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Scanning tunneling microscopy studies of vanadium oxides grown ¢tlBdshow interesting structures
especially in the low-coverage region. Evaporation of V in an oxygen background at elevated sample tempera-
ture (250 °C) results in the formation of a nonperiodic honeycomb-like structure growing from the steps,
which starts to transform into an ordered phase at a vanadium coverage »ML (monolayey. At 0.31 ML
the entire surface is covered by this well-ordered opex 43 structure. Annealing this structure in,H
atmosphere transforms the phase into,®Ysurface oxide with (X2) periodicity, whose optimal coverage
is reached at 0.5 ML vanadium. Models for both ordered structures have been suggested before on the basis of
ab initio density-functional theoryDFT) calculations and molecular-dynamics simulations and these models
are now unambiguously confirmed by quantitative low-energy electron-diffra¢iBED) analyses. In the
(4% 4) phase, the V atoms are surrounded by four oxygen atoms in an unusual tetrahedral coordination leading
to a ;0,4 stoichiometry. This tetrahedral coordination allows the oxide to adopt open loosely packed two-
dimensional(2D) and 1D structures, which are stabilized by the surface-oxide interface energy. Furthermore,
it is shown that state of the art DFT calculations can indeed predict complex structures exactly as well as that
modern quantitative LEED is capable of dealing with very large unit cells.
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I. INTRODUCTION Pd111) pland have not been analyzed in detail so far. In this
paper, we present results on this low vanadium coverage
Vanadium oxides play an important role in many techno-range, showing the formation of a nonperiodic vanadium ox-
logical applicationge.g., batteries, sensgm@nd especially in ide at 0.1 ML, which already incorporates building blocks of
catalysist? Because of the wide range of oxidation states ofthe well-ordered (% 4) phase. The latter structure starts to
vanadium[VO (V?1), V,05 (V3T), VO,(V*"), and \LOs form at 0.2 ML coverage. A STM study of the transformation
(V®h)], vanadium oxides can serve as catalysts in oxidatiorirom the unordered, nonperiodic oxide structure to the above
as well as reduction reactions. In this respect, mainly vanamentioned (4<4) structure, which finally covers the whole
dium oxides supported on Tihave been a very active field surface at 0.31 ML, is presented. TheX(4) phase is iden-
of research due to their excellent catalytic abilities. Generalljical to the one reported in Refs. 4, 9, and 10, which was
speaking, it has been found that the catalytic activity of cerfound to be very unstable due to its easy reduction by hydro-
tain ultrathin vanadia films is increased in a profound waygen. We therefore include a short paragraph dealing with the
compared to bulk oxide.This support mediated effect, structural changes caused by this reduction process, covering
however, is still not completely understood. One reason fofhe description of the necessary steps for a complete trans-
that is the lack of knowledge about the structural details oformation of the (4<4) to a (2<2) phase. However, the
those oxides. Since vanadia layers tend to form many differmain focus of this work lies on the structural analysis of the
ent surface structures simultaneously, a conventional strudighly ordered (22) and (4<4) phases including a de-
ture analysis using diffraction techniques such as low-energiailed DFT and quantitative LEED analysis. Models for both
electron diffraction(LEED) or surface x-ray diffraction is Structures have been suggested before, but, in particular, the
quite difficult. Nevertheless, those mixed phases can be dé4x4) phase is so unusual that further experimental support
picted using local probe techniques such as scanning tunnglr the uncommon tetrahedral coordination of the vanadium
ing microscopy(STM).* One finding is that whenever a va- atoms is required. This unambiguous support is provided
nadium oxide is grown on a support, the established phageere by a careful LEED analysis.
depends strongly on the deposition conditioni the
present_work it is_shown that a careful preparation under Il. EXPERIMENT AND CALCULATION
appropriate conditions enables the growth of well-ordered
two-dimensional vanadium oxides on (B#ll) covering the The experiments were carried out in Vienna in two differ-
entire surface, making a quantitative LEED analysis posent ultrahigh vacuum chambers with base pressures in the
sible. low 10~ *-mbar range. The hydrogen partial pressure, in par-
Although the growth of thin vanadium oxide films on ticular, was below 10! mbar, preventing an unintended re-
Pd111) has been intensely investigated by STM and densityduction of the prepared oxides. Prior to all STM measure-
functional theory(DFT),*®~8 the structures formed in the ments an additional chamber was used for sample
oxygen rich regime with a vanadium coverage below 0.3 MLpreparation with a base pressure also below ¥@nbar.
[monolayers; 1 ML equals the number of Pd atoms in aBoth analysis chambers were equipped with a quadrupole
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mass spectrometer which gave detailed information on thenechanism. Additionally, the crystal was exposed to molecu-
composition of the residual gas, making sure that the residudr oxygen (2<10 ' mbar) at 600°C, cooled down to
gas pressure was sufficiently low, especially with respect td.00 °C in oxygen atmosphere, followed by a flash to 800°C
hydrogen. The STM measurements were done at room tente get rid of disturbing impurities. The cleanliness of the
perature using a customized Omicron micro-STM with ansample was then checked by Auger electron spectroscopy
electrochemically etched tungsten tip, which was cleaned iand LEED, showing no contaminations. The oxygen treat-
the preparation chamber by Abombardment. All STM im-  ment, however, was performed as an initial sample-cleaning
ages presented in this study were taken in the constant custep only and found to be unnecessary for later oxide prepa-
rent mode. rations.

The LEED measurements were performed at normal inci- The vanadium oxide was prepared following the proce-
dence of the primary electron beam using a two-grid systendures described in Ref. 4, namely by evaporating V from a
and video data acquisition. The LEED patterns were storewater-cooled electron-beam evaporator. Additionally, a re-
as 8-bit images and subsequently analyzed by an image prtarding voltage was applied to the end of the evaporator in
cessing program which extracted theé/ spectra for each order to prevent unintentional sputtering of the crystal
visible beam. For improvement of the quality of the LEED by high-energy V ions. V was deposited on the heated
images, an image processing sequence similar to the ored111) crystal (250°C) in oxygen atmospherepd,=
used for astronomical charge-coupled de\iG€D) images  2x 1077 mbar) at a deposition rate f0.25 ML/min. The
was implementedcf. Ref. 11 prior to the evalulation of the  amount of deposited V was determined by a quartz-crystal
spot intensities. After background subtraction and normalizapmicrobalance and was varied between 0.1 and 0.3 ML. After
tion to the emitted electron current, theV spectra were deposition the sample was cooled down in oxygen atmo-
averaged over symmetry-equivalent beams and smoothed §phere to prevent unintentional reduction of the vanadium-
the Fourier domain. Finally, to maximize the quality of the gxjde layer.
spectra, the results of several equivalent measurements were | the following, whenever we refer to a certain coverage,

averaged. . _ the value given represents the V coverage in units of V atoms
The LEED calculations were done using trENSERLEED per Pd111) surface unit cell.

program packag¥ where the Tensor-LEED perturbation

method is implemented, facilitating the search for the correct IV. RESULTS AND DISCUSSION
structure considerably, especially if the parameter space is
rather large. For the large supercells presented in this study a A. STM

parallelization of the full dynamical calculations was neces- Figure Xa) shows a STM image of the PHL1) crystal
sary, which was realized by splitting the energy range intoyfter deposition of 0.1 ML vanadium in oxygen atmosphere
small pieces that were reassembled afterwards. To determing described above. Already at this low coverage a nonperi-
the agreement between measured and calculaiegurves odic honeycomb-like oxide starts to grow from the steps. The
th_e PendryR factorl' was chosen. The error bars given in Auger peak-to-peak height of the V peak at 477 eV corre-
this paper were derived from Pendry’s variance, namely byponding to this coverage was measured to be 1.5% of the
varying a certain parameter away from the best-fit structurgyain pd peak at 330 eV. In the case of large terrdagth

until the difference between the accordiRgfactor and the - 500 A) also the formation of islands was observed. With a
best-fit value got larger than this variance. To reduce thenaximum diameter of about 22.1 A, the size of these hexa-
compytatlonal effort, all other parameters were _flxed to thegons can be very large and it varies considerably, depending
best-fit structure, so no subsequent reoptimization was pef the vanadium coverage. For comparison, the nearest-
formed, thus the error bars do not account for coupling beheighbor distance on a Pd1) surface is 2.75 A, which

tween search parameters. . means that the biggest hexagons are comparable in size to an
The ab initio calculations were performed using the Vi- (g g) supercell.
ennaab initio simulation packagévASP).* The interaction At a certain amount of deposited vanadium

between the electrons and ions was described by the projeg= g 15 ML) nearly the entire surface is covered by this non-
tor augmented wave method in the implementation of Kressgeriogic phase. From this coverage on, a partial transforma-
and Joubert” The precise calculational setup was alreadyion from the original nonperiodic phase to a quasiordered
described in a number of papers and is therefore not repeatefhase starts to occur, which consists of a characteristic,
here. For details we refer in particular to Ref. 10, where MOrgyearly periodic arrangement of large hexagons being sur-
information on the calculation of the ¢44) structures is ,gunded by six small onebottom right in Fig. 1b)]. The

given, and to Ref. 8 for the general constructiorabfinitio corresponding supercell size would be &11) [cf. white

phase diagrams for oxides on a metal support. rhomb in Fig. 1b)]. However, the size of these hexagons
varies too much for superstructure spots to be observable by
IIl. SAMPLE PREPARATION LEED. The apparent height of the hexagon sides with respect

to the Pd111) surface was measured to be 1.3 A and the
To prepare a clean PHll) surface the crystal was sput- corrugation amplitude between maxima and minima within
tered by 2-keV Af ions at room temperature and 600 °C, the honeycomb-like structure was 0.9 A.
followed by an annealing step at 800 °C. In all cases, elec- Further increase of the vanadium coverage results in a
tron bombardment from the back side was used as heatingecrease of the average honeycomb size, eventually leading
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ready after dosing 0.24 L (1 Langmsitl0 © torrs; hydro-
gen doses given in this paper are corrected for the sensitivity
of the ion gaugg of molecular hydrogen, part of the low-
coverage phases starts to disintegf&ig. 2(b)], whereas the
(4% 4) structure remains predominantly stable until an over-
all hydrogen dose of1 L, which is reached at the end of
Fig. 2(c). After the exposure to 2.1 L all former phases are
completely decomposed, resulting in a network of branches
with a local (2x2) symmetny{Fig. 2(f)]. Heating the crystal

up to 300°C(5 min) smoothens the surface, resulting in
large (2X 2) regions, separated by clean(Ptl) areas. We
want to stress the fact that complete reduction byahivays
results exclusively in those (22) areas, removing all other
phases, up to a vanadium coverage of 0.5 ML. These (2
X 2) domains are structurally equal to theX(2) phase de-
scribed in Ref. 7, indicating this structure to be the most
stable one at lower chemical potential of oxygen and a va-
nadium coverage below 0.5 ML.
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B. (2X2) structure

FIG. 1. Room-temperature STM images of vanadium oxides
grown on P@111) at different vanadium coverage®) Image of a
nonperiodic oxide beginning to grow from the steps (500 After sputtering and annealing of the crystal, 0.3 ML of
X500 A2, —1.03V, 0.46 nA, 0.1 ML).(b) High-resolution im-  vanadium were deposited in an oxygen background as de-
age of coexisting quasi-ordered and nonperiodic phases (256cribed previously. To obtain a pure X2) reconstruction
X240 A, —1.05V, 0.46 nA, 0.2 ML).(c) Large scale image the sample had to undergo a hydrogen treatment at 250 °C
obtained after deposition of 0.2-ML vanadium, showing a coexist-and 1x 10~ " mbar hydrogen partial pressure for 5 min, re-
ence of three different oxide phases (180000 &,  gylting in very sharp (X2) superstructure spots. Since this
—1.09V, 046 nA, 0.2 ML). (d) Large scale image of the prenaration results in a vanadium oxide surface coverage of
(4x4)  phase, covering almost the entire surface (1000Lg0os, one is always confronted with a coexistence of the
X 1000 A2, —0.10 V, 0.46 nA, 0.3 ML); the inset in the upper well-ordered (2<2) phase together with clean @d1) ar-

right corner shows an atomically resolved magnification of a . : . o
(4 4) area (7K 69 A%, —0.05V, 0.46 nA). ﬁE%DWQIa(I:Qulhaii)rt]Z be taken into account in the quantitative

1. Preparation of the(2X2) structure for LEED

to the formation of an ordered ¢44) structure starting at )
~0.2 ML [Fig. 1(c)]. In this STM image one can identify all 2. LEED analysis
three different vanadium oxide phases at once, i.e., the non- For the LEEDI-V analysis LEED patterns starting from
periodic, the quasiordered, and a rather small area covere3D eV up to 350 eV, with a step width of 1 eV, were re-
with the above-mentioned, ordered X4) structure. This corded. This enabled the extraction of 12 symmetry-
ordering can already be observed by LEED, showing a wealhequivalent beam setfive integer and seven fractional or-
(4x4) diffraction pattern. Increasing the vanadium-oxideder beamp and resulted in a cumulative energy range of
coverage above 0.2 ML causes the surface area covered By20 eV. The structural models treated in the quantitative
the (4X4) structure to grow at the expense of the low- LEED analysis of this surface oxide are similar to the ones
coverage phases. At the optimal coverage=@.3 ML this  proposed in Ref. 4 and are shown in Fig. 3. For optimization,
perfectly ordered phase covers the entire surf&ig 1(d)],  the first four Pd interlayer distances and the vanadium and
resulting in a very sharp LEED pattern. The correspondingxygen vertical coordinates were varied within the Tensor-
vanadium Auger peak-to-peak height was found to bd EED framework. Additionally, buckling and pairing of the
~4.5%. Increasing the coverage above this ideal value resurface oxide and the first Pd layer were considered, as well
sults in the formation of other structures as observed in Refas a variation of the vibrational amplitudes of these atoms.
7. Compared to the low coverage phases, the 43 struc-  The imaginary part of the inner potential was optimized full-
ture seems higher by 0.7 A, which amounts to an apparerdynamically, both(the real and imaginajyparts were kept
height of 2.0 A above Rd11). Also the observed corruga- energy independent. Furthermore, the vibrational amplitudes
tion of 1.1 A is similar to the one mentioned in Ref. 4. of the Pd bulk were allowed to vary slightly for the determi-
The (4x4) structure, however, is easily reduced in thenation of the best-fit structure. The result of this structural
presence of hydrogéh.Upon hydrogen exposure the (4 LEED analysis is a confirmation of the model originally pro-
X 4) structure begins to dissolve, starting at the phas@osed by DFT,favoring a surface oxide with 05 stoichi-
boundaries to the low-coverage phases. Figure 2 shows SThmetry (cf. Fig. 3). Assuming a surface fully covered with
images of the decomposition of the above described phaséise (2x2) structure, a PendrR factor of 0.23 is already
in a hydrogen background pressure ok 20 ® mbar. Al-  achieved, with a considerably highBrfactor of the integer
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FIG. 2. STM images of the same area of a(Hd) crystal covered with 0.3 ML vanadium oxide (1000000 A2,
—1.1V, 0.46 nA).(a) Surface structure before the exposure to hydrogen showing large well-ordeted @eas separated by rather small
regions composed of the low-coverage phagbs-(f) Images taken at a hydrogen background pressure>of0t® mbar, the time
difference between two successive images was 2.2 min, which is equivalent to a hydrogen dose of 0.53 L. During the reduction process all
former phases are completely decomposed resulting in a network of branches with @) €¥mmetry[cf. inset of (f) (81x 82 A2,
—1.07 V, 0.46 nA)].

beams RI\=0.27) as compared to the superstructifrac- |, all _others were fixeq to the buII_< value of 0.12 A. The
tional) beams R2°=0.20). This rather high value of tfe ~ best-it values of the inner potential wekg, =7 eV and
factor for the integer order beams is caused by the disregardoi=5 €V, respectively. Finally, although horizontal dis-
of the clean PdL11) areas. We have therefore taken the co-Placementspairing of the oxygen atoms and the Pd atoms
existence of clean Ril11) surface areas into account by do- " the first layer were conSIde_red, this kind of reconstruction
main mixing in the LEED calculations, i.e., theV curves of ~Was not four)d to occur for this structure. Consequently, the
an unreconstructed, clean ®#1) surface were averaged O atoms reside exactly above the 1st-layer V atoms. In other
with the -V curves of the surface oxide. For the structuralWords, the MO; overlayer forms a honeycomb structure
search the first interlayer distance of the clearil®8 do- Wlth S|xf9Id rotational symmetry. At first glance, thIS. vana-
mains and its surface vibration amplitude were free paramdium oxide bears some resemblance to thex44 silver
eters, whereas the interlayer distances of the deeper layep¥ide on Ad11l) phase, where a similar honeycomb-like
were assumed to be the same for the cleafiBl and the ~ Structure was observed, though with the 8oxygen at(mm;
oxide domains, in order to reduce the number of free paramihe metal at the corners of the hexagots:®As a result, in
eters. In the final structural search 12 parameters were indé€ Silver oxide the Ag atoms have two oxygen neighbors, in
pendently varied, which resulted in 3@, surface coverage contrastto three O atoms nelghbonng thg vanadium atoms in
of 70% and an overalR factor of 0.16. The agreement is the present structure. We attribute this dlf_ference to the dif-
indeed excellent, especially considering the problems oféreént oxidation states of ¥ and AQ1+ which are respon-
LEED in dealing with open structure&f., e.g., Ref. 1B sible for_the exchanged atomic positions of metal and oxy-
Moreover, the agreement with the DFT values is very rea9en: All in all, the successful determination of the s_truc_t_ural
sonable(cf. Table ), the only obvious difference being the Parameters of the (2) structure showed the applicability
buckling of the first Pd layer, which might stem from the Of quantitative LEED to this kind of vanadium surface ox-
disregard of the space dependence of the inner potentiéﬂ’es and encouraged the analysis of the far more complicated
caused by the atomic roughness of the surface oxide. In ordéft<4) structure.
to allow a direct comparison between theory and experiment,

the theoretical positions were scaled by the ratio of the the-

oretical and experimental Pd lattice constagfeory/aexp

=1.016 (experimental in-plane nearest-neighbor distance As described above, without any further treatment depo-
2.7506 A, experimental bulk interlayer distance 2.24p A sition of 0.3 ML vanadium in @ atmosphere results in the
The optimized vibrational amplitudes are also given in Tableformation of a perfectly ordered structure with ax4) pe-

C. (4X4) structure
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TABLE |. Comparison between the LEED aah initio results
@ ° for the (2x2) surface-¥O; structural parameters. Herd,, de-
. v notes the averaged vertical distance between atoms/bayaerd
(in oxide) atoms/layety;bpgy, represents the buckling of the topmost Pd layer
. v (with the “freestanding” Pd center atom up
(subst.)
Parameters LEED LEED VASP
(D Pd 15t (Pure \,0;)  (Domain mixing
layer
vibg (A) 0.32 0.27:0.08
Q Pd 2 dov (A) 0.66 0.68-0.08 0.71
layer viby (A) 0.20 0.18-0.04
VO: Rpe = 0.39 V204: Rpe = 0.38 dVPdl (A) 2.10 2.10-0.03 2.11
bpar (A) 0.08 0.10-0.04 —0.04
vibpdcemer(,&) 0.15 0.14+0.05
Vibpg; (A) 0.13 0.13:0.05
Adqx(%) +0.62 +0.66=1.2 +1.96
7 f / Ad,y(%) +1.07 +0.00+1.87 +0.18
: ﬁ - Ad3y(%) -1.16 -0.89+1.91 +0
i dpui 2.246 2.246 2.246
Q' - Rpe 0.23 0.16
7

e
ﬁ,%@ b—( Screening of possible structural models started from mod-
‘0 \.@ els inspired by the surface,@; structure, albeit, with a less
dense packing and an appropriate number of oxygen atoms
V302: Rpe = 0.60 V203: Rpe = 0.23 coordinated only to a single V instead of two V atoms. This

FIG. 3. Structural models for the §22) superstructure consid- increases the oxygen content of the structure compared to the

ered in the quantitative LEED analysis. Hatched spheres represefitrface-\:Os phase. The stringent requirement for a reason-
oxygen atoms, whereas dark-gray spheres are vanadium atoms—tf@!€ candidate is that it should be stable in the surface phase
rest are palladium atoms of the first and the second substrate layé}iagrams constructed according to the prescription of Ref. 8.

PendryR factors shown do not account for the coexistence of cleantO Meet this criterion the formation energy of the surface
Pd111) (see text oxide must be larger than that of bulk®;. However, none

of the initially considered structures fulfilled this criterion,
on the contrary, they were generally rather unfavorable.

riodicity. The quality of the oxide strongly depends on the : )
amount of deposited vanadiuf@.31 ML for a perfect layer, In the next step, an attempt was made to interlink octahe-
see below as well as on the quality of the vacuum. This dral VO; building units in such a way that a honeycomb-like

surface oxide was found to be stable at room temperature Structure is generated..This attempt however failed already at
long as the hydrogen exposure remained well below 1 L. fthe stage of constructing appropriate mod_els and led to the
important conclusion that it is not possible to generate

“open-pored” two-dimensional(2D) thin oxide films, if the
octahedral V coordination is maintained. The octahedral co-
The determination of a reasonable structural model for th@rdination allows only for densely packed 2D or 3D oxides.
(4%x4) phase was based on extensafe initio modeling  One-dimensional chain-like such as units, which are required
making use of finite temperature molecular dynamicEhe  for a loose packing, cannot be assembled using octahedrons,
initial ab initio calculations were carried out using rather thinat least not for reasonable oxidation states of vanadium.
three-layer-thick Pd slabs and a single off-symmétpoint  Partly this is also observed in the bulk oxides, where the less
with the coordinate40.25, 0.25, 0.0 Such a setup allows densely packed 305 structure exhibits a pyramidal instead
for a fairly rapid screening of many conceivable structuralof octahedral coordination.
models. The information available from experiment is unfor-  To explain the observed structures, a different strategy is
tunately rather limited. One crucial hint, however, is that therequired, and a tetrahedral coordination of the V atoms in the
reduction of the (4« 4) phase covering the entire surface oxide is one intriguing possibility. Tetrahedral \{@nits can
leads to the (X 2) surface-¥O; structure with the oxide be interlinked much more readily in a manner that allows to
covering 60%—70% of the total surface at@@his allows to  form open 2D structures and 1D chains. But it is certain that
determine the number of vanadium atoms in thex@) cell  the tetrahedral coordination is less favorable than the octahe-
to be either six or five. Furthermore, the measured core leveldral one for vanadium oxides. The larger interaction energy
suggest that the ratio between oxygen and vanadium atonus the open oxide structure with the surface must make up
should be close to 5:2, similar to the bulk®; phase! The  for this energy penalty. Several structures were constructed
only other information available was the honeycomb-like im-by interlinking tetrahedra, and the calculated energies were
age observed in STM. indeed found to be rather close to those gy, but yet not

1. DFT calculations
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(f) final V50, ,

FIG. 4. Snapshots of the finite temperature molecular-dynamics
simulation of a \{O;5 surface oxide in a (X4) Pd11l) surface
cell. Images were taken every 0.4 ps. The final image shows the
optimized (0,4, geometry as determined by DFT. Small light-gray
and dark-gray balls are the vanadium and oxygen atoms, respec-
tively. The black lines in(f) indicate the unit cell of the final (4
X 4)-V50,, structure.

stable enough to compete with other previously determined
structures at the surfaédn addition, none of the new struc-
tures exhibited agreement with the observed STM image. In
a final attempt, the most stable candidate was subjected to a
simple finite temperaturab initio molecular-dynamicéviD)
simulation, in which the temperature was initially set to 1500
K and then gradually decreased to 500 K. Since the model
contains around 60 atoms, the simulation time had to be kept
short, to a total of 5000 time steps with a time step of 1 fs.
Snapshots of this simulation are shown in Fig. 4. For the
initial configuration six tetrahedral units per X4) surface

cell are visible (\yOy5). Three of these units are interlinked
to form a triangle(markedA) and the three remaining units
are connected to form an inverted trianghearkedB). The

PHYSICAL REVIEW B8, 235416 (2003

neither sufficiently stable nor does it reproduce the experi-
mental STM imag€geach triangle would be visualized as a
triangle in the STM. The MD simulation leads to a rapid
change of the structure. After 0.4 ps, both triangles start to
break up(second and third snapshptshen one of the V
atoms detaches from the oxide and binds directly to the sub-
strate (third and forth snapshotsand finally the structure
heals to form again a tetrahedrally coordinated network, with
five tetrahedral units.

This structure is not yet stable in the phase diagram, but it
contains a VO unitFig. 4,C), which reduces the otherwise
high symmetry. When this single unit is removed the final
structural model with the stoichiometrys@,, is obtained. It
has all the desired properties, i.e., its formation energy is
sufficiently large that the structure shows up in the surface
phase diagranfcompare Ref. 1)) the simulated STM im-
ages agree very well with the observed imagge below,
and the calculated vibrational frequencies match rather well
to those measured by high-resolution electron energy-loss
spectroscopy’ The final structure has in fact rather remark-
able properties. It is characterized by YQ@etrahedrons,
which are interlinked in two different manners. Either the
trigonal base of the tetrahedron is parallel to the surface
plane with the tip of the tetrahedron pointing towards the
substrate(Fig. 4, D), or two edges of the tetrahedron are
parallel to the surface plangig. 4, E). In the latter case,

¢y Pd14-16

(below O8-13)

Pd7

\
o14 07

FIG. 5. (Color onling Top and side views of the structure model

triangles A and B are linked in such a manner that a for the (4x4)-Vs0,, surface oxide on Rd11), consisting of 19
honeycomb-like pattern is created. All together a reasonablexide atoms per supercell. Due to the high symmetry of the struc-
structural guess, but, as already mentioned, the structure isre only eight oxide atoms can be independently varied.
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two O atoms are located on top of Pd atoms, binding thenumber of parameters considerably, which therefore in-
oxide to the substrate. The adsorption energy of this oxide onreases the reliability of the LEED analysis for this ex-
the surface, which is defined as the energy gain for bringingremely complex structure.
the oxide from the vacuum to the surface, is 10 eV per (4 By optimizing the vertical coordinates of the independent
X 4) surface cell. Since eight oxygen atoms are coordinate@xide atoms and the first two Pd layers only, already a rea-
to the surface, an interaction energy of 1.25 eV is calculategonable agreement between experiment and calculation was
per oxygen atom in contact with the surface, which is nota&chieved, which is represented in the above-mentioned Pen-
bly larger than for other oxidésAdditionally the structure  dry Rfactor of 0.45. Including buckling in the first Pd layer
allows for a relatively large fraction of the oxygen atoms to!MProved the agreement considerablyRp:=0.35. After a
be coordinated to the substragout of 14. Both factors are de_term|nat|0n of re_asonable V|b_rat|onal amplltu_des for the
decisive for the stability of the surface oxide. We also notePXide atoms, b_uc_klmg. of the oxide apd of the f'rSt two Pd
that the oxide is overstoichiometric, i.e., 14/5/2; it con- Iaye_rs was optimized independently in se_veral lterations re-
tains more oxygen atoms than any known bulk vanadiumSUItIng n anR_pe of 0.27, strongly supporting the pro_posed
model. Accordingly, the total number of free geometrical pa-

oxide. This is only possible because the substrate transfng\meters in this analysis amounted to 18. An optimization of
chargel t.o the oxygen atqms_ . . the vibrational amplitudes of the bulk atoms and the imagi-
Additionally, it is very likely that a single oxygen atom is o nart of the inner potential was not performed for this
located in the otherwise empty center of this oxide structurectyre due to time reasons and because the corresponding
(atom O15 in Fig. % indicated by a theoretical adsorption \4jyes gained from the analysis of thex(2) structure were
energy of —1.2 eV, which is only 0.16 eV lower than the ¢onsidered to be sufficiently applicable. Also an optimization
value for the chemisorbed O-§2) superstructure of the in-plane coordinates of the oxygen atoms was omitted
(—1.36 eV). due to LEED’s low sensitivity to these parameters at normal
incidence and in order to prevent an unnecessary increase in
2. LEED analysis the alregdy rather high number of independent parameters. A
comparison of all calculatet-V curves, using the best-fit
For the LEED analysis of the (44) structure the elec- strycture, with the measured ones is presented in Fig. 6,
tron energy was varied between 30 and 300 eV and 15 ind&howing satisfactory agreement for every single beam. Al-
pendent beam sets were analyzed. The useful data extractgbugh the confirmation of the structure found by DFT is a
from five integer and ten fractional order beam setsconvincing one Rp.=0.27), we have to mention the fact
amounted to a total energy range of 2300 eV. Starting fromhat it is not possible to rule out all other potential candidates
the oxide structure found by th&b initio calculation, two  with LEED, since the total number of thinkable models is
different types of stacking were investigated, favoring, aftersimply too large and the computational effort for every single
a first optimization step, the one proposed by DFRp{ model is extremely high. However, due to the very good
=0.45 vsRpe=0.62, for the V2 atoms of Fig. 5 being lo- agreement of every single coordinate of every oxide atom
cated in hcp vs fcc sites, respectivelfpue to the high sym- between the DFT and the LEED res(iliable 1), we regard
metry of the \LO,, structure only 8 out of 19 oxide atoms the DFT model as unambiguously confirmed and hence the
can be independently varig@df. Fig. 5), thus reducing the structure as solved.

(1,0) (1) @1) (2,0) (22)
100 2% 300 100 200 300 200 300 200 300 300
(-0.25,-1) (0.5,-0.25)
(0.5,1) (-0.75,0) ; (0.75,0)
2z FIG. 6. Comparison between experimental
5 | (black and calculatedgray) LEED |-V spectra
- of the best-fit model of the (44)-VsO,4 struc-
IA~ANLA \ ture (Rpe="0.27).
1(‘)0 1(‘)0 1(‘)0 2(‘)0 300 160 1(‘)0 2(‘)0
(0.5,0)
(0.25,-0.5) (-0.5,0)

T T T T T
100 200 100 100 100 200 100 200
energy (eV)
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TABLE Il. Comparison between LEED and DFT results concerning the geometry of tkd )Y4/50,, structure. Herez denotes the
height of an atom with respect to the center of gravity of the first Pd layer. Interlayer distapeefedto the centers of gravity of the layers.
DFT coordinates are scaled to the experimental lattice constant.

LEED VASP
Atom x (R) y (A) zA) vib (A) x (A) y (A) z(A)
01 2.32 4.01 4.040.18 0.28 2.32 4.05 4.16
02 2.32 6.99 4.040.18 0.28 2.34 6.96 4.15
03 4.90 5.50 4.040.18 0.28 4.85 5.48 4.16
04 0.82 1.43 3.730.18 0.22 0.84 1.45 3.79
05 0.82 9.58 3.730.18 0.22 0.84 9.54 3.75
06 7.88 5.50 3.730.18 0.22 7.85 5.48 3.77
Vi 3.18 5.50 3.620.05 0.17 3.18 5.50 3.66
V2 0.00 0.00 3.230.07 0.18 0.00 0.00 3.29
V3 1.60 2.76 2.950.03 0.20 1.66 2.84 2.99
V4 1.60 8.24 2.950.03 0.20 1.66 8.14 2.98
V5 6.34 5.50 2.950.03 0.20 6.22 5.47 3.00
o7 3.18 5.50 1.870.30 0.20 3.18 5.48 2.04
08 0.58 3.69 1.950.10 0.24 0.58 3.62 2.02
09 0.58 7.32 1.950.10 0.24 0.58 7.33 2.01
010 2.90 2.34 1.950.10 0.24 2.92 2.29 2.06
o11 6.05 6.85 1.950.10 0.24 6.07 6.80 2.02
012 2.90 8.66 1.950.10 0.24 2.91 8.67 2.02
013 6.05 4.16 1.950.10 0.24 6.06 4.11 2.05
014 0.00 0.00 1.570.30 0.20 0.02 0.00 1.64
015 6.38 10.91 1.08
Pd1-6 0.04-0.06 0.14 0.04
Pd7 0.04-0.25 0.14 —0.02
Pds-10 0.0#0.07 0.14 0.04
Pd11-13 —0.01+0.05 0.14 —0.05
Pd14-16 —0.11+0.07 0.14 —0.05
Adpgro +0.02+0.12 (A) —0.01 (A)

(+0.9% (—0.2%)
Adpgos —0.00+0.14 (A) 0.00(A)

(—0%) (0.0%
douk 2.246(A) 2.246(A)

Finally, since this oxide has a very open structure, it iswith the structural model. The bright spots shown in the
very likely that the above described preparation resulted iSTM images are the vanadium atoms, where the brightness
additional oxygen adsorbed in the center of the rings. Thigorresponds directly to their height. In that respect the
additional oxygen, which is not a part of the oxide, is de-brightest spots represent the V1 atoms of Fig. 5, the slightly
picted in Fig. 5 and labeled O15. However, it is not possiblegarker ones the V2 atoms. In both cases, an oxygen atom is
to verify the existence of this atom with LEED, since a cor-|ocated between the vanadium atom and the palladium sur-
rect treatment of the O15 atom would require the computaface lifting the metal atom up considerably. The height dif-
tion of a composite layer consisting of the oxide and the firserence of 0.4 A is caused by the different adsorption sites of
Pd layer, which would involve an extremely high computa-the oxygen atoms, which are on top for V1 and in the three-
tional effort. More detailed information on the “pocket- fold hollow for V2. The lowest vanadium atoms V3, V4, and
content,” however, is given below. The coordinates of thev5 are symmetry equiva|ent and can be seen as gray connec-
best-fit structure obtained by LEED and the correspondingions between the corners of the hexagons_ The oxygen at-

DFT values are given in Table II. o oms, however, are not visible in the STM images.
Further confirmation of the proposed structure is given by

the comparison between measured and simulated STM im-
ages, where the latter ones were calculated based on the
Tersoff-Hamann approximatiéh(Fig. 7). The interpretation As pointed out in the last paragraph, the content of the
of those images is very straightforward if one compares thenoxide pockets cannot be determined by LEED. DFT calcula-

3. Pocket content
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FIG. 7. Comparison of an experimental STM image of the

(4x4) vanadium surface oxide structur&7x80 A%, —1 V, ;
0.46 nA, 0.3 ML with a simulated imagéinset in the bottom left 1he black circle marks one of the t4) hexagons, where a Pd

FIG. 8. STM image taken after the deposition of 0.2 ML Pd on
the vanadium surface oxide (2%@50 A2, —0.98 V, 1=0.46 nA).

corney. atom was able to adsorb.

tions and physical reasoning, however, suggest an occupatidiydrogen was investigated. Already after the exposure to 2.1
with one oxygen atom. Further support for this point of viewL of H, at room temperature the whole surface changed,
comes from STM images of the §44) structure after an showing a network of branches with localX2) symmetry.
additional deposition of 0.2 ML palladium. As shown in Fig. This structure, however, can be healed by annealing at
8, the Pd atoms tend to agglomerate on the areas covered B@0 °C, resulting in a well-ordered §22)-V,0; structure

the low-coverage phases, obviously due to the larger pockehot shown in this papgrHere, the same (22) phase was
space, whereas nearly no change of the<44 regions is  prepared by a hydrogen treatment at 300 °C immediately af-
observable. Taking a closer look reveals the fact that indeegr the oxide formation. The well-ordered X2) and (4
some of the (4 4) pockets are filled, indicating former 4y structures have been analyzed by DFT and quantitative
empty pockets. Arguing this way one finds that 97% of all| Epp | resulting in a confirmation of the models resulting
pockets are occupied by an oxygen atom, preventing pallayom DET studies by LEED.

dium adsorption. Keeping that in mind while taking a closer e important result of the present study, however, is that
look at Fig. 7, one can indeed identify one single hexagon ifeanedrally coordinated ViOunits are stabilized on the
the middle of the second row of the experimental STM im-py111) syrface in the low-coverage, oxygen rich limit. This
age, which shows a nearly perfect agreement with the simyg jnqofar intriguing as most bulk vanadium oxides exhibit an

lated one(calculated for an empty pocketthus providing o ctanedral(or pyramidal coordination. The substrate sur-
further evidence for the correctness of the presented analysig, .« therefore. makes a difference for thin oxides: it is ca-

The difference between simulated images with and withoubape to alter the preferential coordination of vanadium, al-
O in the pockets, however, is not sufficiently pronounced Qg4 the vanadium atoms are not in direct contact to the
unambiguously answer that question. substrate. The main reason for this behavior is that tetrahe-
dral building units can be assembled into 1D chainlike struc-
tures, whereas octahedral units require a rather dense pack-
V. SUMMARY ing into 2D or _3D networ_ks_. The res_ultin_g 1D and open 2D
structures facilitate an efficient coordination of oxygen atoms
The growth of very low coverages<(0.31 ML) of vana- to the surface as well. The building units determined for the
dium oxide on P¢l11), prepared by reactive evaporation, (4x4)-Vs0,, phase also serve as template for understand-
has been investigated by STM. At the lowest coverages, thiag the structures observed at even lower V coverages. It is
formation of a nonperiodic structure composed of large hexapossible to form 1D chains by interconnecting ugiof Fig.
gons(diameter<22.1 A) was observed, which partly started 4(f). We believe that chains with the sequeé&-E-D are
to transform into a quasiordered phase, consisting of (1in fact corresponding to the edges of the larger hexagons
X 11) supercells, at about 0.15 ML. At a vanadium coveragebserved at a coverage below 0.2 ML V. Unfortunataly
of 0.2 ML an ordered (%4)-V;0,, oxide phase begins to initio calculations for such large systems are presently out of
develop, which eventually covers the entire surfé@e81  reach.
ML). Additionally, the total decomposition of the above de- Generally, the possibility to stabilize open unconvention-
scribed phases due to a reduction caused by the presenceatly coordinated and reactive structures at metal surfaces
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seems to be an interesting field of research. What catalytic ACKNOWLEDGMENTS

properties does this network possess, and do such tetrahedral

VO, units play a role for the catalytic properties of vanadium  This work was sponsored by the Joint Research Program
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