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The atomic structure of the (1 X 2) reconstructed (110) surfaces of Au and Pt has been investigated in detail using X-ray
diffraction. For both surfaces the reconstruction involves several layers of atoms. The top layer spacing is contracted and pairing

occurs in the second and fourth layers.

There have been enough investigations of these surfaces with other experimental methods that a detailed comparison can now be
made. Though there is full agreement on the missing-row model, this is not true for the magnitude of the relaxations occurring at the
surfaces. In general the X-ray diffraction results compare better with electron diffraction data than with ion scattering experiments.
Many theoretical approaches fail to predict the correct sign and/or magnitude of some of the relaxations.

1. Introduc:tidn

The phenomenon of spontaneous reconstruc-
tions of metal surfaces and understanding its origin
has for long been a strong motivation in surface
science. The structure of the (1 X 2) reconstructed
(110) faces of Au, Pt and Ir has been the subject
of a greai number of experimental [1-12] and
theoretical [13—17) papers. Of these three systems
Au(110) has attained most experimental attention
[1-6], while detailed experiments on P3(110) have
been done only more recently [8-10]. Data on
Ir(110) is relatively scarce [11,12].

By now, the missing-row model (see fig. 1) for
the structure of the (1 X 2) reconstructed surface is
well established, and attention has shifted to re-
laxations occurring at the surface. The initial low-
energy electron diffraction (LEED) experiment [1]
indicated a contraction of the top-layer spacing
for Au. In contrast, an early surface X-ray diffrac-
tion study [2], and a high-resolution electron mi-

croscopy study [3], pointed to an expansion of the
top-layer spacing. All later experiments, however,
using LEED [4], low-energy ion scattering (LEIS)
[5] and medium-energy ion scattering (MEIS) [6]
provided strong evidence for a contraction of the
top-layer spacing. A new electron-microscopy
study [18] also claimed a contraction, leaving X-ray
diffraction the only technique still claiming an
expansion.

Since the early experiment on Au(110), X-ray
diffraction has been used to investigate a great
number of surface structures and has become a
valuable tool in surface science [19,20]. Consider-
able advances in the technique have taken place
and much confidence has been gained in the inter-
pretation of crystallographic data. Bearing this in
mind and considering the continued interest in the
details of the structure, it seemed appropriate to
reinvestigate the structure of Au(110)-(1 X 2).

In addition to relaxation of the layer spacings,
also a pairing in the second layer (see fig. 3) has
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Fig. 1. Schematic of the missing row surface unit cell (left) and
the corresponding reciprocal lattice (right), with the crystallo-
graphic directions indicated. In the top view open circles
represent integer-order reflections and filled circles are half-
order reflections, which contain information of the recon-
structed surface only. Due to the two-dimensional character of
the surface, the intensity is continuous along the / (perpendicu-
lar) direction. The circles are bulk Bragg peaks within the
integer-order rods.

been found in X-ray diffraction [2] and LEED [3]
experiments, but not by MEIS [6]. Theoretical
calculations [13-16] and LEED experiments on
the related Pt(110)-(1 X 2) system [8,9] suggest that
also deeper layers may show lateral displacements.
This is therefore also considered in the present
analysis, Accurate values of the relaxations allow
an evaluation of the validity of the various theo-
retical approaches that have been used to calculate
the relaxed Au(110)-(1 X 2) surface structure.

The Pt(110)-(1 X 2) system has not been studied
by X-ray diffraction before. The first LEED study
[7] on this system favored an expansion of the
top-layer spacing, but all further experiments
agreed on a contraction [8§-10]. Whereas LEED
[8,9] found significant pairing in the second and
fourth layers, as it does in the case for Au, MEIS
[10] does not find any such evidence. These issues
are also examined in the present study.

2. Experiment

The experiments were performed at beam line
X16A at the National Synchrotron Light Source

(NSLS) at Brookhaven National Laboratory. 5
milliradians of radiation were focused by a toroidal
Pt-coated mirror “at 5.7 milliradians angle of inci-
dence. The X-ray beam was monochromated by
two parallel Si(111) crystals to a wavelength of
1.09 A. The samples were mounted in an ultra-
high-vacuum (UHV) chamber coupled to a 4-circle
diffractometer [21]. The whole set-up could be
rotated on a vertical axis, providing a fifth degree
of freedom.

The Au surface was prepared by Ar sputtering,
followed by a 450°C anneal. The initial surface
preparation of the Pt crystal required extensive
annealing cycles in O, (1 X 10”7 mbar, 700°C)
and H, (5 X10~7 mbar, 900°C), in order to re-
move C and S. After that, the surface was sputtered
(1 X 10> mbar Ar, 500°C) to remove Ca and Si,
followed by a 900°C anneal. This also had to be
repeated several times. The surface cleanliness of
the crystals was checked by Auger-electron spec-
troscopy. After extended annealing, Sn could al-
ways be detected on the Au sample. However, the
present measurements were done at room temper-
ature, and no contaminants were observable at the
prepared surfaces. Unlike another recent study on
Au(110) [22], we never found any evidence for a
1 X 3 reconstruction on that surface.

The illuminated surface area was determined
by 2 mm slits on the incoming beam and 2 mm
slits on the exit beam. This led to a sin 26 depen-
dence in the area, for which the data had to be
normalized [19,23]. For very small 28 angles, the
area defined by the slits became larger than the
sample size, and an additional correction was nec-
essary. The fifth degree of freedom allowed the
surface normal to be set horizontal for all scans
[24]. This geometry considerably simplified the
normalization of the data, because no corrections
were necessary for the tilt-dependence in the il-
luminated surface area, nor for changes in the
resolution function arising from the tilt of the
diffraction rods [23].

The sample surfaces were aligned using a laser
beam. The crystallographic alignment was done by
determining the position of two out-of-plane bulk
reflections. For convenience a surface unit cell was
employed following the LEED convention [25].
The surface lattice vectors can be expressed in
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terms of the conventional cubic lattice vectors by
a; = 3(110) 5 @, =(001).,p; @3 = 3(110),,. The
component of the momentum transfer perpendicu-
lar to the surface is then represented by the single
Miller index /. This coordinate frame is also ex-
plained in fig. 1.

For small values of /, the angle of incidence
and the outgoing angle were set equal. For larger /
values, the outgoing angle was fixed at 3°, which
reduced somewhat the observed thermal diffuse
background from the bulk. The angles were al-
ways well above the critical angle for total reflec-
tion (about 0.4°), so that no refraction effects
occurred. Scans across the fractional order rods
were made by rotating the ¢ axis of the dif-
fractometer. The integrated intensity was de-
termined by numerically integrating the peak and
subtracting the background as determined from
the intensity far away from the peak. These in-
tegrated intensities were corrected for the il-
luminated surface area and Lorentz factor. Taking
the square root gave the experimental structure
factor.

For both surfaces, a large number of (hk)
reflections were measured for various values / of
momentum transfer along the diffraction rods (see
fig. 1). Data with non-zero / values gave informa-
tion on relaxations perpendicular to the surface.
The error in the data was estimated by combining
the measured variation between symmetry-equiv-
alent reflections with the error due to counting
statistics [19]). The first contribution generally
dominated the total error. On the Au(110) sample,
a total of 141 non-equivalent reflections were mea-
sured, corresponding to 23 different (hk) rods
sampled at a number of / values. On the Pt(110)
sample the data set consisted of 88 reflections
from 23 different (hk) rods.

Representative rod scans are shown in fig. 2. It
is clear that the rod profiles of Au(110) and Pt(110)
are very similar, indicating that the reconstructed
surfaces have the same structure. The rapid mod-
ulation of the measured profiles shows im-
mediately that the reconstruction involves more
than one layer of atoms. The experimental mea-
surements of the (0, 1.5) and (0, 2.5) rod profiles
for Au(110) are in good agreement with the earlier
work [2]. At that time the rapid modulation was
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Fig. 2. The structure factors of several (hk) reflections as a

function of the perpendicular momentum transfer / for Au(110)

and Pt(110). The circles are the data points, the solid curves
are the best fits to the data.

thought to come from (and agreed with) a two
layer structure with an enlarged layer spacing. The
wider range of current data is inconsistent with
this interpretation and necessitate a more complex
model with displacements in a greater number of
layers.

The measured structure factors were fitted using
a x? minimization, starting from the missing-row
model and allowing the atom positions to move in
directions according to the Pmm2 symmetry of the
unit cell (fig. 3). The fitted parameters in the case
of Au were a vertical displacement of atom layer

Fig. 3. Definition of the various relaxation parameters in the
missing-row structure of the (1X2) reconstructed surfaces of
Au(110) and Pt(110).
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Table 1
Summary of the optimum values for the fitting parameters for
Au and Pt

Au(110) P1(110)
Ad;, —~0.32+0.10 —0.27+0.10
Adys - —0.1140.08
P2 0.05+0.01 0.05+0.01
Pa 0.05+0.01 0.04+0.01
B, 1.5 +01 09 +01
B, 14 +0.3 1.0 +0.2
B, 08 +0.2 (0.29)
x2 26 2.1

Ad is the change in layer spacing (A), p represents pairing (A),
see fig. 3. The Debye-Waller parameters B are expressed in
A2 .

1, pairing of layers 2 and 4, and the Debye-Waller
parameters of layers 1, 2 and 4. The optimal
values for these fitting parameters are given in
table 1, the calculated rod profiles are shown as
the solid curves in fig. 2a. The fit has a x> value
of 2.6, which should be compared with the value
of 7.9 for the missing-row model without relaxa-
tions. The rather large value of x? is likely to be
caused by the uncertainties in the estimation of
the errors in the data points. Due to the limited
range in /, the data are insensitive to vertical
relaxations and/or buckling in layers beyond the
first. Including a pairing in the sixth layer did not
improve the fit further. The data are very sensitive

to such lateral displacements, so the occurrence of
a significant pairing in that layer seems unlikely.
The optimized isotropic Debye—Waller parame-
ters of layers 1 and 2 correspond to a mean
thermal vibration amplitude of 0.14 A, which is a
significant enhancement over the bulk value of
0.088 A.

The analysis of the Pt(110)-(1 X 2) data was
completely analogous. The results of the fitting are
shown in table 1 and in fig. 2b. In this case the
vertical displacement of the second layer was also
optimized, because it gave a significant improve-
ment in the fit. Again the surface atoms show an
enhanced thermal vibration amplitude. A. Debye-
Waller parameter of 1 corresponds to a mean
vibration amplitude of 0.11 A, which should be
compared with the bulk value of 0.061 A.

3. Discussion

In table 2 the present results for Au(110)-(1 X 2)
are conmipared with other measurements and several
recent theoretical calculations. In the present anal-
ysis we found a contraction of the top-layer spac-
ing, in- excellent agreement with all recent mea-
surements. As noted above, the top-layer expan-
sion as found in the earlier X-ray diffraction study
[2], was caused by the limited out-of-plane data
set which could be described by a simple two-layer

Table 2
A summary of the most relevant work on Au(110)-(1 X 2)

Adlz Ady, P2 Pa by
Experiments '
X-ray diffraction This work -0.32 - 0.05 0.05 -
X-ray diffraction [2] 0.62 - ‘ 0.12 - -
LEED [4] -0.29 0.03 0.07 - 0.24
LEIS [5] -0.20 - <01 - -
MEIS [6] —-0.26 0.06 <01 - 0.20
Theories N
Tight-binding [13] -0.09 0.03 0.02 - -
Tight-binding [17} -0.16 -0.04 -0:.08 0.07 0.11
“Glue”-model [14] -0.39 -0.09 -0.27 012 0.40
Embedded atom [15] -0.21 -0.07 -0.04 0.04 0.11
First principles [16] —-0.23 0.03 0.05 0.09 0.20

All displacements are given in A. The meaning of the Ad’s and p’s is explained in fig. 3. b, represents buckling in the third layer,
with a positive value meaning an upward displacement of third-layer atoms without a first-layer atom on top.
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model. The fact that pairing in the fourth layer
was disregarded, also gave a larger estimate of the
second layer pairing in ref. [2] than found here.
The LEED analysis [4] found a value for the
pairing in the second layer in close agreement with
the value obtained here. The MEIS data [6] did
not show any evidence for such pairing. The pre-
sent data give the first evidence for pairing in the
fourth layer of Au(110)-(1 X 2).

Comparing the results of the various theoretical
methods shown in table 2 with the available data,
we see that all methods predict a contraction of
the top-layer spacing, but with a large variation in
the estimated values. The embedded-atom method
[15] and a first-principles calculation [16] give
values that are closest to the average experimental
value. The first-principles calculation predicts in
addition the correct sign and magnitude of the
second-layer pairing. The embedded-atom method
predicts the wrong direction of the second-layer
displacement. The “glue” model [14] shows a
tendency to overestimate the relaxations at the
surface and in particular gives a bad estimate of
the second layer pairing. The two tight-binding
calculations [13,17] have poor agreement with each
other and with the data.

The enhancement of the mean thermal vibra-
tion amplitude by a factor ~ 1.5 as found here is
the same as obtained in the older X-ray diffraction
analysis [2], and also agrees well with ion scatter-
ing results [6,26). In the LEED analysis [4], no
surface-enhanced thermal vibration was taken into
account. Simple model calculations [27] indicated
anisotropic behavior at the (110) surface: no sig-

nificant enhancement was predicted along the
close-packed [110] direction, but along the [110]
and [001] directions the enhancement was calcu-
lated to be a factor ~ 1.5. In the data analysis, we
employed isotropic Debye—Waller parameters, be-
cause the introduction of anisotropy did not lead
to significantly improved fits. Though none of the
studies mentioned here claim a high accuracy, all
point to an enhancement of the mean thermal
vibration amplitude at the surface by a factor
~1.5.

In table 3 a comparison is made between the
various results on Pt(110)-(1 X 2). There is an ex-
cellent agreement between the experimental values
obtained for the contraction of the first layer
spacing. The agreement is less strong on the sec-
ond to third layer spacing. Both X-ray diffraction
and LEED agree on a second-layer pairing of
~0.05 A. Surprisingly, the ion scattering results
indicate that no pairing occurs at all. This may
arise because ion scattering measures an atomic
alignment angle in the crystal, which is therefore
sensitive to both parallel and perpendicular dis-
placements and cannot readily distinguish be-
tween them. Or else it may be related to uncer-
tainties in the estimate of the thermal vibration
amplitudes at the surface and the degree to which
these are correlated. The value found here for the
fourth-layer pairing of 0.04 A agrees well with one
LEED analysis that found 0.05 A [9], but not with
the other, that derived a pairing of 0.12 A [8].

The two theoretical calculations give results
similar to the case of Au. The tight-binding scheme
[13] gives too small relaxations, whereas the em-

Table 3
A summary of the most relevant work on Pt(110)-(1 X 2)

Ady, Ady P> Pa by
Experiments
X-ray diffraction This work —-0.27 -0.11 0.05 0.04 -
LEED [8] -0.26 —-0.18 0.07 0.12 0.32
LEED [9] —0.28 -0.01 0.04 0.05 0.17
MEIS [10] —-0.22 0.06 < 0.04 - 0.10
Theories
Tight-binding [13] -0.11 0.02 0.02 - -
Embedded atom [15] —-0.25 —-0.07 -0.03 0.04 0.11

See footnote to table 2 for an explanation.
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bedded-atom method [15] again gives an excellent
prediction for the top-layer spacing, but calculates
the wrong sign for the second layer pairing.

The enhancement of the thermal vibration am-
plitude by a factor of ~ 1.4 is again in reasonable
agreement with ion scattering data [10] and model
calculations [27]. LEED analyses have derived en-
hancement factors of 2.2 [28] and 1.4 [8], or have
ignored surface enhancements [9].

4. LEED versus X-ray diffraction

Au(110) and Pt(110) are among the best studied
surface structures to date, with state-of-the-art
LEED and X-ray results to compare. We would
like to take this opportunity to reflect a little on
the relative accuracy of determination of the vari-
ous parameters with the aid of fig. 4. The agreed-
upon missing-row structure is relatively simple
and has important structural parameters both
parallel and perpendicular to the plane. It also
displays simultaneously three contrasting modes
of reconstruction: density modification (top layer),
pairing (2nd and 4th layers) and buckling (3rd
layer). Fig. 4 shows a side view of reciprocal space
with rods representing the desired data in an ideal
diffraction experiment (LEED or X-ray). A cutoff
hemisphere is drawn to indicate some desired reso-
lution limit: a complete, accurate set of measure-
ments inside the sphere of radius g, would
allow the structure to be determined to an error of
order 5% of 27/q.x due to series termination
effects [29] and depending somewhat on the accu-
racy of the data. This error would be isotropic.
However, neither technique can measure the full
hemisphere; a typical range of data is shown in
the figure for LEED, four-circle [30] and five-circle
{24] surface X-ray diffractometers.

LEED is primarily a backscattering technique,
probing mainly perpendicular momentum transfer
(fig. 4a). It is particularly sensitive to vertical
displacements. It was able to detect 3rd layer
buckling both in Au(110) and Pt(110), which was
beyond the level of significance of the X-ray data.
Though no error bars are shown, perpendicular
distances from LEED are accurate in tables 2 and
3; parallel ones are less so.
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Fig. 4. Schematic reciprocal space diagrams showing the limited
range of diffraction data available to different techniques. The
rods represent data. ¢ is the momentum transfer for which g
and g, are the respective components. The hemispherical
diffraction limit is an arbitrary total resolution cutoff at |g| =
Gmax- (@) Low-energy electron diffraction (LEED). The cone
angle in reciprocal space equals half the total scattering angle
accepted by the screen (120° here). LEED system designs
might vary slightly but will not affect this picture dramatically.
(b) Four-circle X-ray diffraction [30]. Here the cone angle is
given by the maximum tilt angle accessible to the sample,
limited by feedthroughs etc. (11° here [21]). The same tilting
limitations and diagram apply to transmission electron diffrac-
tion (TED). (c¢) Five-circle X-ray diffraction [24] or X-ray
diffraction with out-of-plane detector arm {20]. The limiting
perpendicular limit is given by the wave vector times the sine
of the maximum inclination angle (about 20° for the dif-
fractometer used [21]).

Conversely, X-ray diffraction as most com-
monly practiced is a grazing angle technique, with
a correspondingly different subset (fig. 4b) of the
data sampled. The four-circle (sample tilting)
geometry [30] is particularly restrictive. The small
range of data for the old Au(110) study [2] led to a
model with a top layer expansion as discussed
above.

The extension to the five-circle mode [24] has
improved the situation significantly, as fig. 4c
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shows. The incident beam can be inclined to a
large angle relative to the surface, improving the
range of perpendicular momentum transfer. This
is analogous to moving the detector out of plane
[20]; the ability to do both is an anticipated fur-
ther improvement. This was the geometry used in
the present study. Parameters for Au(110) and
Pt(110) in table 1 are still better determined in-
plane than out-of plane, but we have sufficient
vertical information to avoid ambiguity in this and
most other cases. More perpendicular data range
is needed to determine reliably the small (1-5%)
layer spacing relaxations seen in many otherwise
unreconstructed surfaces. LEED is probably still
the best technique for this because of its great
vertical sensitivity. ‘

5. Conclusions

Using extensive data sets including reflections
with non-zero perpendicular momentum transfer,
various relaxations in the missing-row structure of
Au(110)-(1 X 2) and Pt(110)-(1 X 2) have been de-
termined. The top-layer spacing is contracted and
pairing occurs in the second and fourth layers. All
recent experiments agree on the top-layer contrac-
tion. The discrepancy with an earlier X-ray dif-
fraction study, which found a top-layer expansion,
is explained. The pairing in the second layer is in
agreement with LEED experiments, but less so
with ion-scattering results. Of all theoretical meth-
ods used to calculate the relaxations at the surface,
only a first-principles calculation agrees with the
experimental results.
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