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Cerium oxides and cerium-platinum surface alloys on Pt„111… single-crystal surfaces studied
by scanning tunneling microscopy
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Three-dimensional clusters of metallic Ce are deposited on Pt~111! surfaces by thermal evaporation in
ultrahigh vacuum. Different reactions occur upon heating of the sample in ultrahigh vacuum and during the
exposure of oxygen that lead to distinct well-ordered surface phases. Their geometric structures are determined
by scanning tunneling microscopy~STM!. A two-dimensional ordered surface alloy of Pt5Ce is obtained by
annealing at 1000 K. It forms two different incommensurate overlayers on Pt~111! with long-distance spacings
in the moirépatterns~13.7 and 14.8 Å!. Hexagonally shaped two-dimensional islands are formed upon heating
the Pt~111! single crystal with a submonolayer coverage of Ce at 900 K. They are localized at step edges. STM
reveals a local 232 structure with respect to Pt~111!. It is assigned to a precursor state of alloy formation.
Ordered CeO2 phases result from annealing the alloy at 1000 K in oxygen. The surface structure is consistent
with oxygen-terminated fluorite-type CeO2(111). During decomposition of CeO2 at 900 K, an oxide structure
is identified which is attributed to an ultrathin ordered phase of surface-Ce2O3.

DOI: 10.1103/PhysRevB.65.235404 PACS number~s!: 68.37.Ef, 68.47.De, 68.47.Gh
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I. INTRODUCTION

Epitaxial metal oxide films grown on metal substrates
ultrahigh vacuum have been extensively studied for m
years. A variety of investigations was motivated by the f
that such systems may provide well-defined surfaces
metal oxides, e.g., in cases where the corresponding si
crystals are hard to cleavein situ or exhibit an unsufficient
electrical conductivity to apply electron spectroscopic te
niques. Well characterized ‘‘model’’ systems such
a2Cr2O3(0001) on Cr~110! ~Ref. 1! and Al2O3(0001) on
NiAl ~110! ~Ref. 2! have been the subject of numerous inve
tigations employing the huge variety of surface scien
tools.3 A number of oxides, however, cannot be grown e
taxially from the base metal or its alloys due to the latt
mismatch or the large spatial change of the oxygen acti
perpendicular to the interface. For such systems, low-in
surfaces of noble metals such as Pt, Au, Pd, Rh, and Ru
serve as perfect substrates to deposit oxides by rea
evaporation of the metal in the presence of O2 or by cycles
of metal evaporation and oxidation. Specifically, thin mag
tite Fe3O4(111) films have been prepared on Pt~111!,4 V2O3
on Au~111!,5 and Pd~111!,6 and CeO2 on Ru~0001! and
Ni~111!.7 Scanning tunneling microscopy~STM! has shown
that these ultrathin epitaxial oxide films may exhibit comp
cated surfaces including the coexistence of mesoscopic
mains of different terminations and structures. Particula
this is found for metals that can form oxides in several d
tinct oxidation states. The coexistence of islands
a-Fe2O3(0001) and FeO~111! on Pt~111! surfaces and thei
arrangement to form superlattices have been termed bip
ordering.8 For a2Fe2O3(0001) films on Pt~111!, domains
with Fe and the unexpected O termination have been
served, too.9 For Fe3O4(111) films on Pt~111! ordered bi-
phases of Fe3O4 and FeO~111! have been found with STM
depending critically on parameters of the deposition proc
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An example for which oxide films reveal novel structur
that are very different from their bulk counterparts is van
dium oxide on Pd~111!. Surnevet al. have recently demon
strated that very thin layers of vanadium oxide exhibit coe
isting surface phases@hexagonal V2O3(232), hexagonal
VO2, and rectangular VO2# which are not stable as bul
structures.10 These interfacial oxide layers transform into th
stable bulklike V2O3 phase if a critical thickness of thre
monolayers is exceeded during film growth. The authors a
expect such an effect for other oxides.

Heteroepitaxy is reported for ultrathin ceria films grow
on Pt~111! surfaces.11,12 In contrast to iron and vanadium
oxides, CeO2 is obtained here by oxidation of an ordere
surface alloy phase between Ce and Pt. Such samples ca
prepared by heating amorphous ceria overlayers on Pt~111!
in ultrahigh vacuum at 1000 K as the result of decomposit
of CeO2 and intermixing of Ce and Pt. The Ce-Pt syste
shows complete miscibility within the entire compositio
range. The surface indicates a (232)1(232)R30° super-
structure in low-energy electron diffraction~LEED!. Surface
alloy formation on the topmost atomic plane is a well-know
phenomenon which is reported for a variety of bulk miscib
metal-on-metal systems such as, e.g., Pd-Cu but is also
served if the overlayer and the substrate exhibit bulk inm
cibility such as Au-Ni.13 For platinum, a few overlayer sys
tems has been reported that form ordered surface alloys
as Cr~Ref. 14! and Ag.15 Previous LEED and STM studie
have demonstrated that Ce overlayers on Pt~111! substrates
yield a two-dimensional Pt5Ce surface phase upon heating
u.h.v.16 Similar to LEED results given in an ealier study,11 a
(232)1(232)R30° LEED superstructure is found if a fou
monolayer Ce film on Pt~111! is annealed at 1000 K.

Reflection-adsorption infrared spectroscopy~RAIRS! and
adsorption experiments with NO2 give evidence that ordere
surface phases of CeO2 obtained through the oxidation o
surface Pt5Ce on Pt~111! are shaped similar to islands that d
©2002 The American Physical Society04-1



te
r

-

tr

r

y-

th

g
lo

lo
ilit

ts
he
co
an
p

d
iti
.

im
h
n
if

d
e

iti
n

em
lin

ion
te
-
ir
W
de

-
e

in

at
a

de-
ack
ing

m-
ctri-
/Ni
ple.
ter

ans-
igh

to
mic
sity
ween
i-
ara-
di-
llel
ted
ge-
.77

us-
step
t
the

e of

e

d a
u-

low-
-

Pt
ter-
of

ULRICH BERNER AND KLAUS-DIETER SCHIERBAUM PHYSICAL REVIEW B65 235404
not coalesce, even though these crystalline islands indica
high-order commensurable growth with respect to the non
constructed Pt~111! surface.17 The epitaxy gives rise to a
well-orderd (1.431.4) superstructure in LEED. X-ray pho
toemission spectroscopy~XPS! of the Ce 3d core levels and
valence band photoemission spectroscopy of the Ce 4f band
gap state indicate a large deviation from ideal stoichiome
(x'0.2) of such thin granular ceria films~that have a nomi-
nal thickness of a few Å! after annealing in oxygen (6
31025 mbar, 1000 K! . This value is remarkably large
when compared with polycrystalline thick films of CeO2
(>10 nm) on recrystallized Pt foils after annealing in ox
gen (1024 mbar, 973 K, x<0.02).18 Similar to the
V2O3 /Pt(111) system, this behavior was associated with
reducing property of the underlying metal substrate.

The decomposition of CeO2 /Pt(111) occurs upon heatin
the samples in u.h.v. and leads to ordered surface al
which can be reoxidized again to a 1.431.4 oxide surface
phase.11,16 The transition between the ordered surface al
and the ordered oxidic phase exhibits complete reversib
with respect to the chemical composition~as determined
with XPS! and the long-range order~as determined with
LEED! and is thermodynamically driven. Kinetic effec
may, however, play a significant role so far details of t
morphology and defect structure of the ceria phases are
cerned. Structural changes involved in the alloy-oxide tr
sition and hence changes of interface properties have im
cations for solid-electrolye gas sensing devices based
doped ceria and platinum electrodes if they are operate
high temperatures and in an atmosphere whose compos
varies between a chemically oxidizing and reducing state

Due to the high lateral resolution and the real-space
aging capabilities, we apply STM to characterize first t
clean Pt~111! substrate, the growth of metallic cerium o
clean Pt~111! surfaces and the subsequent formation of d
ferent incommensurate surface alloy overlayers. An interm
diate surface phase with two-dimensional islands localize
Pt step edges will be described. The following sections d
with the transition of the surface alloy into CeO2 surface
phases and their geometric structures. Upon decompos
we find two-dimensional~2D! islands that we attribute to a
oxidic surface phase which has not been reported yet.

II. INSTRUMENTATION AND SAMPLE PREPARATION

The experiments were carried out in an u.h.v. syst
equipped with a home-made beetle-type scanning tunne
microscope, a LEED/Auger four-grid optics, a preparat
chamber with a Ce evaporator, and a sample transfer sys
Metallic cerium~99.9%, Alfa! was evaporated from an alu
mina tube that was heated resistively with a tungsten w
The microscope was operated by a RHK electronics.
used chemically etched W tips. The STM data were recor
in constant-current mode with sample bias voltagesVS rang-
ing from -3.1 to -0.1 V. For the initial calibration the nonre
constructed TiO2(110)131 surface was taken where th
corresponding surface lattice constant is equal to 6.49 Å.19 A
refinement of the lateral calibration was achieved by imag
the Pt~111! surface as described below. Thez direction was
23540
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calibrated using the height of a monoatomic step~2.26 Å!.
The surface of the platinum single crystal~Pikem, U.K.!

was cleaned by repeative sputtering with Ar1 ~1 kV, 1mA,
20 min!, heating in oxygen~900 K, 531025 mbar, 15 min!
which efficiently removed C impurities and annealing
1100 K ~1 h! in u.h.v.20 This sample preparation yielded
well-ordered~as checked with LEED! and clean surface~as
checked with Auger electron spectroscopy and in an in
pendent experiment with x-ray photoemission and ion b
scattering!. An electron-beam source was used for heat
the platinum single crystal that was clamped on a thin~1
mm! molybdenium plate. Prior to the experiments, the te
perature of another sample was calibrated against the ele
cal power. The temperature was measured with a NiCr
thermocouple that was spot-welded on top of that sam
The reproducibility of this determination was checked af
the experiments.

III. EXPERIMENTAL RESULTS AND DISCUSSION

STM indicates a clean and smooth Pt~111! surface if the
sample is prepared at a low base pressure and quickly tr
ferred to the scanning tunneling microscope in the ultrah
vacuum chamber (ptot<1310210 mbar). Long and narrow
terraces that range in width between from less than 100 Å
several hundred Å are terminated by straight monoato
steps. Occasionally, we also found areas with a high den
of biatomic steps at the surface and phase separation bet
flat and stepped areas.21 The density of monoatomic and b
atomic steps varies also between different sample prep
tions. The step edges follow closely the high-symmetry
rections of the surface, i.e., they run predominantly para
to ^110&. Atomic resolved images depict a nonreconstruc
(131) surface on terrace sites with a hexagonal arran
ment of Pt surface atoms and an interatomic spacing of 2
Å, in agreement with the (131) LEED reflexes.

A. Cerium and Pt-Ce ordered surface alloys on Pt„111…

The deposition of Ce onto the Pt~111! surface at room
temperature leads to spatially uniformly distributed Ce cl
ters without an apparent preference for an aggregation at
edges. Nominal coveragesu of Ce with respect to the P
surface unit cell are determined with the assumption that
Ce clusters adopt the room-temperature bulk fcc structur
g-Ce for which the lattice constant is 5.16 Å.22 Hence the
unit cell volume is equal to 137.4 Å3 and contains four at-
oms. Foru50.5 ML, the clusters reveal a flat dropletlik
morphology with a mean contact angleq of 3764°. The
quantitative evaluation yields a mean radius of 60 Å an
mean height of 15 Å where particularly the height distrib
tion is very narrow.

A comparative study on the growth of Ce on clean Pt~111!
surfaces has been previously conducted by means of
energy electron diffraction~LEED!, thermal desorption spec
troscopy ~TDS!, Auger electron spectroscopy~AES!, and
STM.16 An essentially linear dependency of the Ce and
Auger electron intensities versus deposition time was de
mined. Therefore, it was concluded that the initial growth
4-2
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CERIUM OXIDES AND CERIUM-PLATINUM SURFACE . . . PHYSICAL REVIEW B 65 235404
Ce on Pt~111! follows the Stranski-Krastanov mode, i.e
three-dimensional clusters are formed after completion of
first monolayer. The inelastic attenuation of the Pt Aug
electron intensity corresponds to a low-density layer of Ce
approximately 7.231018 atoms m22 which is less than in Ce
metal (8.931018 atoms m22). In an independent experimen
using scanning tunneling microscopy, the authors repo
that submonolayer films show close-packed Ce islands h
ing random orientations with respect to the substrate. Th
probably caused by the large lattice mismatch of 31.
along ^110& for which the nearest-neighbor distances a
2.77 Å for Pt~111! and 3.65 Å for Ce~111!.

It is not obvious from our results whether such an adla
initially grows on the platinum surface. For the heteroe
taxial Stranski-Krastanov system Ag on Pt~111!, STM stud-
ies have demonstrated that Ostwald ripening of the initia
grown 2D islands occurs above 100 K.15 It is therefore likely
that Ostwald ripening of the initially formed and grown C
nuclei has already taken place under the experimental co
tions ~i.e., evaporation and sample transfer at 300 K! before
the sample is imaged in the tunneling microscope. Hen
conclusions on a particular growth mode at the initial sta
of Ce depositions cannot be drawn from our findings.

Substantial changes of the surface morphology occur
annealing the sample (uCe'0.5 ML) at 1000 K in u.h.v. This
can be seen in Fig. 1 in the large-scale STM image. Tw
dimensional layers are formed which can be associated
the presence of surface intermetallic compounds betwee
and Pt and which show lateral dimensions in the order
several hundred Å. The inserted image indicates the co
sponding well-ordered surface alloy structure at a hig
magnification from which we determine the mean int
atomic spacing of 2.7 Å and the spot-spot distance of 13.
in the moirépattern. The corresponding surface unit cell
the moirépattern is rotated by 30° with respect to surfa
unit cell of the alloy. Occassionally, we observed an appa
inversion of the usual contrast in our STM images~e.g., at-

FIG. 1. STM constant-current topograph of the Pt5Ce surface
alloy (5343Å2, VS520.08 V, I 51.37 nA). The nominal Ce cov
erage is 0.5 monolayer. Inset: Atomic resolved image (
342 Å2, VS520.08 V, I 50.67 nA).
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oms are displayed as black spots as seen, for example, i
inset of Fig. 1!. This effect may result from uptaking a
oxygen atom by the STM tip. We also found domains with
slightly larger long-range periodicity in the moire´ pattern
~14.8 Å! and a different rotation of 9° with respect to th
kagoménet.25

The Pt-Ce bulk phase diagram indicates different stioch
metric intermetallics. Previous STM, LEED, AES, and TD
studies, however, have shown the formation of a 4.4 Å h
layer of Pt5Ce if Pt~111! single crystals with submonolaye
Ce overlayers are heated at 1000 K.16 Pt5Ce adopts the hex
agonal CaCu5 structure (a55.3685 Å, c54.3830 Å) as
shown in Fig. 2.23 The topmost surface of Pt5Ce/Pt(111)
consists of a Pt kagome´ net with the closed-packed directio
rotated by 30° with respect to Pt~111! ~i.e., parallel to

^112̄&). The presence of different domains Pt5Ce gives rise
to a (232)1(232)R30° superstructure in LEED.

The moirépattern implies an incommensurable overlay
with respect to the Pt~111! surface. For the closed-packe
hexagonal surface, the coordinates of an arbitrarly cho
lattice point may be described as@@n,m## with respect to the
two surface basis vectorsa1 anda2. Along the vector@n,m#,
the spacing between@@0,0## and all lattice points lying on this
vector is given bydi5 iaAn21nm1m2 if a denotes the
length ofua1u5ua2u andi is an integer number. For symmetr
reasons, one may consider onlyn.m andm>0. The angle
of @n,m# with respect toa15@1,0# is then given byw (n,m)

5arctan(m/2))/(n1m/2). Thus, one obtainsdi5 iaA3 for
@@1,1## and w (n,m)530°. Correspondingly, dj

5 jbAs21st1t2 holds for the vector@s,t# of an incommen-
surable closed-packed hexagonal$111% overlayer with sur-
face basis vectorsb1 andb2 (b5ub1u5ub2u). They are irra-
tionally related toa1 and a2. For reasons of simplicity, we
describe the kagome´ net as a mesh withb1 andb2 as basis
vectors andb52.685 Å. The actual unit cell forms a (2
32) superstructure with respect to this lattice. As shown
Fig. 3, large coincidence superstructure cells and nearly

2

FIG. 2. Bulk crystal structure of Pt5Ce. It consists of a hexago
nal close-packed Pt layer with interatomic spacing of 2.685
where a quarter of lattice sites remains unoccupied thus yieldin
hexagonal mesh of empty sites. It indicates a Pt2Ce layer and so-
called kagome´ nets of platinum atoms. Along~0001!, their positions
are in registry with the Ce atoms of the Pt2Ce layers which are
separated by 5.369 Å.
4-3
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ULRICH BERNER AND KLAUS-DIETER SCHIERBAUM PHYSICAL REVIEW B65 235404
fect matching are obtained for@s,t#5@3,3# ~ideal spacing
dj5 jbA275 j •13.95 Å, w (s,t)530°) of the overlayer lattice
and @5,0# (di5 iaA255 i •13.87 Å, w (n,m)50°) of the sub-
strate lattice if one assumes an unrelaxed Pt~111! atomic ar-
rangement at the interface and a small lattice contractio
the overlayer, i.e., by a factor of 0.994. This yields a perf
matching anddj5 jdi 515 j •13.87 Å. In asimilar fashion,
registry is obtained between the overlayer lattice vect
@s,t#5@5,1# ~ideal spacingdj5 jbA315 j •14.95 Å, w (s,t)
58.95°, overlayer contraction by 0.982! and the substrate
lattice vectors @n,m#5@2,4# (di5 iaA285 i •14.68 Å,
w (n,m)540.8°). Table I reveals the experimental STM da
of the long-range periodicitiesdj ,STM and the angle betwee
the mesh of moire´ spots and the surface unit cell of th
overlayerw (s,t),STM. Within experimental errors they are i
reasonable agreement with the corresponding calculated
ues. In addition, LEED is used to determine the rotatio
relationship between the overlayer and substrate latt
DwLEED. Both coincidence structures indicate an angle
30° in good accordance with the calculated value ofDw.

Apart from the different overlayer lattice constants, t
system@5,1#i@2,4# is consistent with bilayer structureA in
Ref. 16 that indicates a long-range periodicity of 14.9
60.4 Å of the moire´ pattern. The latter was described as

FIG. 3. Model of a domain of Pt5Ce(0001) on a Pt~111! surface
~black circles!. Large empty circles represent Pt atoms in the to
most kagome´ layer, grey circles display the underlying Ce atoms
the Pt2Ce layer. The Pt kagome´ layer underneath is not shown
Coincidence of overlayer lattice points@@0,0##, @@3,3##, @@0,9##, and

@@ 3̄,6## with lattice points@@0,0##, @@5,0##, @@0,5##, and @@5,5## are
obtained along the@0,1#, @1,1#, and@1,0# directions of the substrate
~hatched circles!. Only one coincidence superstructure cell is sho
here~dotted line!.

TABLE I. Measured and calculated structural data of the o
served coincidence overlayer structures of Pt5Ce/Pt(111).

@s,t#i@n,m# dj ,STM /Å a w (s,t),STM dj /Å w (s,t) Dw b

@3,3#i@5,0# 13.7 30° 13.87 30° 30°
@5,1#i@2,4# 14.8 9° 14.68 8.95° 31.05°

aj 51.
bDw5w (n,m)2w (s,t) .
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(5.435.4)R30° structure with respect to the Pt~111! surface
in agreement with the LEED data@(5.635.6)R30°#. The
system@3,3#i@5,0# corresponds to a (4.934.9)R30° struc-
ture that has not yet been reported. Apparently, differ
sligthly rotated coincidence superstructures of Pt5Ce coexist
at the Pt~111! surface which may indicate small difference
in corresponding Gibbs energies or caused by differ
growth rates during their formation. If one takes into accou
an experimental error of60.08 Å for the determination of
interatomic spacings in our atomically resolved STM imag
of Pt5Ce, the value of 2.7 Å appears to be slightly larger th
the value of 2.53 Å60.08 Å reported in Ref. 16. The spac
ing of 2.7 Å agrees, however, well with the ideal interatom

spacing along the closed-packed^112̄0& directions of the Pt
kagoménet ~2.685 Å!.

It is obvious that the atomically resolved STM image do
not exhibit the hexagonal superstructure of empty s
which are separated by 5.369 Å. The measured corruga
amplitudes alonĝ110& are 0.1 Å between the moire´ spots
and 0.3 Å close to the moire´ spots but no larger amplitude
are found along two parallel^110& rows that could be asso
ciated with the unoccupied atomic positions in the kago´
net. In terms of the simplified interpretation of STM imag
by Tersoff and Hamann, the tunneling current is proportio
to the electron density at the Fermi energyEF at the position
of the tip.24 The observed STM images could be explain
with the assumption that electronic states of the underly
cerium atoms contribute to the local density of states atEF at
the empty sites.

B. 2D islands at step edges

The phase transition from a system with thre
dimensional cerium clusters on platinum towards a sys
with two-dimensional islands of the Pt5Ce surface alloy is
thermodynamically driven and minimizes the free energy.
order to obtain intermediates of such a surface reaction,
overlayers have been annealed under more moderate c
tions. We have chosen a temperature of 900 K which
above the melting point of 880 K of the Pt-Ce eutectics at
cerium-rich side of the phase diagram. The Pt single cry
was deposited with approximately 0.1 ML Ce. A pronounc
change of the film morphology is already observed when
sample is heated at 900 K in u.h.v. for several minutes. T
STM image indicates that the initially observed thre
dimensional Ce clusters disappear and hexagonal 2D isla
are formed that are almost symmetrically centered along
edges of the Pt~111! surface~Fig. 4!. They are arranged in
such a way that two opposite corners of an island are lo
ized at the step edge with an angle between the Pt step
and the island edges of;120°. STM images with atomic
resolution are difficult to determine due to a low corrugati
(,0.05 Å) but some spots show hexagonal protrusions w
interatomic spacing of 5.4 Å that corresponds to a 232 su-
perstructure with respect to Pt~111! ~see inset STM image in
Fig. 4!. However, long-range order has not developed to
large extent on these islands. The line profile alo

-
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CERIUM OXIDES AND CERIUM-PLATINUM SURFACE . . . PHYSICAL REVIEW B 65 235404
FIG. 5. ~a! Schematic model of the growth mechanism of t
hexagonal 2D islands. A nucleus is formed by Ce atoms~large
empty circles! that are localized on fcc hollow sites of the lower
terrace with a local (232) ordered structure as well as Pt atom
from the dissolving upper terrace. These Pt atoms are localize
fcc hollow and on-top sites~hatched circles! of the lower Pt terrace.
The nucleus grows over the initial step edge by incorporation o
atoms from the upper terrace adjacent to the boundary~arrow! as
well as Ce atoms. The latter are generated during the dissolutio
the Ce clusters.~b! Schematic representation of a hexagonal Pt2Ce
island along a step edge between two Pt terraces with a total ar
(A11A2). Further explanations are given in the text.

FIG. 4. STM image of the Ce/Pt~111! sample after heating a
900 K (8063806 Å2, VS520.19 V, I 50.38 nA). Inset: STM im-
age of an island (12.8312.8 Å2, VS520.209 V, I 50.58 nA) at
higher magnification~underlined: surface unit cell with 5.4 Å
35.4 Å) and line scan alonga-b. Further explanations are given i
the text.
23540
a- b is represented in the inset of Fig. 4. The apparent he
of the islands is 2.960.1 Å if the z calibration is based on
the Pt single steps~2.26 Å!.

A symmetric growth suggests identical rates in the dir
tions perpendicular to the islands’ edges and, particula
identical growth rates towards and away from the Pt s
edge. The formation of a Ce (232) adsorbate phase can b
excluded since thermal energy would be sufficient to all
clustering of Ce atoms. Figure 5 serves to illustrate the p
posed mechanism of the 2D island growth. It is initiated
Ce atoms nucleating at Pt step edges. At 900 K the Ce at
reveal a sufficient high escape probability from the Ce cl
ters, surface mobility, and sticking probability at the st
edge. A reaction takes place where platinum atoms diss
ing from the step edge of the upper terrace and Ce at
form an island with a local (232) structure. This island is
attributed to a layer of distorted Pt2Ce ~compare Fig. 5!. Its
hexagonal unit cell contains one Ce atom and two Pt ato
The latter are localized at fcc hollow and on-top sites of
underlying Pt surface. This results in out-of-plane positio
of the Pt atoms with respect to the Ce plane and hence to
distortion when compared with the Pt2Ce layer in bulk
Pt5Ce. In addition, the lattice vector of the unit cell of th
distorted Pt2Ce is slightly larger~5.548 Å instead of 5.369 Å
in Pt5Ce). The lateral density of the Pt atoms in the~111!
plane of Pt~1/6.66 Å22) is twice the value of the corre
sponding Pt density in the Pt2Ce layer~2/26.66 Å22). As a
consequence, if the areaA1 of Pt is dissolved from the uppe
terrace the area 2A1 of Pt2Ce is formed in accordance wit
the symmetric shape (A15A2) of the islands found in STM.
The hexagonal shape and the observed (232) ordered struc-
ture are in line with this model. Figure 5 indicates step ed
which form ~100! and~111! microfacets with the underlying
atomic plane~so-called typeA andB steps26! with an angle
of 120° in between. The total length ofA step segments is
nearly twice the length ofB step segments in contrast to pu
monoatomically high Pt adatom islands on Pt~111!. For this
homoepitaxial system,B steps are energetically favored ov

FIG. 6. STM constant-current topograph of a CeO2 island
(1083108 Å 2, VS523.1 V, I 50.105 nA).
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A steps and henceB-step segments are a little larger th
A-step segments. It is very likely that the presence of
atoms modify the formation energies for theA andB steps or
that kinetics control the actual shape of the 2D islands.

The apparent height of the 2D islands with respect to
lower Pt terrace (;2.9 Å) is slightly larger than the spacin
between the on-top Pt atoms which corresponds to the d
eter of Pt~2.77 Å!. It is not clear yet to what extent relax
ation and Ce-Pt bond formation take place or whether Cef
electronic states modify the tunneling conditions during i
aging. The contribution of Ce 4f electronic states to the den
sity of states atEF would alter the measured step height w
respect to thez calibration.

C. Cerium oxide on Pt„111…

In agreement with previous LEED studies,11,12 the oxida-
tion of ordered Pt5Ce surface alloys on Pt~111! in oxygen
(pO2

5531025 mbar, 1000 K! leads to pronounced change
of the morphology of the alloy islands. Photoemission d
indicate that granular films are formed under these con
tions which contain nonstoichiometric crystallites of a n
composition of CeO1.8 and correspondingly a significant con
centration of Ce31 ions in the lattice.11 STM reveals islands
with typical heights of about 20 Å and lateral dimensions
the order of 100 Å.25 At low coverages, the majority of them
is localized at step edges of the underlying Pt~111! surface
~Fig. 6!. Atomically flat terraces are separated by atom
steps of;3 Å height. A complete coating of the Pt substra
can be achieved by the repeative deposition of Ce and
sequent annealing/oxidation cycles. After these treatme
oxide films are obtained which exhibit a similar granu
morphology. In a recent STM study on CeO2(111) single
crystal surfaces atomic resolution in STM images w
obtained.27 The observed geometric surface structure agr
well the bulk-truncated (131) surface of fluorite-type
CeO2(111) where oxygen atoms form the outermost surfa

FIG. 7. STM constant-current topograph of a CeO2 island
(2303230 Å2, VS523.1 V, I 50.115 nA). The inset (29
329 Å2, VS523.1 V, I 50.108 nA) displays atomic resolution.
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The fluorite-type CeO2 lattice deserves closer attention
explain the observed step heights and atomically resol
STM images. Supposing ideal stoichiometry of CeO2 and an
idealized ionic bond model, all cerium ions exhibit an ox
dation state of14 and eightfold coordination. The O22 ions
adopt abcc structure in which half of the intersticies ar
occupied by Ce41 ions. The description is equivalent with a
fcc packing of Ce41 where all tetrahedral sites are occupi
by O22 ions thus producing a repeat of~111! planesAb••
•aBc•••bCa•••cA, etc. Here,A, B, andC denote different
Ce positions@if one looks along~111!# anda, b, andc cor-
respondingly the tetrahedreal intersticies. Interlayer distan
between neighboring Ce planes~e.g., A-B) and O planes
~e.g.,b•••a and a-c) are 3.124 and 1.562 Å, respectivel
The points (•••) mark the unoccupied octahedral interstici
of the fcc lattice. The interlayer distance between neighb
ing Ce and O planes is 0.781 Å. It follows from the ge
metrical relationship between the bcc and fcc representat
that the eight corners of the O22 cube and the Ce41 at the
central position correspond to particular tetrahedreal and
sites. These are, for example,b1(a2a3a4)B(c5c6c7)b8 ~i.e.,
if one take theaBc stack there are always two sites of th
oppositeb layers that show the same interatomic distan
than a-B and B-c). As the consequence of the electrosta
neutrality of the triple layers~i.e., aBc or other equivalent
repeats! the ~111! surface shows the highest thermodynam
stability among the low-index surfaces of CeO2 and should
be an oxygen terminated surface. The observed step heig
in accordance with the spacing between equivalent~111!
oxygen planes in fluorite-type CeO2 ~3.124 Å!, e.g. between
a andb in the layer sequence described above.

Due to the granular morphology of the CeO2 film on
Pt~111! the majority of cerium islands cannot be imaged w
atomic resolution. Occasionally, smooth islands are fou
which are sufficiently large to obtain atomic resolved CCT
~Fig. 7!. The inset image displays the (131) structure of
CeO2(111) with a nearest-neighbor spacing of 3.9 Å. Th
value agrees with the ideal value of 3.826 Å along@110#.
Mention should be made here of the fact that both the in
atomic spacing as well as the hexagonal symmetry are
accordance with the~0001! plane of Ce2O3 ~3.888 Å!, too.
This compound crystallizes in the hexagonal La2O3 struc-
ture. The simplified ionic model indicates the 31 oxidation
state of all cerium ions. They adopt the unusual coordinat
number of seven. Along@0001#, Ce2O3 consists of hexagona
planes of oxygen and cerium ions producing
O0.5

22Ce31O22O22Ce31O0.5
22 repeat where O0.5

22 indicates that
the corresponding oxygen planes share two unit cells. T
sequence avoids a divergent surface energy. The interl
distances are quite different if compared with the fluor
structure. They are 1.48 Å (O0.5

22-Ce31), 0.67 Å Ce31-O22),
1.77 Å (O22-O22), 0.67 Å (O22-Ce31), and 1.48 Å
(Ce31-O0.5

22). As a consequence of the charge balance,
clean oxygen-terminated Ce2O3(0001) should indicate a (2
32) reconstruction where only half of the oxygen latti
points are occupied. Since a (232) superstructure is no
found in LEED and STM one can exclude the formation
such Ce2O3 surface under the experimental conditions (pO2
4-6
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5531025 mbar, 1000 K!. Previous photoemission dat
show CeO1.8 which is also not consistent with Ce2O3. Fur-
thermore, the observed step height (;3 Å) does not corre-
spond to the lattice constant of Ce2O3 (c56.069 Å).28 The
hypothetical layer sequence O22Ce31O22 is not stable for
electrostatic reasons, in contrast to an O22Ce41O22 stack in
CeO2.

As we apply a negative sample bias voltage, electrons
tunneling from occupied electronic states of CeO2 which are
mainly derived from O 2p. In addition, extended Ce 4f
states contribute to the O 2p valence band29 which indicates
that the Ce-O bonds are not fully ionic but exhibit som
covalency. In conclusion, the filled-state images repres
oxygen ions that form the outermost surface plane. O
closer inspection of the STM images in Fig. 7, missing p
trusions are found as well which may be assigned as oxy
vacancies in accordance with a previous STM study
Nörenberget al.30 They have shown that surface defects a
formed on CeO2(111) single crystal surfaces during anne
ing of the sample at 1000 °C in ultrahigh vacuum. The
defects cause a slight deviation from ideal stoichiome
CeO22x . Their self-organization was suggested to expl
line defects that result during longer annealing times
higher temperatures. These line defects run in@11̄0#, @01̄1#,
and@101̄# directions. On contrary, the formation of such lin
defects cannot be established from our results on ultra
CeO2 layers.

D. Intermediate surface phase during CeO2 decomposition

Our experiments indicate the complete phase transitio
the ceria islands into the surface alloy within a ten minu
anneal~1000 K! of the sample. Thermodynamically stab
Ce-O compounds during the decomposition of CeO2 are
CenO2n22 and Ce2O3. The stability regime of the flourite
structure of CeO2 is reached forx.0.3 at 1000 K (CeO22x)
and the lattice cannot accommodate larger concentration
oxygen vacancies. The transition phases CenO2n22 (s phase
CeO1.667 with n56, ı phase CeO1.714 with n57, j phase
CeO1.778 with n59, « phase CeO1.800 n510, d phase
CeO1.818n511, andb phase CeO1.833with n512) 31 exhibit
distinct superstructures of ordered pairs of oxygen vacanc
Similar to fluorite CeO2, these phases contain oxygen cub
~such as, e.g.,b1(a2a3a4)B(c5c6c7)b8#. The divacancies
can be explained by two unoccupied sitesb1 and b8 at op-
posite corners of the oxygen cube which leads to a disto
octahedreal coordination of the central cerium ion. Furt
loss of oxygen yields Ce2O3 ~i.e., CeO1.5) in which oxygen
vacancies are completely avoided in the ideal lattice. O
may expect that Ce2O3 transforms into the alloy without for
mation of detectable concentrations of the thermodyna
cally unstable CeO.

To get more insight in the decomposition and to ident
possible intermediate phases, the decomposition was ca
out at lower temperatures (;900 K). Instead of the CeO2
crystallites which disappeared completely we found patc
of the Pt5Ce surface alloy~mainly structureA as identified
by LEED and STM! and two-dimensional islands which ca
not be associated with any of the reported surface a
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phases~Fig. 8!. The STM image reveals a novel two
dimensional surface phase which is spread over the terrac
the Pt substrate. It exhibits a characteristic honeycomb st
ture and a height of 2.35 Å. The line scana-b indicates also
a height of;2.9 Å in the central region of the 2D islan
which is apparently not transformed into the honeyco
structure. This is slightly lower than the observed step hei
of ;3 Å for CeO2 that corresponds to a layer sequen
O22Ce41O22. It is likely that the central regions consists o
CeO2 that forms an ultrathin layer similar to the 2D island
Fig. 9. The small reduction in thickness may indicate
O22

•••Pt attraction~due to the polarization of Pt atoms! if
one compares the spacing with the corresponding interla
distance in CeO2 (O22Ce41O22

•••O22). At a few spots of

FIG. 8. STM constant-current topograph after heating the Ce2

covered Pt~111! single crystal at 900 K and cooling to room tem
perature (5403540Å2, VS520.22 V, I 50.297 nA). Inset: Line
scan betweena andb.

FIG. 9. STM constant-current topograph of surface-Ce2O3 .
(1403140 Å2, VS520.22 V, I 50.303 nA). Inset: Smaller scan
image (44344 Å2) determined withVS522.99 V, I 50.05 nA.
Further explanations are given in the text.
4-7
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FIG. 10. ~a! Schematic model
of the transformation of an
O22Ce41O22 layer sequence into
O3/4

22Ce31O3/4
22 and the crystallo-

graphic relationships with the bulk
unit cells of Ce2O3 ~left-hand
side! and CeO2 ~right-hand side!,
respectively. ~b! Top-view of
surface-Ce2O3 with the surface
normal parallel to the@111# orien-
tation of Pt~111!. For clarification,
ions are drawn smaller than the
actual sizes.
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the honeycomb structure a high concentration of adsor
atoms is found that extend from the nontransformed part
the boundary zone close to the platinum. On contrary, s
adatoms are not visible at the surface of the nontransfor
parts nor at the Pt surface.

Figure 9 shows the honeycomb structure at a higher m
nification. We find that the surface can be imaged by app
ing negative sample voltages over a wide range~compare the
inset in Fig. 9! without obvious differences in the observe
surface structures. The hexagonal arrangement with an o
pancy of 3/4 of surface sites looks similar to the platinu
kagoménets in Pt5Ce, however, the spacing between t
black holes is 7.8 Å instead of 5.369 Å in the alloy. Th
nearest neighbor distance along closely packed rows is 3
which agrees with the lattice constants of Ce2O3(0001)
~3.888 Å! as well as CeO2(111) ~3.826 Å!. The lattice con-
stant of the observed hexagonal surface unit cell is appr
mately twice the lattice constants of nonreconstruc
Ce2O3(0001) and CeO2(111) but the unit cell contains on
atom less than the corresponding 232 cells of these sur-
faces. The transition phases CenO2n22 are excluded since
none of these phases shows such dense superstructur
oxygen vacancies. So far, such an ultrathin and epitaxial t
dimensional surface phase has not yet been reported fo
system CeO2 /Pt(111) to our knowledge. The observe
thickness is a little smaller than half the lattice constanc
56.069 Å in Ce2O3.

Consideration of charge balance indicates that elec
static neutrality of O22Ce31O22 is achieved if a quarter o
O22 ions is being removed in each oxygen layer thus for
ing layers of a composition (O3/4h1/4). Hereh denotes the
empty sites. A regular arrangement of a quarter of miss
protrusions is exactly what is seen in the STM image. T
phase may be termed as surface-Ce2O3. Figure 10~a! dem-
onstrates schematically the transformation of
O22Ce41O22 layer sequence into O3/4

22Ce31O3/4
22 and the

crystallographic relationships of these stacks with the b
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unit cells of Ce2O3 ~left-hand side! and CeO2 ~right-hand
side!. Here, a and c denote the (O3/4h1/4) layers of
O3/4

22Ce31O3/4
22 with a Ce31 layer in-between. A correspond

ing sequence of layers in O22Ce41O22 is, for example,
aBc. The transformation involves reduction of Ce41 to Ce31

and desorption of oxygen, thus creating unoccupied lat
sites in the oxygen planes. The bulk unit cell of Ce2O3 re-
veals an asymmetric spacing between Ce31 and the neigh-
boring oxygen planes (B-c0.67 Å anda-B1.48 Å), simply
speaking as the result of the Coulombic attraction of
negatively charged O22Ce31O22 stack above~dotted circles
in the left-hand scheme in Fig. 10!. A corresponding electro-
static force is not built up in O3/4

22Ce31O3/4
22 which presum-

ably leads to atomic displacements with respect to the id
lattice positions. This results in a relaxed surface-Ce2O3

phase as indicated in Fig. 10~b! ~top-view!.
Surprisingly, filled-state images of the surface-Ce2O3

phase can be obtained at low negative sample voltages~e.g.,
0.22 V, compare Figs. 8 and 9!. A previous study with high-
resolution electron loss and ultraviolet photoemission sp
troscopy has shown an empty (1S0, binding energy 0.7 eV
with respect to the Fermi energy! and a filled Ce 4f state
~spin-orbit split 2F7/2 and 2F5/2, at -1.5 eV! in stoichiometric
CeO2 and nonstoichiometric~i.e., Ce31-containing! cerium
oxide films, respectively.18 The Ce 4f state is strongly local-
ized and contains an O 2p contribution.32 Valence band pho-
toemission spectra of ultrathin CeO2 layers on Pt~111! indi-
cate a width-at-half maximum of;1.1 eV of the Ce 4f state
~taken at a photon energy of 120 eV and with a resolution
100 meV!.17 The photoemission intensity is very low at -0
eV. Presumeably, the high work function of the underlyi
platinum causes band bending or charging effects due
electron transfer which decreases the binding energies o
electronic states. Obviously, the density of states is then
ficient to image surface-Ce2O3. One would also anticipate
different STM images at sample voltages
4-8
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;23 V ~i.e., tunneling into valence band states! and
;20.2 V. This is apparently not observed probably due t
strong Ce 4f -O 2p intermixing in surface-Ce2O3.

Figure 10~b! shows that the surface provides two kinds
threefold hollow adsorption sites which exhibit the symme
properties of the point groupC3v . One is located on top of a
B-Ce31 while the others lie over empty sites,c-h. Both
adsorption sites form 131 superstructures with respect
the unit cell of surface-Ce2O3. By comparison with the bulk
unit cell of Ce2O3 it is obvious that the adsorption of oxyge
at B-Ce31 sites leads to a sevenfold coordination of the ce
tral Ce31 ion which is quite similar to bulk Ce2O3 @compare
Fig. 10~a!#. The second type of on-top adsorption sites
formed by two O22 ions and oneh site and hence reveals
lower symmetry.

It is noteworthy to inspect the bright spots in the ST
image in more detail which we attribute to adsorbed atoms
molecules. The overwhelming majority of the adsorbates
localized at hollow sites formed by three atoms. In terms
the proposed structure model they are associated
B-Ce31 sites. On a few spots of the surface, the beginn
formation of a commensurate layer of adsorbates with a lo
131 superstructure is recognizable~compare arrow A in Fig.
9!. In contrast, the adsorption at two adjacent hollow site
almost negligible~arrow B! so that occupation of the secon
type of B-Ce31 sites~which is formed by two O22 and one
empty site! can be neglected. Apparently, the adsorption o
the missing protrusions~i.e., sitesc-h) is extremely rarely
~arrow C!. This may be explained by the proposed structu
of the islands where the unoccupied sites cannot be con
ered as crystallographic lattice points. Particularly, they
not react like randomly distributed oxygen vacanciesVO

21

that are formed usually on oxide surfaces by thermal des
tion of molecular oxygen (2 Olattice

22 →O21VO
2112e2). This

type of point defect was shown to readily adsorb molecu
such as O2 or CO that are exposed, for example, to the s
faces of ZnO and TiO2.33 One may conclude from the 3D
and 2D morphologies of CeO2 crystallites and surface
Ce2O3 that the CeO2→surface2Ce2O3 transformation in-
volves the diffusion of cerium and oxygen over the surfa
,

s
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F
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Ce2O3 phase and the growth at the boundary of the islan
This assumption explains the observed inhomogeneous
tribution of adatoms in the STM image in Fig. 8. It is, how
ever, not possible to achieve a chemical contrast thro
different sample voltages in our STM experiments and
address the question of the chemical nature of the obse
adatoms.

IV. CONCLUSIONS

The surface alloying of metallic cerium deposits wi
Pt~111! 131 single crystal surfaces occurs at 1000 K a
leads to well ordered two-dimensional overlayers. Atom
cally resolved STM images and the observed moire´ super-
structures are consistent with the formation of an incomm
surate adlayer of Pt5Ce where the uppermost atomic laye
consists of a Pt kagome´ net. We find a large-coincidenc
overlayer structure with a spacing of 13.7 Å. If the anneali
is performed at 900 K, two-dimensional islands of hexago
shape are formed at the step edges of the Pt surface.
32 superstructure with respect to Pt~111! is identified. It is
likely that the incommensurate Pt5Ce surface alloy islands
are formed from such commensurate 2D islands which he
could act as intermediate phase in surface alloying betw
Pt and Ce.

The oxidation with O2 at T51000 K transforms the
Pt5Ce islands into defective CeO2 crystallites that are com-
posed of several atomic layers. The step heights corresp
to the interlayer distance between two equivalent~111!
planes in fluorite-type CeO2. Atomic resolved STM images
are obtained only for islands with a height of a ‘‘monolaye
which contains a layer sequence O22Ce41O22. They indi-
cate the hexagonal lattice of O22 ions and missing protru-
sions that are attributed to oxygen vacancies.

The oxide→ alloy phase transition takes place at 1000
Upon heating at a lower temperature of 900 K, we observ
a surface structure by STM which is assigned to an orde
layer of surface-Ce2O3. This phase, however, does not e
hibit the corresponding bulk structure of Ce2O3. STM shows
a honeycomb arrangement of missing protrusions and an
homogeneous distribution of adatoms.
,
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