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The atomic geometry of the (1X2) and (1X3) structures of the Pt(100) surface has been deter-
mined from a low-energy electron-diffraction intensity analysis. Both structures are found to be of
the missing-row type, consisting of (111) microfacets, and with similar relaxations in the subsurface
layers. In both reconstructions the top-layer spacing is contracted by approximately 20% together
with a buckling of about 0.17 A in the third layer and a small lateral shift of about 0.04 A in the
second layer. Further relaxations down to the fourth layer were detectable. The surface relaxations
correspond to a variation of interatomic distances, ranging from —7% to +4%, where in general a
contraction of approximately 3% for the distances parallel to the surface occurs. The Pendry and
Zanazzi-Jona R factors were used in the analysis, resulting in a minimum value of Rp=0.36 and
R7;=0.26 for 12 beams at normal incidence for the (1<2) structure, and similar agreement for 19
beams of the (1X3) structure. The (13X 3) structure has been reproducibly obtained after heating
the crystal in an oxygen atmosphere of 5 10~® mbar at 1200 K for about 30 min and could be re-
moved by annealing at 1800 K for 45 min after which the (1X2) structure appeared again. Both
reconstructed surfaces are clean within the detection limits of the Auger spectrometer. CO adsorp-
tion lifts the reconstruction in both structures. After desorption at 500 K the initial structures ap-
pear again, indicating that at least one of the reconstructions does not represent the equilibrium
structure of the clean surface and may be stabilized by impurities.
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INTRODUCTION

The (1X2) reconstruction of the (110) surfaces of Pt,
Ir, and Au has been studied by a number of different
methods and it is well established now that these surfaces
exhibit a missing-row type of reconstruction. For the
Pt(110)-(1x 2) surface the details of the atomic geometry
have not been determined with sufficient reliability and
the origin of the reconstruction is still the subject of con-
troversial discussion at all reconstructed metal surfaces.
Recent structure analyses by low-energy electron
diffraction (LEED) of the Au(110)-(1X2) (Ref. 1) and
Ir(110)-(1X2) (Ref. 2) surfaces have shown that the
strong distortion of the surface results in relaxations of
the subsurface layers. The main feature is a buckling in
the third layer probably caused by a tendency to smooth
the large corrugation of the surface. Similar results have
been found by other techniques. Direct observation by
field ion images,’ alkali-metal-ion scattering,* and Ruth-
erford backscattering (RBS)»® clearly favored the
missing-row reconstruction of Pt(110) and excluded other
possible models. For Au(110) the reconstruction could
also be directly observed with scanning-tunneling micros-
copy (STM) (Ref. 7) and relaxations of interatomic dis-
tances in subsurface layers were detected by medium-
energy ion scattering (MEIS),® low-energy ion scattering
(LEIS),>!% and glancing-incidence x-ray diffraction.!! In
the first LEED analysis of the Pt(110)-(1 X 2) reconstruc-
tion!? also a preference for the missing-row model has
been found, though only poor agreement has been
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reached between experimental and theoretical -V curves.
In contrast to the surface of Ir and Au an expansion of
the first interlayer spacing has been found. Therefore we
have performed a new LEED analysis of the Pt(110)-
(1X2) reconstruction, using a new experimental data set
consisting of twelve I-V curves at normal incidence. In
addition to earlier studies?!? atomic displacements in
the first five layers of the surface have been included.

As the second point in this paper we present a LEED
structure analysis of the (1X3) superstructure, which
could be prepared reproducibly. In previous experimen-
tal studies the existence of a (1 3) superstructure had
been reported for Au(110),"* Ir(110) (Ref. 14), and
Pt(110)." The conditions at which the (1 X 3) superstruc-
ture appears and whether it is a stable surface
configuration have not become quite clear until now.
Also, the cleanliness of the reconstructed surfaces has
been questioned recently and either a stabilization by im-
purities or even a superstructure formed by adsorbed or
segregated impurities has been proposed.'® From the
various results and from the LEED structure analysis a
superstructure formed by adsorbates can be definitely ex-
cluded. The interpretation of the missing-row structure
as the beginning of a faceting of the surface has led to the
question why the Au(110), Ir(110), and Pt(110) shows
usually a (1X2) reconstruction as the stable surface and
not reconstructions with larger periodicities. Theoretical
calculations using the effective medium theory have
shown that in cases where the (1X2) reconstruction is
stable the (1X3) structure is even more stable and the
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(1x4) structure even more so,'” other calculations
favored the (1X2) structure.’® The question as to which
of the two reconstructions represents the stable atomic
configuration in the surface and which impurities could
induce the (1X2) or (1X3) reconstruction is still open,
though the fact that the (1X2) structure has been repro-
duced under various conditions in a number of labora-
tories is indicative of the stability of the (1 X 2) structure.

EXPERIMENTAL PROCEDURES

The experiments were carried out in an ultrahigh-
vacuum system with a base pressure of 5X 10~ !! mbar
equipped with a four-grid LEED system and Auger-
electron spectroscopy (AES). The LEED intensity spec-
tra were measured with a computer-controlled Faraday
cup. The platinum crystal of 99.999% purity has been
oriented to within of 0.05° of the [110] direction by x-ray
diffraction and has been polished mechanically with 0.7-
pm diamond paste. The specimen was mounted on a Ta
foil on a 2-axis manipulator, where the crystal could be
heated resistively to 1800 K and cooled to 150 K by
liquid nitrogen. The crystal temperature was measured
by a Pt/Pt-Rh thermocouple spot welded to the edge of
the crystal. The preparation of the (1X2) structure fol-
lowed the procedures described previously.>!® The crys-
tal was initially sputtered by argon-ion bombardment for
2 h and subsequently annealed in oxygen atmosphere at
10~% mbar and at temperatures between 900 and 1200 K.
A final flash to 1800 K removed the residual oxygen.
After different heat treatments in oxygen two different
LEED patterns could be observed. The (1X2) super-
structure could be obtained after heating the crystal to
900 K in 5 10~° mbar of oxygen for 10 min (Fig. 1). A
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(1< 3) superstructure appeared reproducible after heating
the crystal to > 1200 K in 5X 10~° mbar of oxygen for
> 30 min. At both superstructures no surface impurities
could be detected by AES. The sensitivity of the retard-
ing field Auger spectrometer can be estimated to be about
5% of a monolayer. As will be pointed out below, there
is evidence that the (1X3) structure, or possibly both
structures are stabilized by impurities. However, the
preparation of the (1 X 3) superstructure was reproducible
at three different crystals from two different manufactur-
ers.

The crystal could be heated to 1200 K over several
hours, without changing the diffraction pattern after
cooling. The range over 1200 K has not been tested.
Whether the reconstruction remains at 1200 K or has un-
dergone an order-disorder transition as has been observed
for Au(110) at 650 K (Refs. 20 and 21) could not be mea-
sured. From the directional anisotropy of the surface
diffusion it has been suggested that a phase transition
should occur around 1000 K.?> The (1X3) superstruc-
ture changes over to the (1X2) reconstruction after heat-
ing the crystal at high temperature (> 1800 K) for >45
min (schematically shown in Fig. 2). The crystal should
not be continuously heated to such high temperatures
without overheating the copper contacts of the specimen
holder. Therefore the crystal was heated to 1800 K for
30 sec after which the system was allowed to cool down
for some minutes. The temperature of the contacts was
controlled by an extra thermocouple and could be kept
below 500 K in order to avoid migration of copper to the
platinum crystal. After 80—100 cycles corresponding to
a total heating time of approximately 45 min a LEED
pattern of a well-ordered (1 X 2) structure over the whole
surface area could be obtained. It is interesting to note

p02 - 5x10 ®mbar

T = 1200K
t = 30min
Flash to 1800 K

-

t =30min,Flash to 1800 K
T=1800K

o

(1x2)

t=45min
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FIG. 1. Preparation of the (1X2) and (1 X3) reconstruction of the Pt(110) surface. After an initial argon-ion bombardment a
(1X2) or (1X3) reconstruction appears depending on the annealing temperature in an O, atmosphere. The (1 X 2) structure can be
obtained from the (1< 3) structure only by heating at temperatures above 1800 K for 45 min. LEED patterns are taken at 100 eV.
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FIG. 2. Transition from the (1 3) structure to the (1X2)
structure. The beam profiles for the intermediate stages were
taken at room temperature after annealing at 1800 K. The cor-
responding annealing times are indicated in the figure. An is-
land growth of the (1 X 2) reconstruction is observed after com-
plete removal of the (1X 3) structure.

that at intermediate stages the (1X2) and (1 X 3) structure
coexisted in different parts of the crystal.

The LEED intensity spectra from 12 symmetrically
nonequivalent beams of the (1X2) superstructure and 19
symmetrically nonequivalent beams of the (1X3) super-
structure at normal incidence in the energy range from 30
to 220 eV were used. Each spectrum was averaged from
two or four symmetrically equivalent beams, the back-
ground has been subtracted and the intensities were nor-
malized to the incident beam. In most cases only two
symmetrically equivalent beams were measurable for
geometric reasons. The reproducibility of all beams has
been confirmed by repeated measurements after new
cleaning procedures. Special care was taken to avoid de-
viations from normal incidence. The spectra were com-
pared with earlier experimental data'? to which in most
cases only slight differences occurred. In some spectra,
however, substantial discrepancies were found. The spec-
tra could also be compared to indegendent measurements
from another experimental group?® with excellent agree-
ment after careful adjustment of the specimen.
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CALCULATION PROCEDURE

The LEED calculations were performed using the layer
doubling method?* and a symmetrized matrix inversion
for the interlayer multiple-scattering scheme.?® The top
two layers, and in cases where the interlayer spacing was
smaller than 1.3 A the first three layers were treated as a
compound layer for which the multiple scattering was
calculated in angular momentum space. Nine phase
shifts were used and the number of the beams in the layer
doubling scheme was carefully checked to ensure conver-
gence. It was found that for layer spacings smaller than
1.3 A the number of beams increased so rapidly that the
lattice summation in direct space and the matrix inver-
sion method became more efficient. The crystal potential
was obtained from a superposition of relativistically cal-
culated atomic potentials. Similar potentials have been
used previously for Au(110) (Ref. 1) and Pb.2® Further
nonstructural parameters in the calculation were an ener-
gy dependent imaginary part of the inner potential
V;=0.85E!/® and a Debye temperature of 270 K for all
layers. The energy dependence of the real part of the
inner potential has been taken as a fit parameter in the
final R-factor analysis assuming a square-root depen-
dence on energy according to a theoretical calculation for
the free-electron gas.”’” However, the inclusion of an en-
ergy dependent inner potential did nearly not influence
the structure parameters.

From the results given by earlier LEED analysis'? and
other methods~¢ it is evident that the missing-row mod-
el provides the best explanation of the (1 2) reconstruc-
tion. Therefore, we carried out the calculations for the
missing-row model only, without testing again other
models. Maintaining the 2-mm symmetry of the surface
the missing-row model (Fig. 3) allows an alternate row
pairing and buckling in the layers below the top layer.
Such relaxations within the first five layers have been in-
cluded in the structure analysis In the second and the
fourth layer a row pairing was varied in a range from
Ay=0.0t00.2 A in steps of 0.05 A. Inthe third and the
fifth layer a buckling from Az =—0.2 to 0.2 Ain steps of
0.05 A was allowed. Together with the first five-layer
spacings this resulted in nine free structure parameters
which have been varied independently in our calculation.

ylifoot]

zIl[110]

FIG. 3. Missing-row model of the (1X2) reconstruction. The
parameters which were optimized in the structure analyses are
indicated in the figure. The atoms are numbered as used in
Tables I and II.
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A block refinement procedure has been used in reaching
the minimum. The calculation started with independent
variation of three parameters, the two uppermost layer
spacings, and a lateral shift in the second layer. These
parameters had then been kept fixed and the buckling in
the third layer and the third-layer spacing were opti-
mized. The structure parameters in the deeper layers had
been subsequently refined, keeping the other parameters
fixed. Finally it was checked that the true minimum of
all parameters had been reached by repeating the pro-
cedure. Except for the interlayer spacing only little
correlation between the structure parameters was found.
The procedures were similar for the (1X3) structure.
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Here only four-layer spacings were varied and this result-
ed in eight independent structural parameters.

(1Xx2) RECONSTRUCTION

The calculation for the missing-row model resulted in
minimum R factors Rp=0.36 and R,;=0.26 (the Pen-
dry®® and Zanazzi-Jona R factors®®). Both R factors as a
function of a single parameter where all other parameters
are kept fixed near their optimum value are displayed in
Fig. 4. In nearly all cases the minimum for both R fac-
tors is found at the same parameter values within the er-
ror limits ensuring the reliability of the structure deter-
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FIG. 4. Averaged R factors for the (1 2) structure as a function of a single structure parameter keeping the other structure pa-
rameters fixed at near-optimum values. Dashed line, Pendry R factors; solid line, Zanazzi and Jona R factors.
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FIG. 4. (Continued).

mination. The comparison of the experimental spectra
with the calculated spectra is shown in Fig. 5. The values
of the best geometrical parameters and the bond lengths
between the top six-layer atoms are shown in Tables I
and II. A comparison of these results with those found in
Pt(110)-(1X2) by energy-minimization calculations®
shows in general good agreement though some differences
in the absolute values of the interatomic relaxations
occur. The first three-layer spacings are contracted with
respect to the bulk layer spacing. The relaxation of the
interlayer spacings quickly vanishes with increasing
depths. Relating the layer spacing to the center of the
layer, the second- and third-layer spacings are nearly un-
relaxed. At the fourth layer a deviation from the bulk
value is merely detectable. The contraction of the first-
layer spacing which amounts to 0.28 A is the largest re-
laxation in this structure and is clearly greater than the
value (—0.19 A) from energy-minimization calculations

TABLE 1. Atomic positions for the (1X2) reconstruction in the surface unit cell.

of Pt(110)-(1x2).*® The buckling in the third layer
Az3;=0.17 Ais clearly visible, the buckling of the fifth is
0.03 A and within the error limits of the study. A small
lateral shift parallel to the surface has been found in the
second (0.04 A) and the fourth layer (0.05 A) with nearly
the same value. A comparison of our results with those
obtained for Au(110)-(1x2) and Ir(110)-(1 X2) by LEED
structure analysis shows similar relaxations. A clear con-
traction of the top-layer spacing and further contractions
in deeper layer spacings together with a buckling in the
third layer is a characteristic in all three cases. However,
the Ir(110)-(1 X 2) surface has a considerably smaller con-
traction of the first interlayer distance (— 12,3%) than Au
and Pt (—20,2%).

The deviations from the bulk value for d,, ds, Ay,, and
Az are at the limit of the detectability in the present
analysis and cannot be concluded from the minimum of
the R factors alone. The R factors R;;=0.26 and

The z position

with reference to the zero level at the sixth layer and the corresponding bulk values are additionally

given.
Atom X y z zo' Zouik
number (A) (A) (A) (A) (A)

1 0 0 —6.62 —6.95
2 1.39 2.01 1.10 —5.52 —5.56
3 3.92 2.39 —423 —4.17
4 0 0 2.56 —4.06 —4.17
5 1.39 2.01 3.85 ~2.77 —2.78
6 0 3.92 5.23 —1.39 ~1.39
7 0 0 5.26 —1.36 —1.39
8 1.39 1.96 6.62 0 0
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FIG. 5. Experimental and calculated I-V curves for the (1X2) reconstruction. The structure parameters for the calculation are

given in Table 1.

TABLE II. Interatomic distances for the (1X2) reconstruc-
tion and the deviation from the bulk value. The numbering of
the atoms is given in Fig. 3.

r Deviation from the
(A) bulk value (%)

712 2.68 —3.2
ria 2.56 —7.6
73 2.69 —29
a4 2.84 + 2.5
s 2.75 —0.7
r3s 2.78 + 04
36 2.84 +2.5
Tas 2.76 —0.4
P47 2.70 —2.5
7se 2.74 —1.1
rsy 2.82 + 1.8
Tes 2.77 +0

T8 2.75 —-0.7

Rp=0.36 indicate only moderate agreement. Some of
the spectra, namely, the (0,2) and (1,1.5) beams, exhibit
major discrepancies between the experimental and calcu-
lated curves. A large R factor for some beams might in-
crease the error bars such that small relaxations in the
deeper layers become undetectable. It has been therefore
investigated how much the optimum parameters deter-
mined from single beam R factors deviate from the aver-
age values. This gives certainly an upper limit of the er-
ror bars of the analysis. It has been found that the mini-
ma from all beams are relatively close to the average
value. The thus determined error bars are about 0.04 A
for the five parameters d, dy4, ds, Ay,, and Azs and 0.02
A for d 1 and d,. Deviations from the bulk value for d,,
ds, and Az therefore may be not significant, as already
evident from Fig. 4. However, all 12 beams, even those
for which the fit is marginal, exhibit a reduction in the R
factor by a deviation of these parameters from their bulk
values.
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Clearly, the agreement between experimental and
theoretical spectra is not quite satisfactory though a
significant improvement compared to previous studies
has been reached. The reason for the remaining
discrepancies could not be resolved. Errors in the experi-
mental data due to deviations from normal incidence are
certainly too small to explain the large R factors.
Specifically the I-V curves of the (0,2) and (1,1.5) beam
below 80 eV have been carefully checked and show excel-
lent agreement with an independently taken data set.?’
All structural parameters which possibly could influence
the theoretical I-V spectra substantially have been varied
in the analysis. Therefore we conclude that nonstructural
parameters such as anisotropic thermal vibrations, aniso-
tropic atomic potentials, or different atomic potentials in
the surface and bulk layers may be responsible for the
remaining misfit. Further reasons may be found in a cer-
tain amount of disorder which is always present at these
surfaces and becomes visible by a slight broadening of the
beams. Small amounts of impurities, as discussed below,
can also not be excluded.

(1x3) RECONSTRUCTION

Various models are conceivable for the (1X3) struc-
ture. The most likely is a facet model in analogy to the
missing-row model. Also, theoretical studies have shown
that the Au(110), Ir(110), and Pt(110) surface should have
a tendency to form larger (111) facets. The facet model
for the (13X 3) structure has even been predicted to be en-
ergetically favored against the (1X2) structure. Howev-
er, we tested further models in preliminary calculations,
which are referred to as a one missing-row and a two
missing-row model. All the three models (Fig. 6) explain
the (1 X 3) reconstruction by missing rows of close-packed
atoms in [110] direction. From the three models the facet
model (Fig. 7) turned out to be the only one showing
agreement between calculated and experimental I-V
curves (Fig. 8), and the subsequent structural refinement
was performed only for the facet model. The structure
refinement of this reconstruction proceeded in the same
way as the (1x2) structure analysis. The values of the
best geometrical parameters and the bond lengths be-

FIG. 6. Three possible models for the (1X 3) reconstruction:
(a) faceting model, (b) one-missing-row model, and (c) two-
missing-row model.

tween the atoms in the top five layers are shown in Tables
IIT and IV. The R factors as a function of a single pa-
rameter are displayed in Fig. 9. The final average R fac-
tors (19 beams) are Rp=0.35 and R,;=0.28. As for the
(1XX2) reconstruction, the final R factor is not quite satis-
factory though the visual comparison between experi-
mental and theoretical spectral shows in general good
agreement. Nearly all details of the experimental spectra
are reproduced in the theoretical curves and the agree-
ment is definitely good enough to exclude all other struc-
ture models. A deviation from the bulk value for some
parameters, namely, the fourth layer spacing d,, a buck-
ling in the fourth layer Az,, and a lateral shift in the third
layer Ay,, are certainly undetectable within the error lim-
its. All other parameters exhibit a significant deviation
from the bulk value.

TABLE III. Atomic positions for the (1< 3) reconstruction in the surface unit cell. The z position
with reference to the zero level at the sixth layer and the corresponding bulk values are additionally

given.
Atom X y z z' Zpulk

number (A) (A) (A) (A) (A)
1 0 0 0 —5.38 —5.56
2 1.39 2.00 1.10 —4.28 —4.17
3 0 3.93 2.42 —2.96 —2.78
4 0 0 2.60 —2.78 —2.78
5 1.39 5.89 3.96 —1.43 —1.39
6 1.39 1.96 4.00 —1.38 —1.39
7 0 0 5.38 +0 +0
8 0 3.92 5.38 +0 +0
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TABLE IV. Interatomic distances for the (1 3) reconstruc-
tion and the deviation from the bulk value. The numbering of
the atoms is given in Fig. 3.

zii[110]

FIG. 7. Facet model of the (1 X 3) reconstruction with the pa-
rameters as used in the analysis.

The result shows a close relation between the (1X2)
and (1X3) structure. The (1X3) superstructure has also
a clear contraction of the top-layer spacing (—23.2%), a
small lateral shift in the §econd layer (0.05 A), and a
buckling in the third (0.18 A) layer. A comparison of the
interatomic distances in the (1X3) and the (1X2) struc-
ture shows that similar contractions occur and that the
buckling in the third and fourth layers lead to relative
large expansions of interatomic distances between atoms
in the third and fourth layer. As in the (1X2) structure

r Deviation from the
(A) bulk value (%)

rn 2.67 —-3.6
s 2.60 —6.1
ry3 2.72 —1.8
T4 2.86 +3.3
735 2.85 + 4.0
[&T3 2.88 —+ 4.3
rig 2.96 + 6.9
973 2.78 + 0.1
r47 2.78 + 0.1
7sg 2.78 +0.1
re7 2.77 +0

Tes 2.77 +0

the general trend of the atomic relaxations is to smoothen
the large corrugation of the surface. The expansion of
the distance between the atoms 3 and 5 (Fig. 7) may be
uncertain due to the large uncertainty in the determina-
tion of the buckling in the fourth layer.
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FIG. 8. Experimental and calculated I-¥ curves of the (1 X 3) reconstruction. Structure parameters for the calculation are given in

Table II1.
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FIG. 8. (Continued).

CO-ADSORPTION

In agreement with the results of previous studies®%3! a
reversible phase transition (1X2)-(1X1)-(2X 1)p2mg
could be observed when the crystal was cooled from 600
to 300 K in 5X10~% mbar CO. The clean (1X2) recon-
struction converts at 490 K completely to a disordered
(1 1) structure covered with CO. At lower tempera-
tures the (2 X 1)p2mg structure appears, which is believed
to consist of an unreconstructed substrate lattice and al-
ternatively tilted CO molecules with a coverage O =1.%

The CO superstructure is complete at 350 K. The re-
verse process occurs at heating from room temperature
to 600 K where the (1X2) reconstruction appears again.
This means that the CO adsorption lifts the reconstruc-
tion, when CO desorbs at 550 K the (1 X 2) reconstruction

appears again.
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The adsorption of CO on the (1X3) structure at the
same conditions leads to similar results. First the recon-
struction is removed and a presumely disordered (1 1)
structure appears and at temperatures below 490 K the
intensity of (2X 1) superstructure spots start to increase.
The I-V curves of the (2X1) structure prepared from
both reconstructions are identical indicating that there is
no difference in the (2X1)/CO structure whether it is
prepared from a (1X2) or (1X3) reconstruction. The
surprising result is that after desorption of CO at 600 K
the (1X3) reconstruction is recovered. The most prob-
able explanation for this behavior is that one of the two
reconstructions (or both) is stabilized by impurities.
However, no impurities could be detected in the AES.
The limits of the detectability of impurities can be es-
timated to about 0.05-0.01 monolayers.



7284

P. FERY, W. MORITZ, AND D. WOLF

0.25
T 7 T T T
100 105 110 15 120  d4 (A)
R
0.55
0.45 H
0.35
0.25{
§ buik
T B T T T
120 125 130 135 140 d3 (A)
R
055 -
0.45
0.35
0.25
T T T L )
005 010 015 020 0254z3(A)
R
0.55
Rp
0.45 Ve
L} //
rd
\\\ ”/ RZJ
0.35 ~a———
0.25
| Ybulk
T T T T T
195 200 205 210 215 Ayy(A)

R
0.55 -
0.45
0.35 1
0.25 1
| 9buik
L T T T T
120 125 130 135 140 da(A)
R
.55
0 -
\\\
N,
0.45 “
\\\
e AP
0.35
Rzy
0.25 | dbulk
T Al T T LR
120 125 130 135 140 dg4 (A)
R
055
0.45
‘\
S~ R
~—— _a P
Rzy
0.25
T T T T T
-010 -005 O +005 +010 Az4(A)
R
0.55
0.45 -
0.35 1
025 -
lybulk
T T T T T
390 395 400 405 410 Ayy(A)
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DISCUSSION

The origin of the reconstruction of the (110) surfaces of
Ir, Pt, and Au and the reason for the existence of well-
ordered different reconstructions remains still an un-
solved problem after the first discovery about 20 years
ago.’> A theoretical explanation has been tried from
several points of view. All calculations favor clearly the
missing-row structure over alternative models** though
structural details like magnitude and direction of distor-
tions in subsurface layers are not always in agreement
with experimental results.

A redistribution of the electronic density from the
repulsive d bands to the attractive s-p bands in the sur-
face region has been discussed recently by Heine and
Marks.>> It has been argued that in the surface the elec-
tronic density in the s-p bands increases while the density
of states in the d bands decreases. This causes a tendency
towards smaller interatomic distances because the poten-
tial minima for the s-p and d bands differ substantially.
These arguments seem plausible and give qualitatively a
correct picture though the direction of the atomic relaxa-
tions depends sensitively on the parameters used in the
calculation. This picture has also been recently
confirmed by total energy calculations for Au(110) using
a pseudopotential approach within the local-density func-
tional formalism.>® Further support for this picture
comes from the proof that the (1X2) reconstruction of
Ag(110) induced by adsorbed potassium is also of the
missing-row type.’ A different approach from total en-
ergy calculations within the effective medium theory has
been described by Jacobson and Ngrskov.!” The proper-
ties of the surface are related here to bulk properties like
the shear modulus and the compressibility. In these cal-
culations a clear preference for the missing-row model is
found and the existence of (1X3) and (1X4) reconstruc-
tions has also been predicted. However, because of the
small difference in total energy between the (1X2) struc-
ture and the higher-order reconstructions one should ex-
pect that the surface is disordered and that the entropy
term of the total energy should cause a simultaneous oc-
currence of all periodicities and a continuous transitions
from the (1X2) reconstruction to higher-order recon-
structions. Such disorder has been indeed directly ob-
served in the STM picture on Au(110) (Ref. 7) and has
been also determined from a beam profile analysis of
Au(110).?! In the present case it was found that both
structures are rather well ordered. No indications for a
continuous transition between the two structures could
be detected. This is an additional indication that one of
the structures is not a stable configuration of the clean
surface.

Total energy calculations have been also performed by
Daw for Pt(110).° The structural parameters found
there are in good agreement with our findings. A com-
parison between experimental and theoretical data also
for Ir and Au surfaces has been recently given by Chan
and Van Hove.? A somewhat different approach but also
from total energy calculations has been described by
Tomanek et al.*® for Pt(110). The results favor also the
missing-row model but cannot describe the larger super-
structures. The reconstruction has been also found ener-
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getically favorable for Au(110) using pair-potential and
many-body correction terms.'® A possible relationship
between the anisotropy of the surface energy and the sur-
face reconstruction has been discussed recently in de-
tail.>* It was found that the anisotropy of the surface free
energy is high enough to favor a faceting, that means that
indeed the stability of the (111) face can be seen as the
reason for the reconstruction. However, the high degree
of disorder typically present at faceted surfaces is missing
in the (1 X2) and (1 X 3) structures so that this point still
remains to be explained.

The existence of two reconstructions leads to the ques-
tion which of the two reconstructions is the stable surface
structure. Because the formation of the stable structure
may be kinetically inhibited it would be highly interesting
to know the mechanism of the reconstruction. The
reconstruction involves the movement of many atoms,
which cannot be explained by the jumping of surface
atoms across one row of atoms since the activation ener-
gy for this process is much too large to be consistent with
the observed transition temperature. The
(1x1)—(1x2) phase transformation occurs at 300 K
within about a minute and a mechanism of the recon-
struction has been explained by cross-channel diffusion
involving two atoms®~* or alternatively by diffusion
along the [110] rows. Assuming a cross-channel diffusion
mechanism a transition from the (1X 1) structure to the
(1x3) structure should be even favored against a
(1X1)—(1X?2) transition because the (13X 3) structure is
easily obtained from a (13X 1) structure by one diffusion
step for every third row. No diffusion over a long dis-
tance is required. It would be therefore interesting to
study the kinetics of a possible (1< 1)-(1X 3) phase trans-
formation. That a metastable (1X1) structure can be
prepared from a (1 X 2) structure has been already demon-
strated.3! The preparation of a metastable (1 1) struc-
ture starting from a (1X3) structure by CO adsorption
and subsequent desorption by electron bombardment
should therefore be possible, too. A (1X1)—(1X3) tran-
sition should be also observable during thermal CO
desorption but has not yet been experimentally verified.
That such a transition is usually not observed indicates
once more that the (1X3) structure is stabilized by im-
purities. The high temperatures which are necessary to
restore the (1X2) structure from the (1 X 3) structure are
too high to be explainable by an activation barrier for a
surface diffusional process. From this argument and the
observation that the (1X3) structure is recovered after
CO adsorption and desorption we conclude that the
(1 3) does not correspond to a stable surface structure of
the clean surface.

Interpretation of the structure data shows for both sur-
faces that a clear contraction of the interatomic distances
along the surface exists, i.e., dy,, d,3, etc. are smaller
than in the bulk. This may be connected with a recon-
struction in reducing the surface energy. The buckling
and slight lateral shifts found in the subsurface layers are
a consequence of the corrugation of the surface and the
tendency of the electron density to smoothen the corru-
gation. These relaxations are similar to multilayer relax-
ations found in clean metal surfaces** and cause a buck-
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ling here because of the doubled and tripled periodicity.
The general picture found here resembles closely the re-
sults for interlayer relaxations in clean metal surfaces.
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FIG. 1. Preparation of the (1X2) and (1Xx3) reconstruction of the Pt(110) surface. After an initial argon-ion bombardment a
(1% 2) or (1X3) reconstruction appears depending on the annealing temperature in an O, atmosphere. The (1X2) structure can be
obtained from the (13X 3) structure only by heating at temperatures above 1800 K for 45 min. LEED patterns are taken at 100 eV.



