughening than the
already rough regions, and that the surface thus becomes
more homogeneously rough.

The roughening of the smoother surface areas is visible
in the change of v{(w) with temperature. This distribu-
tion has been parametrized by the first two moments—
the average length (w) and the half-width
{((w-{w))?)!”2—assuming a Gaussian distribution. In
this case v,(w) is completely determined. The decrease
of the mean value (w, ), plotted in the upper inset of Fig.
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5(a), shows clearly that these areas roughen up. Though
at all temperatures the half-width ({(w-{w ))?)!/?) of
v;(w) remains large, additional steps are created on the
surface, because the mean value of this distribution is
shifted to much lower values as the temperature ap-
proaches Ty. At higher temperatures, the decreasing
average terrace size {w) changes the character of the
distribution function as well because v, (w) is truncated at
w =0. The shifting of {w) must therefore change the
correlation function as well, and this is obviously the
reason for the observed profile shape changes.

To compare the (truncated) Gaussian distribution func-
tions used for the fits with theoretical predictions, we first
note that the roughening theory"2%® does not directly
predict the terrace width distribution, either for T'< Ty
or for T > Ty. Instead a pair-correlation function is pre-
dicted which is related to the terrace width distribution
by multiparticle theory,?’ "2 and an application to mis-
cut surfaces has not explicitly worked out so far.

The truncated Gaussian distribution that fits well to
the central part (—0.015 to 0.015 rec. units) of the
profiles measured along [110] [Fig. 5(a)] is, however, in at
least qualitative agreement with the calculations of

500

- 0.0
1000
T (K)

1072 rec.units
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Kariotis,?’ Kariotis and Lagally,28 and Bartelt, Einstein,
and Williams,?’ who for vicinal surfaces at lower temper-
atures predicted a similar Gaussian-like distribution func-
tion. These theories,?” 2’ that explicitly respect step-step
interactions on a vicinal surface through a step-binding
energy term, predict in the high-temperature limit a
geometric terrace width distribution (purely entropic
steps) with a crossover behavior in between. We did not
try our fits to resolve the changes in the distribution func-
tions, but chose the Gaussian distribution function which
fitted well between —0.015 and 0.015 reciprocal lattice
units at all investigated temperatures.

At 300 K, we tested a number of other distribution
functions, for comparison with the Gaussian distribution
type. Geometric, Poisson, rectangular, and algebraic dis-
tributions, however, did not lead to reasonable agreement
at low temperatures (300 K) and were therefore con-
sidered as unprobable. The R, factors (unweighted resid-
uals) of some of these distributions are shown in Fig. 6.

There are some more results that can be derived from
the fits shown in Fig. 5(a). The shift of the Gaussian dis-
tribution function to lower {w, ) with increasing temper-
ature can be interpreted as the increased formation of

-2 0 2
10°
[001]
b) 460 K
840 K
o] 50 100
w (latt.const.)
500 1000
80
<W>
L 60
107"
T, 40
20
2 0 2 500 1000
1072 rec.units T (K)

FIG. 5. (a) Fit of the experimental profiles along [110] at / =0.5 [transverse scan through the (10) rod] with the two-component
step model (solid lines). Dashed lines indicate symmetric profiles for comparison, and the hatched region marks the profile asym-
metry. The Gaussian terrace width distributions v (w) used for the fits are shown in the upper inset, and the development of s and r is
shown in the lower insets. Roughening is characterized by the asymptotic point r =1 at ~900 K. (b) Fit of the experimental profiles
along [001] at / =0.5 [transversal scan through the (01) rod] with the single-component step model (solid lines). The geometric ter-
race width distributions v (w) used for the fits are shown in the upper inset, and the development of the average terrace width (w ) is
shown in the lower inset. The roughening is near {w ) =2, which indicates a high step density.
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FIG. 6. Obtained R, factors for different step-step distance
distribution functions along both azimuths at 300 K. Along the
[110] azimuth, the Gaussian distribution function with a broad
fluctuation width ({w?)-{w )?)!”? gives the best agreement,
while along [001] a geometric distribution function fits best.

multiatomic steps whose amount is proportional to v,(0).
Simultaneously, we observe an increase of the step-up to
step-down ratio » =r, which is shown in the lower inset
of Fig. 5(a). The r(T) behavior indicates the formation of
an increasing number of up-steps on the surface that orig-
inally (along [110]) possessed mainly down-steps. The
asymmetry of the surface is thus lifted with increasing
temperature. This, of course, is only explainable by a
roughening transition approach. Within this approach,
the temperature at which r(7T)=1 can be identified with
the roughening temperature Ty . Thus r =1 taking as the
roughening point, an extrapolation of the experimentally
derived r(T) behavior gives a roughening temperature of
Tr =900£50 K [dashed line in Fig. 5(a), lower inset].
This temperature corresponds to the vanishing of the
phase separation at s =0.5, which proves that the surface
is homogeneously rough at Tk.

The obtained T value (T, =0.73T,,) fits well into the
series of the other fcc(110) surfaces that exhibit roughen-
ing temperatures of 0.697T,, —-0.75T,, (for details, see Ref.
1). Finally, we note that our analysis of the [110] profiles
[Fig. 5(a)] shows that at low temperatures (300 K) the
Ag(110) surface with 0.14° misorientation exhibits a
broad fluctuation width of ({w?)-(w )?)'"2~300 lattice
constants. In this phase, the step positions along both az-
imuths are widely disordered. Especially the miscut-
induced steps (step edges along [001]) are curved and (on
average) meandering, which explains the less-pronounced
inhomogeneity identified along [001] (Fig. 1).

2. [001] azimuth

Along the [001] azimuth we have performed a step
model analysis as along [110], but now using a single-
component step distribution because a pronounced inho-
mogeneity is obviously not present along this azimuth.
Figure 5(b) shows corresponding profiles of the (01) rod
(scans along [001]) at /=0.5 and the fit to the random
step model at different temperatures. The solid lines
represent the fits to the random step model, assuming a
geometric (exponential) terrace width distribution. For
all fits we obtained unweighted residuals R, lower than
5%, in most cases even below 2%.

First of all, there are clearly more steps visible along
this azimuth, and the profile asymmetry is almost vanish-
ing [Fig. 5(b)]. The best fit obtained for the random step
model gives a mean step-step distance of 65 lattice units
(260 A), compared with the value of 230 lattice constants
along [110] (680 A), and thus a low-temperature surface
step density asymmetry of about 3.5:1 at 300 K.

The miscut along the [001] azimuth is small
(ap<0.1°), therefore no significant asymmetry can be ob-
served and up- and down-steps are present with (almost)
the same probability. In this case the terrace width dis-
tribution function is the only fit parameter. Different dis-
tribution functions have been tested as well as in the
[T10] azimuth for the profiles along [001]. Gaussian,
Poisson, rectangular, and algebraic distributions, howev-
er, did not lead to a reasonable agreement in this azimuth
at 300 K (see Fig. 6), and therefore were rejected.

Again the influence of different distribution functions
has to be discussed from a theoretical point of view. First
it is not astonishing that we do not find a Gaussian distri-
bution (as in the misaligned azimuth), but a geometric
function. If no miscut is presented, the ground state of
the surface is without any steps. In this case, vicinal sur-
face theories?’ ~?? are not applicable, but the conventional
roughening theory?®26 should hold. This theory predicts
an algebraic-exponential pair-correlation function

P(r)=r—Me"7/% (11)

that for T < T, (finite & and low 7) is exponentially decay-
ing at the high terrace widths. This is consistent with our
finding of a best fit with a geometric terrace width distri-
bution function which also describes an exponentially de-
caying P(r). At Ty, & diverges and the pair correlation
becomes algebraic. The algebraic P(r) should also affect
the terrace width distribution function, but an explicit
form of v (w) at Ty is not known to the authors (it is not
directly the pair-correlation function?). We therefore did
not try in our fits to resolve the subtle differences in the
correlation function predicted by the roughening theory
in this analysis, but instead chose the geometric distribu-
tion function which fitted well between —0.02 and 0.02
reciprocal lattice units at all temperatures and is in lead-
ing order consistent with the roughening theory (for
T <Tg).

The thermal development of the mean terrace widths
(w) obtained with the geometric distribution function is
shown in the upper inset of Fig. 5(b). The extrapolation
of the average terrace width (w) to (w)=2, the
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roughening point of the BCSOS model (Sec. III B), now
provides another determination of the roughening tem-
perature. We thus obtain T =900+50 K [Fig. 5(b),
lower inset] where the error has been estimated and
essentially comes from the uncertainty of the exact ter-
race width distribution function that changes close to T.
The obtained T value is consistent with the roughening
point determined for the [110] azimuth (~900 K as
well).

The difference in the step densities along [110] and
[001] at low temperatures must now be discussed. Obvi-
ously, it is not at all the miscut that is responsible for the
different profile widths along both azimuths. The aligned
[001] azimuth has a higher step density than the
misaligned [110] azimuth. We certainly can conclude
that this is because of the difference in the step energy.
Steps along [001] are less closely packed, form (100) mi-
crofacets, and are therefore energetically unfavored com-
pared to the close-packed steps along [110] that form
(111) microfacets.

A theoretical model that describes this trend is the an-
isotropic BCSOS model?*2¢ as well as the RSOS (restrict-
ed solid-on-solid) model of Rommelse and den Nijs?® that
predicts a DOF (disordered flat) phase in between flat and
rough. In both models, the anisotropy of the step ener-
gies is explicitly taken into account and an anisotropic
roughening transition is predicted. In Sec. III B, where
we analyze the roughening exponent 7, we will return to
a discussion of these models.

B. Analyses of roughening exponent 7

So far we have analyzed the roughening using an expli-
cit step model solved by a numerical calculation scheme.
An anisotropic step roughening transition was identified
as an appropriate description for our Ag(110) sample.
While this is not the traditional approach to model
roughening, the use of an explicit step distribution model
was necessary to include the miscut and the meandering
and bunching of steps at low temperatures on our sample.
The traditional approach used in other studies' ™'* is an
analytical profile description wusing the Kosterlitz-
Thouless roughening theory,?>?¢ which assumes that the
surface is homogeneous and without miscut or step
bunching. For comparison with previous work, we re-
peat the traditional analysis here on data from our
Ag(110) sample. Further justification for this pursuit is
to shed light on the question of the interplay between
roughening and miscut, a question dealt with by Nijs and
co-workers.?

By performing the analysis near [ =0, the difference
between steps due to roughening and due to miscut be-
comes invisible. Moreover, as more and more steps are
activated at higher temperatures, the effect of miscut and
bunching of steps in the low-temperature phase becomes
less important, so the traditional analysis becomes more
and more justified. A more complete understanding of
the relation between roughening and miscut would re-
quire an analysis of the data at values of / different from
zero to ensure that the miscut is visible in the line shapes.
We note, however, that such a procedure is difficult be-
cause the multiple-component profile shapes cannot be

S. PFLANZ et al. 52

explained with a single power law (as in the theory' pre-
dicted). If the miscut is not respected, the fitted values of
1 would be meaningless and show the wrong [/ depen-
dence.'*

For the power-law line-shape analysis we used the
theoretical profile shape predicted by the (anisotropic)
BCSOS model valid for fcc(110) surfaces. This line
shape, close to T reads® (with o, and o, the surface
tensions)

1 p 172
I(h k) | ——— —= | @wh)?
sin®(1rl) o,
o 172 (n—2)/2
+[—y (2mk )? ,
(12a)
with
(0,(Tg )ay<TR))“2=§kBTR . (12b)

For fcc(110) surfaces, it is further expected that (note the
adjustment to the surface coordinate frame and the 4B
stacking sequence of these surfaces)

7TkBT

W[I“COS(VI)] s

Mool )=

(13)

As shown in the Appendix, the convolution of Eq. (12)
with an ideal slit detector function can be approximated
by a one-dimensional Lorentz-power-law (LPL) profile.
We have therefore used LPL fits to the experimental
diffraction profiles. These LPL profiles are of the func-
tional form

2 1(n—2)72
Ih D« —y (2h) :
sin“(7rl) s
(14
2 (7]"2)/2
kD) —5 (2mk)
sin“(7l) ry

with T, /T, =0,/0,. It must be noted that the use of
formula (12) is only allowed for symmetrical surfaces and
at temperatures T close to Tp. At low temperatures, de-
viations from Eq. (12) are possible, especially if there is a
preferred step direction or a step bunching as shown in
Sec. III A. These deviations are responsible for the
profile shapes along [110] exhibiting shoulders and an
asymmetry, and make an analysis of the low-temperature
7(1) behavior impossible. This fact has already been not-
ed in Ref. 14.

The out-of-phase profiles at / =0, however, are symme-
trical and fairly well described by one single component
along both azimuths. This makes an analysis of Eq. (12)
at [/ =0 for both azimuths applicable. We note that this
holds true although the miscut makes it impossible to ex-
tract the 7(I) behavior at other / values by use of Eq. (12).
In the symmetrical power-law description, the profile
tails, through 7, act as a measure of surface roughness.
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For details of the power-law profile fitting theory we refer
to the literature.! 14

Two kinds of fit procedures have been employed. In
the first the reflection profiles were fitted by convolving a
Gaussian resolution function, G (gq), with a Lorentzian
power-law function, Lp; (q). In order to account for the
central peak, the Gaussian resolution function (0.002
reciprocal-lattice units FWHM) was added for T' < Ty:

I(q)=cG(q)+G(g)®Lp (q) , (15)

where ® denotes the convolution. The Ly function is
defined as

(p—2)/2
(g —q0)
1+ 9 4o
F2

Ly (@)= (16)

The respective amplitudes of the Gaussian and the
Lorentz power-law function are fit parameters. The pa-
rameter g, defines the center of the reflection and I" the
width of Lp; . The power-law exponent 7 is a direct mea-
sure of the rate of logarithmic divergence and therefore
of the surface roughness.

In a second and more simplified approach, we used the
function

I(q)=cG(q)+Lp (q) (17

neglecting the convolution with the resolution function
G(q). We refer to this formalism as the pseudo-Voigt
(PV) function.

The fits performed along both azimuths lead to compa-
rable results. In Fig. 7 representative profiles of the (01)
rod (scans along [001]) at / =0.1 are shown for tempera-
tures between T =420 and 850 K. The experimental
reflection profiles could be fitted with high accuracy, and
the (normalized) goodness of the fit parameter, Xz, was in
all cases below 3, in most cases in the regime below 1.5
(R, =~2-5%).

The power-law exponent 1 and the constant ¢ in Egs.
(15) and (17) are plotted as functions of the sample tem-
perature in Fig. 8. The filled symbols represent results
derived on the basis of the PV function, and the open
symbols correspond to fits using the full convolution pro-
cedure. Both the fits along the [001] and [110] azimuths
as well as the different fitting procedures used to describe
the experimental profiles lead to similar results for 7
within an error of about +0.15. This indicates that
despite the miscut the roughening theory is at / =0 (out-
of-phase condition) indeed applicable (a nontrivial conse-
quence), and further shows that the influence of details of
the instrumental resolution function on the reflection
profile tails is only small. The use of the Gaussian func-
tion to take account of the resolution function appears
justified in view of the high quality of the fits. We note
that the 7 values obtained, although fitted independently
along [110] and [001], are within the error bars identical
along both azimuths.

While the Bragg peak contribution ¢ falls off rapidly
with temperature (reaching O at about 850-900 K), the
power-law exponent 7 is fairly constant (along both az-
imuths) between about 300 and 600 K, but then increases
sharply [and roughly linearly, as predicted by Eq. (12)]
above about 600 K. At 900+20 K n=1 holds, as predict-
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FIG. 7. Experimental profiles along [001] [transversal scan
through the (0,1) rod] at / =0.1 (close to the out-of-phase condi-
tion I =0) where the profiles are symmetric. The LPL fits (solid
lines) on the basis of Egs. (15)—(17) fit well to the experimental
data.

ed by the surface roughening theory (Fig. 8). The value
Tr =900+£20 K obtained from Fig. 8 is identical with the
value obtained from the domain-matrix method (Sec.
IITA).

At low temperatures an initial roughness is present
which can be related to the large terrace width fluctua-
tions identified in Sec. IITA. Details of the low-
temperature surface morphology are, however, not ex-
tractable from the LPL fits at / =0, especially because the
corresponding analysis at other / values is missing.

In this connection, it is interesting to note that den
Nijs and co-workers?® used the so-called RSOS model to
predict a statistical pairing of up-steps and down-steps
[the DOF (disordered flat phase)] at temperatures above
some preroughening temperature Tpg. The interplay be-
tween entropy and further-than-nearest-neighbor interac-
tions along [001] should stabilize the DOF phase accord-
ing to the RSOS model. The predicted step pairing is ob-
viously related to the tendency of the fcc(110) surfaces to
form a (1X2) reconstruction at low temperatures which
is an ordered array of up- and down-steps every second
row. In the DOF phase, however, the steps are position-
ally disordered. The DOF phase has been predicted for
fcc(110) surfaces with a slightly positive reconstruction
energy, as is the case for Ag(110),?! that (1X2) recon-
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FIG. 8. Temperature evolution of (a) the 8§ peak contribution
and (b) the roughening exponent 7 as determined from the out-
of-phase profiles (! =0.1) along [110] and [001]. The data were
derived on the basis of the pseudo-Voigt (PV) function (squares
and triangles), and the Lp; function convolved with a Gaussian
resolution function (circles), respectively. The roughening tem-
perature is identified at 900+20 K, where n=1.

structs, e.g., upon K adsorption.>°

A low preroughening temperature (<400 K) and
therefore a high surface mobility already at room temper-
ature would be consistent with the identified large terrace
width fluctuations at low temperatures. It is, however,
still open and not deducible from the diffraction profiles
(mainly because of the meandering and bunching of the
steps) whether a strict pairing of steps occurs along [001]
(or would occur if no defects were present). The applica-
bility of the RSOS theory may thus be prevented by ei-
ther the defects (responsible for meandering and bunch-
ing) or the miscut or a combination of both.

In any case, however, the anisotropy of the BCSOS and
the RSOS model is necessary to describe the low-
temperature phase and the roughening behavior of
Ag(110) which shows that the difference in the step ener-
gies along [110] and [001] is a relevant factor.

A second note concerns the change of the correlation
function below and above the roughening temperature
TR. This change can now be interpreted in terms of the
terrace widths and their size distribution. If the rough-
ness is present at all length scales, it is a self-similar
roughness. This self-similarity exists as long as a surface
with random steps (with a microroughness) has regions of
a macroscopic roughness as well. This is in general the
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case after the preparation process, i.e., a sputter and an-
nealing cycle if total equilibrium is not yet reached. The
surface is rough on macroscopic as well as microscopic
scales. Above Ty, however, the surface is on a micro-
scopic scale much more rough than it can be on a macro-
scopic one in order to be still a surface. Thus additional
steps have been generated and the scale of the step dis-
tances has been reduced. The ratio of larger to smaller
terraces, however, has changed in the opposite way: The
larger terraces have grown at the expense of the smaller
ones (not vice versa), although all terraces, of course,
have become smaller. It is this compensation effect that
makes the correlation function decrease slower in the
rough phase (algebraical) than in the prerough phase (ex-
ponentially), which is the realistic low-temperature phase
for surfaces with low T'pg.

C. Determination of step energies J, and J,

The anisotropic BCSOS model now allows us to deter-
mine the step energies J, and J,, per atomic length unit,
for steps running along x =[110] and y=[001].
Theoretically, it holds that®®
o " Vx/kaT

—_— = = e

~I./kpTr 4 = /kaTR
—_ ’ .
o 2y /ksT

(18)

The low-temperature asymmetry, together with T¥g,
therefore allows us to determine J, and J,, the coupling
constants in the surface Hamiltonian:

H= 3 J [ hi1,;=hj PHI, hj—h T (19)
ij

which describes the (anisotropic) BCSOS (six-vertex mod-
el) model. h;; here are height coordinates of the surface
at the position (i,j) of the rectangular surface unit mesh
(in the surface-adapted body-centered setting; see Ref.
22). For a mapping of the anisotropic BCSOS model to
the six-vertex model, see Ref. 20.

The analysis of the step anisotropy on the Ag(110) sur-
face (Sec. III A) now allows us to estimate the step ener-
gies under the assumption of equilibrium step structures.
From the low-temperature (300 K) step density anisotro-
py of 3.5 (Sec. IIIA), analyzed at [/=0.5, using
Tr =900+20 K and Eq. (18), we obtain

J,=4513 meV ,

(20)
J,=60+3 MeV ,
and, furthermore,
kpTpr=1.49VJ,J, . 1)

We note that the power-law analysis (Sec. IIIB), per-
formed at [ =0.1, gives a consistent value of ', /T, ~3
at 300 K and therefore a similar result.

The value 1.49 in Eq. (21) agrees remarkably well with
the value 1.48+0.01 obtained from a Monte Carlo simu-
lation study?® performed for fcc(110) surfaces, and clearly
exceeds m/4=1.27, the value expected in the isotopic
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limiting case (J, =J,=J along any direction; see, e.g.,
Ref. 3). This, together with the successful determination
of J, and J,,, is a a posteriori confirmation of the strongly
anisotropic nature of the Ag(110) surface roughening
transition.

IV. SUMMARY

We have investigated the thermally induced roughen-
ing of the Ag(110) surface using the domain-matrix
method and an analytical power-law line-shape descrip-
tion. The sample was misoriented from (110) by about
0.14°(+0.05°) along the [110] and by less than 0.1°
along the [001] azimuth. Both approaches employed to
analyze the data give consistent results for the roughen-
ing temperature. The DMM provides information about
the terrace width distribution and can therefore be
viewed as a direct microscopical description of the step
arrangements.  On the other hand, the power-law formal-
ism is more fundamental because it relates to the height-
height correlation function in the continuum approxima-
tion. The power-law function, however, is only applica-
ble at higher temperatures (close to Tz), where the steps
are mainly of entropic origin and only one homogeneous
diffraction component is present. The Ag(110) surface is
found to wundergo a roughening transition at
T =900+20 K. The regime between T =300 K and Ty
can be characterized by strongly fluctuating terrace
widths. Along [110] these are best described by a bimo-
dal distribution of steps with both a broad Gaussian ter-
race width distribution function and some rougher sur-
face parts.

The low-temperature anisotropy of the surface (ratio of
the step densities at 300 K) is about 3.5:1 which means
that the close-packed [110] steps have a lower-energy
cost than the less closed-packed steps along [001].

We devolved the formerly proposed hill-and-valley
structure, which would be stabilized by a cusp in the sur-
face free energy, into a two-component step model with
bunching and meandering of steps. This satisfactorily ex-
plains the profile shapes along both azimuths at low tem-
peratures. The bunching could be caused by defects (e.g.,
oxygen) well below the Auger detection limit.

Despite the low-temperature inhomogeneity, however,
the 0. 14 ° misaligned surface exhibits practically the same
roughening temperature as other fcc(110) surfaces, if
scaled to the bulk melting point. We find T =0.73T,,
which is close to theoretical and experimental expecta-
tions for fcc(110) surfaces varying from 0.697,, up to
0.75T,,. The thermal roughening of the surface takes
place by the growth of the rough regions at the expense
of the more flat ones. The terrace widths of both com-
ponents decrease with temperature, and additional steps
are formed on the original flat parts of the surface. When
the roughening transition sets in, the step-step distance
has reduced to only a small number of lattice constants
(about 2).

The resulting roughening behavior is consistent with
the theoretical expectations of the (anisotropic) BCSOS
model predicting an anisotropic type of surface roughen-
ing transition with different step energies along [110] and
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[001]. A determination of the step energies gives reason-
able values of J,=45+3 meV and J,=60+3 meV per
atomic length_unit. This, as well as the relation
kgTr=1.49V" J,J,, establishes the anisotropic character
of the roughening transition on this fcc(110)-type surface.

Our work has also shown that the traditional method
of line-shape fitting for rough surfaces can still be useful
when the effects of the miscut are present . The data mea-
sured near the anti-Bragg condition (/ =0.1 here) are
symmetric about g, =0 because the distortion due to mis-
cut on one side of the line shape is compensated for by an
equivalent one on the other side. This allows the data to
be fit, but does lead to an enlarged value at low tempera-
tures, reflecting the inherent step density due to the mis-
cut. However, the distortion becomes unimportant for
temperatures near T, where the excited steps out-
number the effect of the miscut.
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APPENDIX
The convolution of the function [Eq. (12) with
a=b=1]
r |12 172 1—(1—9/2)
= | | 2 X 2
IO(qx’qy)_ Fx qx+ r\y qy ’
(A1)

with an anisotropic detector function (in reciprocal
space)

F(q,,q,)=05(q,)g(q,) (A2)

results, for the measurement along x =[110] (and analo-
gously along [001]), in

I(qx;qy)::ff[(qx——q; )2I‘y+(qy_q}:)2l-x](n—2)/2

X 8(qy)g(q,)dq,dq,
rx (qyz_qyz') (n—2)/2
—_ [qz](n-—Z)/z 14— =
f L, '
Xg(g))dg; . (A3)

For the x-profile tails that carry information about the
surface roughness (along x) it holds that g, >>q, and also
g5 >>(q, —q,). To first order it therefore follows that



2926

T, (g,)°
F,v ‘13

—_ _2 ’ ’
I(q,,0)~[g2] 727 [ l”ﬂz_ g(g;)dg;

_ —2T ¢
=c,[gZ]" 2)/2[14-—77—2 I"x —q—zl
y x
B r ¢, (n—2)/2
=~cy[q7]" 2”2|1+}i?
y x

(n—2)/2

=Cl

2 X
q;tec,—
X ry
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with some integration constants ¢, and ¢, that depend on

the slit width. From the final result [with
c=c,/(I',T,)]
2 1(n—2)/2 qz (n—2)/2
I(g, ,0)« [1+2 = = |1+— ,
9x T, cl"i
(AS5)
[ 2 1(n—2)72 qz (n—2)/2
1(0,q,) < |1+ —=-2 =|1+-2 ,
q, r‘y c, cri

it follows that the ratio of the half-widths of the Ly
functions is indeed I' /T, [Eq. (14)].
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