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We report the structure of the (1X2) reconstruction induced by 0.1 monolayer of Ca atoms on the
Au(113) surface, using medium-energy ion scattering. Our data show that the (1X2) surface corre-
sponds to a missing-row-type reconstruction. Monte Carlo simulations of the experiment provide a
quantitative measurement of the atomic positions at the surface. All the displacements in the surface re-
gion are such that the resulting structure smooths out the corrugation inherent in a missing-row recon-
struction. We discuss the relation between this reconstruction and the energy balance between compet-

ing surface-electronic-charge densities.

I. INTRODUCTION

It is well established that Au surfaces are easily de-
formed. Surface diffusion of Au atoms at room tempera-
ture has been observed in real time by scanning tunneling
microscopy (STM).! Au is the only metal for which all
three low-index surfaces reconstruct at room tempera-
ture: The (100) surface forms a c(26X68),>~> the (111)
forms a (23XV'3)°7% and the (110) surface forms a
(1X2) (missing-row) reconstruction.’” ! In addition, ap-
plication of external perturbations can induce new ar-
rangements of the surface atoms: the (111) and the (110)
surfaces undergo phase transitions at fairly modest tem-
peratures®!® and by depositing a very small amount of al-
kali metal (5% of a monolayer) on the (110) surface, a
(1X2)—(1X3) transition can be induced.'*

While the three low-index fcc surfaces all have at least
two mirror planes, the fcc (113) surface has only one such
plane. The reduced symmetry of this surface allows the
atoms to possibly rearrange themselves in many ways,
and specifically a lateral registry shift is symmetry al-
lowed. The description of the surface structure requires
then the determination of many structural parameters.
In all the fcc (113) surfaces studied to date [Cu,ls'16 Ni, 7
AlL'® and Rh (Ref. 19)], the (1X1) bulk symmetry is
preserved but the vertical (normal to the surface) atomic
displacements are significant (5-15 %). There have been
attempts to identify a registry shift in studies of the (113)
surfaces of Al'® Ni,'” and Rh,' but, within error, no
such effect has been observed.

In this paper, we report a structural analysis of
Au(113), performed using medium-energy ion scattering
(MEIS), a powerful quantitative surface structural
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analysis technique. Due to the factors alluded to above,
the Au(113) surface should provide a perhaps even better
opportunity to observe a surface registry shift and/or
other interesting structural effects. The presence of small
concentrations of Ca at the surface (contained in our
sample as a bulk impurity and easily segregated to the
surface) stabilizes a (1X2) reconstruction, while the
LEED patterns from the clean surface that we have ob-
tained so far show evidence for more complex structures.
We have determined the structure of this (1X2) recon-
struction with special emphasis on the existence of a la-
teral shift.

The plan of this paper is as follows. The experimental
procedure is introduced in Sec. Il, while the data are
presented in Sec. III. We discuss our results in Sec. IV
and state our conclusions in Sec. V.

II. EXPERIMENT

Medium-energy ion scattering (MEIS) with channeling
and blocking is a quantitative technique for surface stud-
ies.?® A strength of the technique is that it is often possi-
ble to determine some important surface structural effects
merely by inspecting the data. The single crystalline
sample is oriented in such a way that the incident ions,
usually protons, strike the surface along a crystallograph-
ic direction. Under such circumstances, the top-most
atoms of the rows parallel to the incidence direction of
the ion beam shadow atoms in deeper layer. Due to
thermal vibrations and/or surface distortions, some of
these deeper layer atoms are partially visible to the ion
beam. For a given surface and incidence direction, the
probability of hitting an atom in a deeper layer is deter-
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mined by two factors: the energy of the incoming ions
and the surface Debye temperature. In a channeling
configuration, typically, only the first two or three atoms
along a row have nonzero hitting probabilities. Therefore
the surface sensitivity of MEIS is extremely high.

Backscattered ions from the deeper layers can exit the
crystal freely in all directions, except along or close to the
crystal axes, where blocking from the top layers results in
significant reductions in the backscattered ion yield.
Therefore, the angular distribution of MEIS contains
straightforward information of the surface structure.

Since the scattering cross section for ions, particularly
protons, is well known for the ranges of energies used in
MEIS,2! =23 the backscattered ion yield can be expressed
in absolute units, most conveniently in terms of the num-
ber of atoms per unit cell visible to the incident ion beam
at the detector. Detailed structural parameters are ob-
tained through Monte Carlo simulations of the experi-
ment. By varying the structural parameters and compar-
ing the outcome of the simulations with the experimental
data through an R-factor analysis,?* the optimal structure
can be found. Details of the procedure we use have been
described elsewhere.?

Aside from the purely structural parameters, the major
unknowns in a MEIS experiment are the vibrational
properties of the surface atoms. In our simulations, we
take the vibrational correlations between the surface
atoms into consideration in a two-body approximation by
rescaling the uncorrelated vibrational amplitude U as
U'=UV1—C, where U’ is the relative vibrational am-
plitude and C is the correlation coefficient between adja-
cent atoms along the incident direction. Both U and C
are calculated within the Debye model.?6™2® We have
previously used this approximation in MEIS studies of
other metal surfaces.!21%2%2%30 Ip this model, the corre-
lation coefficient C is calculated to be 0.38 for ions in-
cident along [101] and [01 1] in the (111) plane, and 0.20
and 0.23 for ions incident along [112] and [001], respec-
tively, in the (110) plane.

The Au(113) crystal was cut and oriented to within
+0.3° of the desired direction. After mechanical and
electrochemical polishing, the sample was mounted in a
UHV chamber with a base pressure of ~2X 107! Torr,
equipped with a high-resolution electrostatic toroidal en-
ergy analyzer to collect the backscattered ions (angular
acceptance =24°, energy and angular resolutions =0.4%
and 0.3°, respectively). The surface was cleaned by
sputtering, followed by annealing to 700 or 900 K. The
cleanliness of the surface was monitored using Auger
electron spectroscopy with a double-pass cylindrical mir-
ror analyzer. After annealing to 900 K for 15 min, we
found that a reproducible amount of Ca segregates to the
surface from the bulk of the crystal. Similar observations
have been made by others.!* The LEED pattern from
this surface shows sharp and bright spots with (1X2)
symmetry. Mild sputtering can easily remove the Ca
atoms from the surface, implying that the Ca atoms only
accumulate in the very top region of the sample. When
annealing to 700 K, no impurities were detected on the
surface. The LEED pattern obtained after this procedure
contained satellite reflections along the [332] direction.
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Unless otherwise noted, we will focus on the (1X2) Ca-
induced structure for the rest of this paper.

III. DATA ANALYSIS

A. Missing-row model

The bulk terminated (BT) Au(113) surface is formed by
widely spaced close-packed rows of atoms [see Fig. 1(a)].
It is quite similar to an fcc (110) surface but is slightly
more open in the direction perpendicular to the close-
packed rows (the [332] direction). The separation be-
tween the atomic layers perpendicular to the surface is
1.23 A, which is rather small compared to the separation
between the close-packed rows, 4.78 A. The symmetry of
the surface structure is low, with the second atomic layer
not centered with respect to the first. Figure 1(b) shows
the two equivalent adjacent (110) mirror planes of the BT
fcc (113) surface. Each plane is formed by close-packed
rows of atoms extending into the crystal along the [110]
direction (25.2° off the surface plane).

For a given scattering geometry, the energy loss of a
backscattered proton is a simple function of the mass of
the target atom. Figure 2 displays the energy spectrum
of the ions backscattered from the Ca covered surface
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FIG. 1. (a) Top view of the Au(113) surface with bulk trunca-
tion. The surface is formed by close-packed rows of atoms
along the [110] direction with a wide separation (4.78 A) along
the [332] direction. Heavier shadings represent deeper layers.
The oblique (1X1) unit cell is outlined. (b) The two adjacent
(110) mirror planes. Nearest-neighbor atoms are located along
the [110] direction, 25.2° off the surface plane, extending into
the crystal. The interlayer distance is 1.23 A. The lattice con-
stant of Au is 4.08 A.
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FIG. 2. Energy spectrum of backscattered protons from the
Au(113)-(1X2)Ca surface for a 65-keV beam incident along the
[TT0] direction. Scattering took place in the (110) plane, and
the backscattered proton flux was collected over 4.5° (30 chan-
nels) around the blocking direction corresponding to a 90°
scattering angle. The area under the Ca peak is directly propor-
tional to the coverage (0.1 ML).

(annealed to 900 K). Since Au atoms are much heavier
than Ca atoms, the protons scattered from Au lose less
energy and emerge at the highest energy in the spectrum.
The Ca signal, occurring at low energy, is small not only
because the amount of Ca is small, but also because the
scattering cross section of Ca is smaller than that of Au

top view of Au(110)-(1X2)
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(0ca/0 au= 1% ). By evaluating data such as those in Fig.
2, we find that the Ca coverage is (10£5)% of a mono-
layer [1 ML corresponds to 1 atom/(1X1) unit cell or
7.25%X10'* atoms/cm?]. This is an indication that the
(1X2) structure must have its origin in a reconstruction
of the Au substrate, rather than in an overlayer arrange-
ment.

As mentioned above, the (1X2) Au(110) reconstruc-
tion is well understood both theoretically*>3* and experi-
mentally.’ !> The basic structure is that of a missing-
row (MR) reconstruction with a large inwards relaxation
of the top layer atoms and a buckling of the third layer.
Figures 3(a) and 3(b) show top and side views of this sur-
face. Although the missing-row structure is more open
and corrugated than a bulk truncation, the close-packed
microfacets with (111)-type orientations [Fig. 3(b)] make
the surface very stable.

Structural models which would appropriately describe
the Ca/Au(113) surface should include a (1X2) recon-
struction of the Au substate. There is one family of
structures based on BT structures (no missing atoms in a
layer) which can have a (1X2) symmetry because of a
buckling and/or a pairing distortion of the first atomic
layer. Even though the separation between the top-layer
atomic rows for these particular surfaces is too large to
make these kind of correlated distortions physically plau-
sible, we have considered this possibility in the analysis of
our data.
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FIG. 3. (a) Top view of the missing-row structure of the Au(110)-(1X2) surface. Every other close-packed row of atoms is missing
from the surface. (b) Side view of the Au(110)-(1X2) surface along the (110) plane. The surface reconstructs to form close-packed
microfacets with (111) and (117) orientations. (c) Top view of the missing-row structure of the Au(113)-(1X2)Ca surface. The model
sensitive scattering plane (111) is outlined in a triangle. (d) Two adjacent (110) mirror planes of the missing-row structure of the
Au(113)-(1X2)Ca surface. Note that no atoms are missing from one plane (open circles), while all the first-layer atoms are missing

from the other plane (solid circles).
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By eliminating every other close-packed row of atoms
from the BT surface, the missing-row structure for the
Au(113) surface is obtained. Figures 3(c) and 3(d) show a
schematic representation of this surface structure. The
vacancy left in the top layer uncovers the two microfacets
which form this structure: the lower (111) and (001)
atomic planes.

In order to distinguish between structural models (MR
and BT), we need to perform measurements in a scatter-
ing plane with the proper sensitivity to the different mod-
els. For the MR model shown in Fig. 3(d) all the missing
atoms happen to be in one (110) mirror plane. The data
obtained in this scattering plane does not allow one to
distinguish between a MR- or a BT-type structure. By
using instead a (111) scattering plane, which has been
proven to be a model-sensitive scattering plane on other
fcc surfaces,'>'%?%3% we can obtain a reasonable
differentiation between the models. The (111) scattering
plane outlined in the triangle in Fig. 3(c) is not perpendic-
ular to the surface, but tilted 31.4° away from the surface
normal.

Figure 4(a) shows the scattering geometry in the (111)
plane. We collected data in this geometry around the
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FIG. 4. (a) Scattering geometry for 100-keV protons incident
along the [101] direction and detected in an angular range in-
cluding the [110] direction in the (111) plane. The shaded
atoms are the missing atoms in the missing-row model. (b) The
experimental backscattered yield (open squares) and the
unsmoothed simulations based on the MR structure (solid line)
and the BT structure (dashed line) as a function of scattering an-
gle. The crystallographic direction associated with the bulk
blocking dip is indicated.

14 259

[110] direction. The experimental data (open squares)
are displayed in Fig. 4(b). It is clear that the blocking
dip position is significantly shifted away from the bulk
blocking direction (60°) towards smaller angles, implying
a large contraction of the first interlayer spacing.

Monte Carlo simulations based on both a relaxed (opti-
mized) missing-row structure and a relaxed (optimized)
BT model are displayed in Fig. 4(b). The simulation
based on the missing-row structure agrees quite well with
our data, while the simulation for the BT overestimates
the depth of the blocking dip. This depth is mainly deter-
mined by the hitting probability for the second-layer
atoms (x) and the blocking efficiency of the top layer
atoms on the outgoing path (y). For the BT structure,
the depth of the blocking dip (dgr) is approximately
given by dgr=xy. For the missing-row structure, the
hitting probabilities of the two inequivalent second layer
atoms in the (1X2) unit cell are 1 and x, and the top lay-
er blocking efficiencies are y and O accordingly. There-
fore the depth of the blocking dip (dyg) is dygr =y /2.
Comparing the expressions for dgr and d g, we find that
xo=0.5 is a critical value, and that as long as the surface
considered in the simulation allows for a large enough
hitting probability of the second-layer atom (x >x,) the
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FIG. 5. (a) Scattering geometry for protons incident along
the [01 1] direction and detected in an angular range including
the [110] direction in the (111) plane. The shaded atoms are the
missing atoms in the missing-row model. (b) The experimental
backscattered yield (open squares) and the unsmoothed simula-
tions based on MR surface (solid line) and BT surface (dashed
line) as a function of scattering angle for 100-keV protons. The
crystallographic direction associated with the bulk blocking dip
is indicated.
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depth of the blocking dip for the BT surface is going to
be larger than that for the MR structure. If we include
the effects from deeper layer atoms, the exact value of x
may change.

In our situation, as the (111) plane is tilted 31.4° away
from the normal, the vertical relaxations move the sur-
face atoms away from the scattering plane, leaving deeper
layer atoms largely exposed to the incident beam. This
implies a high probability of hitting a second layer atom
(x =0.8 in this case), and as a consequence, simulations
based on BT structures overestimate the depth of block-
ing dip shown by the experimental data.

We also measured the backscattering with ions in-
cident along the [01 1] direction and detected around the
[110] direction in the same scattering plane (Fig. 5). We
found that the bulk blocking occurs along the [110] direc-
zion which corresponds to a scattering angle of 120°. As
expected from the surface contraction, the blocking dip is
shifted towards smaller angles. Although the incoming
ion beam sees deeper into the crystal, thus making the
data less surface sensitive, the data still show a better fit
for the MR model than for the BT structure.

The ion-scattering measurements in these two scatter-
ing geometries clearly favor the missing-row model. In
what follows, we will concentrate on the determination of
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FIG. 6. (a) Scattering geometry for protons incident along
the [112] direction and detected in an angular range including
the [110] direction in the (110) plane. The lightly shaded atoms
are the missing atoms which are contained in the same plane
with the heavily shaded atoms. (b) The experimental data (open
squares) and the unsmoothed simulation for our optimum struc-
ture (solid line) as a function of scattering angle for 100-keV
protons. The crystallographic direction associated with the
bulk blocking dip is indicated.
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the structural parameters within the MR model for this
surface.

B. Structural parameters

In addition to the two scattering geometries considered
above, we also performed ion scattering measurements in
two other scattering geometries in the (110) mirror plane.
The incident proton beam’s directions used in these
geometries were [112] and [001]. The backscattered flux
for these two different incident angles was collected
around the [110] direction. This scattering plane does
not distinguish between MR and BT models but is useful
in refining the structural parameters within a specific
model. We therefore only show optimized Monte Carlo
simulation for the MR model with the data in Figs. 6 and
7.

In searching for the global optimum structural param-
eters, we define the overall R factor value as the root
mean square of the four individual R factors for each
scattering geometry. The best-fit parameters based on
the overall R-factor analysis are close to those extracted
from each scattering geometry. The differences between
the overall R factor and each individual R factor give us
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FIG. 7. (a) Scattering geometry for protons incident along
the [001] direction and detected in an angular range including
the [110] direction in the (110) plane. The lightly shaded atoms
are the missing atoms in the same plane as the heavily shaded
atoms. (b) Experimental data (open squares) and the
unsmoothed simulation for our optimum structure (solid line) as
a function of scattering angle for 100-keV protons. The crystal-
lographic direction associated with the bulk blocking dip is in-
dicated.
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the magnitude of the error bars of the measurement.

The contour plots of the (overall) R factor, such as the
ones shown in Fig. 8, are examples of the results of
searching for optimum parameters. These particular
contour plots are obtained using the optimal values for
the parameters not varied in these particular plots. In
the contour plot shown in Fig. 8(a), the two most sensi-
tive structural parameters (the changes of the top two in-
terlayer spacings, Ad;, and Ad,;) are varied. A clear
minimum  exists for Ad;;=(—18.6+4.5)% and
Ad,;=(+4.612.5)%. Figure 8(b) shows the contour
plot for variations of the second and the third interlayer
spacings. The optimum value of the third interlayer
spacing is found at the center of the smallest loop with
Ad;,=(—2.1£1.5)%. It is encouraging to see that the
optimum change in the second interlayer spacing (Ad,;)
is the same in both plots (Ad,; = +4.6%), confirming the
quality of the fit. The alternate signs of the interlayer dis-
tortions are an indication of the oscillatory relaxations
commonly found at metal surfaces.

In addition to the relaxations in which atoms stay in
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FIG. 8. (a) R-factor contour plot as a function of the changes
of the top two interlayer spacings, Ad;, and Ad,;. (b) R-factor
contour plot as a function of the changes of the second and
third interlayer spacings Ad,; and Ad;,. Note that the
minimum of the R factor occurs for the same value of Ad,; in
both plots.
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crystal planes, atoms can move out of the crystal planes
(buckling). A buckling distortion is an alternating dis-
placement of atoms in a particular layer along the direc-
tion perpendicular to the surface. Referring to Fig. 3(d),
we define the following atomic movements as the positive
second- (third-) layer buckling distortion b, (b;): the
second- (third-) layer atom in the open circle plane mov-
ing upward (along the [113] axis) while the corresponding
atom in the filled circle plane moving downward (along
the [113] axis). The optimum second- and third-layer
buckling (b) distortions are found to be, respectively,
b,=—0.08+0.04 A and b,=+0.08+0.04 A.

Since the symmetry group of the surface contains only
one mirror plane, a surface registry shift along the plane
is allowed. We have searched for a registry shift of the
first layer and also for a pairing distortion of the second
layer. However, in both cases no positive evidence for a
surface registry shift or a pairing was obtained. Com-
bined with the small values of registry shifts for other fcc
(113) surfaces,!’™!° we are lead to conclude that these
surfaces are highly stable towards lateral distortions.

One of the advantages of MEIS is that the data can be
put on an absolute basis, with no arbitrary fitting parame-
ters involved. The only nonstructural parameter in the
analysis is the surface vibrational amplitude (the bulk vi-
brational amplitude is 0.090 A at room temperature).
Since half of the bonds are missing for the surface atoms,
the surface vibrations are usually found to be enhanced
with respect to the bulk vibrations.?’ In this study, we
assume the same enhanced vibrational amplitude for the
top two layers. Starting form the third layer, we reduce
the enhanced part of the vibrational amplitude by a fac-
tor of 2 between adjacent layers, and continue this trend
into the bulk. The results presented here are not sensitive
to the exact way the decay is modeled. By varying the vi-
brational amplitude in the numerical simulations, the am-
plitude in the top two layers was found to be enhanced by
a factor of 1.55 with respect to the bulk value, which cor-
responds to a surface Debye temperature of 109 K [the
bulk Debye temperature of Au is 170 K (Ref. 36)].

IV. DISCUSSION

A simple comparison of the surface energies of the
different atomic planes involved in the MR reconstruc-
tion should give an indication of how favorable the MR
structure is over bulk termination. As shown in Fig. 3(d),
the MR model contains facets with (001) and (111) orien-
tations. The change in the surface energy A due to the
reconstruction could be estimated by adding the energies
of the (001) and (111) atomic planes and subtracting the
energy for a BT surface; A=0.60y(001)+0.52y(111)
—v(113), where y denotes the surface energy for a
specific orientation. The factors 0.60 and 0.52 come from
the increased surface area due to the microfaceting. The
stability of the (1X2) missing-row reconstruction re-
quires the energy change A to be negative. Theoretical
values for 7(001) and y(111) are 0.102 eV/A? (Ref. 37)
and 0.78 eV/A2%3® respectively. Unfortunately, there is
no calculation for y(113) yet. However, y(110) is 0.10
eV/A2¥ If we assume the surface energy of Au(113) is
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larger than that of Au(110) due to the fact that the
Au(113) surface is more open, e.g., ¥(113)>0.10 eV/A?,
the we get A <0. This argument indicates that the for-
mation of (001) and (111) microfacets in the MR Au(113)
does lower the surface energy.

The stability of the missing-row reconstruction can be
rationalized from a simple argument concerned with the
energy Dbalance between the competing surface-
electronic-charge densities.’? For a 5d metal such as Au,
the surface energy can be heuristically separated into one
part coming from the s and p electrons with delocalized
wave functions at the surface, and another part from the
localized d electrons which includes the bonding (or bro-
ken bonds due to missing nearest neighbors) at the sur-
face. The s and p electrons contribute to the surface ki-
netic energy and affect largely the relative stability of the
different surface structures. As the number of broken d
bonds remain the same for the (1X1) BT structure and
the (1X2) MR structure, the missing-row geometry mini-
mizes the surface energy by providing more room for the
s and p electrons to spread out—thus lowering their ki-
netic energies, while retaining as much of the bulk
cohesion as possible. Upon adding free electron metal
atoms like Ca on Au(113) surface, more delocalized elec-
tronic charge is introduced onto the surface, thus tilting
the energy balance towards a MR reconstruction.

It is expected for metal surfaces that the relaxations al-
ternate sign between layers.*>*! The values of relaxations
found on the Au(113)-(1X2) Ca surface (with
Ad,=—18.6%, Ady);=+4.6%, and Ad;,=—2.1%)
are very close to those found on Au(110).!? It is also ex-
pected that the top-layer contraction of Au(113) (with Ca
present) is larger than any of the other studied (113) sur-
faces: —5.0% for Cu(113),'S —15.9% for Ni(113),"
—13% for Al(113),'"® and —14.5% for Rh(113)."" Previ-
ous observations have found that larger distortions are
usually present in Au surfaces,?” #671214.29.31.3442 5,4
the more open (1X2) MR surface should show larger dis-
tortions than (1X 1) surfaces.

Figure 9 shows the major displacements of the surface

atomic distortions of Au(113)-(1X2)Ca
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FIG. 9. The surface atomic displacements for the Au(113)-
(1X2)Ca surface. The lightly shaded atom is the missing atom
in the same plane as the “filled” atoms. The horizontal lines
represent the center of the relaxed surface planes, while the ar-
rows represent the buckling distortions on top of the relaxation.
The sizes of the arrows are not proportional to the magnitudes
of the real displacements.
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atoms. In addition to the relaxations, buckling distor-
tions are also present. As a consequence of the buckling
(b;=0.078 A), the third-layer atoms move upwards to-
wards the vacancy in the top layer, reducing slightly the
surface corrugation. The top-layer contraction and the
direction of third-layer buckling in the contiguous atomic
plane seem to be related since both occur in the same
downwards direction. However, for the second-layer
buckling there is no clear structural reason why it should
happen, apart from this being a symmetry allowed distor-
tion.

Based upon the above structural configuration, we cal-
culate the area occupied by each atom in the (111) and
(100) microfacets to be 0.835a2? and 0.980a? (a is the
nearest-neighbor separation for an Au crystal), respec-
tively, while the bulk values are 0.866a2 and 1.000a 2, im-
plying that the two microfacets contract. Comparing the
area per atom for the (111) and (100) microfacets to the
values for the infinite reconstructed (111) and (100) sur-
faces (0.826a? and 0.793a?),? the values for the (111) mi-
crofacet and for the (111) surface are close, while the
values for the (100) microfacet and for the (100) surface
are quite different. This may indicate that edge effects
are important on the (100) microfacet.

One can observe from Fig. 9 that the second- and
third-layer bucklings give rise to an interesting pattern of
distortions. For any pair of nearest-neighbor atoms in
the second and third layer along the [110] direction, the
change in the interatomic spacing along this direction be-
tween nearest-neighbor pairs alternates signs. In a simple
model, the contraction (expansion) of the interatomic dis-
tances along this axis can be related to an excess
(deficiency) of charge density between the paired atoms.
In this picture the resulting charge density located in the
second and third atomic interlayer has a dipolar charac-
ter which alternates its sign between the [110] rows of
atoms. It would be premature to claim that this surface
shows a dipolar surface charge density wave based only
on the interatomic relaxations pattern, but it would be
worth looking for further evidence for such behavior.

Finally, we would like to address the role of Ca on the
surface. Due to the small scattering cross section of Ca,
it is difficult to determine the exact locations of the Ca
atoms at the surface. However, we believe that they stay
on top of the surface since the incident ion beam detects
roughly the same amount of Ca for different incident
directions. The extra low-energy electron diffraction
(LEED) spots observed on the clean Au(113) surface may
be an indication that the bulk truncated structure is un-
stable and has a tendency to form higher-order struc-
tures.

V. CONCLUSIONS

Using medium-energy ion scattering, we have studied
the Ca-induced (1X2) missing-row structure of Au(113).
The amount of Ca, segregated from the bulk at 900 K,
has been measured with MEIS to be 10% of a monolayer.
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The surface exhibits an oscillatory relaxation with a top-
layer contraction of Ad,,=—18.6%, a second-layer ex-
pansion of Ad,;=+4.6%, and a third-layer contraction
of Ad;,=—2.1%. Buckling, with amplitudes of —0.08
and +0.08 A, exist in the second and third layers.
Within the error bars of the study, no lateral movement
(registry shift or pairing) has been found. All the vertical
atomic displacements are such that they smooth the sur-
face corrugation.
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top view of Au(113) with bulk truncation

.%///q

N\
oe

% 2) / 2
(332) gg///.////// //Qf{ / <

O

\

2

) % -
7 % b/

side view along (110) mirror plane

FIG. 1. (a) Top view of the Au(113) surface with bulk trunca-
tion. The surface is formed by close-packed rows oof atoms
along the [170] direction with a wide separation (4.78 A) along
the [332] direction. Heavier shadings represent deeper layers.
The oblique (1X1) unit cell is outlined. (b) The two adjacent
(170) mirror planes. Nearest-neighbor atoms are located along
the [110] direction, 25.2° off the surface plane, extending into
the crystal. The interlayer distance is 1.23 A. The lattice con-
stant of Au is 4.08 A.



top view of Au(110)-(1X2) top view of Au(113)-(1X2)Ca
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FIG. 3. (a) Top view of the missing-row structure of the Au(110)-(1X2) surface. Every other close-packed row of atoms is missing
from the surface. (b) Side view of the Au(110)-(1X2) surface along the (110) plane. The surface reconstructs to form close-packed
microfacets with (111) and (111) orientations. (c) Top view of the missing-row structure of the Au(113)-(1X 2)Ca surface. The model
sensitive scattering plane (111) is outlined in a triangle. (d) Two adjacent (110) mirror planes of the missing-row structure of the

Au(113)-(1X2)Ca surface. Note that no atoms are missing from one plane (open circles), while all the first-layer atoms are missing
from the other plane (solid circles).
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FIG. 6. (a) Scattering geometry for protons incident along
the [112] direction and detected in an angular range including
the [110] direction in the (110) plane. The lightly shaded atoms
are the missing atoms which are contained in the same plane
with the heavily shaded atoms. (b) The experimental data (open
squares) and the unsmoothed simulation for our optimum struc-
ture (solid line) as a function of scattering angle for 100-keV
protons. The crystallographic direction associated with the
bulk blocking dip is indicated.
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FIG. 7. (a) Scattering geometry for protons incident along
the [001] direction and detected in an angular range including
the [110] direction in the (110) plane. The lightly shaded atoms
are the missing atoms in the same plane as the heavily shaded
atoms. (b) Experimental data (open squares) and the
unsmoothed simulation for our optimum structure (solid line) as
a function of scattering angle for 100-keV protons. The crystal-
lographic direction associated with the bulk blocking dip is in-
dicated.



