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Determination of step-edge orientation by helium atom scattering
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Helium atom scatteringHAS) has been used to determine the step-edge orientation o34 Risurface,
whose close-packed rows are separated by alternéti®@ 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 at48° 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.

[. INTRODUCTION ing diffraction from the terraces, since a symmetric corruga-
tion function is obtained for both scattering geometfi&s.

Helium atom scatteringHAS) has been developed in the Also, the step height can be determined from the appearance
last decade into a powerful tool for investigating the Of additional maxima in the spectra at higher incident ener-
structuré and dynamicsof clean and adsorbate covered sur-gies. These results are also supported by eikonal calcula-
faces. Because of the low energies ugb@—300 meV, the  tions.
incident He atoms probe the topmost layer of the substrate
surface in an absolutely nondestructive manner, and are
equally applicable to insulators, semiconductors, and metals.
Results obtained in recent years demonstrate that HAS is The He-scattering apparatus used in our investigations
also a unique technique for the study of structural disordefvas described in detail in Ref. 11. The measurements were
on surfaces.In effect, the attenuation of the specular inten- carried out with pressures of 80 bar behind the nozzle, and
sity by single adatoms on a smooth surface is characterizegbzzle temperatures between 300 and 800 K corresponding
by a giant cross section of 100 A?, whereas step edges are to wavelengths of 0.55-043A . The base pressure in the
“seen” by He atoms as 10-A -wide strips. This attenuationscattering chamber wasxX710~ ! mbar, rising to 4 10 1°
is almost entirely due to small-angle scattering around thenbar with the He beam on. The scattered He atoms were
specular directioricaused by long-range interactions in the detected using a quadrupole mass spectrometer which is
He-surface systejpand allows one to gain a wealth of in-
formation on growth and diffusion studié$.A different ap-
proach in investigating defects on surfaces consists of look-
ing at the small fraction of intensity scattered through larger
angles, which results from short-range repulsive forces and
yields geometrical information on the surface defeét.
These large-angle oscillations in the angular intensity distri-
bution are more difficult to observe experimentally because
of their low intensitieqtypically 10 3-10 * of the specular
intensity), and were first observed by Lahetal. from a
randomly stepped Pt11) surfacé. Due to their low inten-
sity, these features were previously investigated only on
smooth surfaces like the f¢tl1) and fc¢100), whose dif-
fraction patterns consist merely of the specular beam.

In our current work we have applied HAS to characterize
step edges on a sputtered(Bhl) surface. This is an open,
highly corrugated surface, which consists of close-packed
rows separated by alternatii@1l) and (1000 microfacets %
(Fig. 1). In view of the bulk values, thel00) facets are tilted Q\\’
by 25.24° with respect to the surface plane, whereas the
(119 facets are tilted by 29.50°. The observation of specular F|G. 1. Sphere model of the R3L1) surface. A fc¢311) sur-
diffraction from these two facets allows one to determineface consists of alternating.11) and (100) microfacets which are
whether the incident He beam impinges against(fti) or tilted by slightly different angles with respect to the surface normal
(100 facets, a distinction which cannot be made by analyz{bottom.

II. EXPERIMENT
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FIG. 2. Comparison between the in-plane spectra of a “perfect” FIG. 3. Spectra recorded for the sputtered surface with the He
Rb(311) surface and a sputtered @11 surface. Note the addi- beam impinging on th€100 facets at several incident angles.
tional intensity at~45° observed for the sputtered surface, which denotes the distance between the additional maximum and the
appears very close to normal emergefindicated by a vertical line  specular beam. A value af~47° is observed for all angles of
at 50°). The incoherent background increases, and the peaks biecidence, suggesting that this peak arises from specular diffraction
come broader after sputtering; however, the relative diffraction in-at (100 step edges. The vertical lines on the left part of all spectra
tensities remain essentially unchanged. indicate the normal emergence conditi®p=0°.

mounted on a two-axis goniometer. The spectra were takeifitensity has been normalized to unity in the two spectra to
at a fixed scattering geometry, with the incoming beam im-allow a better comparison. As expected, the sputtered surface
pinging perpendicular to the close-packed rows of thegives rise to a significantly stronger incoherent background;
Rh(311) surface. All spectra shown here have been recordethe diffraction beams become broader, whereas their relative
in the incidence plane, i.e., in the plane defined by the inciintensities remain essentially unchanged compared to the
dent beam and the normal to the surface. Incidence and scaerfect” surface. The beam broadening indicates that the
tering angles are measured with respect to the surface norm@idered domains become smaller after sputtering, whereas
(see the inset of Fig.)2 the increased background is caused by an increased density
The RK311) surface was aligned ta-0.3° with x rays, of defects. The most impressive change induced by sputter-
cut with a wire saw, and mechanically polished. It was ini-ing is the appearance of an additional scattered intensity
tially prepared by repeated cycles of Ne-ion sputtering andnarked by an arrow in the spectrum shown in Fig. 2, very
annealing to 1100 K. Daily preparation consisted of 30-minclose to normal emergenceorresponding t®;=0°). The
sputtering, followed by heating 5 min inX110 8-mbar oxy-  peak’s height was found to depend mainly on how long the
gen at 1000 K and 10 min in>10 8 mbar hydrogen at 500 surface was sputtered, and at which temperatures it was an-
K. Sample cleanliness was indicated by optimum He reflechealed afterwards. The position of the additional peak, how-
tivity and the shape of the spectra, narrow beams and wea®ver, remained unchanged, independently of the details of
incoherent background indicating a well-prepared surfacepreparation. The splitting of the peak is discussed later.
The density of steps at the surface was increased by sputter- To elucidate the origin of these peaks we measured spec-
ing at 100 K for 5 min, and subsequent flash annealing tdra at different angles of incidence. In contrast with the be-

430 K. Complete removal of the steps was achieved by heahavior expected for a diffraction beam, this feature retained a
ing to 1000 K for 15 min. constant angular separation from the specular beam; for the

experimental conditions of Fig. 3 this distance~igl7°. The
vertical lines on the left part of all spectra indicate the con-
dition ®;=0°, to stress the fact that the additional intensity
Figure 2 shows a comparison between the spectra reappears very close to normal emergence. Due to its broad
corded with a room-temperature He beam from a “perfect” form, the position of this peak’s maximum could not be de-
Rh(311) surface and a sputtered surface. The scattering geermined with great accuracy. Since the intensity of the ad-
ometry was such that the incoming He beam impingeditional peaks decreases rapidly with increasing azimuthal
against the(100 facets, according to a previous structure angle (the angle measured away from the plane of inci-
determination with x-ray scattering. The total in-plane elasticdence, we conclude that the sputtering/annealing process

Ill. RESULTS AND DISCUSSION
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- (111 facets w (8] %] (111) facets w ()] tering at the(100) facets a more or less distinct splitting of

| A=0.55 A @ 1 =043 A the additional peak is seen; the two features are denoted as
407 : o 135k 41 andgin Fig. 4. Note that almost identical diffraction spectra
— 35} A=54° O=619 | are recorded for both possible sample orientations, so that
i) L 130 e . .
a0l 3 they. do not offer any possibility to decide whether the in-
5 A= oy ] 67567 s coming beam impinges on th@&11) or (100 facets. Actu-
8 25 i~ o 1.0 ally, it is a well-known fact that symmetric corrugation func-
2 200 i 129 tions are obtained with He diffraction even for very
5 - a3 949 15 asymmetric stepped surfadess for example, Qd17)], so it
= o ] is not possible to decide on which microfacet the incoming
1.0 A=52° o=45° 10[ beam is impinging by analyzing the angular intensity
05 . Jost distributions! The method proposed here would allow one to
|A=52° 0=41°| overcome this problerim situ for high Miller-index surfaces,
O T O avoiding the need of a previous orientation using x-ray scat-
®+0, ®+0, tering.

Further support for our interpretation is given by the spec-

FIG. 4. (a) Same as Fig. 3 after rotating the sample by 180°tra shown in Fig. &), which were recorded with a higher
around the surface normal. The additional intensity now appears afcident beam energy corresponding to a wavelength
A~53°, which is consistent with specular diffraction frofh11) =0.43 A . The additional maximum appears at the same
facets.(b) Same aga), but with an incident wavelength of 0.43 A. position (A~53°), indicating that it cannot be a high-order
Unlike a diffraction beam from the RB11) surface, the additional diffraction beam, because in this case the maximum should
peak still appears ak =53°. Moreover, a second additional maxi- have decidedly moved toward the specular beam. Another
mum A, is revealed at this energy, as well as a splitting of theinteresting feature not visible at=0.55 A can be seen in
additional peak denoted hy and 8. The vertical lines on the left  these spectra: a well-resolved second “additional” maxi-
parto of all spectra indicate the normal emergence condian  mum, visible, for example, in the lowest spectrur®,(
=0°. =47°) at ®;=60°. This feature can be resolved using a

shorter wavelength due to the shift of the(Bhl) diffraction

has produced steps parallel to the close-packed rows. THeams toward the specular beam. Similarly to the main ad-
observed additional peaks could then be explained as arisirdjtional maximum atA ~53°, the second one keeps a fixed
from specular scattering at uphill step edges. The angle dfistance ofA,~34° independently of the angle of incidence.
inclination of these step edges with respect to the terrac the step edge is considered to be a single slit, the second
direction, a1, can then be determined from the position maximum can then be attributed to first-order diffraction by
of the additional peak’s maximum with respect to the specuthe slit, and as a consequence may allow a determination of
lar beam,A. From simple geometrical considerations onethe slit width.
obtainsayoo=A/2=(24+1)°. This value is consistent with To confirm this assumption, we measured spectra at sev-
the orientation expected f@il00-facet step edgeFig. 1). eral different wavelengths and angles of incidence with the

This behavior resembles in many aspects the reflectiodhcoming beam impinging on th@11) facets[Figs. §a) and
symmetry interferences observed on lower corrugated suB(b)]. The main additional maximum stays at the same angle
faces, with intensities of the order of 19-10"% of the as\ varies, supporting our interpretation of this feature as
specular intensit§~® However, the large amount of intensity specular scattering frorfi11) facets. The second additional
observed points to a rather different physical origin in ourmaximum, in contrast, moves away from the main maximum
case. A triangular background can be observed near th&ith increasing wavelength, as shown by the dotted lines at
specular beam in some spectra, which may be attributed to a45° in Fig. &) and~92° in Fig. 8b). If it were a high-
random distribution of defect sites after sputtering, as alreadgrder diffraction beam of the RB11 surface, it should
reported for N{100)-c(2x2)O by Schlup and Riedéf.In  move away from the specular beame., in the opposite
what follows we will describe a series of results which givedirection. On the other hand, a beam diffracted by a single
further support to our interpretation of the additional featureslit should move in the observed direction. In the topmost
in Figs. 2 and 3 in terms of specular scattering at step edgespectrum of Fig. &), corresponding ta =0.56 A , the sec-
According to this, it should also be possible to detect specuend additional maximum overlaps with the (0Beam of the
lar scattering from(111) facets. Note that, for typical scat- Rh(311) surface, making its detection possible only at
tering conditions ¢,> «), only specular scattering from up- shorter wavelengths. In order to obtain the slit width from
hill steps in the backward scattering directi@re., in the these data, all we need are equations describing the diffrac-
direction of negative parallel momentum trangfes to be  tion of a beam of wavelength incident on a slit of widthd
expected. Thus, to detect scattering at thel) facets, the  with an angle®} 13 The diffraction maxima of orden ap-
sample must be rotated 180° around its normal, so that thgear at angle®? , satisfying
incoming beam could directly impinge on ti&l1l) facets.

Figure 4a) shows the result of such measurements. The 1
additional peaks are again visible, but the distance to the |z tnjA
specular beam has now increasedte 53°. This leads to an Sin®7F = d +sin®f, n=123,.... (1)

orientation anglex;;1;=(27+1)°, which indeed is consis-
tent with the expected value f¢t11) facets. Unlike the scat- For the angles of destructive interference it holds that:
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Table | summarizes the positions of the maxima in Figa) 5
and 3b) with respect to the normal of thd 11) facet. From

Egs.(1) and(2) we calculated the corresponding step widt
We foundd=2.17+5 A | corresponding to a step height of
h=0.90.1 A, which is in good agreement with the value
h=1.1 A , which is the height expected for monoatomic
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steps on a bulk-terminated R#11) surface.

We also performed some simple eikonal calculations in
which we modeled the RB11) surface with a cosine of
height 0.3 A and the step by a slope embedded in a 24-A
-wide area(Fig. 6, inset. The maximum corrugation ampli-

TABLE I. Positions of the additional maxima for several wave-
lengths {) and incident angles;) for the (111) facet.®; is the
incident angle with respect to the facet norm@ly, is the first
angle of destructive interference, aBg , is the position of the first
maximum. These angles were determined from the position of the

main additional peak in the He diffraction data.

L]
[ (111) facets

0=61°

(b)

(00)

FIG. 5. Spectra recorded at
two different incident angles and
several different wavelengths. The
main maximum remains at the
same position - 31° and 70° (i)
and (b), respectively, whereas the
second maximum drifts away
from the first one with increasing
wavelength, as indicated by the
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 intensity
scattered off a step acting as a
single slit. The vertical lines on
the left part of the lowest spectra
indicate the normal emergence
condition®;=0°.
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tude used in the simulations was taken from a previous HAS
study of the clean R811) surface’ In these studies the in-
tensity analyses were performed with the GR method within
the hard-corrugated wall model; however, in view of the
small corrugation amplitude compared to the surface lattice

h.constant the use of the computationally simpler eikonal ap-

proximation in our simulations is also well justifiéd=or a
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FIG. 6. Results of eikonal simulatiorib) for the model surface
shown in the insefnote the different vertical and horizontal scales
The position and height of both maxima agree well with experiment
(a), whereas they are not observed for a model surface without step
(0.
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better comparison with experiment the calculated spectrateps have been only observed with the He beam impinging
were smoothed to simulate the broadening of the beamsn the(111) facets, our results suggest that the formation of
caused by resolution limiting factors, like the finite width of (100) double steps may be thermodynamically unfavorable.
the incoming beam and the large aperture placed in front of/nfortunaltely, a higher-order additional intensity was not
the mass spectrometer. In Fig. 6 the results of our simulaebserved for double steps, probably because it is buried at
tions for a model surfacgb) are compared to a He- least partly beneath the main additional peak.
diffraction pattern(a). Note that the position and height of
both maxima agree well with the experimental data, whereas
they are not present for calculations on a model surface with-
out step(c). Despite the simplicity of our model, the most ~ We observed helium atom scattering from step edges on
salient features in experiment are well reproduced by théhe highly corrugated RB11) surface, which led to the ap-
calculations, providing support to our interpretation of thepearance of additional peaks in the in-plane diffraction spec-
additional features observed in the spectra. tra. The main maximum arises from specular diffraction at
The main additional peak’s splitting observed for scatter-step-edges, whereas a second, less intensive maximum ob-
ing on(111) step edgegFig. 4, marked ag andB) pointsto  served at higher incident energies is caused by first-order
the presence of two slightly different facet orientations ondiffraction at step edges acting as single slits. From the po-
the surface. Forr results an orientation of (28#30.3)°,  sition of this peak, the step height could also be determined.
whereas a value of (24#90.3)° is obtained fo3. The rea- The most salient features in experiment have been well re-
son for the presence of two different orientations is the fol-produced by eikonal calculations. In particular, these results
lowing: Monoatomic steps will lead to a less tilted step edgeallow to determine whether the He beam is impinging
compared with &111) facet due to a smoothing of the sur- against the(111) or (100 facets in a simple way, which is
face charge density at the stefitie Smoluchowski effegt not possible from an analysis of diffraction data.
which is more pronounced in the case of He atoms, since
they are scattered at a distance-e# A from the surface
atom cores. These effects are expected to be less important
for double steps than for single steps. As a consequence, an The authors wish to thank J. R. Manson for stimulating
orientation of (24.90.3)° is seen for monoatomic steps, and helpful discussions. This work was supported by the
whereas a value of (28:30.3)° [closer to an ideal111) Deutsche Forschungsgemeinschaft, Sonderforschungsbereich
orientation stepis obtained for double steps. Since double290 (TP A5).

IV. CONCLUSIONS
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