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Scattering of He atoms from surface defects by grazing-angle diffraction beams
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It is experimentally demonstrated that diffraction beams from the scattering of He atoms from surfaces can
be observed at grazing final angles of upte= 90° with respect to the surface normal. For He atom scattering
from Rh(311) under conditions in which a diffraction beam exits at a grazing angle, a broad scattered intensity
appears that is interpreted as diffuse scattering from collisions with the small density of step defects resulting
from the unavoidable miscut of the surface. Theoretical models for real and evanescent diffraction beams
support the conclusion that this diffuse intensity is due to scattering by step defects from a diffraction beam
under grazing exit conditions. For scattering in the plane perpendicular to the direction of the steps, this diffuse
scattering signal is much stronger in one direction than in the opposite direction where the crystal azimuthal
angle is rotated by 180°. The asymmetry in intensity is interpreted as due to the much larger number of steps
up in one direction on the surface due to the crystal miscut, thus such measurements can uniquely determine
the miscut direction. This experiment opens new possibilities for the characterization of surface defects with
diffraction techniques.
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[. INTRODUCTION In this paper we discuss recently reported high-precision
diffraction measurements on a well-characterized surface
The study of defects and imperfections is an importanthat demonstrate the possibility of observing diffraction of
part of surface science because, regardless of the degree lé& atom beams under grazing exit conditidfig the neigh-
cleanliness or the care in preparation, all surfaces include borhood of grazing exit conditions, where the final diffrac-
variety of intrinsic defects that play a large role in the way intion angleds—90°, a broad scattered intensity arises, which
which a surface interacts with its environment. He atom scatis interpreted as incoherent scattering from the He atom dif-
tering has proven to be a very useful tool in the study offraction beam by step defects on the surface. These steps are
surface defects because it is sensitive only to the outermogite consequence of the small miscut of the surface, which is
surface layer and because of the very large total cross seanavoidable in the preparation process. Such a miscut im-
tions for scattering from defects. The total cross sections foplies a larger number of steps up in one direction as opposed
scattering from isolated adsorbates on a surface is larger thda the opposite direction. When the incident beam is oriented
the already rather large cross sections observed for He scaterpendicularly to these steps, this diffuse, incoherent signal
tering from similar atomic species in the gas phiste scat-  is much larger for one azimuthal direction than it is for the
tering from intrinsic defects such as vacancies, adatoms arpposite incident direction where the crystal is rotated by
steps is also largeThe differential cross sections of surface 180°. This asymmetry is interpreted as indicating the direc-
adsorbates and defects can also be measured through exatin in which the largest number of steps up occur, thus this
nation of the elastic and inelastic background intensities thaneasurement can determine the absolute direction of the
appear between the diffraction pedksjust as in the case of crystal miscut.
scattering by other projectiles such as low-energy electron The crystal sample was a well-ordered vicinal surface of
diffraction® Rh(312) with a miscut of less than 0.3°, which implies that
It has been suggested that the extreme sensitivity of Héhe averag€31l) terrace length between step defects is 200—
atom scattering to defects is the reason for the lack of suc300 A. The scattering geometry was such that the incident
cess in earlier attempts to carry out experiments with eithebeam and detector were located in the plane perpendicular to
grazing angle incidence or with diffraction beams at grazinghe quasi-one-dimensional corrugations of the(3@d) sur-
exit angles."® Under grazing conditions, because the Heface. For several incident beam energies and for several dif-
atom beam travels a long distance close to the surface, tHerent diffraction orders, it was found that the diffraction
effective number of defects and impurities that the beam enbeam intensity near grazing exit decreased approximately
counters becomes large, thus destroying the coherent reflelinearly as a function of 90% 6. Very close to grazing exit
tion intensity. However, grazing angle scattering from peri-conditions, a broad peak in the background intensity was
odic surfaces is of serious interest because there are abserved, and this peak was considerably larger when the
number of interesting effects that should occur whenever diffraction beam was exiting in the direction that would
diffraction beam is at grazing exit conditions, where it makescause it to collide with the riser faces of the step defects
the transition from an evanescent wave to a real diffractedaused by the miscut.e., the “upstairs” direction as illus-
beam. These effects include the threshold resonZhéd, trated at the top of Fig.)4 A similar peak, but of much
skipping phenomen¥, and the onset of classical chads. smaller intensity, was observed when the crystal was rotated
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by 180° and the diffraction beam exited in the “downstairs” fraction spectra recorded at different angles of incidence. In
direction in which it encounters far fewer step risers. order to keep the surface clean during the whole measuring
Support for this interpretation is provided by a theoreticalprocess, the sample was flash annealed to 500 K every 30
model of the scattering from a step edge by a real grazingin. (to record one spectrum takes approximately 7)min
angle diffraction beam. In the Fraunhofer limit the scattering The RK311) surface was prepared from a large single
from a step, when the interference with the back-reflectearystal that was aligned ta:0.3° with x-ray diffraction, cut
beam from the large terraces is taken into account, producegith a wire saw, mechanically polished, and electropolished.
an intensity that agrees well with the shape, width, and in-The surface was first prepared in UHV by repeated cycles of
tensity of the observed intensity. sputtering with 1 keV Ne ions and annealing to 1100 K.
Recently, a new method has been reported for observinglemperatures were restricted to below 1100 K to avoid an
intrinsic surface defects via scattering of the well-definedirreversible transition to a (% 2)-disordered reconstruction
two-dimensional atomic diffraction beam under bound statef the substraté The daily surface preparation consisted of
resonance(selective adsorption conditions!’ This then  30-min sputtering, followed by heating 5 min in 1
raises the question of whether the signal observed here might 10 8 mbar oxygen at 1000 K and 10 min in 1
be produced by scattering from the evanescent portion of thex 108 mbar hydrogen at 500 K. The cleanliness of the
grazing angle diffraction beam wave packet. A Fraunhofersample was judged by the sharpness of the diffraction peaks
limit theory of scattering of defects by evanescent diffractionin the He spectra of the clean surface and by the ability to
beams indicates that, although such scattering does occur, theproduce the low-coverage hydrogen phase$=af0o K,
decay behavior caused by small changes in incident beamts these are very sensitive to the presence of impurities on
angle is much too strong to explain the scattered intensitieghe surface.
observed here.
This paper is organized as follows: the next secti®ac.
II) describes the experimental apparatus and the protocol of Ill. EXPERIMENTAL OBSERVATIONS
the experiment. Section Il discusses the behavior of the ob- o ) o o
served scattering intensity, Sec. IV develops the theory used TWO typical intensity spectra are exhibited in Fig. 1 for
to explain the measurements, Sec. V is a discussion of th&'e case of a He beam incident on the(®H) surface with

comparison between theory and experiment, and some coR-Polar angle ob; =50° and in the azimuth perpendicular to
clusions are drawn in Sec. VI. the close-packed rows on this vicinal surface. The incident
energy isE;=65.7 meV corresponding to a de Broglie wave-
length of A\=0.56 A and a wave vectork;=2x/\
Il. EXPERIMENTAL DESCRIPTION =11.2 A1, The incident angle is somewhat smaller than
. : : the critical angled.=60.8° for which the(01) diffraction
The He-diffraction experiments reported here were perépeak becomes evanescent. One of the two spectra, shown as
[)Oer;nnfdv\\/,v;tsh tgeenaepﬁgggtubsydzscéhbfgslgrﬂita:o';zief{,vﬁ' TI—Teq solid curve, is taken in the “upstairs” direction, and the

pressures of 70 bars. The energy of the incident He beam catlor%her shown as a dashed curve, is in the “downstairs” direc-

b . : : on. Figure 1 clearly demonstrates the similarity of the dif-
e varied by heating or cooling the nozzle between 800 an# fi tterns taken in the two ooposite directions. The
110 K corresponding to wavelengths of 0.34-0.91 A. Th raction patte . PP ‘

. . rge diffraction peaks visible are tH60) specular, as well
base pressure in the scattering chamber was — — 4 .
X 10~ mbar. The scattered He atoms were detected using 3 the(0,3, (0,1), and (0,9 peaks, and in addition there are
quadrupole mass spectrometer that is mounted on a two-ax@nall (0,3 and (0,4 peaks. The region of interest in this
goniometer that permits recording a whole set of diffractionwork is the range 70% 6;<<90° into which the(01) beam
spectra at a fixed scattering geometry. Both polar and aziscatters intensity as it interacts at grazing exit with the
muthal angles of the sample can be freely varied, and thwidely spaced steps due to the miscut of the crystal.
sample can be moved parallel and perpendicular to the sur- Figures 2 and 3 show the integrated diffraction peak in-
face normal. The polar and azimuthal orientation of thetensities as a function of incident polar angle for two
sample was determined to better than 0.2° through measurdifferent energies. Figure 2 is for=0.56 A as in Fig. 1,
ment of the diffraction peak positions on both the clean andvhile Fig. 3 is forh=0.80 A that corresponds to the energy
the c(1x 1)H phase that, due to its larger corrugation, ex-E;=33 meV, wave vectok;=7.9 A=, and a critical angle
hibits many more diffraction peak&?° This procedure was for emergence of thé01) diffraction §.=55.1°. The data in
applied every time the sample was rotated 180° in the aziboth of these figures were taken in the upstairs direction, but
muthal direction to go from the “upstairs” to the “down- nearly identical intensities are obtained in the downstairs di-
stairs” scattering geometry and vice versa. All spectra showmection. Including the specular, at the higher energy a total of
here have been recorded in the sagittal plére, in the seven diffraction peaks are observed over the measured
plane defined by the incident beam and the normal to theange of incident angles 35°6;<90°, while at the lower
surface with the incoming beam impinging perpendicular to energy five diffraction beams are seen. An important point is
the close-packed rows of the 11 surface. All measure- the nearly linear decrease of tf@l) diffraction peak in the
ments were performed at a sample temperature of 100 Kiariable 90% 6; as 6,— 6.. This linear dependence is also
The integrated intensities of diffraction peaks shown in Figsvisible in Fig. 2 for the high-energg02) diffraction peak as
2 and 3 were obtained after background subtraction of difit approaches evanescent behaviog,at48°. Another inter-
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FIG. 2. Integrated intensities of the diffraction peaks as a func-
tion of incident polar angle for a He atom beam of wavelength
FIG. 1. Two typical measured He atom scattering intensity spec— .56 A (E;=65.7 meV) impinging on a RB11) surface.
tra from RK(311) for E;=65.7 meV ¢ =0.56 Ak;=11.2 A"1) and
an incident angle; =50°. The curve shown as a solid line is taken direction is approximately an order of magnitude larger. The
in the “upstairs” direction, while the dashed curve is for the intensity of the peak decreased rapidly with increasing azi-
“downstairs™ direction. muthal angle away from the plane perpendicular to the steps,

and disappeared when the crystal azimuth was rotated by as
esting point is that there is no evidence for a thresholdnuch as 10°.

resonanc®*3in the neighborhood of),, which would be This anomalously large scattering signal in the “upstairs”
manifest by a sharp decrease in intensity of the emergindirection is interpreted as scattering of the He atoms out of
diffraction peak and a corresponding sharp resonance behathe (01) diffraction beam caused by collisions with the faces
ior in the other diffraction peaks. This is consistent with pre-of the step defects produced by the slight miscut of the sur-
vious calculations which predict that the threshold effectsface. Because of the miscut, a systematic error is induced in
will be negligible for He scattering from the relatively soft, the surface, which causes many more step riser faces to ap-
weakly corrugated potentials of metal surfatgs. pear in the upstairs direction than in the “downstairs” direc-
Figure 4 shows in more detail the observed scattered intion, hence the large differences in observed intensity in the
tensity as a function of; in the vicinity of 90° for several two opposing crystal azimuths.
incident angles nea#,= 6. for the (01) diffraction order. This large discrepancy in the two crystal azimuthal orien-
Both of the two incident energies of Figs. 2 and 3 are showntations(i.e., with the steps oriented either 90° or 270° with
For each incident energy the panel on the left is for(@B  respect to the scattering plgneannot be due to a large
diffraction beam pointing in the “upstairs” directiofas il-  asymmetry in the periodic corrugation of the (Rhl) ter-
lustrated at the very top of Fig)4nd the panel on the right races, since it is well known that symmetric corrugation
is for the “downstairs” configuration. There is a broad peakfunctions are adequate to describe He diffraction even for
that remains nearly stationary at very nearly the same valuseemingly asymmetric stepped surfaces such as tHeL Bji
of #; that becomes less intense @sapproaches)., and and Cy112).?> On Rh311), this is verified both by our direct
disappears completely fai; a little larger thand.. What is  measurements, which show negligible differences in diffrac-
striking, however, is that this peak is much larger in thetion beam intensity spectra for the two crystal orientations,
“upstairs” direction than for the “downstairs” direction. For as seen in Fig. 1. It is also supported by the fact that the total
similar values of¢; close to6. the intensity in the “upstairs” diffraction intensities in Figs. 2 and 3 are independent of the
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— 0.=55.3°, the maximum measured intensity in the upstairs

direction is about 38in our relative unity while in the

Rh(311) (0 0) | downstairs direction the corresponding intensity is only
Q

2=0.80 A

about 5. Similarly, foin=0.56 A, the measurements closest
to the critical angled.=60.8° give an intensity of 20 in the
upstairs direction, while in the downstairs direction it is only
about 3. In both cases this is an order-of-magnitude differ-
ence. On the other hand, at incidence angles of 1°-2° smaller
than the critical angles, where the intensity is mainly directly
from the diffraction peak, the intensities in the upstairs and
downstairs directions are comparable.

A further example of scattering spectra near the critical
angle is shown in Fig. 6 for the slightly longer de Broglie
wavelengthA=0.85 A (E;=28 meVk;=7.4AY). As in
Figs. 4 and 5, the upper panel shows the measured data,
while the lower panel shows the same data with a linear
background subtracted. Only scattering in the upstairs direc-
tion is shown. Again, very close to the critical anghe
=54°, the broad scattering signals from the steps due to the
miscut are visible.

Normalized Intensity {arb. units]

IV. THEORY

The conditions for grazing exit are the same as those for a
real diffraction beam to become an evanescent beam, thus
the scattering may be due to either scattering from the graz-
ing diffraction beam or from the barely evanescent beam.
. The scattering of both real and evanescent diffraction beams
Gi will be considered here, and we show that the observed sig-
nals of Fig. 5 are due to the real diffraction. Scattering from
‘an evanescent diffraction beam is shown to decay too rapidly
when the incidence angle is larger than the critical angle, and
will not be observable in this experiment.

FIG. 3. Same as Fig. 2 except for an incident beam of wave
lengthA=0.80 A (E;=32 meV).

two azimuths, and by elastic close coupling calculations us
ing the known potential for this surfaé@which predict that
the differences in diffraction intensities in the two orienta-
tions are less than 10%. Another possible alternative expla-
nation is that the anomalous intensity seen in Fig. 2 is due to The surface is approximated by a rigid corrugated wall
scattering from the same defects by the evanescent tail of thend the effects of an attractive adsorption well in the poten-
(01) diffraction beam. However, this possibility can be ruled tial are ignored. The basic features of the scattering process
out because simple calculations, discussed in Sec. IV B beare readily described by semiclassical quantum scattering
low, show that the short-range exponential decay of an evaheory in the Fraunhofer limit. The grazing exit diffraction
nescent beam away from the surface would cause its defedbeam near the critical angle can be viewed as a plane wave
scattering intensity to decrease much fastergfor 6. thanis  traveling parallel to the surface with a wave vector of mag-
observed in Fig. 4. nitude |K;+ G|~k;, whereK; is the component of the inci-
Figure 5 shows the same data as in Fig. 4, as well adent wave vectok; parallel to the surfacel;=k; siné) and
additional data for the same two incident energies, but her& is the surface reciprocal lattice vector. In this configuration
the data is shown with a linear background subtracted offof in-plane scattering perpendicular to the one-dimensional
Also plotted in Fig. 5 are theoretical curves for the intensitysurface corrugatiorG=2/d, whered=4.455 A is the cor-
scattered from the steps due to the crystal miscut, as disugation period. Only steps up will be considered, since a
cussed below in Secs. IV and V. Theoretical curves arestep down is shadowed by the terrace above and it will not
shown only for incident angles close to and greater than thecatter appreciably. An isolated step-up defect then, in the
critical angle, because at smaller incidence angles the signaimplest terms, becomes an opaque linear obstacle of width
becomes dominated by the diffraction beam intensity that isn the path of the diffraction beam. According to Babinet's
not included in the calculated curves. This figure shows eveprinciple, the scattering amplitude from an opaque obstacle
more clearly the large asymmetry between scattering in thean be replaced by a similarly shaped slit in an opaque sheet.
downstairs and upstairs directions as can be seen upon coffihe angle that the step riser face makes with the surface
paring intensities at similar angles. For example, for plane is not important at this level of approximation, and the
=0.79 A, at;=55.4°, very close to the critical angle of scattering amplitude is the standard Fraunhofer expression

A. Step scattering by a grazing angle diffraction beam
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FIG. 4. Measured scattered intensity as a
function of final angled; for several incident
angles@; very close to the critical angle for the
disappearance of thé1) diffraction peak. The
upper two panels are for an incident wavelength
A=0.56 A where the critical angle i6,=60.9°
and the lower panels are far=0.8 A or 0.79 A
as marked, wheré,=55.1° or 55.3°. The panels

on the left are for th€01) diffraction beam point-
ing in the “upstairs” direction and those on the

Intensity [arb. units]

60 -

90 | "downstairs"
801 2=0804
70

r 8 .=551°

right show the “downstairs” direction. The insert
1 at the top illustrates the upstairs and downstairs
scattering configurations.

28,
A(k)= Toe_"‘alzsin(:ca/Z),

where the parametdrin the phase factor is the height cho-

1) sen for the plane of reflection relative to the terrace plane at
a distance=a above the surface. Apart from a trivial phase
factor this leads to

where A, is the amplitude of the diffraction beam and

=k; cosé;.

4A

However, when the diffraction beam strikes the step de- AR(K)= TOSin(Ka/Z)Si”( k[b+a/2]). ()
fect it is scattered both toward and away from the surface.
That part of the scattered amplitude which is scattered toThe simplest and most logical choice for the position of the
wards the surface will be reflected back by the smooth terreflecting plane is to make it coincident with the top of the
race at the top of the step, and this back-reflected amplitudierrace that corresponds tw=0 leading to the following
will interfere with the directly scattered part to give rise to anexpression for the scattered intensity:
observable signal. Including the back reflection from the mir-

ror surface implies that the total scattering amplitude is given

by

Ar(k)=A(x) — €2 A(~ k),

, 4

IG ) Ka
I(ﬁf)oc?sm“ 7

where | ¢ is the intensity of the grazing diffraction beam
(2)  given by
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FIG. 5. The same data as shown in the “up-
stairs” and “downstairs” panels of Fig. 4, after

background subtraction, are compared with theo-
retical predictions(smooth solid curvesof the

. L ' 6 25300 T ‘ scattered intensity due to scattering from widely
120 | 'upstairs _— 1" 777 4120 "downstairs 4 spaced step face defects. Calculated curves are
r . . shown only for angles close to or greater than the
0| *=070A 1400l 0804 | critical angle.
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COS6; tion amplitude is a smoothly varying function and exhibits
lc(6;,01)= Ag|?. (5 no unusual behavior. The very sharp peakAg,)|? seen at
" cosb, ' y pp 1)

The diffraction beam amplitud&g also has a dependence on
0, and 6;, and it can be directly calculated for a periodic
surface, for example, using the coupled channel
formalism®® The behavior of|Ag|? is expected to be
smoothly varying a9, crosses the critical angle., unless

there happens to be a bound state of the potential very clos

to the top of the adsorption well, in which caBg|? will
exhibit resonance behavior f@k on the evanescent side of
0. . This resonant behavior is often manifest as a sharp max
mum, but may also be a minimuf¥®* For the surface mea-
sured in this work, elastic coupled channels calculatfdns
using the well-established He-F11) potentiat® show that
the amplitudeA o, for the (01) beam is nearly constant in
the region of the critical angle, as seen in Fig. 7.

Figure 7 shows calculations for=0.56 A of the square
modulus of the(01) diffraction peak amplituddAgy)|* as
well as the intensity o, of the (01) peak as given by Ed5).
Although the intensity of th€01) diffraction peak decreases
strongly neam,; = 6. and vanishes &, , the squared diffrac-

6#,=60.99° is due to the selective adsorption resonance of
the evanescent01) diffraction beam with the highestn(

=3) bound state of the interaction potential located at an
energy ofe;=—0.48 meV. Thus, the above arguments show

Shat the linear dependence Ighyy( ¢;) as exhibited in Figs. 2

and 3 is explained by thé; dependence of the flux factor

ceosaf /cosé in Eq. (5).

B. Step scattering by an evanescent beam
I Next we consider the scattering of an evanescent diffrac-
tion beam by the same surface step riser as in Sec. IVA. As
opposed to a grazing-angle diffraction beam, the asymptotic
form of the wave function of an evanescent beam is expo-
nentially damped away from the surface,

\I,G(r) — ei(Ki+G)~Re—kGZZ'

(6)

wherez is the direction normal to the surface and the posi-
tion vector is divided into components parallel and normal to
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FIG. 7. The calculated square modulégoy|® of the (01) dif-
fraction beam, and the diffraction intensity,)( ;) for He scatter-
ing from Rh311) for the incident angles; in the vicinity of the
critical angled,. A\=0.56 A and¢,=60.96°

Again, as in Sec. IV A above, the step is regarded as a
one-dimensional barrier extending upwards from the surface
a distance in thez direction and the azimuth of the incident
beam is taken to be perpendicular to the steps. The scattering
amplitude in the Fraunhofer limit can be calculated using the
standard form for the transmission amplitude of a wave in-
cident on a diffraction gratiné’ given by

w
o

+ oo

A(K)=Aof t(z)e %z, (8)
where as befora= (K;+ G)cosé;~k, cosé; andt(z) is the
transmission function. For the present case of illumination of

the step by an evanescent beam, the transmission function
becomes

Intensity [arb. units]
n
o

0; z<0
t(z)= 0; 0<z<a 9)
Age ke  z>a.

As in Eq.(2) above, the observed amplitude must include the
back reflection from the mirror surface leading to an expres-
sion for the total scattering amplitude given by

FIG. 6. A series of intensity spectra similar to those of Figs. 4 AE(K): 5 |A20 [k cosk(a+b)
k“+Kg,

and 5, taken in the upstairs direction, for a de Broglie wavelength of
A=0.85 A~1. The upper panel shows the data as measured, and the . i kb—Keoa
lower panel is the same data with a linear background subtracted tkgzsink(atb)le ez, (10

and the solid curve is the theoretical calculation. For scattering by an evanescent wave, the scattering ampli-

tude of Eq.(10) plays the same role as E(B) above for a
the surface according tio=(R,z). The conservation of en- real grazing angle diffraction beam.

ergy and parallel momentum determine the evanescent per- |t is interesting to compare the behavior of E(®). and
pendicular wave vector as (10). This is done in Fig. 8 for the case where the position of
the mirror surface is taken to be the top of the terrdzre,
ke, =| ~/ki2— (Ki+G)?|. (7) =0. The solid line shows the squared amplittlwl§|2 of Eq.
(3) as a function of final angle®; for the (01) diffraction
Adopting the Rayleigh ansaf?,the asymptotic form of Eq. beam and the.=0.79 A case shown in Fig. 4. The dashed
(6) can be extended right up to the surface. line shows|Afe™*e3|2 for the same case, but where the
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FIG. 9. Maximum peak intensity as a function éf for the A
=0.56 A case of Fig. 5. The solid curve is the intensity calculated
rom Eq.(11) and the filled circles are the maximum peak intensi-
ies from Fig. 5.
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FIG. 8. The square modulus of the scattering amplitude pIottec{
as a function of final angle. The solid curve|&?|? of Eq. (3) for

scattering by a grazing exit diffraction beam corresponding to the P
\=0.79 A case of Fig. 5, and the dashed curvéABe™ke=|2 of of the Gaussian is chosen to be the measured FWHM of the

Eq. (10) for scattering by an evanescent wave for the same syste specular beam, Whlc_h ts=1.85°. The FWHM Of.th? Specu-

with 6,= 6,+0.07°. Tar beam is substantially larger than that of the incident beam
because of the proximity of the detector to the crystal, the

source-to-crystal distance being approximately 0.5 m while

incident angle isf;=56°, slightly larger than the critical {he getector is only 4.0 cm from the sample. Thus, the inten-
angle of§.=53.3°. Both functions show quadratic behavior sity I o1)(6;) is chosen according to the formula

in 90°— #; very close to the forward direction, they have a
large first maximum, and smaller maxima @gncreases. S -0,
The comparison shown in Fig. 8 is slightly misleading, 1 oy(6;)= —|A(01>|2f e 1 (9.,— 6,— 0)de.
however, because it does not exhibit the exponential decay of Jro —
the intensity caused by the facter ?“¢z2, The step heigha 11

is expecte_d to be Iarg_er t_han 1 /—\ and the evanescent wavgyr ¢, sufficiently smaller tharg, and assuminq;A(m)lz to
vectorkg, increases with mprgasm@ and very qwckly_ be- pe approximately constaritoy(6;) appearing in Eq(4) is a
comes complarable to the incident wave vector that is of offinear function, in agreement with the linear intensity of the
der 6-10 _'& » S0 the exponential decay is very strong. Forgrazing angle diffraction beam nedy exhibited in Figs. 2
example, in the case of Fig. 8 whefe exceedsi by only  and 3. However, fow; very close to, or even slightly larger
0.7°,kg;a~2 ande ““cz*~0.02. Itis this rapid decay of the than 4, 1 45(6,) of Eq. (11) accounts for the fact that, al-
|nten5|ty that excludes scatterlng_from evanescent Wavegough the leading edge of the incident beam distribution is
from being the cause of the scattering signals seen in Figs. greater thard,, the trailing edge still produces a real diffrac-
and 5. Also Fig. 8 shows that the intensity for scattering byijon intensity. The normalization of calculations to experi-
the evanescent wave would not agree with data such as thg{ant is then effected by choosing the cons®@sb that the
shown in Fig. 5 because it oscillates too rapidly and thesa|cylated curve matches the experimental curves for one of
tallest peak is too narrow in width. the spectra at a give#, such as shown in Fig. 5. The com-
bination of Egs.(11) and (4) are the theoretical expressions
used to compare with the experimental data, and aside from
the overall normalization consta8t this is a single param-
Comparisons between the experimental measuremeneser theory depending only on the step height
and the theory of scattering of the grazing angle diffraction The agreement of Ed11) with the measured data is ex-
beam from isolated steps is shown in Figs. 5 and 6. Howevehibited in Fig. 9. There, for th& =0.56-A case of Fig. 5 in
before discussing the significance of these comparisons, it ihe upstairs direction, the solid curve is the intensity calcu-
necessary to develop a method of normalizing the calculate&ted from Eq.(11) while the solid circles are the maximum
intensities to those of the experiment, and to take account gieak intensity of the measured spectra, plotted as a function
the experimental width of the incident beam, which cause®f incident angled,. This figure shows that there is signifi-
an even larger width of the grazing diffraction beam. cant intensity observed even fér> 6. For 8, smaller than
The relative intensities of the theoretical curves at eactd, by more than 1°, the data exhibit the expected linear be-
value of 9, are determined from the observed linear depenhavior of the real diffraction beam.
dence of th€01) diffraction peak intensity fo;< 6, and by The solid curves in Figs. 5 and 6 are the theoretical pre-
assuming that the incident beam has a Gaussian distributiadictions of Eq.(4) with | )(6;) chosen according to Eq.
in angular spread about its center, both in and out of thé1l). For example, in the upstairs direction, Fig. 5 shows
scattering plane. The full width at half maximu@@WHM) good agreement between the observed scattering distribution

V. COMPARISON OF THEORY WITH DATA
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and the theoretical model of EG4) for values off; ranging  tering was recently observed by some of the present authors
from slightly less thand. to significantly larger thard,, as a result of scattering directly from the incident be&arm
where only the trailing portion of the incident beam distribu- this experiment, scattering patterns were observed as features
tion produces a real01) diffraction beam. The shape and in the diffuse elastic background between diffraction peaks.
width of the theoretical curves, the stationary position of thel hese features were analyzed in terms of single slit Fraun-
peak maximum, and the decrease in intensity with increasingofer intensities for both single and double steps, and were
6, are all well predicted for a value af=2.28 A, which is observed at a scattering angle corresponding to the specular
exactly twice the minimum step height for this surface. The-2ngle of the incident beam relative to the step faces of steps
oretical curves are shown only for incident angtgsiear or 0N the (311) surface. This work provides confirmation that
larger than the critical anglé, because for smaller incidence Poth single and double steps exist on the33l) surface. In
angles the scattering gradually becomes dominated by thrder to attain sufficient |nt_enS|ty, however, it was necessary
diffraction peak that is not included in the theory. In the t0 €nhance the step density on the surface by a sputtering
downstairs direction shown in Fig.@here fewer measured Process. The results found in Ref. 27 would then indicate that
spectra are available equally good agreement between Scattering of a grazing angle diffraction beam fron1a1)
theory and experiment is obtained, but quite remarkably, thétep face, which makes a tilt angle of 29.50° with respect to
overall intensities at equivalent values@fclose to or larger ~ the (311) surface plane, would produce a Fraunhofer pattern
than 6, are approximately an order of magnitude smallerat approximatelyd;~30°, while the(100 step face plane
than those for the upstairs direction. Figure 6 also show#hat makes a filt angle of 25.24° would produce a similar
similar agreement between theory and experiment in the vipattern but ag;~40°. (In the previous experiments, the ac-
cinity of @~ 6;, although in this case the data were takentual angles were found to be slightly less than those pre-
only in the upstairs direction. The agreement between theor{ficted by the crystal plane angles, an effect that was attrib-
and experimental data, taken together with the large differ/ted to a small change in step face inflection angle due the
ence in signal intensity between the upstairs and downstairdmulowchowski smoothing of the electron denéftySuch a
directions, indicates that the scattered intensity is due to thBattern was looked for in this experiment but not observed.
steps created by the miscut and that furthermore the directiohn€re are two reasons why the step face Fraunhofer pattern
with the most steps-up can be distinguished. However, n§ould not be seen(l) the intensity of the(01) diffraction
independent measurements with any technique other than h@€ak is small and the step density is I6evg., in the case of

of steps or the miscut direction. cident beam, the surface step density was enhanced by sput-

The minimum step height on the 1&11) surface isa tering). thu.s the !ntensity will be small; an@) at all incident
—1.14 A. A defect with exactly twice this value could be €nergies investigated, fafi~ 0. a value of0;~30° or 40°
indicative of double-height steps, or of defects consisting ofalls very close to the rather large (,a8nd (0,2 diffraction
a “minifacet” of two adjacent single steps. The present the-peaks and hence the signal could not be distinguished from
oretical model would give the same results for both caseshe background.

Concerning single steps, which in addition to double steps One other characteristic of tf{811) surface is that after a
have been shown to be present at this surfAceyr model  step up or a step down, the phase of {B&1) terraces is
predicts that they would produce a much broader featureshifted by one-half of an atomic spacing. Thus adja¢ghi)
essentially twice as broad as that of the double steps, ceiterraces differing in height by one step are out of phase in the
tered at about-75° in Fig. 5. As a consequence, this signal direction parallel to the steps. After a double step, the ter-
could not be distinguished from the background in our ex+aces are back in phase. However, this subtle phase shift
periments. should have no measurable effect on the He atom scattering

There are also some interesting peculiarities of &t  intensities because the corrugations of (B&1) surface in
surface that should be discussed in connection with these Hbe direction parallel to the steps are small. He scattering
scattering measurements. A step up and a step down in thieeasurements performed in the direction parallel to the steps
(311 surface are not equivalent, even though both have then this RI{311) face, i.e., in the crystal azimuth of 0° or
same height of 1.14 A. If the step up riser face i$180) 180°, showed no detectable diffraction peaks in the sagittal
crystal plane then the step down face will b€141) plane plane, indicating a negligible corrugation of the interaction
(or exactly the contrary, if the crystal azimuth is rotated bypotential.
1809. Both of these faces consist of close-packed rows, but
the tilt angle of the(100) and (111 crystal planes relative to
the (311 surface differs by approximately 5°. As indicated
above, this small difference in tilt angle has no effect on the This work demonstrates that atomic diffraction by peri-
theoretical interpretation of the intensity of E@), and at  odic surfaces can be observed all the way to the critical angle
this level of analysis the intensity projected in the directionwhere the diffraction beam exits parallel to the surface plane.
for 6; near 90° will be the same for both types of step facesUnder these critical conditions we observe an anomalously

However, the direct semiclassical scattering from the steparge, broad and diffuse scattering intensity that can be at-
face will produce an approximately Fraunhofer scatteringributed to scattering out of the grazing angle diffraction
pattern centered about the direction specular to the step fackeam caused by step defects as a result of the crystal miscut.
In a different context a similar specular-to-the-step-face scatfhis conclusion is supported by comparisons with calcula-

VI. CONCLUSIONS
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tions of the expected scattering distribution due to such deef the grazing angle diffraction beam. The evanescent parts
fects, and it is supported by the observation that the intensitgf the wave packet are strongly localized close to the surface
is roughly an order of magnitude larger in the “upstairs” by their exponential amplitude decay in the direction perpen-
direction than in the “downstairs” direction, with the “up- dicular to the surface. However, a scattering model similar to
stairs” direction corresponding to the crystal orientation thatthat developed for grazing angle diffraction beam scattering
would produce the largest density of step defects with risershows that the intensity from evanescent waves is strongly
facing the exiting diffraction beam. This large discrepancy indamped as a function of incident beam angle and thus cannot
the two crystal azimuthal orientatior(ge., with the steps be the source of the large signals seen here.

oriented either 90° or 270° with respect to the scattering Finally, it is of interest to discuss some future possibilities
plane cannot be due to the slight asymmetry in the periodicfor application of this effect:

corrugation of the R{811) terraces. This is verified both by (i) The quantitative study of grazing exit diffraction will
our direct measurements, which show negligible differencegnable measuring the differential and total cross sections of
in diffraction beam intensities for the two crystal orienta- surface defects under the well-defined conditions of an illu-
tions, and by elastic close coupling calculatibhssing the  minating beam traveling parallel to the surface. This is of
known potential for this surfacl, which predict that the fundamental interest because it permits observation of scat-
differences in diffraction intensities in the two orientations tering from defects illuminated by a two-dimensional wave,
are no more than 10%. Thus, one of the major conclusions afather than the usual conditions of illumination in a full
this work is that the large asymmetry in signal intensity inthree-dimensional geometry.

the two opposite directions is due to the much larger density (ii) There are some intriguing possibilities for inelastic
of step-up faces in one of the two directions caused by thecattering effects. If the surface is contaminated with adsor-
miscut of the crystal. This allows unambiguous determinabates having low-energy modes, such as frustrated transla-
tion of the miscut direction in He atom scattering experi-tion modes? there should be inelastic Einstein mode multi-
ments. quantum overtones scattered out in all directions by these

The theoretical model for scattering from step faces predefects. We would expect the grazing exit diffraction beam to
dicts that the intensity distribution should have the samémpart large parallel momentum transfers and hence produce
shape in both the upstairs and downstairs directions becautsrge inelastic intensities.
appreciable scattering occurs only at the stepgamg not at (iii ) This effect is not limited to atom or molecule scatter-
the steps down and this is clearly verified in the compari- ing, it should be observed in electron scattering, photon scat-
sons of Fig. 5. The difference in overall intensity is predictedtering, or any other scattering process in which the periodic
to be proportional to the step density, thus the order of magsurface produces diffraction beams that can have significant
nitude difference in intensity indicates a similar difference inintensity near grazing exit conditioR$3°
numbers of steps up in the two opposite directions.

One possible alternative explanation of the observed re-
sults would arise if the crystal orientation in the polar angle
were unknown to up td #;=2°. Then the observed signal  The authors would like to thank Dr. Henrik “ger for
could be explained as the direct observation of the tail of thearrying out useful calculations and for helpful discussions.
roughly Gaussian-shaped grazing angle diffraction beam a®ne of us(J.R.M) would like to express appreciation to the
this beam passed from real to evanescent state. Howevddgpartment of Physics of the Freie UniversiBerlin for
measurements of the angular positions of the rather largkospitality during part of this work. This work was supported
number of other diffraction peaks allows the uncertainty inby the U.S. Department of Energy under Grant No. DE-
crystal orientation to be no more than 0.2°. ConsequenthfG02-98ER45704, by the National Science Foundation un-
such an explanation can be ruled out. der Grant No. DMR-0089503, and by the Deutsche Fors-

Another possible explanation is that the observed signathungsgemeinschaft under the Sonderforschungsbereich 290
could be scattering by the step faces from the evanescent pdfP A5).
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