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Superstructures of oxygen and sulphur on a Fe(110) surface via fast atom diffraction
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Fast helium atoms and hydrogen molecules with energies from 400 eV up to several keV are grazingly
scattered from a Fe(110) surface covered by oxygen and sulphur atoms forming c¢(2X2) and c¢(1 X 3) super-
structures, respectively. For scattering along low-index azimuthal directions we observe defined diffraction
patterns in the angular distributions for scattered projectiles. From the evaluation of those diffraction patterns
we derive the widths of low-indexed axial channels, the corrugation of the interaction potential across these
channels, and the normal positions of adsorbed atoms above the Fe lattice. Our analysis is based on semiclas-
sical models using hard-wall approximation as well as individual potentials for the interaction of projectiles
with the surface. By comparing the results of different models, we discuss the robustness of the information on

the geometrical structure of the surfaces.
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I. INTRODUCTION

Diffraction and interference effects for scattering of par-
ticles with finite-rest mass can be understood in the frame-
work of quantum physics using the concept of matter waves
by de Broglie!. Diffraction phenomena were first observed
for scattering of low-energy electrons from a metal surface?
and of thermal He atoms from an alkali-halide surface®. Both
findings were milestones for establishing quantum mechan-
ics. For electrons with energies of typically 100 eV or He
atoms with energies of about 50 meV the de Broglie wave-
length is of the same order of magnitude as the interatomic
spacings in crystals. Hence, scattering of low-energy electron
diffraction and reflection high-energy electron diffraction
[LEED (Refs. 4 and 5) and RHEED.,® respectively] as well as
scattering of thermal atoms (thermal energy atom scattering-
TEAS and helium atom scattering-HAS)?~? have been devel-
oped to powerful tools for structural investigations of crys-
talline surfaces. However, electron scattering is inadequate
for surface structures which are affected by electron-
stimulated desorption'?, dissociation!!, reconstruction'?, or
rearrangement.' Furthermore, it is predominantly applicable
to conducting surfaces. On the other hand, scattering of ther-
mal atoms can be affected by the adsorption of atoms or
molecules from the residual gas and as e.g., the formation of
hydrogen superstructures due to the long recording times
caused by inefficient detection.

The recently introduced method of fast atom diffraction
(FAD) is nondestructive, has a high detection efficiency, is
sensitive to the topmost layer only, and can be applied to
insulator surfaces at room or elevated temperatures. There-
fore, this method is suitable for investigations of sensible
surface structures where established techniques might fail. In
the meantime, FAD has been demonstrated for grazing scat-
tering of light atoms and molecules with projectile energies
of about 1 keV from monocrystalline insulator'*~!'7 and
metal'®!° surfaces as well as metal surfaces covered with
adsorbate superstlrutures20 at room temperature.

For scattering under grazing angles of incidence®'-??, fast
atoms, ions, molecules, or molecular ions are steered by
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strings (“axial channeling”) or planes (“planar channeling”)
of lattice atoms. Under such conditions, projectile trajecto-
ries can be separated in two widely decoupled regimes of
scattering: (1) a “fast” one for the motion parallel to the
atomic strings or planes with energy E,=E, cos’ ®;,~ E,,
where E| is the initial projectile energy and ®;, is the polar-
incidence angle with respect to the surface plane, and (2)
a “slow” motion normal with respect to strings or planes
of surface atoms with energy E, =E, sin> ®, <E, (for,
e.g., ®,=1 deg holds E, =3X107*E,). The de Broglie
wavelengths Ngg=h/Mv=h/N2ME, (h=Planck constant,
M =projectile mass, and v=projectile velocity) associ-
ated to the parallel and normal motion are given by
)\dBH:h/ \3’2ME|‘=)\dB/COS (I)inz)\dB and )\dBL =h/ \QMEL
=N\gg/sin @y, > \gp, respectively. While Agg; is 2 to 3 orders
of magnitude smaller compared to interatomic spacings of
surfaces, Agg | is comparable to lattice spacings for light at-
oms and molecules with projectile energies up to some keV.
The positions of diffraction spots are determined by the
Bragg condition for constructive interference in the surface
plane: n\gg=d sin ¥/cos @, =d sin ¥,'7 with d being the
distance between adjacent strings of surface atoms, n the
diffraction order, W the azimuthal exit angle within the sur-
face plane, and @, the polar exit angle (cf. Fig. 1). The
Bragg condition for ¥ corresponds to a relation for construc-
tive interference in the detection plane, which is perpendicu-
lar to the axial strings of surface atoms: n\gz | =d sin ® with
O =arcsin(sin W/sin ®;,) being the deflection angle. The
Bragg condition n\gg=d sin ¥ implies that the positions of
diffraction spots in the detection plane depend on the de
Broglie wavelength A4 (i.e., on the velocity v or projectile
energy E;) only, but are independent of the polar-incidence
angle ®,,. On the other hand, owing to the Bragg condition
nh\gg | =nhgg/sin @;,=d sin O, diffraction spots appear un-
der the same deflection angle ® for different \gg, if ®;, is
adjusted in order to achieve same Agg ;. The diffraction con-
ditions for the normal motion can be interpreted in terms of
an enlarged de Broglie wavelength \4g,, which is for graz-
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FIG. 1. (Color online) Sketch of scattering geometry.

ing scattering about a factor of 100 larger than A\4g and of the
same order of magnitude as the interatomic spacings in the
crystal lattice.

In recent works we have shown that from the evalua-
tion of diffraction patterns for low-indexed axial channels
one can deduce their widths and the corrugation of the inter-
action potential across these channels. Furthermore, for the
scattering from superstructures on a substrate surface, one
can estimate the transverse position of adsorbate atoms from
the corrugation of the potential. This paper describes recent
progress on this topic. We present a detailed evaluation of
diffraction patterns for the scattering of He atoms and H,
molecules from a c(1X3) superstructure of sulphur and a
¢(2X2) superstructure of oxygen on a Fe(110) surface. The
corrugation for the ¢(2X2)O/Fe(110) superstructure is de-
termined in the framework of the hard-wall approximation
taking into account a correction with respect to deviations
caused by the softness of a more realistic potential.

In Fig. 2, we display a sketch of structural models for
the two superstructures, which have been investigated
experimentally?>=> and theoretically*®~*> before. For both
superstructures, the adsorbate atoms occupy fourfold hollow
sites of the Fe substrate. The c¢(1 X 3)S/Fe(110) structure is
formed at a sulphur coverage of #=1/3 ML and the c(2
X2)O/Fe(110) structure at an oxygen coverage of §=1/4
ML. The normal height / of the adsorbate above the topmost
Fe layer was calculated with density functional theory
(DFT): 1.39 A for ¢(1X3)S/Fe(110) (Ref. 38) and 1.0 A
for the ¢(2 X 2)O/Fe(110) superstructure®®. The value for the
¢(2X2)O/Fe(110) superstructure will be compared with the
analysis of our data obtained via FAD.

The paper is organized as follows. In Sec. II we describe
our experimental setup and the preparation of superstructures
on the Fe(110) crystal. In Sec. IIT A we present the results of
the LEED measurements. The determination of the angular
positions of the FAD spots is given in Sec. Il B. In Sec.
IIT C we evaluate the intensity modulation of the FAD spots
and demonstrate the generation of diffraction charts. In Sec.
III D we discuss the soft-potential correction for the hard
wall approximation. In Sec. III E we demonstrate the deter-
mination of the vertical positions of adsorbed oxygen atoms.
Conclusions are given in Sec. IV.

19,20
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FIG. 2. (Color online) Sketch of top view of structural models
for ¢(1X3)S/Fe(110) (upper panel) and ¢(2 X 2)O/Fe(110) (lower
panel). Some low indexed axial channels are highlighted. Widths
d of channels are given with respect to Fe lattice constant g
=2.86 A (Ref. 23) (see also Table I). Fe atoms of first (110) layer:
small dark red circles, S atoms (upper panel): large yellow circles
and O atoms (lower panel): large blue circles.

II. EXPERIMENT

In our experiments, we have scattered neutral H, mol-
ecules, *He and “He atoms with projectile energies E, rang-
ing from 0.4 keV up to several keV from an adsorbate cov-
ered Fe(110) surface at room temperature under grazing
angles of incidence ®;,=1.5 deg. Fast-ion beams (energy
width =<2%) were produced in a 10 GHz electron-cyclotron
resonance (ECR) ion source (Nanogan-Pantechnique, Caen,
France). The neutralization of the He® and Hj ions was
achieved via charge transfer in a gas cell mounted in the
beam line of the accelerator operating with He or Kr gas,
respectively. Residual ions were removed by electric field
plates. The atomic beams are collimated by sets of vertical
and horizontal slits of 0.2 mm widths to a beam divergence
smaller than 0.03 deg (adjustable). These slits are parts of
differential pumping stages in order to maintain a base pres-
sure of mid 10~'! mbar in our UHV chamber. The Fe(110)
target surface was prepared by cycles of grazing sputtering
with 25 keV Ar* ions and subsequent annealing to about 770
K for 15 min. The cleanness and flatness of the surface was
checked by Auger electron spectroscopy (CLAM2, VG Sci-
enta) and low-energy electron diffraction (SPALEED, Omi-
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c(1x3)S/Fe(110)

c(2x2)0O/Fe(110)

FIG. 3. LEED patterns of superstructures c(1X3)S/Fe(110)
(left panel) and ¢(2X2)O/Fe(110) (right panel) for electron ener-
gies of 120 eV (left panel) and 91 eV (right panel).

cron Nanotechnology GmbH). Superstructures with sulphur
atoms were produced in several cycles of annealing at 1000
K by segregation from bulk impurities of the crystal,?*~% and
superstructures with oxygen atoms by adsorption of O, for a
dose of 2 L (1 L=1 Langmuir=1.33X 10" mbars) at a
pressure of 5X 107 mbar at room temperature and subse-
quent annealing at 770 K for 10 min.*> Using SPALEED,
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we observed sharp spots for the superstructures c(1
X 3)S/Fe(110) and c¢(2X2)O/Fe(110). Two-dimensional
angular distributions of scattered projectiles were recorded at
a distance of 0.66 m behind the target with a position sensi-
tive microchannel plate (MCP) detector (Roentdek GmbH*?)
with a spatial resolution of 6W=0.01°. This provides a
simple and efficient procedure for recording data, where
complete diffraction patterns, as shown below, can be re-
corded in a time of some minutes with a count rate of about
10° per second for an incident particle flux of the same order
of magnitude. This is a substantial advantage compared to
thermal energy helium atom scattering where the detection of
atoms is less efficient by orders of magnitude and time con-
suming.

III. RESULTS AND DISCUSSION

A. LEED measurements

Figure 3 shows LEED patterns of the superstructures
¢(1X3)S and ¢(2X2)O on Fe(110), which are recorded at
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FIG. 4. (Color online) Two-dimensional intensity distributions as recorded with microchannel plate detector (left column) and projections
on azimuthal exit angle ¥ (middle column) for scattering of 0.6 keV (upper row) and 0.8 keV (middle and lower row) *He atoms along
(111) (upper row), (001) (middle row), and (110) (lower row) directions from ¢(1 X 3)S/Fe(110) (red curves in middle column) and from
¢(2X2)0/Fe(110) (black curves in middle column) under 0.6 deg<®;;<1.2 deg. Color code for two-dimensional intensity distributions:
red=high intensity, blue=low intensity. Right column: Azimuthal angular splittings AW of diffraction spots as function of Ay for scattering
of H, molecules, *He and “He atoms from c(1 X 3)S/Fe(110) (red symbols) and (2 X 2)O/Fe(110) (gray symbols) along (111) (upper row),
(001) (middle row), and (110} (lower row) directions. Red and gray lines: best linear fits to data.
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electron energies of 120 eV and 91 eV, respectively. The
centered-rectangular lattice of Fe(110) can be identified in
the LEED pattern of the ¢(2X2)O/Fe(110) superstructure
(right panel of Fig. 3), where the substrate spots are some-
what more pronounced in comparison to the superstructure
spots. The LEED pattern of the ¢(2X2)O/Fe(110) super-
structure is similar to the observations in Refs. 28 and 34.
The ¢(1 X 3)S LEED pattern is similar to the patterns shown
in Refs. 25 and 27, where in the latter work the c¢(1X3)S
superstructure was formed by exposure to H,S. The (3 X 1)
sulphur superstructure described by Weissenrieder et al.?® us-
ing thermal-induced segregation from bulk was not observed
under our conditions.

The chemical purity of the ¢(1 X 3)S/Fe(110) superstruc-
ture was tested by Auger-electron spectroscopy. The Auger-
intensity peak ratio was S(152 eV)/Fe(651 e¢V)=0.24 (for a
primary electron energy of 3 keV) which is in accord with
previous works.?

B. Angular positions of FAD spots

In Fig. 4, we display two-dimensional intensity distribu-
tions (left column) as recorded with the microchannel plate
detector for 0.6 keV and 0.8 keV *He atoms scattered from
the ¢(1X3)S/Fe(110) and ¢(2X2)O/Fe(110) superstruc-

tures along (111) (upper row), (001) (middle row), and (110)
(lower row) directions under polar incidence angles 0.6 deg
=<®; =1.2 deg. The projections of these intensity distribu-
tions are shown as functions of the azimuthal exit angle ¥ in
the middle column. The number of diffraction spots as well
as the azimuthal splittings AW between adjacent peaks are
different for both superstructures in each investigated chan-
neling direction. For the scattering from c¢(2X2)O along

(111) and (001), the intensity maximum of the second dif-
fraction order coincides with the maximum of the first order
for ¢(1X3)S at the same azimuthal exit angle W. In contrast,

AW along (110) for ¢(2X 2)0O is larger than for ¢(1 X 3)S by
a factor of 1.5, hence the peaks of the third order for c(1
X 3)S and the peaks of the second diffraction order for c(2
X 2)O coincide. These ratios are constant and independent of
projectile species/isotopes and projectile energy.

In the right column of Fig. 4, we compare AW as function
of Agg for the scattering of H, molecules, 3He and “He atoms
for both superstructures. The slopes of the linear functions
for ¢(1 X 3)S are twice as large as the slopes for ¢(2X2)O

along (111) and (001), but 2/3 for (110). For the small azi-
muthal exit angles ¥ investigated in our experiments, the
linear dependence of the azimuthal angular splittings AW of
adjacent diffraction spots follows directly from the Bragg
condition nAgg=d sin ¥ and is given by AW = \p/d. There-
fore, the slopes depend on the channel widths d only.

In Fig. 5, we compare for c¢(1X3)S (upper panel) and
¢(2X2)O (lower panel) the linear dependence of AW on A4
for the four investigated channeling directions with different
widths d. All data points shown in the right column of Fig. 4
and both panels of Fig. 5 represent the averaged azimuthal
splitting of adjacent diffraction spots of different orders for
a selected de Broglie wavelength Aggz. The slopes s of
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FIG. 5. (Color online) Azimuthal angular splitting AW of dif-
fraction spots as function of de Broglie wavelength A\ 4g for scatter-
ing of H, molecules, He and “He atoms from c(1 X 3)S/Fe(110)
(upper panel) and ¢(2X2)O/Fe(110) (lower panel) along (111)

(red symbols), (110} (gray symbols), (113) (blue symbols), and
(001) (yellow symbols) directions. Lines: best linear fits to data.

the linear fits and the resulting widths dey,=N\gg/ AW
=180 deg/(s- ) of axial channels are listed in Table I. For a
comparison, we also list the widths d., calculated with the
Fe lattice constant g=2.86 A (Ref. 24). The widths of the

channels along (111) and (001) for ¢(1 X 3)S are unchanged
with respect to the Fe(110) face, whereas the widths along

(110) and (113) are larger than for Fe(110) by a factor of 3.
For the ¢(2 X 2)O superstructure, the widths of all four in-
vestigated axial channels are larger by a factor of 2 with
respect to the Fe lattice (cf. Fig. 2). Within the accuracy for
the experimentally deduced widths d.y,, (limited to some per-
cent owing to the uncertainties in projectile energy E, and
the spatial detector calibration), their values accord well with
the calculated widths d,; for both superstructures, which re-
sult from multiplication of an integer with the theoretical
widths for the Fe(110) substrate (cf. last column of Table I).

C. Intensity modulation of FAD spots

The second important feature of the diffraction patterns is
the dependence of the relative intensities of diffraction spots
on the projectile energy E, as well as on the polar incidence
angle ®;,. As an example, we show in Fig. 6 experimentally
deduced projections of intensity distributions as function of
the deflection angle ® for the scattering of *He atoms with

energies 0.45 keV=FE,=1.4 keV along (110) under con-
stant @;,=0.85 deg. In addition to the already discussed lin-
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TABLE 1. Slopes s of linear fits (cf. Fig. 5), channel widths d,,, deduced from slopes and d, calculated
from structure models (cf. Fig. 2) for scattering from superstructures c(1X3)S/Fe(110) and c¢(2
X 2)O/Fe(110) along (110), (113), (111), and (001} directions and ratios deyp/ dpe calculated with channel
widths for Fe(110) [lattice constant g=2.86 A (Ref. 23)].

s deoxp dgal
Direction (deg/A) (A) (A) dexp! dpe
c(1X3)S/Fe(110) (110) 13.7+0.4 42+0.1 3g/2=4.29 2.9+0.1
(113) 16.1+0.5 3.6+0.1 \59¢/6=3.66 2.9+0.1
(111) 242+0.7 2.36+0.07 \s“Egi 3=2.34 1.01+0.03
(001) 28.4+0.8 2.02+0.06 g/\2=2.02 1.00+0.03
¢(2X2)O/Fe(110) (110) 20.0%0.6 29+09 2=2.86 2.00%0.06
(113) 23.1%0.7 25+0.8 \59¢/9=2.44 2.03+0.06
(111) 123+04 4.6+0.1 2@;/3:4.67 1.99+0.06
(001) 142+04 4.0+0.1 \2g=4.05 1.99+0.06

ear relation between AW and A\gz(E,), Fig. 6 shows the
change in the relative intensity of diffraction spots with E,.
For example, for E,=0.45 keV [cf. Fig. 6(a)] the intensity of
the zeroth diffraction order is very weak, whereas the inten-
sity for the first order is pronounced. At Ey=0.75 keV [Fig.
6(c)] the intensities for n=0 and 1 are almost equal, whereas
the two peaks of the second order are larger by a factor of 2.
This trend continues at an energy of Ey=1 keV [Fig. 6(e)],

where the intensity for n=1 vanishes and the intensity for the
zeroth diffraction order is pronounced. The opposite changes
in the intensities for n=0 and 1 are also present for scattering

along (113) as shown in Fig. 7.

These intensity variations are attributed to the corrugation
of the interaction potential across the axial channels'>'® and
can be understood within the semiclassical concept of super-
numerary rainbows.** In addition to the interference of tra-
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FIG. 6. (Color online) Gray circles: experimentally deduced projections of intensity distributions on deflection angle ® for scattering of
0.45 keV (a), 0.60 keV (b), 0.75 keV (c), 0.85 keV (d), 1 keV (e), and 1.40 keV (f) *He atoms under polar incidence angle ®;,
=0.85 deg along (110) from ¢(2 X 2)O/Fe(110). Red curves: superpositions of Lorentzian peaks. Black bars indicate angular positions and
amplitudes of Lorentzian peaks which are deduced by Bragg conditions and square of Bessel functions J,,(Az, g | ), respectively, as detailed
in text. Deduced full corrugation Az is given in each panel. Diffraction orders n are labeled with numbers at intensity maxima.
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FIG. 7. (Color online) Same as

in Fig. 6 for scattering of 0.5 keV
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X 2)0/Fe(110).
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jectories deflected from equivalent sites of the equipotential
faces separated by the widths d of axial channels, which is
the origin for the appearance of diffraction spots (Bragg
peaks), grazing scattering from a corrugated potential is af-
fected by a second type of interference. Below the classical
rainbow angle, for each deflection angle ® a pair of trajec-
tories deflected from different sites of the equipotential plane
can be found. The phase difference between the two path-
ways determines the probability of scattering under a given
angle ©.'%* This results in a characteristic intensity modu-
lation of the diffraction spots of order n. The oscillations are
similar to the atmospheric phenomenon® of supernumerary
rainbows.**~*’ From the analysis of the intensities of the dif-
fraction spots, one can derive the corrugation of the interac-
tion potential and information on the vertical positions of
adsorbed atoms. We discuss this feature for the scattering of
He atoms from ¢(2 X 2)O/Fe(110) in Sec. 111 E.

In the semiclassical theory for scattering from a sinusoidal
hard wall,***3 the intensity I, of a diffraction spot of order n
is given by

A
In:1ﬁ<;r Z[1+ cos ®n]>, (1)

dB L

with J, being the
=arccosy 1 —(n\gg, /d)* the deflection angle of order n, and
Az the full corrugation of the sinusoidal hard wall, i.e., the
normal distance between the maximum and the minimum of
a equipotential surface. In Ref. 48 it was shown that this
semiclassial approximation is in accord with the full quan-
tum mechanical description*®*° in a wide range of \g5,. We

Bessel function of order n, 0,

deflection angle 6 (deg)

note that different “kinematic prefactors” can be found in
literature.*>-52 However, for our scattering geometry and
for a small corrugation the prefactors can be neglected.®

In Fig. 8, we show the peak intensities for the diffraction
orders n=0 (blue cirles) and 1 (red squares) for scattering of

SHe atoms from c¢(2X2)O/Fe(110) along (110) (panel a)

and (113) (panel c) as function of the normal de Broglie
wavelength A4 . The intensity for a specific diffraction or-
der n is defined here as the area under the corresponding
Lorentzian peak from a free fit of a superposition of Lorent-
zian peaks to all appearing diffraction spots of the experi-
mentally deduced intensity distributions. In this manner,
complete distributions are taken into account. The blue and
red curves represent best correlated fits of intensities I,
=J2(2mAz/ \g ) for n=0 and 1, where cos ©,= 1. The full
corrugation Az of the He-surface interaction potential is as-
sumed to depend on the normal energy as Az(E|)=a-E
+b, with a and b being fit parameters. This approach is dif-
ferent to the procedure in our recent paper,’’ where we
evaluated the relative height of the zeroth and first-order dif-
fraction spots with respect to the total intensity only. Since
the full width at half maximum of the diffraction spots in-
crease with increasing energy due to an enhanced decoher-
ence ascribed to electronic excitations of the target surface,!®
the oscillation amplitudes are damped. On the other hand, the
contribution of the tails of adjacent diffraction spots increase
due to the peak broadening and the decrease of the azimuthal
splitting AW between adjacent diffraction spots with increas-
ing projectile energy E,. This results in an increasing offset
of the intensity oscillations. We improved the fit procedure
presented in Ref. 20 by taking into account an additional
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FIG. 8. (Color online) Left panels: Peak intensities for diffraction orders n=0 (blue cirles) and 1 (red squares) defined as area of
corresponding Lorentzian peaks from a free fit of a superpositions of Lorenzian peaks to all appearing diffraction spots of experimentally

deduced projections of intensity distributions for scattering of 3He atoms from ¢(2 X 2)O/Fe(110) along (110) (a) and (113) (c) directions
(cf. Figs. 6 and 7). Blue and red curves represent best results from simultaneous fits of intensities I,,=Jfl(27TAZ/ Ngg 1) for n=0 and 1, whereas
full corrugation Az is assumed to be linearly dependent on normal energy E, (for details see text). Right panels: full corrugation Az as
function of E | for scattering of *He atoms from ¢(2 X 2)O/Fe(110) along (110) (b) and (113) (d) directions. Red solid lines: linear function
Az(E ) resulting from best fits of (undamped) Bessel functions on intensity (Lorentzian area) modulation shown in left panels. Black
dashed-dotted lines: linear functions Az(E ) resulting from best fits of damped Bessel functions on modulation of diffraction peak ampli-
tudes for n=0 and 1 from Ref. 20. Gray circles: results from best fits of relative intensities of all diffraction orders n for each diffraction
pattern as detailed in text and shown as red curves in Figs. 6 and 7. Dashed lines: best linear fits to gray circles.

exponential damping term which hardly influences the posi-
tion of the extrema and Az. For comparison, the linear de-
pendence of Az on E | from the fit with damped Bessel func-
tions of the peak heights from Ref. 20 is plotted as black
dashed-dotted lines in the right panels of Fig. 8. The fit pa-
rameters a and b are listed in Table II. The results are in good
accord with those from the fit using undamped Bessel func-
tions (solid lines).

A more accurate method to deduce the full corrugation is
to take into account all diffraction spots. We fit a superposi-
tion of Lorentzian peaks to the normalized projected diffrac-
tion pattern, where the peak positions are given by the Bragg
relation. We assume that the peak width is the same for all
diffraction spots.!® The resulting relative peak heights are
compared with the relative intensities given by Eq. (1) with
Az as fit parameter. Some calculated intensity distributions
from the superposition of Lorentzian peaks are shown as red
curves in Figs. 6 and 7. The amplitudes of the Lorentzian
peaks are indicated by black bars and the values for Az ob-
tained from the fit are given in each panel of Figs. 6 and 7.

The deduced full corrugation Az is plotted as function of the
normal energy E | in the right panels of Fig. 8 (gray circles).

TABLE II. Fit parameters a and b of relation Az=a-E | +b for
assumed linear dependence of full corrugation Az on normal energy
E | for different fit procedures of intensity modulations of diffrac-
tion spots using Bessel functions Jﬁ(Az,)\dB 1) for scattering of He
atoms from ¢(2X2)0/Fe(110) along (110) and (113) directions
(upper row: parameters for red solid lines, middle row: black
dashed-dotted lines and lower row: dotted lines as shown in right
panels of Fig. 8).

(110) (113)

a b a b

Fit procedure (Asev) (A) (Asev) (A)

Undamped J2_ , 0257 0161 0197  0.065
Damped J2_ | 0252 0162 0202  0.063
All diffraction spots 0221 0164  0.186  0.067
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Best linear fits Az(E | )=a-E | +b to the data are given as
dashed lines (parameters a and b are listed in Table II). For
scattering along (110) [Fig. 8(b)], the difference between
these data and the results from the fits of Bessel functions J3
and J% increases slightly with increasing normal energy E | .
This is caused by increased contributions of higher order
(n>1) diffractions spots to the total intensity of the diffrac-
tion pattern for larger E | (cf. Fig. 6). However, for the scat-

tering along (113) [Fig. 8(d)] only the peaks of the second
diffraction order contribute additionally at higher E | (cf. Fig.

7). Thus, for (113) we find good agreement between the
three fit procedures.

We applied the same procedures to the projected intensity
distributions measured for scattering of *He atoms from

¢(2X2)0/Fe(110) along the (111) and (001) directions. The
results are displayed in Fig. 9. In contrast to the projected
intensity distributions shown in Figs. 6 and 7, the diffraction
spots of higher orders (n>2) appear already at lower-
projectile energies E;=0.5 keV. Furthermore, the angular
splittings AW between adjacent diffraction spots are smaller

for (111) and (001) than for (110) and (113). The linear
dependencies of the full corrugation Az on the normal energy
E | is deduced in a range of 0.07 eV=<E | <0.14 eV. In this
small normal energy range, Az is fairly constant, and the
intensity modulation of the different diffraction orders is de-
termined by the changes in A4z, . In contrast, for scattering

along (110) and (113) the intensity modulation of the differ-

20

deflection angle 6 (deg)

ent diffraction orders depends on both Ayg, and Az(E ) (cf.
right panels of Fig. 8).

In order to compare a complete data set consisting of a
large number of individual projections of diffraction patterns
as shown in Figs. 6, 7, and 9 with the calculation, we gen-
erate two-dimensional diffraction charts. In Fig. 10 we show
the intensity of diffraction patterns as function of A4z, and @
as “three-dimensional” plots of experimental intensity distri-
butions for the scattering of He atoms from c¢(2

X 2)0/Fe(110) along (110). This plot is generated from 21
projections of intensity distributions as shown in Fig. 6. For
illustration, we have highlighted three projections from Figs.
6(b), 6(e), and 6(f) by black curves (cf. upper panel). For
comparison between experiment and calculations, such two-
dimensional diffraction charts contain rather complete infor-
mation on the diffraction scenario. In Fig. 11, we display
experimental (left panels) and calculated (right panels) dif-
fraction charts for the scattering from c¢(2X2)O/Fe(110)

along (110) (upper panels) and (113) (lower panels) direc-
tions. The two diffraction charts shown in the upper as well
as in the lower panels, respectively, were generated using the
same normalization and the same color code for the intensity.
In addition to the intensity modulation of the diffraction
spots, the plots in Fig. 11 show further important features:
(1) While the angular position of the diffraction peaks of the
different orders are determined by the periodicity of the in-
teraction potential (Bragg condition indicated by dotted
lines), the positions of the intensity maxima along these lines
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FIG. 10. (Color online) Three-dimensional plots of experimen-
tally deduced intensities as function of deflection angle ® and nor-
mal de Broglie wavelength Ayg, for scattering of 3He atoms from
c(2X2)0/Fe(110) along (110) (in upper and lower panel). The
same data are shown as two-dimensional diffraction chart in Fig.
11(a). In upper panel, three projections of intensity distributions as
shown in Figs. 6(b), 6(¢), and 6(f) are highlighted as black curves.
Color code: red=high intensity, blue=low intensity.

results from the full corrugation Az of the interaction poten-
tial. Using the linear dependence Az(E | )=a-E | +b with the
parameter a and b given in the lower line of Table II, we
found good agreement between the experimental and calcu-
lated diffraction charts. (2) Furthermore, the transition from
quantum diffraction to classical scattering can be identified
in such diffraction charts: the diffraction patterns are increas-
ingly blurred with decreasing de Broglie wavelength Agg | .

PHYSICAL REVIEW B 79, 235425 (2009)

For A\gg, =0.2 A, classical scattering dominates in terms of
a relatively broad and diffuse angular distributions without
diffraction spots. Then the classical rainbow peaks at the
maxima of the deflection angle will remain.

D. Soft-potential correction

Beyond the hard-wall approximation, a more realistic
semiclassical treatment should include the variation in the de
Broglie wavelength along the trajectories due to the softness
of the interaction potential. The comparison between hard-
and soft-wall calculations shows that the hard-wall approxi-
mation mimics a reduced surface corrugation. Therefore, sur-
face morphologies deduced in the framework of the hard-
wall approximation are smoother than the real surface.*®
Hence, projectiles will be accelerated and decelerated differ-
ently depending on their impact parameter during the scat-
tering process. This results in a phase difference for scatter-
ing from a soft potential and the hard wall. In order to
evaluate this effect, we compare the calculated intensity
modulation of the zeroth diffraction order for a soft potential
with results for a hard wall with the same corrugation. The
soft He-surface interaction potential is constructed “pairwise
additive” as a sum over individual He-Fe and He-O pair
potentials. The potential averaged along the axial channels
(oriented in y direction) is obtained by superposition of axial
string potentials between He projectiles and strings of Fe and
O atoms of the topmost atomic layers resulting in a two-
dimensional potential surface V(x,z) (without corrugation in
the direction of the strings of atoms). The axial string poten-
tial is given by?!??

1(~ ~—
V=5 [ VP @)

—oo

where p is the distance to the strings, D is the spacing be-
tween atoms of the strings of the axial channels, and V4 is
the interaction potential determined individually for He-Fe
and for He-O. V4 is calculated numerically in a statistical
model taking into account electrostatic, kinetic, and ex-
change contributions.” The calculations are based on elec-
tron distributions for free atoms obtained from electron wave
functions by Clementi and Roetti.’® With these potentials
we obtained good agreement with respect to the rainbow

TABLE III. Parameters «; and B; from fits of individual pair
potentials He-Fe, He-O, and He-O(-) with Eq. (3).

Parameter He-Fe He-O He-O(-)

a —12.16291 -9.41497 —7.13300
a, —7.22431 -2.15148 —0.00935
ay 4.07524 5.79838 1.41520
ay 15.87682 7.88587 7.50770
By 0.81538 0.44297 0.38622
B> 0.91849 0.63960 1.32971
B3 0.71372 0.32351 0.63250
Ba 0.88033 0.55850 0.33911
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FIG. 11. (Color online) Experimentally deduced (left panels) and calculated (right panels) two-dimensional intensity distributions as
function of deflection angle ® and normal de Broglie wavelength Nz, (diffraction charts) for scattering of *He atoms along (110) (a and
b) and (113) (c and d) directions from ¢(2 X 2)O/Fe(110). Diffraction orders determined by Bragg condition n\yz , =d sin ® are indicated

by dotted lines. Color code: red=high intensity, blue=low intensity.

angles®’8 for classical scattering at projectile energies of
several keV>*% (see Sec. IIT E). The calculated He-Fe and
He-O interatomic potentials are plotted in Fig. 12. For po-
tential energies below 50 eV, the individual pair potentials
are well approximated by the analytical expression (in
atomic units®!)

4
Z,\Z
Vina(r) = %E a; exp(=r/f3;), (3)
i=1

where r is the internuclear distance between two atomic part-
ners with nuclear charges Z; and Z,. The parameters «; and

B; are given in Table III. The resulting potentials are plotted
in Fig. 12 as red solid curves. Since our potential cannot
correctly describe the He-surface van der Waals forces, we
have neglected the attractive part of V4 for the averaging
using Eq. (2).

In Fig. 13, we display calculated equipotential planes
V. (x,z)=constant (blue solid curves) for the scattering of He

atoms from ¢(2 X 2)O/Fe(110) along (110 (left panel) and
(111) (right panel) directions. The full corrugation Az

(marked for one equipotential plane) increases with increas-
ing values of V(x,z). Furthermore, Az depends on the nor-
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FIG. 12. (Color online) Interatomic potentials for He-O and He-
O(-) (upper panel) and He-Fe (lower panel). Open circles: indi-
vidual He-O and He-Fe potentials; open squares: individual He-O(-)
potential (this work); solid red and blue curves through open circles
and squares, respectively: analytical function V;,4(r) for interpola-
tion between calculated points (for details, see text); dashed-dotted
green curves: ZBL potential (Ref. 53); dotted blue curves: OCB
potential (Ref. 54).
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mal distance h of the oxygen atoms at the Fe(110) surface
(cf. Fig. 13). In order to justify the use of square of Bessel
functions for the intensities I, [cf. Eq. (1)] which are only
valid for a purely sinusoidal corrugation, we display sinus
functions (red dashed curves) in Fig. 13 in addition. For
small normal energies E| <2 eV as relevant here, the cor-
responding equipotential lines are almost indistinguishable
from a sinusoidal behavior. On such a corrugated potential,
two different types of trajectories contribute to constructive
interference. For the zeroth order diffraction spot (at =0
=0 deg) these are (A) the scattering at the maximum above
the strings of O atoms and (B) the scattering at the minimum
of the potential between two adjacent strings of O atoms.
From conservation of energy, the classical turning points of
the trajectories coincide with V(x,z)=F | and their path dif-
ference is 2Az.

In order to calculate the interference for the two possible
paths, we apply the semiclassical theory by Avrin and
Merrill.** The phase difference A¢ is determined from two
line integrals where the normal de Broglie wavelength Agg |
varies along the trajectories A and B:

dz dz T
A =27T — - —. 4
¢ {JA )\dABL(Z) JB )\E’Bi(z)i| 2 ()

The phase correction —m/2 reflects the phase change suf-
fered by a wave as it passes through a focus.**

In the hard-wall approximation, momentum as well as
Agg. are constant so that the phase difference is Ay,
=4m7Az/Ngg | —7/2. For the soft potential, one has to take
into account the variation of N3;® (z) along the entire classi-
cal trajectories. The phase difference Ay, for the soft poten-
tial is calculated numerically on the basis of trajectory simu-
lations using concepts of classical mechanics.

The normalized intensity f0=}1|1 +exp(iAg)?=3(1
+cos A¢) (upper panel) and the phase difference A¢ (lower
panel) calculated for the zeroth order diffraction spot are
displayed in Fig. 14 as functions of the normal energy E | for

z (A)

<111>

0

1.43 2.86
x (A)

2.;34 4.257
x (A)

FIG. 13. (Color online) Sketch of arrangement of Fe and O atoms normal to (110) (left panel) and (111) (right panel) as well as
equipotential lines V,(x,z)=constant in a range 0.1-10 eV for ¢(2X2)O/Fe(110). Blue solid curves: calculated equipotential planes; red

dashed curves: sinus functions.
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FIG. 14. (Color online) Normalized intensity i|l+exp(iA<f))|2
(upper panel) and phase difference A¢ (lower panel) calculated for
zeroth order diffraction spot as functions of normal energy £, for
hard wall (solid red curves) and individual He-Fe/He-O potentials
for normal distances h=0.87 A (dashed green curves) and 0.96 A
(dashed-dotted blue curves) of oxygen atoms for scattering of He
atoms from ¢(2X2)O/Fe(110) along (110). Upper panel: dotted
black curve: renormalized square of Bessel function for intensity
i0=13/(Y§+Jg) (see text) calculated for h=0.87 A. Lower panel:
solid gray curves: phase difference as functions of normal energy

for individual He-Fe/He-O potentials for different normal distances
h.

the hard wall (Ay,,, red curves) and soft potential (A,
green curves) with 1=0.87 A, for the oxygen atoms of ¢(2
X 2)O/Fe(110) and scattering of *He atoms along (110).
Furthermore, we show the intensity of the zeroth order diaf-
fraction spot calculated according to Eq. (1) for h=0.87 A,
as renormalized intensity I,=J5/(Y5+Jg) (dotted black
curve; Y, is the zeroth order Bessel function of second kind
and (Yg+Jp) is the envelope function of J3). The intensities
fo and ihwa for the hard-wall approximation almost coincide
but the shift of the maxima of the intensity fsp for the soft
potential is pronounced. This shift can be eliminated almost
completely by an enhancement of Az for the soft potential by
increasing & to 0.96 A (shown as blue curves in Fig. 14). In
this manner one can correct Az and / obtained for the hard-

PHYSICAL REVIEW B 79, 235425 (2009)

wall approximation. This procedure was performed for the
four investigated channeling directions as described in the
next Sec. Il E.

E. Vertical positions of adsorbed oxygen atoms

In order to relate the corrugation across the axial channels
to the positions of O atoms at a distance / above the topmost
Fe layer, we calculated Az of the He-surface interaction po-
tential V,(x,z) for different values of 4. The He-surface in-
teraction potential is constructed as described in Sec. III D
by the superposition of axial-continuum potentials. In order
to demonstrate the influence of the choice of interatomic
interaction potential on the calculation of Az and the result-
ing best fits for h, we also use pair potentials based on
Thomas-Fermi screening with an adjusted screening length
as proposed by O’Connor and Biersack>* (OCB, dotted blue
curves in Fig. 12). In recent studies,’>®> we have demon-
strated that the OCB potential is more adequate for grazing
scattering of fast atoms than the “universal potential” pro-
posed by Ziegler, Biersack, and Littmark®? (ZBL, dashed-
dotted green curves in Fig. 12), which was found to be too
repulsive at large internuclear distances r. ZBL as well as
OCB are two prominent examples of generalized potentials,
which provide analytic functions with respect to the internu-
clear distance r and the atomic numbers Z; and Z,. For many
Z,,Z, combinations, these potentials are good approxima-
tions, however, they do not take into account detailed elec-
tronic structures and features such as ionicity.®

For adsorption of oxygen as covalently bound atoms with
ionic character,23? one has to take into account that the in-
teraction potential between a helium atom and an oxygen ion
is different from the potential between a helium and an oxy-
gen atom. We have calculated the individual potential for He
atoms and O~ [indicated in the following as O(-)] ions (open
squares in upper panel of Fig. 12). The fit with Eq. (3) is
shown in Fig. 12 as blue curve and the fit parameters are
listed in the last column of Table III. The individual He-O(-)
potential agrees well with a potential deduced from measure-
ments of the mobility of O(-) ions in He.%

In Fig. 15, we show the calculated full corrugation Az
(gray curves) from individual He-Fe/He-O potentials for dif-
ferent h of the oxygen atoms for ¢(2X2)O/Fe(110) along

(110) (panel a), (111) (panel b), (113) (panel c), and (001)
(panel d). The full corrugations deduced from the experi-
ments using the hard-wall approximation are represented by
crosses. The best fit values for 4 based on the analysis using
the OCB and individual He-Fe/He-O potentials are given in
the second and third column of Table IV, respectively. For

the (110) and (113) directions, the values for 4 deduced with
the individual potentials are smaller than for the OCB poten-

tial used in our recent paper.2’ For (111) and (001) this is
reversed. In the following we consider the more appropriate
individual potentials only.

Since h and Az are different for soft potential and hard
wall approximation, we apply the procedure described in
Sec. III D to determine a corrected normal distance 4* and a
correction of Az, respectively. The corrected values for 2" for
the individual He-Fe/He-O potentials are given in the fourth
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FIG. 15. (Color online) Full corrugation Az as function of normal energy E | for scattering of 3He atoms from c(2 X 2)O/Fe(110) along

(110) (a), (111) (b), {113) (c), and (001) (d) directions. Crosses: best fits on the experimentally deduced projections of intensity distributions
as shown in Figs. 6, 7, and 9 for all apparent peaks of different diffraction orders with hard-wall approximation. Red circles: correction of
best fits (crosses) by multiplication with factor f (see text) deduced for individual He-Fe/He-O potentials. Solid curves: calculations with
individual potentials for different / as indicated (gray curves) and h* (red curves; cf. Table IV).

column of Table IV. The corrected Az are shown as full red
circles in Fig. 15. In a good approximation, the corrected Az
can be determined from the uncorrected values by scaling
with a factor f=~Az(h*,E,)/Az(h,E ), which is given in the
legends of Fig. 15. The full corrugations based on the cor-
rected normal distances h* are plotted as red curves. The
scatter of 4™ for the four axial channels is ascribed to defi-
ciencies of the He-surface interaction potential, assuming
free and undisturbed atoms and neglecting attractive contri-
butions.

Taking into account the ionic nature of adsorbed oxygen,
we calculated Az from individual He-O(-) instead of neutral
He-O potentials. The initial as well as the corrected values
for h* are listed in the fifth and sixth column of Table IV. For
the He-Fe/He-O(-) potential, we obtain good agreement for

the rainbow angles @, for classical scattering>%%2 at higher

normal energies £, >1 eV for all investigated directions.
As an example, we show in Fig. 16(c) the deflection angle ©
of the highest peak in the intensity distribution as function of
E, (red circles) for scattering of *He atoms from c(2
X 2)0/Fe(110) along (110). For E,>1 eV, the highest
peak corresponds to the classical rainbow peak as indicated
in Fig. 16(b). However, for normal energies E | <1 eV, dif-
fraction peaks appear as shown in Fig. 16(a), with discrete
peaks that coincide with diffraction orders n as shown by the
gray curves for | =n=6 in Fig. 16(c). The deflection angle
of the intensity maximum named quantum surface rainbow
is slightly smaller than the corresponding classical rainbow
angle.46 On the other hand, diffraction peaks in the classi-
cally forbidden “dark” region of the rainbow are present. The

TABLE IV. Normal distances for O atoms at fourfold hollow sites of Fe lattice in A calculated for OCB
(Ref. 54) and individual He-Fe/He-O and He-Fe/He-O(-) potentials. /.o and /e o(): deduced using hard-
wall approximation; h;e-o and h;ﬁ{e-o(-): including soft potential correction.

Direction hOCB hHefO h:{e_o hHe,O(,) h:le»O(»)
(110) 1.15 0.87 0.96 0.87 0.95
(113) 1.06 0.72 0.81 0.75 0.85
(111) 0.70 0.93 1.01 0.75 0.80
(001) 0.91 1.0 1.06 0.85 0.88
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FIG. 16. (Color online) Upper panels: two-dimensional intensity
distributions for scattering of 0.5 keV (a) and 2.0 keV (b) He
atoms along (110) from ¢(2 X 2)O/Fe(110) under ®;,=0.94 deg.
Color code: red=high intensity, blue=low intensity. Lower panel:
Deflection angle O as function of normal energy E | for diffraction
orders 1 =n=6. Gray curves determined by Bragg condition. Red
circles: angular position of highest peaks (rainbow peaks), blue dia-
monds: second highest peaks and green squares: third highest peaks
in diffraction patterns. Black arrows indicate values deduced from
intensity distributions shown in panels a and b. For higher normal
energies £ >1 eV, red circles represent classical rainbow angle
O, as indicated in panel b. Red and black curves: dependence of
®,, on E | resulting from simulations using individual potentials
(cf. Fig. 12) for different normal distances 4 (thick solid red curve
h=0.9 A) of O atoms above Fe lattice.

deflection angle of the second and the third highest diffrac-
tion peaks are displayed as blue diamonds and green squares,
respectively. The data points from the intensity distributions
shown in Figs. 16(a) and 16(b) are highlighted by black ar-
rows in Fig. 16(c). The plot illustrates the transition from
quantum diffraction to classical scattering at higher energies.
Results from classical trajectory calculations using different
values for & of the oxygen atoms are shown as solid red and
black curves in Fig. 16(c). For h=0.9 A (thick solid red
curve), the calculated dependence of the classical rainbow
angle ®4, on E | agrees with the experiments. This value for
h is in accord with £*=0.95 10\, as deduced from evaluation
of the diffraction patterns using individual He-Fe/He-O(-)
potentials. This holds for all four investigated axial channels
(not shown) which demonstrates the consistency of our
present analysis.
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The scatter of i* for the four investigated channeling di-
rections (cf. Table IV) is significantly larger than the accu-
racy of our analysis of the FAD data. For a perfect descrip-
tion of the potential, A should be independent of the
channeling direction. FAD has a high-intrinsic precision but
the accuracy of i* is presently limited by uncertainties of the
He-surface interaction potential. Hence, our current result of
h*=(0.9+0.2) A could be improved in accuracy by having
a more sophisticated interaction potential available. We note
that our value for 4 is in accord with DFT calculations. For
an oxygen coverage of #=1/4 ML on Fe(110) [which corre-
sponds to the ¢(2X2)O/Fe(110) superstructure] h=1.0 A
was reported in Ref. 39. For a coverage between 0.22 and
044 ML, h amounts between 1.07 A and 1.11 A,
respectively.*> These results agree with findings from Erley
and Ibach,*® where an assumed bonding length of 1.8 A,
between the Fe and O atoms accords with the stretching fre-
quency observed for free FeO molecules by vibrational
electron-energy-loss spectroscopy (EELS). For fourfold hol-
low sites of the adsorbed oxygen atoms this bonding length
corresponds to h=1.1 A.

IV. CONCLUSIONS

We have observed diffraction patterns for axial surface
channeling of fast neutral H, molecules, *He and *He atoms

along the (110), (113), (111), and (001) directions from a
Fe(110) surface covered by ¢(2 X 2) and ¢(1 X 3) superstruc-
tures formed by the adsorption of O and S atoms, respec-
tively. From the azimuthal angular splittings of diffraction
spots, we deduce the widths of the axial channels and find
good agreement with values from the substrate crystal lattice.
From intensity modulations of diffraction spots we derive the
full corrugation Az as well as the normal distance /& of oxy-
gen atoms above the Fe lattice for the ¢(2X2)O/Fe(110)
superstructure. The analysis is based on detailed two-
dimensional diffraction charts.

The experimental Az are compared with calculated values
for different A using the hard-wall approximation and indi-
vidual He-Fe/He-O soft-interaction potentials. The calcula-
tions were performed for adsorbed neutral oxygen atoms and
oxygen ions using modified individual potentials He-O and
He-O", respectively. Since for the same #, the full corruga-
tion Az differs for the hard-wall approximation and the soft-
interaction potential, we introduced a corrected normal dis-
tance h* and a corrected full corrugation for our results
obtained in the framework of the hard-wall approximation.
Our final value 2*=(0.9+0.2) A is in accord with DFT cal-
culations and corresponds to the bonding length of Fe and O
atoms estimated from EELS experiments. We point out that
the determination of the full corrugation using FAD has a
high-intrinsic precision, but the accuracy is limited by uncer-
tainties in the knowledge on the interaction potential. This
work demonstrates that fast atom diffraction is a powerful
method for the analysis of surface structures, which com-
bines benefits of techniques related to real space and diffrac-
tion. FAD is virtually nondestructive due to the grazing scat-
tering of light atoms and molecules with fluxes of about 103
incident particles per second, has high detection efficiency,
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and can be applied at room or higher temperatures without
charging effects. Hence, this method is even applicable in
investigations on sensitive surface structures, where estab-
lished techniques as LEED, RHEED, TEAS, or HAS might
fail.

PHYSICAL REVIEW B 79, 235425 (2009)

ACKNOWLEDGMENTS

We thank the DFG (Project No. Wi 1336) for financial
support and K. Maass, H. Grundmann, G. Lindenberg, and
U. Linke (FZ Jiilich) for their assistance in the preparation
and running of the experiments.

*Author to whom correspondence should be addressed,

mbusch@physik.hu-berlin.de

L. de Broglie, Nature (London) 112, 527 (1923).

2C. Davisson and L. H. Germer, Phys. Rev. 30, 705 (1927).

31. Estermann and A. Stern, Z. Phys. 61, 95 (1930).

4M. A. Van Hove, W. Moritz, H. Over, P. J. Rous, A. Wander, A.
Barbieri, N. Materer, U. Starke, and G. A. Somorjai, Surf. Sci.
Rep. 19, 191 (1993).

K. Heinz, Prog. Surf. Sci. 27, 239 (1988).

6J. E. Mahan, K. M. Geib, G. Y. Robinson, and R. G. Long, J.
Vac. Sci. Technol. A 8, 3692 (1990).

"D. Farias and K.-H. Rieder, Rep. Prog. Phys. 61, 1575 (1998).

8 Helium Atom Scattering from Surfaces, edited by E. Hulpke
(Springer-Verlag, Berlin, 1982).

°J. P. Toennies, Appl. Phys. (Berlin) 3, 91 (1974).

10R. D. Ramsier and J. T. Yates, Surf. Sci. Rep. 12, 246 (1991).

"H. Tokutaka, M. Prutton, I. G. Higginbothan, and T. E. Gallon,
Surf. Sci. 21, 233 (1970).

12]. Harnett, S. Hag, and A. Hodgsay, Surf. Sci. 528, 15 (2003).

3] P. Toennies, F. Traeger, J. Vogt, and H. Weiss, J. Chem. Phys.
120, 11347 (2004).

14 A. Schiiller, S. Wethekam, and H. Winter, Phys. Rev. Lett. 98,
016103 (2007).

I5p. Rousseau, H. Khemliche, A. G. Borisov, and P. Roncin, Phys.
Rev. Lett. 98, 016104 (2007).

16 A, Schiiller and H. Winter, Phys. Rev. Lett. 100, 097602 (2008).

17 A. Schiiller and H. Winter, Nucl. Instrum. Methods Phys. Res. B
267, 628 (2009).

8N. Bundaleski, H. Khemliche, P. Soulisse, and P. Roncin, Phys.
Rev. Lett. 101, 177601 (2008).

19M. Busch, A. Schiiller, S. Wethekam, and H. Winter, Surf. Sci.
603, L.23 (2009).

20 A, Schiiller, M. Busch, S. Wethekam, and H. Winter, Phys. Rev.
Lett. 102, 017602 (2009).

2ID. Gemmell, Rev. Mod. Phys. 46, 129 (1974).

22H. Winter, Phys. Rep. 367, 387 (2002).

BC. Leygraf and S. Ekelund, Surf. Sci. 40, 609 (1973).

24G. Gafner and R. Feder, Surf. Sci. 57, 37 (1976).

238. R. Kelemen and A. Kaldor, J. Chem. Phys. 75, 1530 (1981).

26], Weissenrieder, M. Gothelid, G. Le Lay, and U. O. Karlsson,
Surf. Sci. 515, 135 (2002).

271, Berbil-Bautista, S. Krause, T. Hiinke, M. Bode, and R. Wie-
sendanger, Surf. Sci. 600, L20 (2006).

2 A. J. Pignocco and G. E. Pellissier, Surf. Sci. 7, 261 (1967).

2A. J. Melmed and J. J. Carroll, J. Vac. Sci. Technol. 10, 164
(1973).

SOW. Erley and H. Ibach, Solid State Commun. 37, 937 (1981).

31y, Sakisaka, T. Komeda, T. Miyano, M. Onchi, S. Masuda, Y.
Harada, K. Yagi, and H. Kato, Surf. Sci. 164, 220 (1985).

32T. Miyano, Y. Sakisaka, T. Komeda, and M. Onchi, Surf. Sci.
169, 197 (1986).

3 A. Wight, N. G. Condon, F. M. Leibsle, G. Worthy, and A.
Hodgson, Surf. Sci. 331-333, 133 (1995).

34H.-J. Kim and E. Vescovo, Phys. Rev. B 58, 14047 (1998).

3SM. Busch, M. Gruyters, and H. Winter, Surf. Sci. 600, 4598
(2006).

M. J. S. Spencer, A. Hung, 1. K. Snook, and 1. Yarovsky, Surf.
Sci. 540, 420 (2003).

37M. J. S. Spencer, 1. K. Snook, and I. Yarovsky, J. Phys. Chem. B
109, 9604 (2005).

3M. J. S. Spencer, I. K. Snook, and I. Yarovsky, J. Phys. Chem. B
110, 956 (2006).

39P. Blonski, A. Kiejna, and J. Hafner, Surf. Sci. 590, 88 (2005).

40P, Btonski, A. Kiejna, and J. Hafner, J. Phys.: Condens. Matter
19, 096011 (2007).

41p. Btonski and A. Kiejna, Surf. Sci. 601, 123 (2007).

42p. Blonski, A. Kiejna, and J. Hafner, Phys. Rev. B 77, 155424
(2008).

43 Roentdek GmbH, Kelkheim-Ruppertshain, Germany.

4“W. F. Avrin and R. P. Merrill, Surf. Sci. 311, 269 (1994).

R, L. Lee, J. Appl. Opt. 37, 1506 (1998).

467, Garibaldi, A. C. Levi, R. Spadacini, and G. E. Tommei, Surf.
Sci. 48, 649 (1975).

47G. Boato, P. Cantini, U. Garibaldi, A. C. Levi, L. Mattera, R.
Spadacini, and G. E. Tommei, J. Phys. C 6, L394 (1973).

4R. 1. Masel and R. P. Merrill, J. Chem. Phys. 65, 2690 (1976).

#R. 1. Masel, R. P. Merrill, and W. H. Miller, Phys. Rev. B 12,
5545 (1975).

30G. Boato, P. Cantini, and L. Mattera, Surf. Sci. 55, 141 (1976).

SLC. Chiroli and A. Levi, Surf. Sci. 59, 325 (1976).

52N. R. Hill and V. Celli, Surf. Sci. 75, 577 (1978).

3], F. Ziegler, J. P. Biersack, and U. Littmark, The Stopping and
Range of Ions in Solids (Pergamon, New York, 1985), Vol. L.
3D. J. O’Connor and J. Biersack, Nucl. Instrum. Methods Phys.

Res. B 15, 14 (1986).

K. Girtner and K. Hehl, Phys. Status Solidi B 94, 231 (1979).

E. Clementi and C. Roetti, At. Data Nucl. Data Tables 14, 177
(1974).

STA. W. Kleyn and T. C. M. Horn, Phys. Rep. 199, 191 (1991).

58 A. Schiiller, G. Adamov, S. Wethekam, K. Maass, A. Mertens,
and H. Winter, Phys. Rev. A 69, 050901(R) (2004).

3 A. Schiiller, S. Wethekam, A. Mertens, K. Maass, H. Winter, and
K. Girtner, Nucl. Instrum. Methods Phys. Res. B 230, 172
(2005).

%0 A. Schiiller, K. Girtner, and H. Winter, Europhys. Lett. 81,
37007 (2008).

6l Atomic units are used: energy: 1 a.u.=27.21 eV, length:
1 au.=0.529 A.

2 A. Schiiller and H. Winter, Nucl. Instrum. Methods Phys. Res. B
261, 578 (2007).

63 A. A. Viggiano, R. A. Morris, and E. A. Mason, J. Chem. Phys.
98, 6483 (1993).

235425-15



