PHYSICAL REVIEW B VOLUME 56, NUMBER 16 15 OCTOBER 1997-I

Pt(100 quasihexagonal reconstruction: A comparison between scanning tunneling microscopy
data and effective medium theory simulation calculations

G. Ritz, M. Schmid, and P. Varga
Institut fir Allgemeine Physik, Technische Universitidien, A-1040 Wien, Austria

A. Borg
Department of Physics, The Norwegian University of Science and Technology, N-7034 Trondheim, Norway

M. Rénning
Department of Industrial Chemistry, The Norwegian University of Science and Technology, N-7034 Trondheim, Norway
(Received 31 October 1996; revised manuscript received 25 April)1997

The interpretation of scanning tunneling microscdByM) data is usually limited to first-layer effects, but
with increasing resolution of the STM images deeper-layer effects may also become visible in the top-layer
corrugations. We have investigated the cleald® surface, which is known to be pseudohexagonally recon-
structed and for which there is some evidence for a second-layer reconstruction. The big unit cell makes it
difficult to investigate the deeper layers by traditional methods like low-energy-electron diffrdcidiD).
We have, therefore, used a “fingerprint” technique to compare highly resolved STM data of the clEa®) Pt
surface to effective-medium-theory simulation calculations in order to determine the geometric structure of the
second atomic layer. We were able to show that STM can be sensitive to deeper layer effects and that excellent
agreement could only be achieved for an unreconstructed second layer. The simulation results also agree well
with the corrugations determined by LEED whereas the maximum corrugation amplitude is higher than pre-
viously derived from helium-diffraction measuremen80163-18207)05739-1

I. INTRODUCTION lifting of the reconstruction is also supposed to play an im-
portant role in catalytic reactiori$.
In recent years scanning tunneling microsc¢gyM) has There are several indications that the second atomic layer

evolved into one of the most powerful techniques for inves-may also be reconstructed.

tigating surface structures. Because of the imaging process, (1) The analysis of Rutherford backscattering measure-
real-space pictures of the surface on an atomic scale can Imeents in Ref. 9 leads to the conclusion that approximately
obtained. Therefore STM could often identify the surfacel0% of the second layer atoms must be displaced more than
unit cell where scattering or diffraction techniques could not0.01 nm. It is clear, however, from these measurements that
yield conclusive results. However, the interpretation of thethe second layer is not, like the first layer, completely hex-
atomic corrugations obtained by STM is usually limited to agonally reconstructed. Only some atoms in the second layer
effects in the first layer, because only the positions of thecan be in positions out of registry with the bulk atoms.
uppermost atoms are directly accessible. But with increasing (2) The comparison of amb initio calculatiort” and the
resolution of the STM images, effects of deeper layers mayneasuremeft of the energy gain of the reconstruction,
be visible in highly resolved images under certainwhich result in~0.0 eV and 0.21 eV per (21) unit cell,
circumstanced™ In this case the interpretation of the STM respectively, leads to a considerable discrepancy. Since the
data is not easy, if at all possible, without accompanyingcalculation in Ref. 17 is based on an unreconstructed second
simulation calculations. Such a system with a heavily recontayer, this may also point towards a reconstruction of the
structed first layer, which may also be at least partly reconsecond layer.

structed in the subsurface layer, is th€lPD) surface, which (3) The analysis of LEED/V data for 1£100),*® which

has been investigated by means of low-energy-electrohas a structure similar to @00, only gave a PendnR
diffractior®™® (LEED) and other techniquds'* for many factor of Rp=0.62. This could be caused by the presence of
years. But only recently, a STM stuthygave the first highly a reconstruction in the second layer that has not been as-
resolved real-space picture of this reconstruction. The recorsumed in the study in Ref. 19.

structed RtLO0) surface, which is similar to the Ir and Au Unfortunately, the unit cell of the Pt00-hex reconstruc-
(100 surfaces, is not cubic, but rather has a hexagonal syntion is too big for LEED and no experimental method can
metry. Whereas the (45) superstructure cell of (t00 is  give a real-space picture of the second atomic layer. But by
relatively small, the unit cells of Pt00 and AU100 are  comparing results from computer simulations with the corru-
much larger. For the P00 surface, two hexagonal phases gation in the STM pictures, one can try to obtain information
have been reported: the (PD0-hex and the RLO0O-hex-  about the second layer.

R0.7° reconstruction3* Upon gas exposuréCO, NO, O, In this paper we will present effective-medium-theory
and C,H,) the reconstruction can be lifted and the surface(EMT) computer calculations for the ®00-hex surface.
transforms into a (X 1) structure>*>1®The formation and The simulation results will be compared to high-resolution
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STM images and the structure of(100) determined by
LEED.X® We further compare the maximum corrugation am-
plitude in the STM images and the EMT calculations to the
value derived from helium-diffraction measuremefts.

II. STM RESULTS

In their STM study of RtL00, Borg, Hilmen, and
Bergené® presented high-quality atomically resolved pic-
tures of the reconstructed (P00 surface. The STM image
(Fig. 1 shows the unrotated @00)-hex structure. The su-
perstructure cell extends over 30 atom$®i1l] and 6 atoms
in the[011] direction, which can be seen even better in Fig.
2. However, there is a long-range modulation visible in the
[011] direction, which indicates that the reconstructed sur-
face layer does not have an exactly fivefold periodicity: In
cell A in Fig. 2@ the corrugation is approximately sym-
metrical in the[011] direction around the row with the
brighter atoms(row 4). The schematic detail in Fig.(®
illustrates this symmetry. In ceB, however, the atoms in
the rows adjacent to row #ows 3 and bclearly do not have
the same brightness, as is indicated by the schematic detail in
Fig. 2b). The atoms in row 3 are darker than the atoms in
row 5. The height difference between row 3 and row 5 is

FIG. 1. Large STM scan of the unrotated hexagonally recon-,hoximately 0.3 A. Besides, there is in addition to row 4, a
structed RL00) surface. The image size is 200200 A. 13 cells second row with brighter atonisow 6). Between cells and
of (6 X 30) surface atoms are marked. The reconstruction unit cell i% row 6 is gradually becoming brighter. This long-range
slightly smaller than six surface atom distances in[tb#&1] direc- . . . .
tion, so the cell becomes shifted in thel1] direction with respect n.]OdL."atlon can b_e e)gplalned 'by a surfa(_:e unit cell with a
to the cubic substrate, which yields a modulation of the corrugatio 1€ In the[Oll] dII’eCtIOH. that is §I|ghtly different from the

ength of five nearest-neighbor distances of the fcc bulk. In

attern inside the (830) cell. From this modulation the periodic- '~ ) :
5), of the superstru(cture) can be estimated. P this case the (225) unit cell becomes shifted by a small

darker

brighter

equal brightness
(symmetrical)

FIG. 2. (a) STM image of the hexagonally reconstructedP6) surface(Ref. 15. Two unit cells @A andB) of the reconstruction are
shown(cell A is only partly visiblg. The image size is 100 4100 A. (b) Schematic detail of the area within the dashed lines inRellThe
rows adjacent to row 4rows 3 and % have different brightnesse&) Schematic detail of the corresponding area in AelThe corrugation
is symmetrical around row 4, i.e., rows 3 and 5 and rows 2 and 6 have the same brightness, respectively.
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FIG. 3. Line scangsolid lines along row 4 in the STM imaggFig. 2 (a)] for (a) the symmetrical cell, which is in registry with the
second layefcell A) and(b) for the unsymmetrical cell, which is displaced in fi#&l1] direction(cell B). A slight depression is seen in
the center of the cell, where on-top positions would be expected for the surface atoms. The difference between the minimum in the center
of the cell(atom 14 and the maximuntatom 19 is approximately 0.1-0.2 A. The dashed and the dash-dotted curves show the calculated
line scans for the two cells with an unreconstructed and a reconstructed second layer, respectively.

amount in thg 011] direction out of registry with the cubic cell considered, but is in the range of 0.1-0.2 A. This cor-
second layer with each period and, therefore, changes itsigation could be seen as a fingerprint of a local reconstruc-
corrugation pattern. In other words, the structure is not extion of the second layer below the atoms in the center of the
actly described by the (205) unit cell but is rather either (29X5) cell, which would avoid the energetically disfavored
very large in thd 011] direction, as is also suggested in Ref. on-top positions.
21, or incommensurate. The modulation of the corrugation In order to investigate this feature in the STM image more
can also be seen in the larger STM scan in Fig. 1. From thislosely, we determined the first layer corrugations for differ-
modulation the periodicity of the superstructure in & 1] ent second-layer configurations by use of simulation calcula-
direction can be estimated: The symmetric cell in the lowetions.
right edge of the imagémarked ) is chosen as the starting
point of the periodicity. The symmetric cell on the top left
edge(marked 13 represents the center of the period in the
[011] direction(there are only two possible symmetric first-  For a complete simulation of the measured STM corruga-
layer configurations with the Pt00-hex reconstruction: one tion it would be necessary to calculate the local density of
on the edge of the large-range unit cell and one in the middistates(LDOS) around the Fermi level in a distance of a few
with a shift of a half of a row distance in tfji611] directio. ~ angstroms above the surfaéeand possibly its derivativé$
The whole period therefore is approximately 26 cells ofwith an ab initio method, as the STM really samples the
(29%x5) size or 156 surface atoms on 129 substrate atomlectronic structure rather than the topography of the surface.
The cell size of 129 is in reasonable agreement with théNevertheless, the STM corrugation has repeatedly and suc-
proposed cell size of 150 in Ref. 21 for the unrotated phasecessfully been interpreted as geometric information about the
The STM images show another interesting feature, whictsurface’* For pure metals this can be explained by the simi-
is revealed by the line scan over row 4 in Figs2e Fig. 3. lar environment an individual atom on the surface experi-
Starting from the edge of the cell where the atoms in row 4ences, which yields only minor differences in the electronic
occupy bridge sites, as can be seen from section | in thetructure of the atoms at different positions. The corrugation
schematic picture in Fig.(4), the atomic heights increase. amplitude above an atom is thus related to its atomic position
The maximum height, however, is not reached in the centeas the decay of the density of states into the vacuum region is
of the (29<5) cell, where the first-layer atom in row 4 approximately equal for all surface atoms. A difference of
should be located exactly on top of the atom in the seconthe LDOS at the Fermi level of, e.g., 10% would only yield
layer [section Il in Fig. 4a)], which would yield the maxi- a corrugation difference of about 5 pm, which is small com-
mum height in a hard-sphere model assuming an unrecorpared to the measured corrugation of up to 100 pm.
structed second layer, but rather halfway between the center In addition to that, a simulation with aab initio method
and the edge of the cell. Between the two maxima the atomiof a (29<5) unit cell with a hexagonally reconstructed first
heights slightly decrease, which is rather unexpected. Thiayer, a possibly reconstructed second layer, and a few bulk
amount of this depression in the STM image depends on thiyyers would require enormous computational effort that cur-

Ill. SIMULATION METHOD
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(a) top view: unreconstructed second layer

O first layer
@ second layer

— shifted row (contains 1 atom more)

FIG. 4. Top view of the first two layers of the crystal configurations used for the simulations. For clarity, the first layer is only shown in
two sectionglabeled | and II, one at the edge of the unit cell and one near the cef@e€onfiguration with unreconstructed second layer.
The first layer atoms in the center of the cell are located exactly above the atoms in the secon®)l@anfiguration with a shifted row
in the second layer. The first-layer atoms in the center of the cell now occupy bridge sites, which should yield a smaller atomic height of the
first-layer atoms in this region with respect to the unreconstructed configuration. The shifted row contains one atom more.

rent computers cannot handle. We therefore have used laulk positions whereas the upper surface has been allowed to
faster, so-called semiempirical method, which describes theelax in the direction perpendicular to the surface and partly
energy of a crystal with only a few parameters fitted to ex-in the in-surface directions.
perimental and/oab initio calculated data. Instead of calcu-  The calculation of the first-layer corrugations for the
lating the LDOS corrugation above the surface, we comput@t(100)-hex reconstruction is somewhat tricky, as a simula-
the atomic positions of the surface atoms and compare thi&gon crystal having initially a hexagonal surface tries to de-
corrugation of the core positions to the measured STM coreonstruct because with the EMT potentials used the unrecon-
rugation. As stated above, because we investigate a pustructed surface has a lower energy. For a cell consisting of
metal surface with approximately equally coordinated sur-10 layers and 5 atoms per layer, the calculated energy of the
face atoms, the STM corrugation should be mainly deterunreconstructed surface is 0.68 eV lower than the energy for
mined by the atomic positions. the same cell with a perfectbl hexagonally reconstructed
Out of the semiempirical potentials available, EMT is surface. This is not surprising, since EMT generally under-
among the methods closest &b initio calculations, since estimates the surface energies and, hence, also the energy
both the method itself and some of its parameters are baseghin coming from the difference between close packed and
on density-functional theor§#?> The effective-medium more open surfaces. But this is not a specific problem for this
theory has been employed successfully for many metallitechnique or the potentials used. The instability of the hex-
systems and is described in several pap&rs.The simula-  agonal reconstruction is quite insensitive to the exact param-
tions have been performed with thRTWORK computer code eters. Also, other popular potentials used for metals such as
developed at the Technical University of Denmark with po-the embedded-atom-method potentiddsth those published
tentials given in Ref. 27. For calculating the atomic positionsby Foile$® and Voteret al?%) suffer from the same problem.
a molecular-dynamics energy minimization routine has been It has to be mentioned, however, that even dheinitio
used. The simulations have been performed in a slab geongalculations in Ref. 17 yield a slightly lower energy for the
etry with periodic boundary conditions in the two surfaceunreconstructed100) surface. It is therefore necessary to
directions. The slabs consisted of 10 layers withZD atoms  artificially stabilize the hexagonal first layer, which would,
per layer, except for the topmost layer, which had a hexagohowever, make a comparison of the calculated energies for
nal structure and, therefore, consisted of 8 atoms. The an unreconstructed and a reconstructed second layer rather
atomic positions in the bottom two layers have been fixed taneaningless. To avoid this problem we will use a kind of
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FIG. 5. Side view(bottom) and corrugatioritop) of the first layer in thg 011] direction of the simulation results. The atomic positions
in the rows marked in gray have been fixed in the dire¢gpgiven by the arrows for stabilizing the first-layer reconstruction. The atomic
heights have been averaged over five atoms and the corrugation in the STM image is also given for confga@isofigurationgwith and
without reconstructed second layevith unshifted first layeXcorresponds to cel in Fig. 2). The corrugation is symmetrical around row
4 in both configurations and quite comparable with the STM d&baThe first layer is shifted if011] direction(corresponds to ceB in
Fig. 2. The row in the second layer marked in light gray has been fixed ifth& direction only in the configuration with a reconstructed
second layer to avoid shear of the crystal. The corrugation of the configuration with a shifted row in the second layer is rather symmetrical
around row 4, whereas both the STM corrugation and the corrugation of the configuration with an unreconstructed second layer are clearly
unsymmetrical, i.e., the height of row 3 is approximately 0.4 A lower than the height of row 5.

fingerprint technique by comparing the calculated atomic poing characteristic simulation configurations it should be pos-
sitions, i.e., the calculated corrugation, for selected crystasible to determine from this comparison which one of the
configurations with the corrugation in the STM images. Thesimulation models is more likely. For the simulations we
effective-medium theory has already proven to yield reliableconsidered two principal cases.
atomic corrugationgsee Refs. 2 and)4 (i) No reconstruction in the second layer. Only the first
To avoid transformation to the ¢41) phase the move- layer is hexagonally reconstructed, all other layers are cubic.
ment of the atoms in the first two layers had to be restricted’he configuration used for the simulation is shown in Fig.
in critical areas. In Fig. 5 the rows where the atomic posi-4(a).
tions have been fixed in the11] direction are marked in (i) The second layer is reconstructed. However, which
gray. In the other directions the atoms have been free teeconstruction should be assumed? Rutherford backscatter-
move. Since such constraints can severely influence the b&g spectroscopyRBS) measuremenisshow that only a
havior of the system care has been taken, so that the atorsmall part of the second layer can be reconstructed. It is clear
had enough freedom for arranging without destroying thethat a reconstruction would try to avoid the energetically
reconstruction, e.g., by fixing only those atomic coordinateslisfavored on-top positions in the first layer. This could be
given by the symmetry of the reconstructed cell. accomplished by shifting some second-layer atoms in the

center of the unit cell in th€011] direction and adding an
atom there[see Fig. 4b)]. Similar shifted rowshave been
observed on the PtKi0O0) surface and are suspected to be a
As already mentioned it is not possible to determine theprecursor to the hexagonal reconstructidrithe formerly

atomic arrangement in the second layer by simply comparingn-top atoms would then occupy bridge sites and, therefore,
the calculated energies of different crystal configurationsare supposed to have a lower height.

We instead use an indirect way by comparing the atomic To take into account the long range modulation of the
corrugation of the first layer in the computer simulationscorrugation in thd 011] direction, which is due to the slight
with the measured corrugation in the STM image. By choosmisfit of the quasihexagonal structure with respect to the

IV. SIMULATION CONFIGURATIONS
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cubic substrate, we used two modifications of the simulation 1011l
crystals described above.

(a) First layer in registry with second layer: The middle
row of the top layer is located exactly above the middle row
of the second layer, as can be seen from the lower part of ™
Fig. 5@). This corresponds to cel in the STM image in
Fig. 2.

(b) First layer displaced in thi911] direction: The middle
row of the first layer is displaced by a tenth of a nearest-
neighbor distance in tHeD11] direction, as can be seen from
the lower part of Fig. B). This is the maximum displace-
ment to be considered, because further displacement woulc
only lead to an analogous configuration. The configuration
corresponds approximately to cdl in the STM image in
Fig. 2.

AU W —

V. SIMULATION RESULTS

We have performed molecular dynamics calculations with LLLLLT C X A LI LI X

all four crystal configurations described in Sec. IV. The final
configurations of the molecular-dynamics simulation runs
are shown in Fig. 6 in form of “artificial STM images,” i.e.,
the heights of the atoms in the first layer are given by their
brightness. As can easily be seen, all four configurations look
very similar to each other and to the STM image. However,
there are some features that are somewhat different betwee
the four configurations.

AU AW —

AU AW —

A. First layer in registry with second layer (cell A)

AU B W —

If we compare the two configuratioriith and without a
shifted row in the second layerwhere row 4 in the first
layer is exactly above the row in the second lajsre Fig.
5(a)], there are no obvious differences. The calculated first F|G. 6. Results of the EMT computer simulations. The gray-
layer corrugations shown in Figs(eb and @b) look almost  scale corresponds to heiglté) First layer in registry, second layer
identical and both are very similar to cel in the STM  unreconstructedb) First layer in registry, second layer with shifted
image in Fig. 2. Of course, the atomic corrugatidaser-  row. (c) First layer displaced ifi011] direction, second layer unre-
aged over five atoms in the center of the ci#llFig. 5(a) are  constructed.(d) First layer displaced irf011] direction, second
symmetrical around row 4 in both configuratiofwgith and  layer with shifted row(e) Cell B of STM image Fig. 2, correspond-
without the shifted row in the second layer ing to the configurations with a displaced first layey,(d).

The line scans in Fig. 3 over row 4 for these two configu-
rations both show the slight depression in the center of theonfiguration with no reconstruction in the second layer, is
unit cell, similar to the STM data, although, in the case of thequite unsymmetrical: the atoms left and right of row 4 have
unreconstructed second layer, the first-layer atoms in tha height difference of about 0.4 A. This feature can also be
middle of row 4 are located on-top of the atoms in the secseen in the STM image in ceB and in the cross section
ond layer. This is caused by the second-layer atoms movinghrough the STM corrugation shown in Fig(th. As in cell
inwards in this area. The height differences between the\ the line scans over row 4 in Fig. 3 show the decrease of

highest atoms and the atoms in the center of the cell are 0.G&omic heights in the center of the cell in both simulation
A and 0.13 A for the configuration without and with a shifted configurations.

row in the second layer, respectively, which is quite compa-
rable to the experimentally determined value of 0.1-0.2 A.

VI. DISCUSSION

B. First layer displaced in [011] direction (cell B) A. Is the second layer reconstructed?

The two configurations shown in Figs(d and &d) From the results of the calculations for the configurations
where the first layer is displaced [011] direction[see Fig. where the first layer is in registry with the second lageor-
5(b)] differ in one characteristic feature: with a shifted row in responding to celA in the STM image in Fig. Rit is not
the second layer, the corresponding atoms in the rows adjgossible to conclude whether there is a reconstruction in the
cent to row 4(rows 3 and % have approximately the same second layer or not. However, the unsymmetric corrugation,
height, i.e., the configuration is approximately symmetrical which has been found in the STM image in cBll is cor-
as can be seen from the calculated corrugation in Rig.. 5 rectly reproduced only by the simulation results for the con-
However, the configuration without a shifted row, i.e., thefiguration with a displaced first layer and an unreconstructed
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second layer. The configuration with a shifted row in the TABLE |. Structural parameters for @00 determined by
second layer yielded a rather symmetrical corrugation, sincEMT computer simulations compared tq100 LEED results of
the first-layer atoms snap into the bridge sites above th&ef. 5.

shifted row and cannot freely float on the second layer any=

more. Pt(100) Ir(100
Furthermore, the line scans over row 4 show the decrease (EMT) (LEED)
of.atomlc heights, which was mentl_oneq asa possmle.ﬂngerAZl A) 0.62 05
print of a second-layer reconstruction, in all four configura-
tions (with and without a reconstructed second layéris Az, (A) 0.20 0.28
y dip (R) 1.91-2.12 1.975

feature in the STM image would, therefore, have been mis-
interpreted without the simulation calculations because in ageference 5.

simple hard-sphere model one cannot correctly take into ac-

count relaxations of the second layer. These relaxations caugent with the experimental results. A comparison of first
ing the on-top atoms in the first layer to have a smaller layer corrugations calculated by EMT with STM data there-
height must be seen as similar to the inverse corrugatiofore makes an investigation of deeper-layer effects possible.
found in overlayers of atoms larger than the substrdté!  The problem of different calculate@ef. 17 and measured
Thus, a reconstruction of the second layer is not necessary tief. 18 reconstruction energies remains unresolved, how-

explain this feature found in the STM image. ever.
One argument for a reconstruction in the second layer _ _ _ -
came from Rutherford backscattering data in Ref. 9, which B. Comparison with LEED and helium diffraction

indicate that in the pseudohexagonal reconstruction ynfortunately, there are no quantitative LEED data avail-
(1.65+0.05)x 10" Pt atoms per crhwere displaced more aple for the atomic corrugations of the largélP0)-hex unit
than 0.01 nm, which is higher than the areal density of botfzell. However, at the edge of the unit cell the hexagonal
the bulk P€100) plane (1.2& 10" Pt atoms per cif) and  py100) reconstruction has a two-bridge configuration
the hexagonal Pt11) surface (1.5 10" Pt atoms per cf)  equivalent to that found in a LEED study of the pseudohex-
and, thus, lead to the conclusion that approximately 10% ofgonal 1£100) (1x5) surface'® We therefore compare the
the atoms in the second layer could also be displaced. Howealculated atomic positions at the edge of thél@®)-hex
ever, the distance of tH®11] oriented rows of the P100)- unit cell to LEED results on (d.00).

hex reconstruction determined from the STM image is Table | gives the structural parameters extracted from the
0.821X the row distance of the cubic (100) surface and theEMT simulation together with the optimal parameters of the
rows are also contracted 3.3%[i1 1] direction. Therefore, [r(100 LEED study in Ref. 19. The meaning of the param-
the surface areal density of the( 20)-hex reconstruction is eters can be seen from the schematic view in Fig. 7. The
1/(0.821x 0.967)x 1.28x 10°=1.61x 10'® Pt atoms per quite good agreement of the calculated corrugations with the
cm? and, thus, within the error bar of the measurements. Astructural parameters for(x00) determined by LEED indi-
reconstruction of the second layer is therefore not necessafptes that the simulation procedure used yields reasonable

to explain the RBS data. results.
The overall good agreement of the atomic positions in the z
simulations with the corrugation in the STM image justifies [100]
A

the stabilizing of the hexagonal reconstruction by restricting
the movement of the atoms in critical rows to a plane per- 1 2 3 4| 5 6
pendicular to the surface and shows that, in this case, the
STM indeed gives topographic information. It has to be
noted, however, that the corrugation in the simulation de-
pends on which rows of atoms are exposed to the constraint.
If the entire first layer is restricted to relaxation only in the
direction perpendicular to the surface, the depression in the
line scan over row 4 in Fig. 3 drops from 0.08 A to approxi-
mately 0.05 A in the case of an unreconstructed second layer.
We have used the configurations in Fig. 5 because the rows
adjacent to row 4 were free to move and, thus, resulted in a
relaxation towards row 4, yielding a higher corrugation.
Fewer constrained rows led to a destruction of the hexagonal
reconstruction during the simulation run, except for the con-
figuration with a shifted row in the second layer, which re-
mained stable.

It is for the above reasons that we think that a reconstruc-
tion in the second layer is unlikely. Although the effective-
medium theory is, due to the wrong energetics, not able to
give insight into the driving force for the reconstructi@nd,
therefore, also for the reason why the second layer does not
reconstruct it does give corrugation values in good agree- FIG. 7. Structural parameters listed in Table I.




56

The maximum corrugation amplitudee., the height dif-
ference between the highest and lowest atom in thex@Q
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layer. However, our EMT simulations showed that the cal-
culated corrugation for an unreconstructed second layer is in

unit cell] of 1.2 A in the STM image is in good agreement good agreement with the STM data, whereas the configura-

with the value ®1 A determined from the EMT simulation

tions with a shifted row in the second layer did not show the

calculations. These values are, however, considerably highensymmetric corrugation found in the STM image. This
then the corrugation amplitude of 0.5-0.75 A for the rotatedcomparison of calculatedin our case by EMT first-layer

P#100-hex-R0.7° structure derived from helium-diffraction
measurement®.

VII. CONCLUSIONS

corrugations and the STM data can thus be used to gain
information about the second atomic layer. In the case of the
Pt(100 surface we conclude from our calculations that a

reconstruction of the second layer is unlikely. We have also
shown that the calculated corrugation is in good agreement

We have determined the reconstruction unit cell of thewith the structural parameters of (100 determined by
quasihexagonal P00 reconstruction from STM data. We | EED but is higher than previous helium diffraction and

have found that the corrugation pattern in the XZ) unit  STM measurements have indicated.
cells changes with subsequent cells in {lfd1] direction

resulting in either an incommensurate structure or a very
large unit cell in the[011] direction with a period of ap-
proximately 129 substrate atoms, which is in reasonable
agreement with the unit size of 150 atoms determined by We are very grateful to P. Stoltze, K. W. Jacobsen, and J.
high-resolution helium diffractioA' The Pt-Pt distance in K. Ndrskov for supplying us with the EMT computer code.
the first layer is contracted 3.3% with respect to the bulk. WeThis work was supported by the “Fonds zurrBerung der
have further found that the atoms, which should be in on-topVissenschaftlichen Forschung/Austrian Science Founda-
positions, have a slightly smaller height than their neighborstion) under Project No. S6201. A.B. and M.R. acknowledge
which could be caused by a reconstruction of the seconthe financial support from the Norwegian Research Council.

ACKNOWLEDGMENTS

IM. Schmid, W. Hebenstreit, P. Varga, and S. Crampin, Phys’V. Fiorentini, M. Methfessel, and M. Scheffler, Phys. Rev. Lett.
Rev. Lett.76, 2298(1996. 71, 1051(1993.

ZC. Nagl, M. Schmid, and P. Varga, Surf. S859, 159 (1996. 18y. Y. Teo, C. E. Wartnaby, and D. A. King, Scien2é8 1731

3M. Schmid, A. Biedermann, H. Stadler, and P. Varga, Phys. Rev. (1995.
Lett. 69, 925(1992. 19N. Bickel and K. Heinz, Surf. Scil63, 435(1985.

4. Jacobsen, L. Pleth Nielsen, F. Besenbacher, |. Stensgaard, By -C. Guo, A. Hopkinson, J. M. Bradley, and D. A. King, Surf.
Lasgaard, T. Rasmussen, K. W. Jacobsen, and J. /KsKdg, Sci. 278 263(1992.

Phy§. Rev. Lett75,. 489 (1995.. _ 2Klaus Kuhnke, Klaus Kern, and George Comsa, Phys. Ret5 B
5P. Heilmann, K. Heinz, and K. Mier, Surf. Sci.83, 487(1979. 14 388(1992

6 ) by
MK' A Vz;n IH?V%’ . K((j)eétnzr,SP. C. S.tglr,SJ.fP.sBléag, L1§|3_9 223. Tersoff and D. R. Hamann, Phys. Rev. L&), 1998 (1983;
(E’ssn;)o el, I. Bartosand G. A. Smorojai, Surf. Scil03 Phys. Rev. B31, 805 (1985.
. 23 ; . :
7 K. Heinz, E. Lang, K. Strauss , and K. Mer, Appl. Surf. Sci. c. Julla.n Chen, Phys. Rev. Le@S, 448(1990’ Ir?troductlon to
Scanning Tunneling Microscog®xford University Press, New
11/12 611(1982. York, 1993

8K. Heinz, E. Lang, K. Strauss, and K. Mer, Surf. Sci.120 ”
L401 (1982. K. W. Jacobsen, J. K. Nekov, and M. J. Puska, Phys. Rev3B
7423(1987).

°P. R. Norton, J. A. Davies, D. K. Creber, C. W. Sitter, and T. E.25
Jackman, Surf. Scil08 205 (1981). K. W. Jacobsen, Comments Condens. Matter Phys. 129
(1988.

0w, Hosler, E. Ritter, and R. J. Behm, Ber. Bunsenges. Phys.26
Chem.90, 205 (1986. J. N. Naskov, K. W. Jacobsen, PIl. Stoltze, and L. B. Hansen,
1Ww. Hosler, R. J. Behm, and E. Ritter, IBM J. Res. D&, 403 Surf. Sci.283 277(1993.
(1986. 27p, Stoltze, J. Phys.: Condens. Mat6e19495 (1994).
12R 3. Behm, W. Hsler, E. Ritter, and G. Binnig, Phys. Rev. Lett. 2®S. M. Foiles, Surf. Sci292 5 (1993.
56, 228 (1986. 29A. F. Voter, S. P. Chen, R. C. Albert, A. M. Boring, and P. J.
13, Ritter, R. J. Behm, G. Rschke, and J. Wintterlin, Surf. Sci. Hay, in Atomistic Simulation of Materials—Beyond Pair Poten-
181, 403(1987. tials, edited by V. Vitek and D. J. SrolovitPlenum, New York,
4D, L. Abernathy, S. G. J. Mochrie, D. M. Zehner, G. ®el, and 1989, p. 223.

Doon Gibbs, Phys. Rev. B5, 9272(1992. 30M. schmid, A. Biedermann, S. D. Banig, P. Weigand, and P.
15A. Borg, A.-M. Hilmen, and E. Bergene, Surf. S306 10 Varga, Surf. Sci318 289 (1994).

(1994. 31C. Mottet, G. Trglia, and B. Legrand, Phys. Rev. 45, 16 018
18\M. P. Cox, G. Ertl, and R. Imbihl, Phys. Rev. Lefi4, 1725 (1992.

(1985.



