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The adsorption of oxygen on th@1l) surface of the RiSn alloy was studied by means of scanning
tunneling microscopy(STM) and x-ray photoelectron diffractiofXPD). As Auger electron spectroscopy,
low-energy ion scattering, and x-ray photoelectron spectroscopy indicate, upon oxygen exfomee 0000
L, with the sample at circa 770)KSn segregates to the surface and forms a two-dimensional tin-oxygen layer.

In the x-ray photoemission spectra no pronounced chemical shift is visible that would indicate a thicker tin
oxide layer. After exposure to 10000 L,@&t 770 K low-energy electron diffraction shows a streaky22

pattern with additional spots. Scanning tunneling microscopy images show a surface with pefiodicity
characterized by an high defect density. The corrugation of this surface is substantially higher than that of the
clean surface. After annealing in vacuum at temperatures ranging from 600 to 800 K, a slkalpmenergy

electron diffraction pattern can be observed. STM then reveals a superlattice of depressions, the remaining
protrusions are slightly laterally displaced from thei 2 positions. X-ray photoelectron diffraction intensities

of the 4x 4 phase show hardly any change for Pt &vhereas Sn @ azimuthal curves measured at higher polar
angles are substantially modified after oxygen exposure. In order to understand the nature of the features
observed in the STM images, the experimental XPD curves were compared with single and multiple scattering
cluster calculations performed for various structural models. On the basis of these results we propose a model
involving the reconstruction of the substrate surface.

DOI: 10.1103/PhysRevB.66.165416 PACS nuniber81.65.Mq, 68.37.Ef, 61.14.Qp, 68.47.De

. INTRODUCTION face alloys’™® Such surface alloys were prepared by deposi-
tion of tin on P{111) and subsequent annealing. Several
The compositional and structural characterization of thephases formed upon oxidation in various conditions of these
phases formed upon oxygen exposure of Pt-Sn alloy surfacesirface alloys. These authors explained the LEED pattern
is interesting from the point of view of the surface chemistryand the STM images in terms of groups of tin and oxygen
of this bimetallic system. Surfaces containing Pt and Sn aratoms(indicated as SnO “pseudomoleculgsdn the plati-
useful for hydrocarbon conversion as well as for the electronum surface. However, no information about the atomic
oxidation of methanol in fuel cels: Tin oxide layers are structure of the protrusions observed in STM was repdtted.
expected to form by exposing Pt-Sn surfaces o nsid-  In the present work we investigated by several surface sen-
ering the higher affinity toward oxygen of tin compared to sitive techniques the phases formed on thgSAtl11) sur-
platinum. Changes of the surface region composition occurface after exposures at about 770 K tg i@ the 10 ® mbar
ring after oxygen exposure can modify substantially thepressure range. B$n is a substitutionally ordered alloy hav-
functional properties of the alloy surface, in particular theing the CyAu type structure (1, group. The clean
chemical reactivity. Moreover, the study of the interaction ofPt;Sn(111) surface has been thoroughly studied with a range
oxygen with Pt-Sn alloy surfaces is relevant considering thef methods including LEED combined with low-energy ion
role of platinum in promoting the selectivity and sensitivity scattering(LEIS),**** LEED intensity analysi$? x-ray pho-
of gas sensors based on SO toelectron diffraction(XPD),'® spot profile analysigSPA)
Early studies performed by means of surface sensitivé EED combined with AES and LEI&! Monte Carlo simu-
techniques on polycrystalline §8n surfaces reported an in- lations using the “macroscopic atom” mod€land STM®
crease of tin concentration at the surface upon low-pressui®ne of the aims of the present study was to obtain informa-
exposures to oxygeh® Very recently, Batzill and co-workers tion about the reactivity of the BBn(111) surface toward
investigated by means of Auger electron spectroscopyxygen. The evolution of the surface composition as a func-
(AES), low-energy electron diffractiofLEED) and scanning tion of the oxygen exposure was followed by means of x-ray
tunneling microscopySTM) the oxidation of Sn-R111) sur-  photoemission spectroscopyXPS), AES, and LEIS.
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The other purpose was to determine the atomic structure o
the phases covering the substrate surface after low-pressui
oxygen exposures. XPD measurements were performed o
the surface phase formed after oxygen exposure in order te~
get information about the atomic structure of the featurese
observed in the STM images.

II. EXPERIMENT

XPS/XPD, LEED, and LEIS measurements were per-
formed in a ultrahigh-vacuurfHV) system in Firenze with o sn
base pressures in thexdl0 '° mbar range. For XPS/XPD L N _‘/\A_
and LEIS a hemispherical electron/ion energy analyzer [4200L0O,

(HA100, Vacuum Science Workshpwas used. For LEED 200 ' 400 ' 600 ' 800 T 4000
measurements the chamber is equipped with a reverse
four-grid optics(Omicron. XPS/XPD experiments were per-
formed with a nonmonochromatized Mgy radiation source FIG. 1. LEIS spectrg1000 eV He) from the clean surface
(1253.6 eV. The binding energy scale was calibrated using atop) and after exposing it to 9000 L Qbottom) at 770 K. The
silver standard and setting the Agl$3, binding energyBE)  scattering angle was 135°.

to 368.3 e\t’ The XPS spectra were recorded with a fixed

pass energy of 44 e\{; the fixed angle between x-ray sourcRgpect to the lattice of the alloy containing only platinum.
and analyzer was 55°, the semicone angle of acceptance pfance the LEED pattern corresponding to the bulk truncated
the analyzer was 4°. For XPS the spectra were measured gt ,cture of P{SN(111) is defined as 2212 Upon Ar-ion

normal incidence. The sample was mounted on a manipulgssmpardment and annealing at circa 600 K, preferential

tor that permits polar and azimuthal rotation. XPD Curvesgy wering of Sn atoms induced a reconstruction of the sur-

were collected by monitoring the intensity of Pt 41180.4 face with (3 y3)R30° PO i 13 ;
o periodicity*® After annealing at
eV kinetic energy, Sn 3, (767.0 €Y, Sn MNN Auger 1454 K, the clean surface showed a shp(@x2) pattern

(427.8 eV}, and(when appropriateO 1s (722.0 eV photo- . . o )
emission peaks. To estimate the background spectra at :glth weak spots corresponding to théf{x \/§)R30 recon

Counts (arb. units

clean

Energy (eV)

. ) . truction. For oxidation the22 bulk-terminated sample was
netic energies 5—10 eV higher than the peaks were taken. d 770 K and d @ icall |
Varian ion gun was used for sample cleaning and the LEI gate to » and expose to, Qor 6typ|ca y §e"era

inutes. Q partial pressures of 210 °-5X10"° mbar

measurements. All LEIS spectra were taken with 1000 e . : )

o o . were applied, typical doses were in the range of several thou-
He" ons, the analysis ion beam current density was of thesand L(1 L corresponds to an exposure of 1 sec at a pressure
order of X 10~ A/cm?. The beam impinged with an angle P b P

of 45° off-normal onto the surface, the scattering angle Wagf 1.33x 10 ® mbar). In Osnabiek initial carbon contami-
135° ' g ang nation of the sample was easily removed by oxygen treat-

. . ment, a procedure similar to oxygen exposure as described
. The ST™ experiments were performed in an UH\( SyStemabove(lo min O, at 5x 106 mbar and 770 Kand subse-
in Osnabrgk using a Omicron STM | system operating at a uent heating to 1150 K for a further 5 min
base pressure belowx&L0~ 1 mbar. All STM images have U 9 '
been measured in the constant current mode. AES spectra

were acquired to check the cleanness of the surface, using an IIl. RESULTS AND DISCUSSION
electron gur(Staib and a 180° electrostatic analyz&hysi-
cal electronics A LEED system(of reversed four-grid Omi- XPS and LEIS were used to monitor the surface compo-

cron type was used to verify that after preparation the sur-sition before and after oxidation. The superstructures ob-
face was in the same state to that achieved in Firenzeserved by LEED are readily explained in view of STM im-
Sample cleaning and oxygen exposure were done in a sepages. XPD gives further insight into the surface structure.
rate preparation chamber. The;Bt(111) sample was the
same used in previous investigatidisThe composition of
the crystal(determined by means of an x-ray microprpbe
was found to be 250.5 at. % in Sn. The lattice parameter, LEIS and XPS spectra were taken to follow the surface
measured by x-ray diffraction, was 4.00 A, corresponding taegion composition upon oxygen exposure. As described
a slight expansion with respect to pure platin@®®2 A).12  above the oxidation experiments started from the cleag 2

In Firenze and in Osnabeck the clean P§Sn(11)) single  bulk-terminated P§Sn(111) surface. To study the influence
crystal was prepared following the procedure described irof oxygen this surface was exposed to increasipgloses.
prior studies® i.e., by several cycles of sputtering and ther- During all exposures the sample temperature was 770 K.
mal annealing to about 1000 K. For sputtering Aons were For analysis a linear background subtraction was applied
used, in Firenze with an energy of 1000 eV, in Osnakru to the LEIS datdsee Fig. 1 for example curveand the peak
with 600 eV. Thermocouples were used to monitor thearea measured. The elaboration of the XPS (&g 2) con-
sample temperature. The LEED patterns are indexed witBisted of smoothing, background subtractitny means of

A. XPS and LEIS

165416-2



ADSORPTION OF OXYGEN ON RBSn(111) STUDIED. .. PHYSICAL REVIEW B 66, 165416 (2002

T T T~ 1 r 1T ° 1 T L r T T
S, —clean 10 - ]
' Ry e oxidized Sn MNN 0.8}
£ - -, 0_6 |
04l . O
02 ="
e ea g- 00} m
T T T T T T T T T T T T T T 7} T T ¥ T T
420 425 430 435 440 445 450 5 14l
Kinetic energy (eV) = - Sn
- 1.2} ]
T T T T T T T T T r T ﬁ
Snh 3d E 10F m - . ]
O1s Pt 4[)3,2 A g 08 . . . .
1.0} l-
081 Pt
o6l "™
T 1 T I v L] v L] v L] v 1 04 L.
540 530 520 510 500 490 480 o -
T T T 00} ] u
0 2500 5000 7500 10000
Exposure (Langmuirs)
(a)
16 [ T T T T
v 1 v T v T T T T T v 1 v 1 v T |
82 8 78 768 74 72 70 68 68 12} u -
Binding energy (eV) st m "
al O1s
FIG. 2. XPS spectra of the clean surfa@elid line) and after -
oxygen exposurg9000 L at 770 K (dotted ling taken at polar § Opm T T T
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the Shirley methodand peak area evaluation. In this way the g 2001 I Sn 3d
data shown in Fig. 3 were obtained. £ asol
The O, Sn and Pt intensities determined from LEIS versus 3
the O, exposure are shown in Fig(8. With exposure the O - ' ' ' I4f
concentration in the surface increases, Pt decreases. When 300 | u™ Pt
the surface is saturated with oxygen, the platinum signal is " u
barely detectable in the LEIS spectrum. The Sn signal in- P - »
creases for small oxygen doses but then drops to its initial "
value. As the total sum of the LEIS intensities decreases with 0 5000 10000 15000

exposure, this effect could be due to a geometric rearrange- Exposure (Langmuirs)
ment of the scatterers. Since LEIS is virtually sensitive to the AP b g
composition of the outermost layer only, these results indi- (b)
cate that the surface is completely covered by a tin-oxygen g 3. LEIS(a) and XPS(b) intensities of the Pt, Sn, and O
layer. The XPS curves of the Srdg,, O 1s, and Pt 47, peaks as a function of the,@xposure. Pt and Sn LEIS intensities
peak areas vs. the,&xposure indicate that the oxygen up- are normalized with respect to the clean surface values. The O LEIS
take process on the alloy surface reaches saturation after gmynal is normalized to its maximum. The exposure was carried out
exposure to about 5000[Fig. 3(b)]. The increase of the Sn at 770 K.
signal and the decrease of the Pt signal is an indication that
tin segregates at the surface upon oxygen exposure. This ssirface. The O 4 BE is 529.8 eV and does not change,
consistent with prior studies of the oxidation of polycrystal- within the experimental error bar, as a function of the oxygen
line Pt;Sn>5181%A comparison of the LEIS and XPS data in exposure. No shoulder attributable to tin bound to oxygen is
Fig. 3 shows that for Pt and O the respective spectra followisible in the Sn 8 peaks. Only a slight broadening of the
the same trends. Sn 3d peaks on the high BE side can be observed. This can
The Pt 4, Sn ™, 0 1s, and the StMNN Auger regions  be explained with the fact that the BE of tin bound to oxygen
of the XPS spectra, collected for the clean surface and aftas very close to that of Sn in the alloy. Indeed, the BE of the
an oxygen exposure of 9000 L, are shown in Fig. 2. For theSn 3ds,, component, attributed to the “quasimetallic” state
clean surface, the Ptf4, and Sn 85, peaks are located at of tin determined for the oxidized Pt-Sn surface alloys, was
BE’'s of 70.9 and 485.3 eV, respectively. These values aréound to be 485.3 e¥ In order to reveal changes in the
very close to those measured for the pure platirfdin0 e\j chemical state of tin we considered the Auger parameter for
and pure tin(485.0 e\).1” The BE’s of both the Pt #,, and  the SnMNN transitiona, defined as the sum of the Sd3,
Sn &g, peaks do not chang@vithin 0.1 eV) after oxygen BE and the SrM N sN,s kinetic energy* The Auger pa-
exposure with respect to the values measured for the clealameter for the clean surface was found to be 921.7 eV, dif-
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FIG. 4. LEED imagg70.4 eV electron energyafter exposure to
6800 L O, at 770 K. The main spots located oix 2 positions are
interconnected by streaks. In these streaks additional spots occur at !
1/5 of the 22 distances.

FIG. 5. STM imagd (200 A)?, Ut=—0.6 V, I1=0.8 nA)] af-
ferent from the value reported in the literature for pure tint€r exposure to 6800 L Oat 770 K. The labels mark patches with
(922.4 eV}.2! For the oxygen saturated surface the Auger(A) closed packed bum(B) defect lines, andC) 4X 4 depressions.
parameter is 921.2 eV to be compared with the values re-
ported for SnQ(918.7 eVf and SnQ (919.2 e\}.** The XPS A STM image acquired after this preparation is shown in
data do not provide evidence of the formation of three-Fig. 5. The surface is mainly covered by a long range or-
dimensional islands of tin oxide, either SnO or Sn@lence  dered mesh of protrusions with the same perioditsup A)
the present results suggest the formation of a chemisorbeghd orientation as the cleanx2 surface. However, for the
phase in which oxygen atoms are bound to tin atoms.  oxygen exposed surface only one clearly delimited protru-

In the earlier studies of polycrystalline 8n samples af-  sjon appears in the surface unit cell. The corrugation of the
ter exposure to ©or even air formation of a thicker tin protrusions is at typical tunnel parameters with 0.45
oxide layer occurred that already exposed bulk+( 10 A significantly larger compared to 0:29.10 A of
propertie: 181 There was a clear chemical shift for SU,3  the clean X 2 structure.
but none for Pt. It was reported that on the polycrystalline | the oxygen induced 22 phase several distinct defect
samples Sn mainly segregates through grain bounddries, features occur frequently. Point defects are quite common
mechanism not available on theBn(111) single crystal.  typically arranged in locally ordered patches with depres-
Instead, Sn segregates by lattice diffusion, a channel avaikjons for every second protrusion in every second row, i.e., in
able only for higher temperatures than applied during the, 4x 4 superstructure. In addition sets of parallel defect lines
OXygen exposures.’ o about six rows apart are observed in th& 2 structure.

After this oxidation series, i.e. after a totah @ose of  Along their direction the protrusions are displaced 1/2 lattice
9000 L, in the LEED a streaky>22 pattern with additional  constant; here they are no longer close packed. At the ends of
features on the connection lines of the main spots was olhe lines small depressions are present. In some regions
served. Upon annealing the sample to 620 K for 10 min garticular close to the steps at the upper siteictures quite
sharp 4<4 LEED pattern was observedee Fig. 7 below jfferent from the X 2 structure are observed: groups of
with the according STM imaggsNo changes could be de- cjysters more or less arranged in a hexagonal afféier 6).
tected in the XPS and LEIS spectra measured after the arrhese clusters consist of typically four protrusions of a size
nealing in vacuum at 600-750 K. Only after prolonged an-simijlar to that in the X2 structure, but in the clusters the
nealing at 900-1000 K, a decrease of oxygen on the surfacgrangement of the protrusions is not uniform.
is observed. The nature of the protrusions observed in the STM topog-
raphy of the tin-oxygen layer, and of the depressions is not
obvious from the STM images. However, it is likely that they
correspond to group of atoms not resolved in the images. In

Typical STM images of the clean F8n(111) surface all STM images they act like clearly delimited entities. To
show 2x 2 terraces with some residual/8x 3)R30° do-  simplify the further discussion we will refer to them as
mains. In these images Pt atoms appear as protrusiorfeumps” and “holes.”
whereas Sn atoms appear as holes due to the low local den- The STM images of the structure obtained after heating to
sity of states of tin at the Fermi levél:2?A similar chemical 700 K for 10 min of the oxidized sample reveal that the
contrast was also found on the ;8n(001) and (110  number of holes increased, the locally ordered44patches
surface$>2* To reproduce the preparation described abovegrew. During a sequence of experiments with increasing an-
the cleaned sample was exposed tof@ 30 min at 770 K, nealing temperatures in the range of 800-950 K the44
i.e., 6800 L. Then LEED exhibited a streakk2 pattern, as LEED pattern became clearer, the long range order of the
depicted in Fig. 4. surface gradually improved. After annealing the oxidized

B. Scanning tunneling microscopy
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FIG. 6. STM image[(120 A)?2, U;=—-0.6V, 17=0.8 nA] FIG. 8. STMimag¢ (200 A, Ur=+0.5 V, I1=0.8 nA] after
taken after the same preparation as Fig. 5. Clusters of typically fouexposure to 2300 L ©at 740 K. The surface structure is governed
bumps occur which are separated about 1.5 lattice constants. by the 4<4 structure.

displacements in the low-index directions the bumps are not

exactly in line; the rows appear as “zigzag” lines. These
igzag lines look alike along all three low-index directions,
hich is only possible if the bumps are exactly shifted to-

sample at 950 K a clear4d4 LEED pattern was obtaindds
given in Fig. 3. STM imagedFig. 8 then show a long range
4X 4 ordered surface. It was also possible to achieve lon

range ordered ¥ 4 regions by using lower £©doses of 2300 o o
L for oxidation. wards or away from the holes as indicated in Figh)9By

The 4x4 structure is the same as in the small defectthe displacement the lateral distance of the bumps is sll_ghtly
. i . increasedabout 0.08 A. If the bumps corresponded to in-
patches in the 2 structure: every second bump in every

. : d]ependent clusters this effect might be due to repulsive
second row is replaced by a hole. In some places the 'de?orces between them

hole mesh is disturbed by additional holes. STM yields a In some images like Fig.(8) the bumps appear not per-

sluper-I;ttzlce cfonstart of 1]‘#?';.'&' "e"ltw\gﬁe that of ;htf] fectly spherical but slightly elliptic with their long axis ori-

EEEB su (:rusrtr&lljﬁijrg ivs'e(\a’\;s” uli dr:rSsL:oz d Zsorgg ge Sgeented towards the hole, giving an impression of “petals.” As
P y : is effect is seen only for bumps adjacent to holes and then

clearer in Fig. @) the six bumps around a hole are alter- C . . .
nately shifted toward and away from it. The bumps deviatefor all three axis directions at the same time, a double-tip

) - . effect can be ruled out. The corrugation of the bumps is
approximately 0.8:0.1 A from the positions in a22 mesh. 0.47+0.13 A, i.e., within the experimental uncertainty the

A schematic model of the STM emphasizing the lateral dis-

o I X same as in the 22 phase, whereas the holes are 1.08
placements of the bumps is given in FighP Due to this +0.31 A deep.

Variation of the gap voltage over a wide range of values
(—4.0 to +4.0 V) sightly changed the corrugation, but the
topography was otherwise unaffected. STM images could be
obtained at low voltages like-0.1 V. Thus the oxidized
surface behaves metallic. The tin-oxygen layer is too thin to
develop bulk properties of the semi-conductor tin oxide in
agreement with the XPS results.

. On the clean X2 surface the direction of step edges is
. » basically determined by the local slope of the surface. After
. oxidation the steps tend to run along the low index directions
. forming hexagonal islands.
By heating the sample to 1050 K oxygen was completely
. desorbed from the surface. Afterward again a clear? Zur-

face was found, oxidation of E8n(111) can be revoked. In
fact a preparation of oxygen exposure and desorption is quite
similar to an oxygen treatment applied to remove carbon
from the surface. To determine the registry between the sub-
FIG. 7. LEED imageg64.0 eV electron energyfter exposure to ~ Strate 2<2 and the oxygen related# phase, efforts were
6800 L O, at 770 K and subsequent annealing to 650 K. Spotsundertaken to image both phases in the same frame. In first
already present in theX22 structure are indicated by circles, and attempts the oxidized sample was heated to 1000 K, i.e. al-
the additional & 4 spots by crosses. most the desorption temperature. Indeed in this way
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FIG. 10. STM imagg (116 A)?, Ut=+0.8 V, I1=0.6 nA] af-
ter sputtering a % 4 substrate for 8 sec and annealing at 900 K for
10 min. The registry between the oxygex 4 phase and the>22
substrate is indicated by lines.

In recent studies Batzill and co-workers worked on the
oxidation of Sn-Rtl1l) surface alloys by exposure to
NO,.”~° After complete oxidation they found a highly or-
dered superlattice of SpQslands on the P111) substrate.
The corresponding LEED showed a sharx% pattern.
These islands are in many ways similar to the clusters found
on Pt;Sn after high oxygen dosésee Fig. 8. In larger scale
images they look alike, the typical arrangemédistances
etc) appears to be identical. The STM topography of the

FIG. 9. The PtSn(111) 4x4 structure:(a) small-scale STM islands as found on the oxygen-Srn4Rfl) did not reveal any
image[ (68 A)?, U;=+0.5V, I1=0.8 nA], (b) schematic repre- substructure, while on B&n(111) resolution within the is-
sentation.(The balls represent one bump from the STM imageslands was obtained, showing that they consist of typical four
each, in fact they might consist of more than one ata%# X 4 unit not too well ordered bumps. Note that in the streaky22
cell is shown, the displacement directions of the bumps as observadeED pattern additional spots occurred at one fifth of the 2
by STM are indicated. To improve clearness the lateral displacey 2 distancessee Fig. 4, i.e., on 10< 10 positions. They can
ments are enlarged. be explained by the formation of ax% island structure as

described in Refs. 7-9 on the 3N 2x 2 substrate.
oxygen was partially removed from the surface, but only After annealing to 800—1000 K Batzill and co-workers
terraces either completely<44 covered or completely clean observed a %4 LEED pattern. The STM images given in
were found in STM. Ref. 8 show a structure compatible with the<4 pattern

To overcome this problem the oxidized sample was sputelescribed above, but with a not as pronounced long range
tered for 10 s, corresponding to a ion dose of 4order. No lateral displacement of the bumps was observed on
X 10"° Clen?. Afterwards according to AES oxygen was the surface alloy. Otherwise the authors gave a model for the
still present. STM showed the presence of many craters, extx 4 structure similar to that given in Fig(l9. They inter-
hibiting a depth of 2.8 0.5 A. After annealing at 900 K for preted the protrusions as =9 “molecules” populating Pt
10 min flat terraces were found again. Larger uncoveredites on a X2 Sn-P¢111) surface alloy substrate.
2X 2 regions coexisted with domains of the oxygen related In the studies of oxidized Sn-®fl1) surface alloys a gen-
4x 4 phasesee Fig. 10 These images suggest that the pro-eral behavior similar to that of the alloy surface;8in(111)
trusions in the O-SnX4 4 phase are located at Sn positions ofwas found. Nevertheless the STM images of the alloy surface
the substrate in the same layer. If the procedure to prepaiacluded details not present in the surface alloy images.,
4x 4 and clean surface coexisting patches produces antiphatiee inner structure of the SpGhanodots and the displace-
domain boundaries, we should observe in-phase and amaent of the bumps The observed minor differences may be
tiphase domain boundaries. On the other hand, all the STMue to different preparation procedures of the O-Sn layers.
images obtained after the reported treatment show that thEhe presence of tin in the substrdie the case of the alloy
protrusions of the %4 phase are located at the position of surface is also expected to influence the thermal stability of
Sn atoms of the clean surface. the Sn-O layer. Moreover, the sligthly different lattice param-
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FIG. 12. Stereographic representation of Pt 4(left) and Sn
3ds;, XPD patterng(right) measured for the clean f8n(111) sur-
face (top) and for the P{Sn(111) 4X 4 phase(bottom). The stron-
Azimuthal angle (degrees) gest diffraction features at a polar angle of 35° corresponds to the
[110] azimuthal direction. The intensities are represented on a

FIG. 11. Comparison of the Ptf4,, SnMNN, and Sn 8ls;, ray-level scale. They were measured for polar angléetween
azimuthal XPD curves measured for the clean surface and for the 80 and 70°.

X 4 superstructure obtained after an oxygen exposure of 9000 L

(pressure: X 10~ ® mbar, sample temperature: 770 &nd anneal- _
ing at 600 K for 10 min. Left column: azimuthal XPD curves mea- sured for the clean surface and for the 4 phase are virtu-

sured at a polar angle of 63°. Right column: azimuthal XPD curvesally the same. On the other hand, Sds3 and SnAMMN
measured at a polar angle of 73°. The polar angles are defined witiPD curves show significant variations after oxygen expo-
respect to the normal to the surface. In each panel the top curveyre but only at higher polar emission anglsse Fig. 12
co_rrespond_s to the clean surface. Th(_a maximum value of the modu- The O 1s XPD curves do not show any intensity modu-
lation amplitude, (max—! min)/I mad %1. is reported for each curve. |54iqn within the noise level, that is the amplitude of the
intensity modulations is below 5%. The rather high noise
eters of P§Sn and Rtl11) may play an important role in |evel is due to the fact that the relatively weak oxygen © 1
stabilizing the various superstructures. signal is located on the tail of the Pp3, peak. Such inelas-
Sn in deeper layers or segregated from the lipflesent  ic 4l is modulated as a function of the emission angle like
o.nly in the bulk alloy mlght mfluence the surface local den- the Pt 34/, peak. The XPD results are consistent with the
sity of stategLDOS). S|mulat|o_ns of the LDOS at bOt_h SU™ formation of a tin-oxygen phase which is a few atomic layers
faces would be helpful 1o decide what reason prevails. thick. Moreover, the lack of intensity modulations of the O
1s XPD curves(due to forward scattering along interatomic
C. X-ray photoelectron diffraction directiong suggests that there are no scattering centers above

As shown by LEED and STM, thex22 phase formed by the oxygen atoms. The low thickness of the oxygen phase

oxygen exposure at 770 K without further annealing is char€ompared to the depth probed by the Fj;4photoelectrons

acterized by an higher concentration of defects and disorddP@ving a relatively high kinetic energygan partly explain
with respect to the % 4 superstructure. Hence, to obtain in- Why the Pt 4 XPD curves do not change after oxygen ex-
formation about the nature of the protrusions observed in theosure. However, since the depth probed by thefRartl Sn
STM pictures, only the latter phase was investigated in detaiBd photoelectrons is not so different, other effects should
by means of XPD. Pt %,,, Sn MNN and Sn &5, azi- Pplay a role in determining the different behavior of the Sn
muthal XPD curves measured for the clean surface and faand Pt XPD curves after oxygen expos(see below.

the 4X 4 superstructure obtained after oxygen exposure are In the Sn 35, XPD pattern the most intense features
shown in Fig. 11. Pt #,, and Sn 385, full angular scans which appear after oxygen exposure are located a polar angle
taken from the clean 22 surface(Fig. 12 show patterns of about 60°. At this polar angle diffraction features having
typical for a fcc(111) surface, exhibiting a threefold symme- nearly the same intensity are observed every 60° in the azi-
try. The kinetic energy of the emitted electrons is in bothmuthal curves. If Sn atoms in the overlayer give a sixfold
cases sufficiently high to let the patterns be governed bgymmetrical pattern, this contribution summed with that one
forward scattering enhanceménPt 4f,,, XPD curves mea- from the bulk can explain the observed symmetry. This in-

165416-7



M. HOHEISEL et al. PHYSICAL REVIEW B 66, 165416 (2002

FIG. 13. Schematic model of thex#4 phase. Simple light gray

circles: platinum atoms in the substrate, simple dark gray circles: tin  FIG. 14. Structural model for the>d4 phase proposed on the
atoms in the substrate. Dark gray balls: tin atoms in the overlayelasis of the XPD data superimposed on the STM image. Small
White balls: oxygen atoms. In this model two Sn atoms in thecircles: Sn in the overlayer. Large circles: Sn atdswlid line) and
overlayer together with a adjacent substrate Sn atom appear as oRé atoms(dashed lingin the topmost layer of the alloy. Oxygen
protrusion in the STMindicated by the ellipsesA unit cell corre- ~ atoms are not shown.
sponding to that in Fig. ®) is shown.

The arrangement of Sn atoms is similar that of Sn atoms

. 8,29 . .
terpretation also implies that the contribution to the XPD'N the (101 plane of.Snd. In particular, one side of the
oscillations from tin atoms in the oxygen phase is maximalNit cell of Sn@101) is equal to the Sn-Sn nearest-neighbor
around a polar angle of 60°. distance in the proposed mod8l77 A). This would produce
XPD curves measured for the# phase are very similar a 4x 4 coincidence cell with the periodicity of the substrate.
to those collected for the surface showing the streaky2 2 In the proposed model Sn atoms which would occupy on-top

: . 7~ . positions (at the corner of the unit cellare missing. The
surface(that is after oxygen exposure without annealing Ir'missing of these atoms would produce the holes observed in

vacuum. This suggests that the local structure of Sn is theSTM The composition of this overlayer is &s. The re-

same in the two surfaces. _ sults of the SSC calculations performed for this model are
To get further information about the atomic structure of g in Fig. 15. The SSC calculations indicate that the

the 4<4 phase, we performed calculations of the diffractionmajor contribution to the additional features in the XPD
curves considering various structural models. We used singlgyryes measured for the«4 phase are due to photoelectrons
scattering clustefSSQ calculationé® in a first screening of  emitted by Sn atoms in the overlayer and scattered by oxy-
the structural models to reduce the computational effort. Th@en atoms. The curves shown here were calculated for the
structure of the crystal was described as a cluster whose sizgirameters giving the best fit with the experimental data,
is determined by a maximum length of the path between thestimated from the visual comparison and tRefactor
emitter and the scatterers. In the present calculations this
length was set to 12 A. Larger values of this parameter did
not produce any significant variation of the calculated XPD

curves. The O, Sn, and Pt phase shifts were calculated usin
the Van Hove and Barbieri program pack&ge.

e=73° Snad,, Sn MNN Ptaf,

Multiple scattering calculations were carried out using the
MscD (multiple scattering calculation of diffractipipackage
developed by Chen and Van Ho%eStructural models based
on oxygen atoms adsorbed on a unreconstructed surfac
could be ruled out since the Sn XPD intensities calculated
for these structures differ only slightly from those calculated
for the clean surfacémainly a variation of the relative in-
tensities of some features in the curveé®n the basis of the
XPD patterns, we propose a possible model involving a re-
construction of the alloy surface. In the model, shown in Fig.
13, Sn atoms have a hexagonal arrangment. The positions ¢
the atoms were chosen in such a way to have the forwarc®
scattering maxima in the azimuthal directions observed in
the Sn 31 XPD pattern. The protrusions in the STM images  FIG. 15. Comparison of experimental Sdsp, SnMNN, and
would correspond to groups of tin atoms, each consisting opt 4f,,, azimuthal XPD curvedcircles and solid ling with the
two tin atoms in the overlayer located adjacent to a substrat8SC calculationgsolid line) performed for the model depicted in
tin atom sitting in the center between thésee Fig. 14 Fig. 13.

0-60-30 0 30 60 90 -90-60-30 0 30 60 90 -90-60-30 0 30 60 90
Azimuthal angle (degrees)
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analysis>’ The best agreement between experimental an@xygen adsorption on Bn(111) at 770 K and at a pressure
calculated data was obtained for a O-Sn interlayer distancef circa 5x 10~ % mbar is a self-limiting process leading to
of 1.0=0.1 A. In this model the O-Sn bond length is 2.4 A. the saturation of the surface with a layer containing oxygen
The O-Sn bond length is longer than the O-Sn nearestynq tin, After exposure to 9000 L Qunder these conditions
neighbor distances in Sn@.21 A) and SnQ (2.06 A).** streaky % 2 LEED patterns are found. STM showed & 2

It should_be noted that the sensitivity qf the curves to th_ attice of highly corrugated protrusions with various defect
vertical distance of the oxygen atoms with respect to the tin . .
tructures. Upon annealing at temperatures ranging from 600

atoms in the overlayer is rather low. The level of agreemen .
of the XPD curves calculated for this model is only moder- © 800 K, a sharp #4 LEED pattern is observed. STM

ate, since some features of the experimental XPD curves af§Vealed that the 44 structure is determined by a long
not reproduced in a satisfactory way. These calculation§n9€ ordered supermesh of depressions with twice the lat-
show that the Pt # XPD patterns are not significantly influ- t|ce_ constqnt of the 2 2 structure. The protrusions are alter-
enced by the formation of the overlayer Sn-O, in agreemen'i‘at'ngly displaced laterally towards and away from the de-
with the experimental findings. This fact can be explainedPressions. It is unclear which species are imaged as
considering that the Pt atoms are arranged in various locdirotrusions in the STM topography. Desorption experiments
structures with respect to the Sn-O overlayer. Hence the sca@llowed one to assign the holes in the STM topography to
tering from the overlayer is averaged over these local strucmissing atoms or agglomerates containing oxygen. A similar
tures while the contribution from substrate atoms is not sub4x 4 structure was found for the oxidation under various
stantially affected. Conversely, all Sn atoms “see” theconditions of Pt-Sn surface alloys prepared by annealing of
oxygen atoms in the same way. Hence we can conclude th@h deposited on P111). By means of XPD we obtained
the proposed model is able to explain many of the experiinformation about the atomic structure of thex4 phase.
mental findings. However, the model cannot reproduce therhe XPD results suggest that at saturation coverage the sub-
lateral shift of the bumps observed in STM. In addition it strate surface is covered by a two-dimensional phase. The Pt
cannot explain the dense Sn-Q 2 structure for which STM - xpp curves are not affected by oxygen exposure, whereas
topographs show four equivalent protrusions per44unit  the Sp 31 and SNAMNN XPD intensities at higher polar
cell. Albeit not displaced, these protrusions are otherwisgyygles are significantly modified upon the formation of the
similar to that in the X 4 structure. 4x 4 phase. The most intense features which appear after

Since the Sn 3d XPD has a contribution from tin atoms in :
the substrate an accurate description of this component cou%(ygen exposure in the OS g, XPD patter are located a
o . - olar angle of about 60°. The Srd3XPD pattern can be
be crucial in the calculations. Hence we performed additional

multiple scatterindMS) calculations of the XPD intensity of explgmed It Sn ato”.‘s n th? oyerlayer give a .SIXfOld sym-
the proposed structural model. The MS method which propmetncal pattern. This cc_)ntrlbutlon summed with that one
erly takes into account defocusing effects should provide &0 the bulk can explain the observed symmetry. On the
better description of the contribution of the bulk to the XPD Pasis of these results we proposed a structural model in
intensities. The calculations were performed only for the Syvhich Sn atoms are arranged in a similar way as in(tgg)

3ds, XPD curves. Calculations of the XPD curves obtainedPlane of SnO. This model is consistent witx 4 STM im-
monitoring the intensity SMNN Auger peak could not be ages, assuming that the bumps seen by STM correspond to
performed because of the difficulties in describing the angugroups of tin atoms, each consisting of two overlayer Sn
lar momentum of the outgoing Auger electrons. The MSatoms and one Sn substrate atom between them. It is in
simulations could not be performed for the Pt XPD  agreement with the registry of the O-Sn overlayer deter-
curves because of the too large number of emitters. The Mgined by STM, i.e., the bumps are located on top of Sn
calculations of the Sn @ XPD curves substantially repro- atoms in the substrate surface. Although the level of agree-
duce the SSC intensities. Hence we may conclude that in th@ent is only moderate, the XPD curves calculated for this
present case single scattering calculations provide a reliabi@odel reproduce the main features of the experimental data.
description of the experimental data. We also considered But as the X2 structure cannot be explained easily, the
possible variation of the Sn concentration in the first sub-given model is only tentative. The atomic structure of the 4
strate layer. In the MS calculations we simulated a Sn deplex 4 phase cannot be considered solved, but nonetheless the
tion by removing Sn atoms in the topmost layer of the sub-XPD results allowed us to reduce to the number of possible
strate. In the SSC calculations the composition of thestructural models.

substrate surface could be varied continuoddijhe results

of these model calculations do not provide any evidence for

depletion of tin in the surface region of the alloy since the

agreement between calculated and experimental XPD curves ACKNOWLEDGMENTS
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