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Hexagonal heterolayers on a square lattice: A combined STM and LEED study
of FeO„111… on Pt„100…

Sh. Shaikhutdinov,* M. Ritter, and W. Weiss
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, Berlin 14195, Germany

~Received 17 March 2000!

Formation of an epitaxial iron oxide monolayer on a Pt~100!-hex substrate was studied by scanning tunnel-
ing microscopy~STM! and low-energy electron diffraction~LEED!. High-resolution STM images reveal a
sinusoidal height modulation of the top atomic rows along the@011# direction of the original Pt~100!-hex
substrate. This modulation is assigned to the buckling of the top oxygen layer due to the interaction with Pt
substrate atoms. Two superstructures, described as FeO~111!/Pt~100!-c(2310) and (239) coincidence struc-
tures, coexist on the surface. The latter structure results in a much lower PendryR factor in dynamical LEED
analysis than earlier reported for ac(2310) structure. Numerous islands with the same surface structure as the
terraces develop on the dense FeO overlayer. They are assigned as the Pt~100!-(131) islands formed during
the hex→(131) reconstruction of the Pt substrate underneath the FeO~111! bilayer. The islands are rectan-
gular and elongated in the direction of hex reconstruction on the original Pt~100!. Combined STM and LEED
data clearly indicate that anisotropy in the substrate reconstruction leads to anisotropy of the oxide overlayer.
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I. INTRODUCTION

Heteroepitaxy is a versatile route to produce clean
well-ordered metal oxides with defined stoichiometry. F
example, thin films of iron, zirconium, chromium, and tit
nium oxides have been prepared on platinum substrate1–4

by evaporating the metal onto a clean substrate and
oxidizing at 800–1000 K in;1026 mbar of oxygen gas
pressure. These films can be used as well-defined model
tems for investigation of the catalytic, magnetic, etc. prop
ties of oxides as recently demonstrated with iron ox
films.5

The structure and chemical properties of iron overlay
on platinum surfaces were studied by Vurenset al.1 A coin-
cidence structure of a hexagonal FeO~111! layer on a hex-
agonal Pt~111! substrate was suggested in order to expl
the characteristic satellites around the substrate integral s
in the corresponding low-energy electron diffraction~LEED!
patterns. Photoelectron diffraction measurements reve
that the iron oxide overlayer consists of an Fe-O bilayer w
oxygen on top. The iron-oxygen interlayer distance w
found to be highly compressed by about 50% relative to b
FeO.6 In scanning tunneling microscopy~STM! images, a
hexagonal superstructure with;26 Å periodicity was ob-
served. The STM images were explained by Galloway,
nitez, and Salmeron as a (21 10

9 1) coincidence structure of a
FeO~111! bilayer on Pt~111!.7 Later, Ritter, Over, and Weis
found slightly different coincidence structures using ST
and spot-profile analysis LEED techniques.8

With the Pt~100! substrate, one can expect other iron o
ide structures to form. The clean Pt~100! surface is charac
terized by a quasihexagonal layer resting on top of the sq
(131) lattice. Because the two lattices are incommensur
large periodic structures are formed on the surface, suc
Pt~100!-(5320) and Pt~100!-(21 5

N 1), where N512– 14,
which are also referred to as Pt~100!-hex and
Pt~100!-hex-R0.7°, respectively. However, a dynamic
LEED analysis of the FeO/Pt~100! interface showed again
that the quasihexagonal FeO~111! bilayer with oxygen on
PRB 620163-1829/2000/62~11!/7535~7!/$15.00
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top grew on the square Pt~100!-(131) surface, resulting in
an FeO~111!/Pt~100!-c(2310) coincidence structure.9

Several STM studies have recently been reported
homo- and heteroepitaxial growth of metal on hex reco
structed surfaces, for example, Pt on Pt~100!-hex,10 Au on
Pt~100!-hex-R0.7°,11 and Fe on Au~100!-hex.12 The STM
results indicate that the anisotropy in the substrate sur
reconstruction leads to anisotropy of the metal overlayer.
our knowledge, no STM studies have yet been performed
oxide overlayers grown on the hex-reconstructed substra

In this paper, we present a STM study of the FeO~111!
overlayer grown on a Pt~100! substrate. We focus on inves
tigation of the FeO overlayer at monolayer coverage, wh
STM and dynamical LEED analysis provide complementa
information. STM images reveal a characteristic heig
modulation of the atomic rows in the$011% direction, which
we assign to the buckling of the top oxygen atoms due
their interaction with the Pt substrate. Two superstructu
described as a FeO~111!-Pt~100!-c(2310) and a (239) co-
incidence structure coexist on the surface. The latter st
ture is characterized by a much lower PendryR factor in
LEED analysis than that of ac(2310) structure previously
reported.8

II. EXPERIMENT

The experiments were performed in an UHV chamber~a
base pressure below 1310210mbar) equipped with STM,
back-view LEED, Auger electron spectroscopy~AES!, and
standard facilities for sample cleaning.13 The Pt~100! single-
crystal surface was cleaned by repeated cycles of ion s
tering and annealing to 1300 K until no contamination w
detected by AES and the LEED pattern exhibited sharp sp
corresponding to the Pt~100!-hex structure. Iron~5.0, Aldrich
Chemicals! was deposited at a rate of;0.1 monolayers~ML !
per min using an electron-beam-assisted evaporator~Omi-
cron! onto a Pt substrate kept at room temperature. Dur
the evaporation the pressure did not exceed 131029 mbar.
Subsequently, the sample was oxidized at 730–800 K
7535 ©2000 The American Physical Society
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1026 mbar oxygen for;5–30 min until the LEED pattern
showed bright diffraction spots corresponding to a coin
dence superstructure. AES spectra of the samples stu
showed only signals from Pt, Fe, and O atoms.

For the dynamical LEED analysis, diffraction patterns
the 40–300 eV electron beam energy range were colle
using video camera connected to a computer. TheI -V mea-
surements were performed at;120 K. The curve analysis
was performed using the symmetrized automated ten
LEED software package.14

The STM images presented in this paper were obtaine
tunneling voltages of;30–200 mV applied to the sampl
and a current of;1.5 nA. The tungsten tip was electro
chemically etched and subsequently annealed in UHV
electron-beam heating. The characteristic STM images w
independent of bias polarity and applied voltage.

III. RESULTS

A. Preparation of FeO monolayer on Pt„100…

Figure 1~a! shows a LEED pattern of the clean, he
reconstructed Pt~100! surface. The LEED pattern exhibit
diffraction spots coming from the two orthogonal domain
as marked by the arrows, present on the surface with dif
ent weight factors. The corresponding STM images~not pre-
sented here for conciseness! show ;1000-Å-wide terraces
separated by monatomic steps of;2 Å, corresponding to the
interlayer distance of Pt~100!. During Fe deposition onto this
surface, the ‘‘hex’’ spots in the LEED patterns gradua
vanished, and only the diffuse spots of the Pt~100!-(131)
surface remained at an Fe coverage of about 1 ML, as de

FIG. 1. LEED patterns of the Pt~100!-hex ~a! and the FeO~111!/
Pt~100! ~b! surfaces at electron energyE550 eV. The arrows indi-
cate the spots coming from two orthogonal domains.~c! Top view
of the model illustrating an FeO~111!/Pt~100!-c(2310) coinci-
dence structure. For clarity, not all top atoms are drawn.
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mined from the Pt~237 eV! to Fe~652 eV! intensity ratio in
the corresponding AES spectra.9 At this point, the STM im-
ages in Fig. 2 show that the originally flat terraces beco
rough with a corrugation amplitude of about 1.5 Å. How
ever, some preferential direction of islandlike species on
surface can be seen in Fig. 2~b!.

Oxidation in 1026 mbar O2 at ;800 K results in the
LEED pattern shown in Fig. 1~b!, which has been attributed
previously to an FeO~111!/Pt~100!-c(2310) coincidence
structure. At low FeO coverage, the pattern is superimpo
on that of the original Pt~100!-hex surface, with a weigh
factor depending on the amount of predeposited iron. T
implies that the iron oxide phase grows via domains s
rounded by the reconstructed Pt~100!-hex surface. Therefore
the formation of a dense FeO overlayer can be ascertaine
the disappearance of the diffraction spots corresponding
the Pt~100!-hex surface. These FeO/Pt~100! surfaces have
been investigated by both STM and LEED, and are discus
in the following sections.

It should be mentioned that the oxidation procedure u
with the Pt~100! substrate~;750 K, 20–30 min! differs from
that used for the preparation of an FeO monolayer on
Pt~111! substrate~;1000 K, 2 min!.8 The latter procedure
results in a film of poor quality as judged by STM. Th
high-temperature oxidation probably causes a partial dis
lution of the overlayer into the Pt substrate, as was obser
by ion-surface scattering experiments.1 This effect can be
more pronounced on the more open Pt~100! surface than on
the close-packed Pt~111! surface.

FIG. 2. 500035000 Å2 ~a! and 7503750 Å2 ~b! STM images
of the Pt~100! surface after deposition of;1 ML of metallic iron.
The surface is roughened with an average corrugation of;1.5 Å, as
shown in~b!. Monatomic steps of the original Pt substrate are v
ible in image~a!.
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FIG. 3. ~a! 150031500 Å2 STM image of a dense FeO~111! layer on Pt~100!. Numerous islands are formed in the upper terrace. T
lower terrace represents an uncommon area free of any islands with clearly defined domain boundaries. Both the step height sep
two terraces and that of the islands are equal to 2 Å, corresponding to one interlayer distance in Pt~100!, as measured by the profile lin
shown below image~a!. ~b! 1053105 Å2 STM image of FeO~111! on Pt~100! presented with differentiated contrast in order to show
identical surface structure on both terrace and islands. Three domains coalesce: the central one is orthogonal to two adjace
indicated by the unit cells. The islands are near rectangular and always elongated in the@011# direction with the aspect ratio depending o
preparation. On the corner of the domain in the left part of the image is a region exhibiting a hexagonal lattice of protrusions~c! 70
335 Å2 STM image showing two neighboring domains, exhibiting a characteristic modulation of the FeO surface~on the left! and
hexagonal lattice of protrusions~on the right!. The atomic row of protrusions on the FeO surface is aligned with one of the t
close-packed directions of the hex structure and lies between the atomic rows indicated by lines.
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B. STM study of FeO monolayer on Pt„100…

Figure 3~a! shows a 150031500 Å2 STM image of the
FeO overlayer on Pt~100! at a monolayer coverage. The ste
height of ;2 Å separating adjacent terraces in this ima
results from the substrate morphology. The height of isla
seen on the upper terrace is also found to be;2 Å, as shown
by the profile line below the image~a!. The islands are
nearly rectangular in shape and slightly elongated in the
rection parallel to the step edge. The aspect ratio~length/
width! varies between 1 and 3 depending on the preparat
The islands are randomly distributed on the surface. Ho
ever, regions that are free of islands are occasionally
served, with the boundaries between the neighboring
mains clearly seen as depressed lines@see bottom of Fig.
3~a!#. The boundaries develop between domains with
thogonal orientation but also between domains of the sa
orientation, as evidenced by high-resolution STM images

Both terraces and islands exhibit an identical surface
perstructure. The parameter of the unit cell indicated in F
3~b! is larger in one of the$011% directions depending on th
domain orientation, which is henceforth referred to as
direction of overlayer reconstruction. Figure 3~b! shows a
region of coalescence between three islands, where the s
ture of the central island is orthogonal to the two adjac
ones. The islands are always found elongated in the direc
of the reconstruction.

Figure 4 shows high-resolution STM images of the Fe
Pt~100! surface. A sine-wave height modulation of th
atomic rows in the@011# direction is clearly seen on th
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profile line A below the image~a!. Given the Pt~100! lattice
constant of 2.77 Å, the averaged periodicity lengths, m
sured by STM, of;5.5 and;25 Å in two perpendicular
$011% directions can be described as the (23N) superstruc-
ture, whereN;9 – 10. Unfortunately, an atom position ca
not be precisely determined because the ‘‘negative’’ par
the modulation wave is cancelled by the protrusions in
‘‘positive’’ part of two neighboring waves. When the adja
cent waves interfere, a characteristic zigzag line is obser
running perpendicular to the direction of reconstruction
marked by the arrow in Fig. 4~a!. Assuming that this image
manifests ac(2310) coincidence structure as depicted
Fig. 1~c!, it is possible to assign the atom positions and c
responding unit cell as indicated in Fig. 4~a!.

The two-dimensional fast Fourier transform~FFT! map of
the STM image in Fig. 4~a! is shown below together with the
corresponding LEED pattern. One can see a close simila
between FFT and LEED. The FFT map clearly shows a h
agonal symmetry of the top layer and a long-range surf
periodicity, which occur due to the height modulation
atomic rows.

However, a close inspection of high-resolution STM im
ages reveals many regions that exhibit a (239) superstruc-
ture as shown in Fig. 4~b!. No domain boundaries betwee
c(2310) and (239) structures have been observed
STM, otherwise it would be possible to estimate the relat
coverage of each structure from the large-scale im
ges. STM observation of the (239) coincidence structure
inspired us to reinvestigate a dynamical LEED analysis
the same surface.
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FIG. 4. High-resolution 70370 Å2 ~a! and
55355 Å2 ~b! STM images of a FeO~111! mono-
layer on Pt~100!. Profile linesA and B shown
below image~a! reveal a sinusoidal height modu
lation of atomic rows along the@011# direction.
The atom positions deduced within ac(2310)
coincidence cell are shown on the image~a! by
circles. Arrow on image~a! shows a characteris

tic zigzag line running along the@01̄1# direction,
which is produced when two adjacent modulatio
waves interfere. Image~b! shows the region ex-
hibiting a (239) coincidence structure. A FFT
map of the image~a! is shown together with the
corresponding LEED pattern.
c
re

th

le
tra

b

a

v
a

an
-fi

l
e

th

n
om

is
ye

d

ld

on
ere
O
ge-
is-
of

m
re

eri-

lted

oth
ted

ruc-

y.
and
s as
g a
ius
of
ese

in

hex
C. LEED analysis of FeO monolayer on Pt„100…

In order to focus on a single domain orientation, diffra
tion spots coming from the orthogonal domain were cove
by black dots in the LEED pattern, as shown in Fig. 5~a!. In
the schematic representation in Fig. 5~b! the crosses indicate
the substrate spot positions, and the large dots
FeO~111!-(131) spot positions. The FeO(n̄n) and Pt(0n)
spots coincide. Weak spots, which can result from multip
scattering events between the FeO overlayer and Pt subs
are indicated by small dots. The latter can be described
the following scattering vector sums: spot 1 near the~00!

beam byg(21)Pt1g(02̄)FeO, spot 2 byg(10)Pt1g(1̄0)FeO,
spot 3 by g(20)Pt1g(2̄0)FeO, spot 4 by g(2̄ 1̄)Pt

1g(03)FeO, spot 5 by g(20)Pt1g(1̄0)FeO, spot 6 by
g(1̄ 1̄)Pt1g(02)FeO, and spot 7 byg(31̄)Pt1g(2̄0)FeO. Spot
1 is hidden by the electron gun in Fig. 5~a!; and spots 6 and
7 are too weak to be visible in this pattern, but show up
other energies.

As mentioned above, this LEED pattern has been pre
ously attributed to ac(2310) coincidence structure of
quasihexagonal Fe-O bilayer on the Pt~100!-(131)
surface.1,9 However, based on the STM observation of
additional (239) superstructure, we performed a best
search assuming the FeO~111!/Pt~100!-(239) structure de-
picted in Fig. 5~c!. Again, a slightly distorted hexagona
FeO~111! bilayer with oxygen on top is assumed, with F
and O atom rows being aligned to the Pt atom rows in
@011# direction.

In the first iteration, the platinum-iron and iron-oxyge
interlayer distances were varied from 1.0 to 2.3 Å and fr
0.0 to 1.3 Å, respectively. A minimumR factor was obtained
with 2.2 and 0.6 Å for the Pt-Fe and Fe-O interlayer d
tances, respectively. Then the registry of the FeO bila
with respect to the substrate was varied in steps of 0.1
along the@01̄1# direction. TheR factor of 0.20 was reache
with ;0.2 Å lateral shift of the overlayer in the@01̄1# di-
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rection. Any shift of the oxygen atoms from the threefo
hollow sites on the Fe sublayer increased theR factor.

Subsequently, slight deviations of atoms within the ir
and oxygen layers were tested. At first, the Fe atoms w
sinusoidally displaced in a vertical direction, while the
layer was kept either planar with a regular lateral arran
ment of the atoms, or buckled with all Fe-O interatomic d
tances alike. This produced no significant improvement
the R factor. Then the vertical position of every single ato
was varied in steps of 0.1 Å. Out-of-plane deviations we
kept if they resulted in an improved fit.

The best fit is characterized by anR factor of 0.15
~60.02!. The comparison between the calculated and exp
mentalI -V curves is shown in Fig. 6. TheR factor is much
lower than that of 0.40~60.02! for the previously reported9

c(2310) reference structure. However, our search resu
in two distinct structures with the sameR factor. The struc-
tures differ in the lateral coordinates of Fe atoms and b
the lateral and vertical coordinates of O atoms. We repor
similar uncertainty in our previous paper,9 where three struc-
tures within the samec(2310) model resulted in identicalR
factors. It seems plausible that convergence to a single st
ture is obviated by the coexistence of thec(2310) and
p(239) structures, as observed in the present STM stud

Nevertheless, we have calculated the mean interlayer
Fe-O and Pt-Fe next-neighbor distances and the registrie
presented in Table I. The ion radii can be estimated usin
hard-sphere approximation. Starting from the atomic rad
of the platinum atoms of 1.39 Å, we have found the radii
1.27 and 0.66 Å for the Fe and O ions, respectively. Th
values are used for presentation of the model depicted
Fig. 5~c!.

IV. DISCUSSION

Iron deposition at monolayer coverage depletes the
reconstruction of the Pt~100! surface since only diffuse
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Pt~100!-(131) spots are observed in the LEED pattern. T
Volmer-Weber mode has been suggested for the growt
iron on Pt~111!, where three-dimensional Fe particles start
grow from the beginning.15 With the Pt~100! substrate, how-
ever, one should consider that the hex surface accommod
about 25% more Pt atoms than the (131) surface. At room
temperature, the hex→(131) surface reconstruction ca
form islands of excess Pt atoms as evidenced byin situ STM
measurements of the Pt~100!-hex-R0.7° surface during CO
and O2 adsorption.16 Therefore, the roughening of the surfa
obtained after iron deposition in Fig. 2 can also be attribu
to a mixture of both Fe and Pt islands. Similar behavior h
been observed on the Fe/Au~100!-hex surface at an Fe cov
erage of more than 0.5 ML.12

Exposure of the Fe/Pt~100! surface to 1026 mbar of oxy-
gen at elevated temperatures results in oxidation of the
overlayer and formation of the well-ordered FeO~111! sur-
face on top of the Pt~100!-(131) substrate as judged b
LEED. STM images of the FeO~111!/Pt~100! surface re-
veal a characteristic height modulation of;0.3 Å amplitude
of the atomic rows along the@011# direction ~Fig. 4!. This
modulation is very similar to those found for the he
reconstructed Pt~100! and Au~100! surfaces.10–12,16,17For the
Pt~100!-hex surface, helium atom scattering measuremen18

revealed the buckling of the top layer by about 0.5 Å, wh

FIG. 5. ~a! LEED pattern of;1 ML FeO overlayer on Pt~100!
at E590 eV where diffraction spots coming from one of the o
thogonal domains are covered by black dots in order to focus o
single domain orientation. A (239) coincidence unit cell is indi-
cated.~b! Schematic representation of pattern~a! where the crosses
indicate substrate spot positions, and the large dots
FeO~111!-(131) spot positions. The FeO(n̄n) and Pt(0n) spots
coincide. The weak spots, which can result from multiple-scatte
events between FeO overlayer and Pt substrate, are indicated b
small dots.~c! Top view of the model of slightly distorted oxygen
terminated FeO~111! bilayer surface represented with the relati
radii determined from the best-fit structure data presented in Ta
below. For clarity, not all top atoms are drawn.
e
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is nearly identical to the value measured by STM.10 Taking
into account the close similarity between the FFT map a
the LEED pattern, both shown in Fig. 4, our data strong
indicate that the buckling of the surface observed by ST
for the FeO~111!/Pt~100! system has a topographic origin
which means that the FeO overlayer atoms are displaced
mal to the substrate surface.

This kind of surface modulation seems to be intrinsic
systems where the hexagonal top layer rests on a sq
~100! lattice. However, in contrast to the Pt~100!-hex sur-
face, the FeO~111!/Pt~100! interface stacks into the bulk a
Ohex-Fehex-Ptsquare~1!-Ptsquare~2! . . . layers, i.e., astwo hex lay-
ers on top of a square-lattice substrate, as evidenced by
present LEED analysis. In other words, the substrate sq
lattice is located in the third sublayer and hence might
drastically influence the topography of the top hexago
layer. This indicates some specific interaction of the F
layer with the Pt~100! substrate.

In the corner of the island visible in the left part of Fig
3~b! and in another STM image in Fig. 3~c!, one can see
areas exhibiting a hexagonal lattice of protrusions. Su
small regions cannot affect our LEED analysis indicating
O termination of the FeO~111! surface. The hex structur
appears about 0.3–0.5 Å lower than the modulated FeO
face. This distance is close to the Fe-O interlayer dista
~;0.65 Å! obtained for the best fit in the LEED analysis~see
Table I!. In addition, the modulated atomic rows on the Fe
surface are aligned with one of the three close-packed di
tions of the hex structure and lie between atomic ro
thereof, as marked in Fig. 3~c!. This fits well the model of an
FeO~111! bilayer terminated by oxygen, if the protrusions o
the hex structure correspond to the Fe atoms and the pro
sions on the modulated FeO surface are attributed to th
atoms in the top layer.

The last assignment is in line with theoretical calculatio
of the origin of contrast in STM images of FeO~111!/Pt~111!
surface performed by Galloway, Sautet, and Salmeron u
electron-scattering quantum chemistry theory.19 They found
that the protrusions in corresponding STM images must

a

e

g
the

I

FIG. 6. Comparison of the experimental and simulatedI -V
curves for the best-fit structure obtained on the FeO~111!/
Pt~100!-(239) surface. The data set covers a total energy rang
2200 eV. The best fit has a PendryR factor of 0.15~60.02!.
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TABLE I. The average values~Å! of the interlayer distances, the registry shifts, and the next-neigh
distances in the FeO~111!/Pt~100!-(239) interface as found by dynamical LEED analysis.

Interlayer
distance

Registry shift

in @01̄1#
Next-neighbor

distance

Pt-Fe Fe-O Fe O Pt-Fe Fe-O
2.20 0.64 0.15 0.25 2.66 1.93
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always due to the surface O atoms. We believe that
conclusion is valid for the Pt~100! substrate as well, since th
calculation investigated all mutual orientations of Fe and
with respect to the Pt substrate.

Interestingly, a characteristic modulated structure is
served on the hexagonal FeO/Pt~100! surface but not on the
hexagonal Fe/Pt~100! surface. This indicates that a long
range modulation of the FeO surface is induced by the in
action of the top oxygen layer with a Pt substrate, result
in out-of-plane displacements of the O atoms. On the ot
hand, the protrusions forming the STM image of FeO
slightly elongated perpendicular to the direction of reco
struction as shown in Fig. 4.@This is observed for both or
thogonal domains in Fig. 3~b! and therefore cannot be attrib
uted to a tip artifact.# Therefore, it appears that a
‘‘electronic’’ factor in the formation of STM images of th
FeO~111!/Pt~100! surface cannot be excluded.

The FeO~111! overlayer orientation is strongly influence
by the domain structure of the Pt substrate. Indeed,
LEED patterns in Fig. 1 show that the relative intensity
the spots coming from two orthogonal domains present
the original Pt~100!-hex surface remains the same after fo
mation of an FeO~111!/Pt~100! coincidence structure, as in
dicated by the arrows. In other words, the direction of ov
layer reconstruction coincides with the direction of h
reconstruction on Pt~100!.

Moreover, the STM images reveal that rectangular isla
are also elongated in the direction of substrate reconst
tion. The islands exhibit the same surface structure as
surrounding terrace. Since we have attributed the chara
istic buckling of the FeO surface to the stacking of FeO~111!
layers on a Pt~100!-(131) square lattice, this means that th
islands are in fact platinum islands covered by an FeO o
layer. Indeed, the step height of the islands of;2 Å is the
same as the atomic step height on Pt~100!, both of which are
imaged in Fig. 3~a!. Finally, a histogram analysis of large
scale STM images show that islands cover about 30% of
entire surface, which is close to the;25% excess of Pt at
oms on the Pt~100!-hex surface relative to Pt~100!-(131).
Therefore, we conclude that the island surface correspond
the first FeO overlayer covering the Pt~100!-(131) islands
that are formed by the hex→(131) transformation of the P
substrate.

Similar rectangularly shaped and elongated islands h
been observed during epitaxial growth of metals on Pt~100!
at temperature between 320 and 500 K for Pt,10 and at room
temperature for Au deposits.11 At these temperatures, th
surface adatoms are sufficiently mobile to produce w
defined islands. The rectangular shape of the islands is
termined by the strongly anisotropic surface diffusion. Tu
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ing back to the FeO on Pt~100! system, we note that island
form only after oxidation treatment at elevated temperatu
above;700 K, but not after room-temperature Fe depo
tion. Therefore, we suppose that at low temperature, w
the oxidation reaction proceeds slowly, platinum and iro
which are immiscible metals, behave independently. T
can result in the formation of anisotropic Pt~100! islands,
covered by an unoxidized iron overlayer, in a similar mann
as during the hex→(131) reconstruction of ‘‘clean’’
Pt~100!. Another possibility is that the mass transport of t
Pt adatoms occurs simultaneously with oxidation of the ir
overlayer.

Thus, we find a general similarity between the growth
metalsand of iron oxide on the hex-reconstructed Pt~100!
surface. In all systems studied, the surface morpholog
driven by a Pt substrate reconstruction, which results in f
mation of anisotropic islands elongated in the direction
substrate hex reconstruction.

V. SUMMARY

Well-ordered FeO monolayer films on a Pt~100!-hex sub-
strate were grown by deposition of metallic iron and sub
quent oxidation at 1026 mbar of oxygen at;750 K. Atomic-
resolution STM images reveal a sine-wave heig
modulation of the top atomic rows along the direction
reconstruction on the original Pt~100!-hex surface. This
modulation is assigned to the buckling of the top oxyg
layer caused by an interaction with Pt atoms. STM imag
reveal the coexistence of the two superstructures describe
the FeO~111!/Pt~100!-c(2310) and (239) coincidence
structures. It is most likely that the final structure depends
the preparation conditions and can vary with oxygen pr
sure and/or temperature. Nevertheless, the latter structur
sults in a much lower PendryR factor in dynamical LEED
analysis than reported earlier for ac(2310) reference struc-
ture.

Numerous islands having the same surface structure a
terraces are developed on the dense FeO~111!/Pt~100! sur-
face. They are attributed to Pt~100!-(131) islands under-
neath the FeO~111! layer, which are formed during he
→(131) reconstruction of the Pt substrate. The islands
rectangular in shape and elongated in the direction of
original hex reconstruction on Pt~100!. Combined STM and
LEED data clearly indicate that the anisotropy in the su
strate reconstruction leads to anisotropy of the oxide ov
layer.

Finally, the first iron oxide layer grows on Pt~100! as a
hexagonal Fe-O bilayer as on the hexagonal Pt~111!
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substrate,8 despite the mismatch of about 12% for th
Pt~111! substrate and the square symmetry of the Pt~100!
substrate. This indicates that the interaction within the i
oxide layer is stronger than that with the Pt substrate
i

n
It

appears that the substrate-overlayer lattice mismatch d
not play a dominant role in determining the overlayer stru
ture, at least in the case of iron oxides. However, this mi
be not the case for other metal oxides.
rd,

.
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