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Inter-step-edge correlations on crystalline surfaces measured with helium-atom scattering
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For close-packed metal surfaces the large-angle scattering of helium atoms is dominated by
short-range interactions with surface defects. Along certain azimuths, monatomic step edges are
the major contributors to difFuse scattering. The broad intensity oscillations provide information on
the local step shape, and the finer structure is an indication of interstep correlation, which becomes
more prevalent at higher step densities. DifFerently oriented step edges scatter along difFerent final
azimuths and thus the correlations between like step edges are only observed. The energy depen-
dence of angular scans has been used to investigate the correlation between step edges on a sput-
tered Cu(111) surface. Comparison with structure-factor calculations indicates the presence of (331)
and (211)microfacets.

I. INTRODUCTION

The appearance of step edges on a crystalline surface is
an indication of the onset of disorder or even of roughen-
ing of a surface. On entropy grounds, a surface cannot be
prepared without steps. Many surface studies have been
performed assuming that the step density is sufBciently
low that the results are unaffected, but, increasingly, the
influence of steps is known to be of importance in many
physical processes. Step edges are known to play a dom-
inant role in determining the limited correlation lengths
in phase transitions, ' increased sticking coeScients, in-
creased reactivity of adsorbates, 3' preferred orientations
of superlattices, or simply the presence of surface facets.

Electron diffraction has a certain surface sensitivity,
and has been used successfully in the characterization of
step densities and distributions. This information is de-
duced, perhaps somewhat indirectly, from the scattering
from terraces (unstepped regions). When the correlation
over the surface is broken up, it is assumed that, on a
single-crystal face, this results from the presence of a step
edge. With careful studies, over many kinematic scatter-
ing conditions, it is also possible to deduce the distribu-
tion of step heights. '

In contrast to all other diffraction-scattering probes,
however, atoms and molecules are the only ones which
interact directly with step edges. The long-range interac-
tion of atom-surface scattering, contrary to all point-
scattering methods, implies that a step edge has a finite
scattering cross section. This was first observed experi-
mentally for specular helium-atom scattering (HAS) from
a randomly stepped Pt(111) surface. At a kinematic
(Bragg) condition such that all terraces scatter in phase,
the decrease of intensity of the specular peak with in-
creasing step density was assigned to a step-edge cross
section, —10 A per unit length. The majority of this in-
tensity is scattered through only small angles. The same
system was later observed to show characteristic intensity
oscillations in the large-angle scattering along ( 112)-
type azimuths. It has been demonstrated that these os-

cillations contain information on the short-range interac-
tions of He with extended surface steps. " More re-
cently, similar measurements from many surfaces have
been reported. ' ' In most of these experiments addi-
tional sharp "fine-structure" features have been identified
in the large-angle diffraction. Originally it was thought
that this fine structure might arise from the diffraction
from isolated step edges. ' Since then it has become ap-
parent that the observed fine structure is, in fact, depen-
dent on surface preparation and treatments. ' Thus the
independently suggested explanation that the variable
fine structure arises from interstep correlation effects'
(lattice-gas effect) now seems more likely to be correct.

If a significant proportion of steps are separated by dis-
tances which are shorter than an experimental transfer
width at the surface, ' then an interference from several
steps (step-step correlation) will be observable. For HAS
the transfer width depends on the incidence angle and en-

ergy and is typically of the order 100—200 A. The effects
are therefore most prevalent with higher step-edge densi-
ties. If the fine structure is observed, it provides much in-
formation on interstep correlation on the target surface.
This paper investigates both experimentally and compu-
tationally the type of information available from the fine
structure in large-angle difFuse-scattering measurements,
and makes explicit conclusions about the topology of a
Cu(111) surface after one particular ion-bombardment
treatment. The methods illustrated here could clearly be
extended to any close-packed smooth surface under al-
most any degree of disorder or roughness.

II. EXPERIMENT

The copper crystal was cut to within 0.25 of the (111)
face, mechanically polished to a grade of 1 pm, and
placed in vacuum. The surface was cleaned by repeated
cycles of —,'-h, 1-kV-Ne+ (2.0 pAcm ') sputtering and
flashing to 800 K. The contaminant levels, as measured
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with a cylindrical mirror analyzer (CMA), were estimated
from 3-kV-electron-induced Auger spectroscopy to be
sulfur [S]& 0.2%, [C] & 0.5%, and [0]& 0.5%. High-
temperature flashes to greater than 900 K induced fur-
ther segregation of sulfur to less than 2%. This situation
was, however, easily avoided during the measurements
presented here, as a very-high-quality, well-annealed sur-
face was not required in these experiments.

The measurements were made in a HAS apparatus,
which is fully described elsewhere. ' Only the basic
features of its design are discussed here. A supersonic ex-
pansion He-atom source produces an intense atomic
beam with a velocity resolution b, u/u =—1%. This beam
is scattered from the crystal, and intensity is measured at
the detector, which, in these experiments, is placed at an
angle of 90' from the incident direction. The angles of in-
cidence, 0;, and of emergence, 0f, are varied simultane-
ously by rotating the crystal through an axis perpendicu-
lar to the scattering plane. For in-plane scattering this
implies the 6xed-geometry condition, 0;+Of =90'. A
typical angular scan, 0'(0; (90', in 0.2' steps, takes on
the order of 12 min. The sample chamber has a base
pressure of less than 7X10 "mbar and the surface was
not observed to contaminate during the course of these
measurements.

The He-atom —source temperature was varied between
110 and 330 K, producing beams of energies 24.5—75
meV. The exact beam energies were calibrated using
time-of-flight (TOF) measurements at each source tem-
perature.

The diffraction at large angles far from specular was in-
vestigated along the (112) azimuth. The quality of the
crystalline surface was degraded by ion bombardment at
controlled surface temperatures, producing many mona-
tomic steps. ' These were observed from their charac-
teristic diffuse-intensity oscillations. Multiple step-height
step edges were not observed in the measurements
presented here, but may well be present in small concen-
trations. ' Not only quantitative but also qualitative
changes in the diffuse-intensity oscillations were observed
after anneal treatments. These have been investigated at
different step densities and also at varying incident wave
vectors.

III. RESULTS

The two upper intensity curves of Fig. 1 were taken un-
der identical incident-He-atom-beam conditions, but with
different surface preparations. Curve (a) shows a typical
angular scan taken at 225 K after sputtering at 275 K for
1 h (0.7 pAcm, Ne+, 1 keV) and standing a further
hour at 225 K. Curve (b), in contrast, is taken (at 225 K)
almost immediately after a similar sputter treatment, but
at 300 K. The total diff'use (nonspecular) scattered inten-
sity is reduced, reflecting a smaller density of step edges.
From a one-dimensional (1D) model, linear step densities

0
of order —,', and —,', A ', respectively, would be estimat-
ed. ' Curve (b) shows the typical intensity oscillations
expected from a low density of uncorrelated, or isolated,
step edges on the fcc (111)face. This type of intensity os-

cillation was first measured from a Pt(111) surface and
has since been observed for other step edges on Al(111)
and Ni(001). ' ' In the limit of low step density the
diffuse intensity is expected to be simply proportional to
the absolute step density, but, at higher densities, as ob-
served here, other structure develops. This was even evi-
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FIG. 1. Measured intensities and calculated structure factors
for the Cu(111) surface along the (112) azimuth. Curve (a),
measured after sputtering a well-annealed surface for 1 h at 275
K with 1-keV-Ne-ion current of 0.7 pA cm '. Curve (b), after a
similar treatment at 300 K; see text. Both curves measured with
surface temperature Tc„=225K and incident wave vector

0

k, =9.1 A . Horizontal lines indicate uniform local back-
ground levels (a) 3.85 and 1.40 kHz and (b) 1.50 and 0.63 kHz
used for background subtraction in the generation of curve (c).
(c) Estimate of relative structure factors, S„(lhs)and Sd (rhs),
for the distribution of steps observed in curve (a). Note that
these curves are very sensitive to background subtraction. See
discussion in text. (d) Calculated structure factors, for the angu-
lar scans above, using the step-distribution model discussed in
the text. k, =9.1 A ', t =3a, cr, = 3a, U =D= 1000, L =7841a,
and p, h =0.15.



42 INTER-STEP-EDGE CORRELATIONS ON CRYSTALLINE. . . 1211

10—

N

p I

-12 -10 4 6 8 10 12-8 -6 -It' -2 0 2

b K,({k')

18 I I I i, I

+ + ~ +o,
I

Cu (111)

p

o+ p I p~ + p~ I P + I ~ fO+ 9+ p+~ ~ +

o~L)+ p +
ip+ +p + gp

+ + ~ + ++p + p pl p O++ +-Op

+p+ p -~+ 1
+ wp+ +

I p g+
I

+~ -& ~$0

6-
f

&112&
i
&112&,

2-
I I

I Il I i I I I I .'I I I

102

103

0

-2 0

BKii (A )

FIG. 2. Maxima (+ symbols) and minima (circles) in angular
scans, at varying incident energies, plotted in momentum-

exchange space. The measurements, at Tc„=225K, follow a
sputter treatment of 1 h (0.7 pA crn ') of Ne+ at TC„=300K.
Active features have been identified and designated by larger
symbols. Positive parallel momentum transfers (b,E~~) corre-
spond to transfers along the scattering azimuth, the (112)
direction. Vertical dashed lines indicate the 2D Bragg condi-

tions, hE
~~

=2n m /a. Other dashed lines are of the form
Ak'h =b,E~~a/3+2nm. . The points of intersection of dashed

lines are the 3D Bragg conditions.

dent on the fairly low-step-density Pt(111) surface. It is
now clear that the so-called "fine structure" is not only
dependent on the absolute step density, but also on the
exact means of surface preparation. This leads to the in-
terpretation in terms of interstep correlations. ' The
diffuse intensity is no longer simply proportional to the
step-edge density, but now depends on more subtle
features of terrace shapes, sizes, and step-edge interac-
tions. A discussion of the models used in deriving the
curves of Figs. 1(c) and 1(d) will follow later.

Comparing Figs. 1(a) and 1(b), it is possible to identify
"active" features in the angular scan. Both sharp maxi-
ma and sharp minima are observed as a result of increas-
ing step density. We refer to these new maxima and
minima as the active features of an angular scan at any
particular incident energy. Similar measurements were
made over a range of incident energies, for the surface
after 1 h of sputtering at 300 K. Active features were
identified throughout, and their positions in reciprocal
space have been plotted in Fig. 2. This demonstrates the
positions of all possible maxima (+ symbols) and minima
(circles) observed in scattering space. The special active
features have then been marked with the enlarged sym-
bols. The pattern of active features is clearly asymmetric
with respect to the hK~~ =0 line. The diffraction from a
stepped fcc (111) surface no longer shows sixfold symme-
try, but rather threefold symmetry. The origin and @-

space dependence of these active features are the subject
of the next section.

FIG. 3. Normalized intensities calculated for a density of ]gp
0 0

A of downhill steps at incident wave vector, k, =9.1 A '. Note
that the largest proportion of scattered intensity, other than
that associated with specular intensity, is found in positive
parallel momentum exchange only. Calculational parameters
(Ref. 10) are step height h=2.09 A, width W=5.3 A, steepest
angle of descent, m=43', and reciprocal correlation length,

0

y =0.02 A '. Inset shows geometry for step-down scattering.

IV. INTERPRETATION AND DISCUSSION
The kinematics of diffuse HAS from a stepped fcc (111)

surface is much simpler than the equivalent theory for
low-energy electron-diffraction (LEED) scattering for the
following reasons.

(1) The terraces of fcc close-packed (111)surfaces show
no significant corrugation to helium atoms. This approx-
imation implies that terraces scatter He atoms only into
directions close to specular.

(2) The large-angle scattering along ( 1 1 2 ) - and
(112)-type azimuths arises from the extended step-edge
potential and is dominated by the short-range repulsive
interactions. Hard-wall models reproduce this type of
scattering well. Analogous diffuse scattering from LEED
experiments can only arise from the absence of multiple-
scattering mechanisms at atomic cores close to step
edges.

(3) HAS from downhill steps lead almost exclusively to
transfer into states of positive parallel momentum ex-
change, bKii. In contrast, uphill steps (risers) scatter into
negative hK~~ only. Such asymmetries in the form factors
are not expected for electron diffraction.

Figure 3 illustrates the latter point. The calculated in-
tensities from an isolated-model hard-wall downhill step
(see inset) produces the characteristic step-edge oscilla-
tions on one side of specular only. This has not been ex-
plicitly tested experimentally, as most surfaces have equal
numbers of uphill and downhill steps. Vicinal surfaces,
having an unequal balance of step directions, usually
have relatively strong step-step correlations. However,
these surfaces' ' do exhibit strong symmetries in inten-
sity with respect to the terrace specular direction.

A general one-dimensional kinematic theory of scatter-
ing predicts a scattered amplitude A (hk) given by
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A(b, k)= — g F, I(b,k)e '+ g F„(b,k)e + g Fd(bk)eL
m =] n=1

The total momentum transfer bk is composed of the
two x and z momentum-transfer components, hk
=b,K~~x+b, k z. F, , is the terrace form factor of the Ith
terrace from a total of T terraces. L represents the total
length of a unit cell used to model a stepped surface of
any given step-edge distribution. F„andI'd are the form
factors for scattering from step edges of up and down
orientations, respectively. For a unit cell that conserves
the macroscopic plane, the total number of downhill
steps, D, equals the number of uphill steps, U, and is
T/2. ri, r, and r„represent the coordinate vectors of
the lth terrace, mth uphill step, or nth downhill step, re-
spectively.

As mentioned before, for HAS this can be considerably
simpli6ed. For "larger" positive hEII we have F„-0and
F, , -O. Thus Eq. (1) reduces to

and the division of curve (a) by curve (b). Curve (c) thus
represents a crude estimate of the structure factors for
the upper curve (a). The divided curve is not shown for
regions of smallest intensities, as the noise levels become
very large, and the local background subtraction becomes
critical. Curve (d) is to be discussed later. Within the
limit of our resolution, the peak positions in the structure
factors are identical to those of the sharp diffraction
features in the data, Fig. 1(a). The "active" peak posi-
tions, as shown in reciprocal space in Fig. 2, therefore
coincide with peaks in the structure factor for either
uphill steps [left-hand side (lhs)] or downhill steps [right-
hand side (rhs}].

To assist identi6cation of 3D Bragg points, dashed
lines are drawn in Fig. 2. The intersections of these lines

D
A (b,K,

~

~ 0, b,k') =—+ Fd(b, k)
II L

Likewise, for negative AKII, not close to hKII =0,
U

A(bK~~ &0, bk')= —g F„(bk)e
II

The diffuse intensities are then given by

(2)
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where the angular brackets (( )) refer to a statistical
average over all possible pairs of r and r'. The term Sd is
the structure factor for all downhill steps. A similar ex-
pression, of course, holds for S„anduphill step edges.

Figure 1 shows how we may estimate a value for the
structure factors. Figures 1(a} and 1(b) illustrate the in-
tensities observed under identical scattering conditions.
The step density for the second case is considerably re-
duced. Under these conditions interstep correlations
could be assumed to be unimportant. In this case the
structure factor is uniform, S„=1/Uand is not depen-
dent on Ak. The validity of this assumption is clearly
limited, as fine structure is indeed still apparent (at
bK~~

—+2.8 A '), even at the low step density of Fig.
1(b). The curve of Fig. 1(c) is produced after the subtrac-
tion of local background levels, indicated in (a) and (b),
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FIG. 4. A small section from Fig. 2 is shown. Circles denote
experimental active-feature maxima positions: The solid square
represents a 3D Bragg-scattering condition in reciprocal space;
the open squares two anti-Bragg conditions {LEEDnotation).
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correspond to the 3D Bragg conditions. It appears that
all peaks in the structure factors, which are where we
identify active peak positions, lie along lines which run
through these 3D Bragg conditions. Step edges are
necessarily restricted to the projection of a 3D lattice gas
onto the scattering plane. This correlation ensures that
scattered phases are identical for all steps (of the same
orientation) at the 3D Bragg conditions, 6k= b,k3D. This
basic argument and observation of larger peak intensities
at b,k3D conditions has enabled the identification of the
two ( 1 1 2 ) and ( 112) directions. ' Helium scattering is
a purely surface-sensitive technique, and without step
edges the difFraction from this fcc (111) face is sixfold
symmetric. The ABC-type stacking of this surface only
becomes apparent when sublayers are exposed, or step
edges exist, and only then can the threefold symmetry or
orientation of the crystal be identified.

Figure 4 demonstrates that peak maxima in the neigh-
borhood of an example 3D Bragg condition lie approxi-
mately on a straight line in reciprocal space. This is true
of all the active-feature maxima. A gradient in reciprocal
space of 3.1a/h is observed in this example, where a is
the spacing between rows on the (111)surface and h is the
step height. For Cu(111), a=2.21 A and h=2.09 A. In
reproducing the structure factors, the gradient proves to
be a key parameter. From the complete data set present-
ed here, our best estimates of the gradients are 2.5+0.5
for step-up scattering into negative-DER directions and
2.8+0.4 for positive hE~~. The relatively large variations
in these numbers will, we believe, be resolved when the
kinematic model can include a potential-well structure,
which could be of extreme significance for the largest an-
gle scattering and for the lowest incident energies.

The following section discusses the properties of the
structure factors for differing statistical distributions of
step edges. In a manner similar to Ref. 14, a randomly
distributed set of step edges is modeled within a large
unit cell containing monatomic step edges. An adequate
sampling of the step-edge correlations is expected to be
simulated within a sufficiently large unit cell. Here, the
step-edge directions are defined by one probability distri-
bution and their separations by another. The terrace
lengths t are defined by a Gaussian distribution,

P (t) =Poexp

for t ~ 1, where t is some mean terrace length and o., the
standard deviation in lengths. To each terrace length a
distance of a third of a lattice-row spacing, a/3, is added
for steps down, or 2a/3 for steps up. This construction is
illustrated in Fig. 5. For convenience, step-edge positions
are then defined as being at the bottom of downhill steps
and at the top of uphill steps. The first step is of a
defined orientation (up). The remainder of the surface
unit cell is then generated by defining a probability for a
change in step-edge orientation, at each terrace edge, P,h.
In generation of a finite-sized unit cell with periodic
boundary conditions, the case of P,„=Ocannot be al-
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FIG. 5. Schematic section ( (112)) of a model step-edge dis-
tribution. Squares represent the set of step-up coordinates,
Ir j, and circles that of step-down coordinates, (r„).Dots in-
dicate atom-core positions projected onto the plane of the dia-
gram. The ABC stacking of a fcc (111)surface is indicated, il-
lustrating the lack of mirror symmetry in the [110]-type direc-
tions.

lowed. If P,h =1, a structure with only two layers is gen-
erated. In the limit of P,h~0 the surface consists of
large facets, and at P,h =0.5 the steps are purely random-
ly oriented. The structure factors are then calculated us-
ing

1
U
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e

U
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e
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Figure 6 shows the results of structure factors from three
surfaces. Each has t =3a =6.65 A, o, =3a,
U=D=1000, and L =7841a. Three types of surfaces
are used: (a) P,„=0.15, (b) P,h =0.5, and (c) P,„=0.85.

The results have been calculated and, for clarity of pre-
sentation, are smoothed by the convolution with a tri-
angular function of full width half maximum (FWHM) of
0.02(2n. /a). The smoothing is used to simulate approxi-
mately the finite resolution of an apparatus, and to elimi-
nate any artifacts from the modeling of a random distri-
bution with a finite-sized unit cell.

The results of the calculations can be used to rule out
case (c), the locally two-level structure with high P,h.
The central peak predicted at b,K1=2m /a independent of
Ak', which corresponds to a doubled periodicity of the
pure two-level system, is not observed experimentally.
Case (b), corresponding to random step direction, is
shown to illustrate some intermediate-type dispersion of
the peak positions. The other extreme of case (a) shows
the almost straight-line dispersion that would be expected
from the incoherent superposition of intensities from mi-
crofacets.

Upon comparison with the computational results of
Fig. 7, the results of Fig. 4 clearly indicate a surface
describable by a step direction-change probability P,h

much smaller than 0.5. This implies the presence of mi-
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crofacets on the surface, after the particular surface
preparation described above. The model described
above, with I' =0.15.I5, was also used in the generation of
structure factors illustrated in Fig. 1(c}. Microfacets
reproduce the structure factors of the higher-step-density
surface well. Variation of calculational parameters would
produce better fits. A more detailed experim t 1 t dena suy
o pea positions, which is not yet available, would yield
more accurate values of I' t a d Th d, an 0, e data set
presented in Fig. 2 took of the order of 4 h (12 min/scan

wtth k; stabilizations). A more instantaneous set of data
should be tas ou e taken over smaller angular ranges and not
necessarily over the full range of possible incident ener-
gies. Even at sample temperatures of Tc„-225K the
surface anneals out slow1y continuall hy c angling t e ex-
act form of interstep correlations. For this reason a more
accurate evaluation of the data presented here was not
considered profitable. However, it can be deduced im-
mediately that the microfacets are of every high step den-
sities. t=3a resulted in a gradient of Fig. 7 of order
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that at hK~( =2m/a.

V. CONCLUSIONS

This work was centered on the interpretation of fine

structure observable in difFuse-intensity oscillations scat-
tered from step edges. To date, no diffraction technique

4.2a/h. To obtain a gradient comparable with that of
the experimental data of Fig. 4, we must assume that
most of the facets will have t -2a, implying, for downhill
steps and with this scattering orientation, the presence of
many (331) microfacets. Similar considerations of
scattering from uphill steps also imply many (211) mi-
crofacets. Clearly, the whole surface had not consisted of
these types of facets, as (111)specular scattering was still
the most dominant feature. We therefore suggest that
most of the step edges observed in this experiment are lo-
calized to small regions, arguably associated with sma11
"micropits" arising from individual Ne+-bombardment
events ' or from the coagulation of mobile defect species
such as adatoms or vacancies.

(other than HAS) has been able to measure intensity scat-
tered only from step edges. Also, the interpretation of
such data from any other diffraction method will not be
as straightforward, as only the longer-range interaction
potential of HAS can guarantee the negligible scattering
factors from one type of step edge (e.g., down or up) in ei-
ther positive or negative parallel momentum transfers.

A study of the step-edge-related structure factors for a
model 1D stepped surface indicates that different types of
interstep correlations can be identified. The calculations
are then compared with experimental data from the
Cu(111) surface. The exposure of lower-lying layers and
the 3D lattice-gas-like nature of the extended step edges
allows an absolute determination of the fcc crystal orien-
tation. Elastic intensities from a defect-free fcc (111)face
cannot be used to distinguish (112) and (112) direc-
tions. Previously only the inelastic scattering from sur-
face phonons was known to reflect the 3D nature of the
substrate.

A further comparison of the data with computations
reveals that the ion-bombarded surface, as studied here,
exhibits steps that are not randomly directed but that do
have strong preferences to be oriented as the neighboring
step edges —that is, microfacets have been formed which
are of high step density. The presence of (331) and (211)
microfacets has been implied. Whether the clustering of
step edges arises after annealing processes, rejecting the
dynamics of step-edge defects, or whether the microfacets
arise directly from the sputtering process, remains a point
of debate.

The 1D model of the surface assumes infinitely extend-
ed step edges. An equivalent 2D model should, in princi-
ple, allow broadening out of the scattering plane. We an-
ticipate two distinct causes for out-of-plane broadening.
The first arises from the presence of kinks along any indi-
vidual step edge. The second arises from a lack of corre-
lation in kink positions between pairs of independent step
edges. These aspects of out-of-plane broadening have
been thoroughly studied and simulated for the vicinal
surfaces that undergo roughening. This type of study
would carry over to our case of microfacets, or for
P,h-0. As far as we know, no theoretical studies of
structure factors for step-edge scattering have been made
for 2D systems with randomly oriented steps or for any
cases where P,hWO and P,„A1.For helium-scattering
studies this is of utmost importance since, for most metal-
lic surfaces, the large-angle diffusely scattered intensities
arise almost wholly from step-edge diffraction. Terrace
diffraction is centered very closely to the specular from
the terraces only and, in any other direction, it is the
step-up —to —step-up correlation (or the step-down —to-
step-down correlation) that is of importance. This type
of correlation is not equivalent to terrace-terrace correla-
tions, which dominate diffraction peak shapes in
(LEED), or, indeed, specular scattering of HAS.

We have shown that the study of diffuse HAS intensi-
ties from monatomic step edges can yield not only infor-
mation on local step-edge shapes, but also on the order
along step edges and the interstep correlations. This type
of information is not directly available from any other
diffraction technique. We feel that studies of this type



1216 B.J. HINCH AND J. P. TOENNIES 42

will prove complementary to the very-well-developed
high-resolution electron-di8'raction methods for surface
characterization. We hope also that measurements of
this type will resolve the size of defect craters from indi-
vidual bombardment events and/or the migration and
coagulation of complex defect structures.
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