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The (1x2)-Au(110) surface has been studied using He-beam scattering with time-of-flight detec-
tion. The experiments included measurement of the diKraction pattern and the specular intensity
as a function of azimuthal angle of incidence; the latter curve is found to be highly structured. The
data have been modeled using the local-density approximation to calculate the charge distribution
in atoms, and treating the He-surface potential as a superposition of pseudopairwise terms. The
diffraction pattern and azimuthal data can be well fitted using close-coupled channel calculations
and varying only three parameters, giving confidence that the calculated electron density is accu-
rate. It is found that the peak-to-peak corrugation of the 10 A isoelectron density surface is
—1.2 A, showing a substantial smoothing with respect to the corrugation of 1.55 A found when
superposing the calculated free atomic densities. In addition we have examined the sensitivity of the
model calculations to geometric structure. They are consistent only with the expected missing row
structure, and yield the separation between the first and second layers with an accuracy of 6%.

I. INTRODUCTION

He-beam scattering is of wide interest in surface studies
due to its particular characteristics. Thermal energy He
atoms sample the electron density a few angstroms above
the. topmost nuclear plane thus providing a powerful
tool for the characterization of surface reconstructions
and defects;4 5 moreover, He atoms have energy and mo-
mentum comparable with those of phonons allowing the
vibrations of the topmost layer to be studied with un-
surpassed energetic resolutions 7 by time-of-ffight (TOF)
measurements. Nevertheless, the analysis of He-surface
scattering results still presents a few difficulties due to the
role played by the van der Waals forces, in particular in
experiments with beam energy close to the potential-well
depth. For low corrugation surfaces, the effects of the at-
tractive forces are easily identified in the scattering data
as bound-state resonances, giving rise to narrow features
in the specular and diffracted intensities centered at a
few angles of incidence. On the other hand, for highly

corrugated surfaces such as oxygen overlayers on Cu(110)
(Ref. 10) and Ag(110) (Ref. 11) or the (1x2) phases of the
clean Au(110) (Refs. 4 and 12) and Pt(110) (Refs. 3 and
13) surfaces, multiple scattering from the repulsive wall
and hopping in the potential well combine to make the
scattered intensity highly structured and quite difBcult
to interpret. In these cases the semiclassical approach to
the scattering problem may lead to ambiguous or wrong
conclusions and it is necessary to carry out exact calcu-
lations of the scattering intensities for realistic choices of
the interaction potential. This point was recently con-
sidered by Kirsten and Rieder, 3 in a paper dealing with
He scattering from the (1x2)-Pt(110) surface. These au-
thors take account phenomenologically of the He-surface
interaction potential and compare the scattering data to
exact calculations of the scattering probabilities, showing
that the corrugation of the attractive part of the potential
well plays an important role in the scattering process.

In the present work we consider the (lx2)-Au(110)
surface, which was recently the subject of extensive stud-
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ies by us4 and others ts concerned with the order-
disorder deconstruction transition at 700 K. Here we in-
vestigate the properties of the (1 x 2) surface at low tem-
perature. High-resolution He-difFraction patterns taken
with the apparatus and the crystal surface previously
used in the deconstruction study are reported. Par-
ticular attention is given to the behavior of the spec-
ular intensity versus the azimuthal angle, which is un-
usually structured. Experimental details and results are
given in Sec. II, while Sec. III deals with the analysis
of the experimental data. The analysis is done by using
a model of the interaction potential presented recently
and shown to be highly accurate in describing the in-
teraction of He with Ag(110) and Cu(110).is The model
describes the He-surface interaction potential as a super-
position of pseudopairwise terms. These are evaluated
by starting from calculations of the electron density of
the Au free atoms, performed in the local-density ap-
proximation with degeneracy-dependent self-interaction
correctioni (D-SIC) and by accounting for the disper-
sive energy at all orders in the multipolar expansion. is

The pseudopairwise terms are made anisotropic in or-
der to simulate the rearrangement of the atomic electron
cloud which may occur when the metal atom is embed-
ded in the surface environment. As shown in Sec. III,
close-coupled channel (CCC) calculations of the scatter-
ing probabilities carried out for this model potential are
in excellent agreement with the experimental results pro-
vided that the anisotropy parameters are properly cho-
sen. We also consider what structural information can
be extracted from the data.

A summary is given in Sec. IV. The main result con-
cerns the surface electron density which is accurately de-
terrnined by the experiment. With respect to the super-
position of free-electron densities, a substantial smooth-
ing of the isoelectron density surfaces is observed.

II. EXPEH, IMENT
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T, = —130'C, is reported in Fig. 1 (in this Figure the an-

gle 4 is the rotation angle of the sample and determines
the incidence and exit angles which are 0, = 55' —A
and 8y = 55' + 4, respectively).

It appears that the difFraction pattern is typical of the
(1x2) reconstruction and that the peak-to-valley inten-

sity ratios exceed 104 in most cases. Similar measure-
ments, taken at several temperatures in the range 140—

(a)

I IG. 1. Diffraction pattern, full line, measured along the
[001] azimuth, with surface temperature set at T, = —130'C
and with beam wave vector k = 5.972 A. . The angle 4 is
related to the incidence and exit angles as A = (8, —Oy) j2.
Calculated peak heights: L, atomic position set according to
Ref. 22; Q, 26% inward relaxation of the topmost layer. The
peak heights were calculated from the scattering probabili-
ties by including Debye-Wailer attenuation and the measured
broadening, and normalizing to the (0,0) peak.

The experimental apparatus, described elsewhere, 7 is

provided with a TOP detector positioned in a small vac-

uum chamber separated from the sample chamber by an

aperture. The beam and the detector axis form a Fixed

angle of 110' and meet at a point where the Au(110) sur-

face is located; the plane containing the beam and the de-

tector axis is hereafter referred to as the scattering plane.
The angular resolution of the apparatus is 0.135 full

width at half maximum (FWHM), the velocity-spread
FWHM reaches 1.2'%%uo of the mean velocity for a beam

source cooled with liquid nitrogen, and the accuracy in

the angular setting and reading is close to 0.01'. The
Au single crystal is the one recently used for the study
of the order-disorder missing-row deconstruction. 4 After
the preparation procedure detailed in Ref. 4, the average
distance between monatomic steps separating two well-

ordered (1x2) terraces exceeds 200 A. along [001] and is

substantially larger along [110].
Time-of-fIight analysis of the atoms reaching the de-

tector is carried out in order to reject the atoms inelas-

tically scattered at the surface. The difFraction pattern
taken along the [110] azimuth, with surface temperature

[001] &&

[110]

t, 2

[110] i&

[001]

FIG. 2. (a) Top view of the (1x2)-Au(110) surface; in

the bottom left corner are shown the in-plane [110] and [001]
axes and azimuthal angle p. (b) Side view, showing the first

interlayer spacing d]z, in the bottom left corner are shown

the surface normal [110] and the in-plane [001] axis.
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where tl and tl„are anisotropy parameters and

pii = (z —
zA, )'+ [n*(*—»t )]'+ [ny(& —V~t )]'.
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FIG. 3. Comparison of the theoretical and experimental
specular intensity as a function of the azimuthal angle p. Dot-
ted line, left scale: experiment; full line, right scale: theory.

1100K were recently reported and analyzed with respect
to the behavior of the (1x2) to (1x1) phase transition
and to the formation of surface defects. Here attention
is focused on the geometry of the atomic structure in-
side each surface terrace which is responsible for the inte-
grated diffraction intensities (the area below each diKrac-
tion peak). The integrated intensities are expected to be
independent of the presence of steps and of the velocity
spread of the beam. 7

It is to be noted that all measurements were taken
after accurately setting the azimuthal angle p, i.e. , the
angle between the scattering plane and the [001] crystal-
lographic axis, Fig. 2. In fact the specular intensity de-
pends dramatically on p as shown in Fig. 3. In particular
around p = 90, it changes by two orders of magnitude
for a change of the azimuthal angle of 1'.

In the following, the diffraction data reported in Fig. 1
and the behavior of the specular intensity reported in
Fig. 3 are shown to provide a quite accurate determi-
nation of the He-surface interaction potential and of
the surface-electron density, and to provide information
about the structure of the surface.

The coordinate 2: is measured along the rows of close-
packed atoms —i.e. , parallel to the I'X line in recipro-
cal space and the y axis is chosen parallel to I'Y (the
[110] and [001] crystallographic directions, respectively).
The second term on the right-hand side of Eq. (1) ac-
counts for the long-range tails of the dispersive energy.
As in the previous studies of He-Ag(110) and He-Cu(110)
systemsis the parameters A and P are set by starting
from D-SIC (Ref. 17) calculations of the electron densi-
ties of the free atoms, while C and Zo are set according
to the calculations of Zaremba and Kohn. ts Therefore
o., g~, and g„are the only parameters to be varied to
Gt the scattered intensities to the calculated scattering
probability.

The D-SIC electron density of Au is shown in Fi . 4.
In the range of interest for He scattering, say 2—7, it
is approximated with an accuracy of a few percent by
Nexp( Pr) with —N = 2.88 A. and i9 = 2.65 A
According to these calculations, and in the framework of
the effective-medium approximation, 0 z we set P at the
atomic value and A = nN = 86.4 eV, while following
Zaremba and Kohn we set C = 275 meVA. s and Zo =
017 A. "

The superposition of the pseudopairwise terms in
Eq. (1) was first carried out assuming the locations of
the gold atoms reported by Moritz and Wolf. 2 Next,
for several choices of the parameters o.

, g~, and g„,the
diKraction probabilities and the specular probability as
a function of p are evaluated by CCC calculations and
compared to the experimental results. The effect of q,

III. ANALY'SIS 10

A. Electron density

According to Ref. 16 the He-surface interaction poten-
tial can be written as

V(H. , z) = ) u(r —ri, i )

(z —Zc) +o. exp[ —2(' ') ]'

where r—:(R,, z) and ri, t~ = (Ri,t, zi, ) are, respectively,
the coordinates of the He atom and of the metal atoms
in the kth atomic layer. The coordinate z is measured
along the surface normal with origin at the topmost nu-
clear plane. The pseudopairwise potential u(r —rA, t ),
accounting for the short-range interaction, is written as
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I IG. 4. D-SIC electron density of the Au atom: r is the
distance from the nucleus and n is the electron density.
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face. Contractions in the spacing (di2) between the first
two layers of around 20% are usually found, 22 24 2s and
theoretical predictions give a contraction from 16% to
27oy 27, 28

In the first step of our study, we assumed the geo-
metrical structure of the Au(110) surface determined by
Moritz and Wolf. Figure 3, which was discussed above
in connection with charge density, shows a comparison of
the azimuthal scan with the theoretical curve. It is clear
that there is overall agreement between the two curves
with regard to peak position although the intensities vary
a little. In the case of atom-surface scattering intensities,
poor agreement between measured and calculated peak
heights may be due to intensity losses in the experiment,
associated with surface defects or inelastic events occur-
ring during the relatively long time of interaction (of the
order of 10 sec). s It is noted that these effects cannot
be taken into account in a CCC calculation.

In order to obtain a realistic quantitative estimate of
the optimization of the agreement between measured and
calculated intensity curves, we used a simple modifica-
tion of the position-dependent reliability-factor opposite
sign (ROS) introduced by Van Hove, Tong, and Elconin29
for low-energy electron diffraction (LEED). The modified
opposite-sign reliability factor (AMos) is given by

I.' I,
' l

(4)

I /

where I, and I, are the derivatives of the experimental
and calculated intensities with respect to the azimuthal
angle p. The factor is Inade dimensionless by using the
normalization

1

2 I fI,'/dp

When performing the calculations with the Au surface
atoms fixed in the positions given in Ref. 22 we find an
RMos value of 0.2.

Next we varied the relaxation and other parameters
in order to see how sensitive the calculated curve was
to structural parameters. The overall results were that
variations in the q parameters of the topmost layer with
respect to those of the other layers did not bring sub-
stantial improvements, lateral displacements in the sec-
ond layer also were not significant, and variations in the
distance between the second and third layer did not have
a large effect. However, the most critical parameter for
the missing-row structure is the relaxation di2, and here
we did see an effect.

The calculated RMos factor as a function of relaxation
is shown in Fig. 7. The parameters o and g„have been
adjusted for each value of di2 in order to give the best
fit. The minimum value of RMos occurs at a relaxation
of 26%, where the parameters cr and il„have to be set
at 3.63 and 0.85, respectively. Moreover, much better
agreement between the calculated diffraction probabili-
ties and the experimental pattern is found in this case
(Q in Fig. 1, with a y value of 5.03). No other structure
gave a better value of y2. This probably indicates that
this structure yields a better determination of the higher
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FIG. 7. R-factor RMos [Eq. (4)j plotted vs the first to
second layer distance d&2. The vertical line marks the value
obtained for the structure given in Ref. 22.

IV. CONCLUSIONS

Isoelectron densities and equipotentials for the He-
Au(110) surface have been calculated and their accu-
racy tested by calculation of diffraction patterns and az-
imuthal patterns. The excellent agreement between the-
ory and experiment shows the reliability of these calcula-
tions. The corrugation of the electron density and poten-
tial along the [110j direction is negligible. In the orthog-
onal direction a corrugation of 1.3 A. is observed (20-meV
equipotential), with a local well depth of 13.5 meV. The
corrugation in the electron density is 1.2 A. . The calcula-
tions have also been applied to investigate the potential
for structural determination using the azimuthal pattern.
It is found that the missing-row structure fits the data
and the distance between the first and second rows is
found with an accuracy of 6%.

Fourier components of the interaction potential. In fact
it is to be noted that the best fit is obtained with a sig-
nificant decrease of the anisotropy of the atomic densities
(g&

——0.85 instead of 0.79), so that the peak-to-peak cor-
rugation of the electron density remains very similar to
the one obtained for the relaxation of Ref. 22—see Ta-
ble I, columns (b) and (c).

The value of 26% for the dig contraction is larger than
the value given in the literature, and we therefore con-
clude that the present method has an accuracy limited
to + 6%, or approximately 0.1 A. This appears to be
due to the limitations in the exact determination of the
details of the potential. In particular only three param-
eters, o. and g~ &, may not be sufIicient to fully describe
the charge redistribution between the isolated atoms and
the surface atoms. It seems that the surface atoms still
appear too atomiclike and this would explain why the
relaxation is ovestimated. Nevertheless, the present re-
sult shows that it is in fact possible to extract structural
information from He-scattering data.

For the present it is very satisfactory that a fit using
only three free parameters ean achieve an accuracy of
6% in determining the interatomic positions. Further im-

provements in the accuracy of these data can be expected
with improvements in the computational procedures and
model potential.
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