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Determination of step-edge orientation by helium atom scattering

M. Patting, D. Farı´as,* and K. H. Rieder
Fachbereich Physik, Freie Universita¨t Berlin, Arnimallee 14, D-14195 Berlin, Germany

~Received 9 March 2000!

Helium atom scattering~HAS! has been used to determine the step-edge orientation on a Rh~311! surface,
whose close-packed rows are separated by alternating~100! and ~111! microfacets. The measurements were
performed on a surface in which the step density was previously increased by sputtering. Intense additional
peaks were observed at;48° and;56° from the specular beam when the incident He beam was impinging
on the~100! or ~111! microfacets, respectively. The same behavior was observed at different He energies and
angles of incidence, demonstrating that the observed peaks are caused by specular diffraction at uphill step
edges. The step height could also be determined from the appearance of additional maxima at higher He
energies. These results allow us to determine the in-plane scattering geometry in HAS studies of stepped
surfaces in a very simple way.
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I. INTRODUCTION

Helium atom scattering~HAS! has been developed in th
last decade into a powerful tool for investigating t
structure1 and dynamics2 of clean and adsorbate covered su
faces. Because of the low energies used~10–300 meV!, the
incident He atoms probe the topmost layer of the subst
surface in an absolutely nondestructive manner, and
equally applicable to insulators, semiconductors, and me
Results obtained in recent years demonstrate that HA
also a unique technique for the study of structural disor
on surfaces.3 In effect, the attenuation of the specular inte
sity by single adatoms on a smooth surface is character
by a giant cross section of;100 Å 2, whereas step edges a
‘‘seen’’ by He atoms as 10-Å -wide strips. This attenuati
is almost entirely due to small-angle scattering around
specular direction~caused by long-range interactions in t
He-surface system!, and allows one to gain a wealth of in
formation on growth and diffusion studies.1,3 A different ap-
proach in investigating defects on surfaces consists of lo
ing at the small fraction of intensity scattered through lar
angles, which results from short-range repulsive forces
yields geometrical information on the surface defect.4–8

These large-angle oscillations in the angular intensity dis
bution are more difficult to observe experimentally beca
of their low intensities~typically 1023–1024 of the specular
intensity!, and were first observed by Laheeet al. from a
randomly stepped Pt~111! surface7. Due to their low inten-
sity, these features were previously investigated only
smooth surfaces like the fcc~111! and fcc~100!, whose dif-
fraction patterns consist merely of the specular beam.

In our current work we have applied HAS to character
step edges on a sputtered Rh~311! surface. This is an open
highly corrugated surface, which consists of close-pac
rows separated by alternating~111! and ~100! microfacets
~Fig. 1!. In view of the bulk values, the~100! facets are tilted
by 25.24° with respect to the surface plane, whereas
~111! facets are tilted by 29.50°. The observation of specu
diffraction from these two facets allows one to determ
whether the incident He beam impinges against the~111! or
~100! facets, a distinction which cannot be made by anal
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ing diffraction from the terraces, since a symmetric corrug
tion function is obtained for both scattering geometries.9,10

Also, the step height can be determined from the appeara
of additional maxima in the spectra at higher incident en
gies. These results are also supported by eikonal calc
tions.

II. EXPERIMENT

The He-scattering apparatus used in our investigati
was described in detail in Ref. 11. The measurements w
carried out with pressures of 80 bar behind the nozzle,
nozzle temperatures between 300 and 800 K correspon
to wavelengths of 0.55–0.34 Å . The base pressure in th
scattering chamber was 7310211 mbar, rising to 2310210

mbar with the He beam on. The scattered He atoms w
detected using a quadrupole mass spectrometer whic

FIG. 1. Sphere model of the Rh~311! surface. A fcc~311! sur-
face consists of alternating~111! and ~100! microfacets which are
tilted by slightly different angles with respect to the surface norm
~bottom!.
2108 ©2000 The American Physical Society
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mounted on a two-axis goniometer. The spectra were ta
at a fixed scattering geometry, with the incoming beam
pinging perpendicular to the close-packed rows of
Rh~311! surface. All spectra shown here have been recor
in the incidence plane, i.e., in the plane defined by the in
dent beam and the normal to the surface. Incidence and
tering angles are measured with respect to the surface no
~see the inset of Fig. 2!.

The Rh~311! surface was aligned to60.3° with x rays,
cut with a wire saw, and mechanically polished. It was i
tially prepared by repeated cycles of Ne-ion sputtering a
annealing to 1100 K. Daily preparation consisted of 30-m
sputtering, followed by heating 5 min in 131028-mbar oxy-
gen at 1000 K and 10 min in 131028 mbar hydrogen at 500
K. Sample cleanliness was indicated by optimum He refl
tivity and the shape of the spectra, narrow beams and w
incoherent background indicating a well-prepared surfa
The density of steps at the surface was increased by spu
ing at 100 K for 5 min, and subsequent flash annealing
430 K. Complete removal of the steps was achieved by h
ing to 1000 K for 15 min.

III. RESULTS AND DISCUSSION

Figure 2 shows a comparison between the spectra
corded with a room-temperature He beam from a ‘‘perfec
Rh~311! surface and a sputtered surface. The scattering
ometry was such that the incoming He beam imping
against the~100! facets, according to a previous structu
determination with x-ray scattering. The total in-plane elas

FIG. 2. Comparison between the in-plane spectra of a ‘‘perfe
Rb~311! surface and a sputtered Rh~311! surface. Note the addi
tional intensity at;45° observed for the sputtered surface, whi
appears very close to normal emergence~indicated by a vertical line
at 50°). The incoherent background increases, and the peak
come broader after sputtering; however, the relative diffraction
tensities remain essentially unchanged.
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intensity has been normalized to unity in the two spectra
allow a better comparison. As expected, the sputtered sur
gives rise to a significantly stronger incoherent backgrou
the diffraction beams become broader, whereas their rela
intensities remain essentially unchanged compared to
‘‘perfect’’ surface. The beam broadening indicates that
ordered domains become smaller after sputtering, whe
the increased background is caused by an increased de
of defects. The most impressive change induced by spu
ing is the appearance of an additional scattered inten
marked by an arrow in the spectrum shown in Fig. 2, ve
close to normal emergence~corresponding toQ f50°). The
peak’s height was found to depend mainly on how long
surface was sputtered, and at which temperatures it was
nealed afterwards. The position of the additional peak, ho
ever, remained unchanged, independently of the detail
preparation. The splitting of the peak is discussed later.

To elucidate the origin of these peaks we measured s
tra at different angles of incidence. In contrast with the b
havior expected for a diffraction beam, this feature retaine
constant angular separation from the specular beam; for
experimental conditions of Fig. 3 this distance is;47°. The
vertical lines on the left part of all spectra indicate the co
dition Q f50°, to stress the fact that the additional intens
appears very close to normal emergence. Due to its br
form, the position of this peak’s maximum could not be d
termined with great accuracy. Since the intensity of the
ditional peaks decreases rapidly with increasing azimu
angle ~the angle measured away from the plane of in
dence!, we conclude that the sputtering/annealing proc

’’

be-
-

FIG. 3. Spectra recorded for the sputtered surface with the
beam impinging on the~100! facets at several incident angles.D
denotes the distance between the additional maximum and
specular beam. A value ofD;47° is observed for all angles o
incidence, suggesting that this peak arises from specular diffrac
at ~100! step edges. The vertical lines on the left part of all spec
indicate the normal emergence conditionQ f50°.
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has produced steps parallel to the close-packed rows.
observed additional peaks could then be explained as ar
from specular scattering at uphill step edges. The angle
inclination of these step edges with respect to the terr
direction,a [100] , can then be determined from the positio
of the additional peak’s maximum with respect to the spe
lar beam,D. From simple geometrical considerations o
obtainsa [100]5D/25(2461)°. This value is consistent with
the orientation expected for~100!-facet step edges~Fig. 1!.

This behavior resembles in many aspects the reflect
symmetry interferences observed on lower corrugated
faces, with intensities of the order of 1023–1024 of the
specular intensity.4–8 However, the large amount of intensit
observed points to a rather different physical origin in o
case. A triangular background can be observed near
specular beam in some spectra, which may be attributed
random distribution of defect sites after sputtering, as alre
reported for Ni~100!-c(232)O by Schlup and Rieder.12 In
what follows we will describe a series of results which gi
further support to our interpretation of the additional featu
in Figs. 2 and 3 in terms of specular scattering at step ed
According to this, it should also be possible to detect spe
lar scattering from~111! facets. Note that, for typical sca
tering conditions (u i.a), only specular scattering from up
hill steps in the backward scattering direction~i.e., in the
direction of negative parallel momentum transfer! is to be
expected. Thus, to detect scattering at the~111! facets, the
sample must be rotated 180° around its normal, so that
incoming beam could directly impinge on the~111! facets.

Figure 4~a! shows the result of such measurements. T
additional peaks are again visible, but the distance to
specular beam has now increased toD;53°. This leads to an
orientation anglea [111]5(2761)°, which indeed is consis
tent with the expected value for~111! facets. Unlike the scat

FIG. 4. ~a! Same as Fig. 3 after rotating the sample by 18
around the surface normal. The additional intensity now appea
D;53°, which is consistent with specular diffraction from~111!
facets.~b! Same as~a!, but with an incident wavelength of 0.43 Å
Unlike a diffraction beam from the Rh~311! surface, the additiona
peak still appears atD553°. Moreover, a second additional max
mum D2 is revealed at this energy, as well as a splitting of t
additional peak denoted bya andb. The vertical lines on the left
part of all spectra indicate the normal emergence conditionQ f
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tering at the~100! facets a more or less distinct splitting o
the additional peak is seen; the two features are denoteda
andb in Fig. 4. Note that almost identical diffraction spect
are recorded for both possible sample orientations, so
they do not offer any possibility to decide whether the
coming beam impinges on the~111! or ~100! facets. Actu-
ally, it is a well-known fact that symmetric corrugation fun
tions are obtained with He diffraction even for ve
asymmetric stepped surfaces@as for example, Cu~117!#, so it
is not possible to decide on which microfacet the incom
beam is impinging by analyzing the angular intens
distributions.1 The method proposed here would allow one
overcome this problemin situ for high Miller-index surfaces,
avoiding the need of a previous orientation using x-ray sc
tering.

Further support for our interpretation is given by the sp
tra shown in Fig. 4~b!, which were recorded with a highe
incident beam energy corresponding to a wavelengthl
50.43 Å . The additional maximum appears at the sa
position (D;53°), indicating that it cannot be a high-orde
diffraction beam, because in this case the maximum sho
have decidedly moved toward the specular beam. Ano
interesting feature not visible atl50.55 Å can be seen in
these spectra: a well-resolved second ‘‘additional’’ ma
mum, visible, for example, in the lowest spectrum (Q i
547°) at Q f560°. This feature can be resolved using
shorter wavelength due to the shift of the Rh~311! diffraction
beams toward the specular beam. Similarly to the main
ditional maximum atD;53°, the second one keeps a fixe
distance ofD2;34° independently of the angle of incidenc
If the step edge is considered to be a single slit, the sec
maximum can then be attributed to first-order diffraction
the slit, and as a consequence may allow a determinatio
the slit width.

To confirm this assumption, we measured spectra at s
eral different wavelengths and angles of incidence with
incoming beam impinging on the~111! facets@Figs. 5~a! and
5~b!#. The main additional maximum stays at the same an
as l varies, supporting our interpretation of this feature
specular scattering from~111! facets. The second additiona
maximum, in contrast, moves away from the main maxim
with increasing wavelength, as shown by the dotted lines
;45° in Fig. 5~a! and;92° in Fig. 5~b!. If it were a high-
order diffraction beam of the Rh~311! surface, it should
move away from the specular beam, i.e., in the opposite
direction. On the other hand, a beam diffracted by a sin
slit should move in the observed direction. In the topm
spectrum of Fig. 5~b!, corresponding tol50.56 Å , the sec-
ond additional maximum overlaps with the (02)̄ beam of the
Rh~311! surface, making its detection possible only
shorter wavelengths. In order to obtain the slit width fro
these data, all we need are equations describing the diff
tion of a beam of wavelengthl incident on a slit of widthd
with an angleQ i* .13 The diffraction maxima of ordern ap-
pear at anglesQ f* , satisfying

sinQ f* n5

6S 1

2
1nDl

d
1sinQ i* , n51,2,3,. . . . ~1!

For the angles of destructive interference it holds that:

°
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FIG. 5. Spectra recorded a
two different incident angles and
several different wavelengths. Th
main maximum remains at the
same position - 31° and 70° in~a!
and ~b!, respectively, whereas th
second maximum drifts away
from the first one with increasing
wavelength, as indicated by th
dotted lines at;45° in ~a! and
;92° in ~b!. We conclude that the
latter maximum is to be inter-
preted as the first-order intensit
scattered off a step acting as
single slit. The vertical lines on
the left part of the lowest spectr
indicate the normal emergenc
conditionQ f50°.
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sinQA* n5
nl

d
1sinQ i* , n561,2,3,. . . . ~2!

Table I summarizes the positions of the maxima in Figs. 5~a!
and 5~b! with respect to the normal of the~111! facet. From
Eqs.~1! and~2! we calculated the corresponding step wid
We foundd52.1765 Å , corresponding to a step height o
h50.960.1 Å , which is in good agreement with the valu
h51.1 Å , which is the height expected for monoatom
steps on a bulk-terminated Rh~311! surface.

We also performed some simple eikonal calculations
which we modeled the Rh~311! surface with a cosine o
height 0.3 Å and the step by a slope embedded in a 2
-wide area~Fig. 6, inset!. The maximum corrugation ampli

TABLE I. Positions of the additional maxima for several wav
lengths (l) and incident angles (Q i) for the ~111! facet.Q i* is the
incident angle with respect to the facet normal,QA* 1 is the first
angle of destructive interference, andQ f* 1 is the position of the first
maximum. These angles were determined from the position of
main additional peak in the He diffraction data.

Fig. l Q i Q i* QA* 1 Q f* 1

4~b! 0.43 Å 47° 20° 32° 39°
0.43 Å 52° 26° 38° 45°
0.43 Å 57° 30° 45° 51°
0.43 Å 62° 36° 51° 60°

5~a! 0.38 Å 41° 15° 26° 33°
0.41 Å 41° 15° 25° 31°
0.44 Å 41° 15° 26° 30°

5~b! 0.38 Å 61° 34° 50° 59°
0.41 Å 61° 34° 50° 59°
0.44 Å 61° 34° 52° 59°
.

n

Å

tude used in the simulations was taken from a previous H
study of the clean Rh~311! surface.9 In these studies the in
tensity analyses were performed with the GR method wit
the hard-corrugated wall model; however, in view of t
small corrugation amplitude compared to the surface lat
constant the use of the computationally simpler eikonal
proximation in our simulations is also well justified.1 For a

e

FIG. 6. Results of eikonal simulations~b! for the model surface
shown in the inset~note the different vertical and horizontal scales!.
The position and height of both maxima agree well with experim
~a!, whereas they are not observed for a model surface without
~c!.
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2112 PRB 62M. PATTING, D. FARÍAS, AND K. H. RIEDER
better comparison with experiment the calculated spe
were smoothed to simulate the broadening of the be
caused by resolution limiting factors, like the finite width
the incoming beam and the large aperture placed in fron
the mass spectrometer. In Fig. 6 the results of our sim
tions for a model surface~b! are compared to a He
diffraction pattern~a!. Note that the position and height o
both maxima agree well with the experimental data, wher
they are not present for calculations on a model surface w
out step~c!. Despite the simplicity of our model, the mo
salient features in experiment are well reproduced by
calculations, providing support to our interpretation of t
additional features observed in the spectra.

The main additional peak’s splitting observed for scatt
ing on~111! step edges~Fig. 4, marked asa andb) points to
the presence of two slightly different facet orientations
the surface. Fora results an orientation of (28.360.3)°,
whereas a value of (24.960.3)° is obtained forb. The rea-
son for the presence of two different orientations is the f
lowing: Monoatomic steps will lead to a less tilted step ed
compared with a~111! facet due to a smoothing of the su
face charge density at the steps~the Smoluchowski effect!
which is more pronounced in the case of He atoms, si
they are scattered at a distance of;4 Å from the surface
atom cores. These effects are expected to be less impo
for double steps than for single steps. As a consequence
orientation of (24.960.3)° is seen for monoatomic step
whereas a value of (28.360.3)° @closer to an ideal~111!
orientation step# is obtained for double steps. Since doub
-
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steps have been only observed with the He beam imping
on the~111! facets, our results suggest that the formation
~100! double steps may be thermodynamically unfavorab
Unfortunaltely, a higher-order additional intensity was n
observed for double steps, probably because it is burie
least partly beneath the main additional peak.

IV. CONCLUSIONS

We observed helium atom scattering from step edges
the highly corrugated Rh~311! surface, which led to the ap
pearance of additional peaks in the in-plane diffraction sp
tra. The main maximum arises from specular diffraction
step-edges, whereas a second, less intensive maximum
served at higher incident energies is caused by first-o
diffraction at step edges acting as single slits. From the
sition of this peak, the step height could also be determin
The most salient features in experiment have been well
produced by eikonal calculations. In particular, these res
allow to determine whether the He beam is impingi
against the~111! or ~100! facets in a simple way, which is
not possible from an analysis of diffraction data.
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