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X-ray photoelectron diffraction and Auger electron diffraction from TiO 2„100…
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Full-hemispherical x-ray photoelectron (Ti2p/O1s) and x-ray stimulated Auger electron
(TiL3M23M23/O KVV) intensity distributions have been measured from TiO2(100)131 at relatively high-
angular resolution (61.8°). Theresults are compared with theoretical calculations using a multipoleR-factor
analysis. Multiple scattering up to fifth order and a slab thickness of;16 Å are needed to obtain optimum
agreement with experimental photoelectron distributions. We also investigate the contribution of the final state
wave function in the Auger-electron diffraction patterns and show that it is possible to determine the symmetry
of the final state angular momenta for oxides such as TiO2. Both the x-ray photoelectron diffraction and the
x-ray stimulated Auger intensity distributions are found to be insensitive to details of the surface structure.
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I. INTRODUCTION

For metals and elemental semiconductors it has b
widely demonstrated that x-ray photoelectron diffracti
~XPD! data are dominated by forward scattering processe
kinetic energies greater than 500 eV.1,2 In many cases the
analysis of such XPD data has been accomplished w
simple single scattering calculations,1,2 which allow a rapid
comparison of theory and experiment.1–3 These generally
yield good agreement between experimental diffraction p
terns and single scattering~SS! theory. This arises for two
reasons. First, the atoms are generally strong scatterers
to their relatively large atomic massesZ>14. This gives rise
to strong forward scattering intensities, thus minimizing t
effects of multiple scattering~MS! on the experimental pat
terns. Secondly, the relatively large acceptance an
(>66°) that have been employed have the effect of bro
ening the observed diffraction features, averaging out
structure due to multiple scattering as well as long-ran
scattering.

As for metal-oxide surfaces, XPD has been used to st
both thin films grown on metals4,5 and single crystal
substrates.6–8 Both clean9–14 and adsorbate covered15 oxide
surfaces have been investigated. For example, the su
termination and relaxations of polar ZnO~0001! surfaces
were determined by comparison with single scattering clu
calculations.13,14Recent studies of TiO2(110) ~Refs. 6 and 9!
have employed angle-scanned photoelectron diffraction
collect full-hemispherical diffraction patterns for emissio
from the Ti 2p core level. Sambiet al.6 compared their data
to single-scattering calculations, which provided good agr
ment with the position of the main forward focusing maxim
observed in the experimental data. More recently, there h
been studies of formic acid on TiO2(110).15

In contrast to XPD, Auger electron diffraction has be
less frequently employed in the study of surfaces. Much
the early experimental work on Auger electron diffracti
~AED! assumed that the outgoing Auger electron had an
PRB 600163-1829/99/60~16!/11700~7!/$15.00
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tropic distribution and could simply be treated as ans wave
in theoretical calculations.16,17 However, more recent result
have shown that the final state of the Auger electron sho
be taken into account if the best agreement between th
and experiment is to be obtained.18,19 This requirement to
take the source wave character into account becomes
more important at lower kinetic energies, i.e.,,100 eV, as
has been demonstrated for metal surfaces such as Cu~001!,
Al ~001!, and Pt~111!.19 The analysis of AED is further com
plicated by the nature of the multielectron Auger proce
which involves coupling of the electron initial states, givin
various possible final state angular momentu
distributions.20 Theoretical calculations of the diffractio
patterns are needed to fully utilize these Auger data.

Here we employ the TiO2(100) surface as a model syste
with which to explore the observed XPD and AED patter
from an oxide surface recorded at relatively high-angu
resolution (62°). This surface has previously been exte
sively studied using a variety of techniques,21 and recent
scanning tunneling microscopy results of the 131 phase22

are consistent with the structure expected on the basi
Tasker’s rules.23 This is shown in Fig. 1. The effect of an
gular resolution on XPD has been demonstrated experim
tally by Pathey and Bullock for TiO2(110).9 They showed
that experimental features become sharper as the accep
angle is reduced. In similar experiments we have also
served a significant~fivefold! enhancement in the anisotrop
of the diffraction patterns as the angular resolution
increased.24 This increase in anisotropy can be employed
measurements where the anisotropy would otherwise be
pected to be small, such as those recently reported by Gr
et al. for O on Rh~111!.25 For TiO2(100) we find that to
successfully model our high-angular resolution data we m
employ multiple scattering simulations.

II. EXPERIMENTAL DETAILS

The measurements were performed in a UHV cham
that has been described elsewhere.26 Photoelectron and Au-
11 700 ©1999 The American Physical Society
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ger electron spectra, and associated diffraction patterns w
recorded at room temperature using a VSW/Omicron EA1
analyzer with a five-channeltron detection system and un
larized Mg Ka (hn51253.6 eV! radiation. The data were
collected with an analyzer pass energy of 20 eV and
analyzer lens in low-magnification mode. This gives an x-
source limited energy resolutionDE50.7 eV @full width at
half maximum ~FWHM!# and an angular resolutionDu5
62° ~FWHM! for all the measurements. The x-ray sour
was mounted 70° off normal, and 45° out of plane, w
respect to the analyzer-surface normal~which was in the
horizontal plane!. During the experiments the chamber ba
pressure was<2310210 mbar.

The rutile TiO2 sample was cut and polished to with
0.1° of the~100! plane, as checked by Laue diffraction. T
prevent sample charging effects, the sample was prered
such that it was blue gray in color, indicating ann-type car-
rier concentration of about 1018 cm23.27 The sample was
cleanedin situ by 500 eV Ar1 sputtering and subseque
annealing to 870 K. This cycle was repeated until conta
nant levels~C,S,K,Cl! were less than 1% as judged by Aug
electron spectroscopy~AES!. The 131 nominally stoichio-
metric surface was formed by annealing the clean sampl
131026 mbar O2 (99.985%; BOC Research Grade! at 870
K for 30 min, and cooling to 400 K in O2. This procedure
restored the surface to close to stoichiometric, as judged
the lack of a Ti 2p shoulder in photoemission,28 and the
presence of a good 131 low energy electron diffraction
~LEED! pattern.

The sample was mounted on a modified sample man
lator ~VG Omniax! capable of.360° azimuthal rotation
with an angular precision of60.5° in both polar (u50 at
normal emission! and azimuthal angle (f, defined with re-
spect to the@001# direction of the substrate!. During azi-
muthal rotation the sample alignment~polar angle! was
checked using laser reflection from the sample surface, a
was found to be less than60.5° over the full 360°. The
sample normal (u50°) was determined using the~0,0!
LEED beam. The azimuthal alignment was initially dete
mined by LEED, but further fine adjustments were ma
using the symmetry of fine-step(1°) azimuthal scans.

The room-temperature diffraction patterns were obtain
by rotating the sample in front of the fixed analyzer a

FIG. 1. Model of the bulk-terminated TiO2(100)131 surface
expected on the basis of Tasker’s rules~Ref. 23!. Large ~small!
spheres represent O~Ti! atoms scaled to the appropriate ionic ra
~Ref. 40!.
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collecting azimuthal scans for a range of polar angles. T
modes of data collection were used. The first was a sim
integration of the signal collected over all five channeltro
centered on the peak of interest. This method is very sim
to that used by Patthey and Bullock for TiO2(110).9 The
second method involved recording a full-electron distrib
tion curve~EDC! at each angular data point, and then su
sequently integrating the area under the peak after remo
a linear background. The two sets of results were found to
very similar. However, the second method is favored a
averages the data from all five channeltrons, thus reduc
the effect of any changes in the channeltron sensitivity d
ing the data collection time~ca. 12 hr!. The EDC’s for the

Ti 2p peak contained both the 2p 3
2 and the 2p 1

2 contribu-
tions. No contamination was observed on the sample us
AES after the end of scans.

III. COMPUTATIONAL DETAILS

The calculations were performed using the multiple sc
tering code described by Kaduwela, Friedman, and Fadle29

This cluster-based method allows multiple scattering to
included up to 10th order and can treat photoelectron em
sion from any initial state with full final state interferenc
The radial dipole matrix elements for the various kinetic e
ergies employed were calculated using the method descr
by Goldberg, Fadley, and Kono.30

As a starting point for our calculations we used the un
laxed TiO2(100)131 structure shown in Fig. 1. To obtai
the best agreement with experiment it was necessary to
clude Ti emitters from eight layers into the surface. Th
resulted in clusters of up to 250 atoms and an effective s
pling depth for these calculations of up to 16.83 Å . T
inelastic attenuation length was set to 10 Å and the in
potential used was 10 eV, which are typical values
oxides.31–33 It was found that the results were insensitive
changes of the order650% in the values of the inner poten
tial or the attenuation length. The scattering phase sh
were calculated in the framework of the partial wave meth
within a muffin-tin approximation using the MUFPO
program.34 Angular broadening of the electron emission d
rection to match the finite angular acceptance (61.8°) of the
analyzer was also included in the simulations. To comp
the experimental results with the theoretical calculations
used a multipoleR factor, which has previously been de
scribed by Faselet al. for work onc(232)-Na on Al~001!.35

IV. EXPERIMENTAL RESULTS

The full-hemispherical diffraction plots for TiO2(100)
131 using TiL3M23M23 Auger (KE5375 eV!, O KVV
Auger (KE5508 eV!, O 1s (KE5719 eV!, and Ti 2p
(KE5795 eV! are shown in Fig. 2. Each plot comprise
3600 data points distributed in 3° steps inu and f. The
azimuthal step was kept constant over the whole plot so a
allow easier comparison with theory. The center of each p
corresponds to the surface normal (u50), with radial sec-
tions representing polar scans and circular sections repre
ing azimuthal scans. The relative intensity is indicated by
scale ranging from black5minimum to white5maximum.
The data have been fourfold averaged by reflecting ac
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11 702 PRB 60P. J. HARDMAN et al.
the @001# and @010# azimuths, and normalized so that th
average intensity at each polar angle equals zero.35 The av-
eraging across the@001# and @010# azimuths serves only to
remove some minor experimental variations observed in
raw data, since in general the agreement between the a
aged and raw data is excellent. It is immediately obvious t
the data from Ti emitters are quite different from the da
from O emitters, being due to the difference in the loc
atomic arrangement around the Ti and O atoms in TiO2.

V. DISCUSSION

The most obvious features in the XPD patterns of Fig
are the bright areas or ‘‘spots’’ that are attributed to forwa
scattering~also referred to as forward focusing! from neigh-
boring atoms. These are surrounded by fine structure du
higher order interference and forward scattering from m
distant neighbors. Interatomic directions in the crystal can
determined from these forward scattering spots, since
these kinetic energies the greatest intensity is found in
forward scattering direction when the emitter, scatterer,
detector are aligned.1,2,19 The simplest way to do this is to
compare the experimental results with the plots shown
Fig. 3. These plots simulate the directions in the crys

FIG. 2. Experimental photoelectron~Mg Ka) and Auger elec-
tron diffraction data (hn51253.6 eV! from TiO2(100).~a! O KVV
Auger KE5508 eV.~b! O 1s KE5720 eV.~c! Ti L3M23M23 Au-
ger KE5375 eV.~d! Ti 2p KE5787 eV. Each plot, consisting o
3600 data points, has been normalized as follows. First the inten
of each azimuthal scan was set to range between zero and un
remove any polar angle emission dependent effects. Then the
age intensity of each azimuthal scan was set to equal zero, ma
each azimuth vary around zero. Finally the whole plot is set
range from zero to one. (u and f steps53°. u50° at normal
emission,f is defined with respect to the@001# direction!.
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where either Ti or O scatterers lie with respect to either a
or O emitter. These directions are represented by circles
tered on the scattering direction, where the circle radius
inversely proportional to the emitter scatterer separation.
this reason, the largest spots in plots 3~b! and 3~c! are due to
scattering off the nearest neighbors of the opposite elem
The patterns for Ti scatterers are much simpler than those
O scatterers since in rutile TiO2 there is only one type of Ti
site compared to three sites for O. This is due to the disto
octahedral environment of Ti in rutile.32

By comparing these simple scattering plots with the e
perimental results, we find that all of the major features, a
also many of the weaker features in the experimental d
can be assigned to forward scattering processes in the cry
This agreement is especially good between the Ti 2p and Ti
L3M23M23 Auger data and the Ti emitter simulations, b
less so for the O 1s and O KVV Auger results. One reaso
for the poorer agreement might be the larger number of p
sible emitter-scatterer directions for O compared to Ti. T
would decrease the relative contrast of the experimental d

In the next section we focus on the photoemission res
for the O 1s and Ti 2p emitters. The results of SS and M
~up to fifth order! calculations for O 1s and Ti 2p emitters
are shown in Fig. 4. The results have been normalized in

ity
to

er-
ng
o

FIG. 3. Schematic representations of the scattering directions
Ti and O emitters in TiO2(100). The patterns are generated
employing the clusters used to carry out the full theoretical multi
scattering calculations. One atom is chosen as the emitter with
ery other atom in the cluster considered as a scatterer. For
emitter-scatterer combination a circle is drawn centered on
emitter-scatterer direction. The size of the circle is inversely p
portional to the emitter-scatterer distance. We consider the
possible scatterer-emitter combinations:~a! O-O; ~b! Ti-O; ~c!
O-Ti; and~d! Ti-Ti. Note that the largest spots appear in~b! and~c!
because they have the smallest emitter-scatterer distances.
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PRB 60 11 703X-RAY PHOTOELECTRON DIFFRACTION AND AUGER . . .
same way as the experimental data to allow a direct comp
son to be made. The calculations comprise a summatio
results for all emitters up to the 12th O layer~12.23 Å! into
the bulk, for O 1s emission, and up to the eighth Ti laye
~16.83 Å! for Ti 2p emission. We were unable to increas
the emitter depth above these values due to memory c
straints on the cluster size, but we note that the clusters u
represent emission from layers up to 1.5 times the atten
tion length used in the calculations~10 Å!. Looking first at
the Ti 2p data we find that all of the main features of th
experiment have been reproduced by the theoretical calc
tions with both SS and MS. In the single scattering calcu
tions the relative intensity of the forward focusing pea
have been overestimated compared with experiment,29 and
we find a much better agreement with the results of M
calculations as discussed below. The attenuation of the
perimental forward focusing features, compared with the
theory, is partly due to defocusing along chains of atoms29

and also to scattering into paths other than the forward s
tering direction.

We have used the multipoleR factor described by Fase
et al.35 to compare the results of our calculations for increa
ing numbers of Ti layers for both SS, double scattering~DS!,

FIG. 4. Results of theoretical calculations for TiO2(100) O 1s
and Ti 2p Mg Ka photoelectron diffraction with both single sca
tering ~SS! and fifth-order multiple scattering~MS!. The u and f
steps are the same as in Fig. 2.~a! O1s SS;~b! O1s MS; ~c! Ti 2p
SS; and~d! Ti 2p MS. The Ti 2p data contains contributions from
Ti atoms up to 16.82 Å into the bulk. The O 1s data contain con-
tributions from O atoms up to 12.23 Å into the bulk. These da
have been normalized using the same procedure as outlined fo
experimental data shown in Fig. 2.
ri-
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and fifth order MS. From theR-factor results shown in Fig
5, we find that adding a second Ti layer results in a decre
of the R factor for each of the theoretical models, with th
DS and MS results giving the sameR factors. As more layers
are added, the SS and DSR factors remain about the sam
while the MS values fall further and finally reach a plateau
7-8 layers, which was the limit of our calculations. A sele
tion of azimuthal scans from the Ti 2p data in Fig. 2~d! are
shown in Fig. 6. They compare the experiment with SS a
MS calculations and show that overall the agreement is v
good. The azimuthal scan foru536° is a good example o
how the SS theory overestimates the intensity of the forw
scattering peaks atf590° andf5270°, and how including
MS attenuates this feature to give a much better agreem
with experiment.

If we now turn to the O 1s data, and compare the resul
in Figs. 2~b! and 4~a! and 4~b! we find essentially the sam
effect of including MS in the XPD calculations as for the
2p results. For example, the feature atu545° along the
@010# direction is much more intense in SS than it is with M
or experiment. This can also be observed in the azimu
scans shown in Fig. 7. The data foru533° and 60° show
that including MS leads to an attenuation of the peaks
hence a much better agreement with the experiment. In o
areas, for instance the features atf°569, 111, 249, and 291
in theu533° data shown in Fig. 7~c!, can be assigned to MS
on the basis of their absence in the SS simulation.

In our calculations we also considered a surface
terminated surface with the top layer of O atoms removed
a possible cause for the mismatch between theory and
periment. We found that this did not affect the overall resu
of the calculations, since most of the electrons undergo
diffraction originate from deeper layers, with the surfa
playing only a small part in determining their final emissio
direction. We therefore conclude that these experiments
insensitive to the surface structure, due to the high-kine
energy of the electrons involved and the large contribut
from deeper laters. This does not mean that XPD is incapa
of providing information about oxide-surface structure.
lower kinetic energies (<200 eV! are used or methods ar
employed to isolate the surface contribution, such as sur

a
the

FIG. 5. MultipoleR factors~Ref. 35!, which compare Ti 2p Mg
Ka photoelectron calculations using single scattering, double s
tering, and fifth-order multiple scattering as a function of Ti laye
in the calculations with the Ti 2p experimental data shown in Fig
2.
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11 704 PRB 60P. J. HARDMAN et al.
core-level shifts, then much useful information can
gained.11

Now we turn to the Auger electron diffraction data show
in Figs. 2~a! and 2~c!. At first glance these data are qui
similar to the corresponding photoelectron diffraction da
However, on closer examination one finds that in general
forward focusing maxima are broader and that the surrou
ing fine structures is less sharply defined. Many of th
changes can be attributed to the lower kinetic energy of
emitted electrons, and the consequential increase in mul
scattering and weaker forward focusing. Another factor t
must be taken into account in Auger emission, as in pho
emission, is the angular momentum of the outgoing elect
wave. Early experiments assumed that Auger electrons c
be treated as s waves with an isotropic angula
distribution,16,17 but more recent work has shown that it
important to take the angular momentum of the outgo
Auger electron wave into account.18,19

To take the Auger electron angular momentum into
count, we have performed calculations for electrons with d
ferent values of the angular momentum quantum numbel.
In Fig. 8 we show the results of fifth order MS calculatio
for Ti L3M23M23 Auger electrons with different values ofl
from 0 to 3. The results of the multipoleR-factor comparison

FIG. 6. Selected MgKa Ti 2p photoelectron azimuthal scan
Each scan has been normalized as follows. First the intensit
each azimuthal scan was set to range between zero and un
remove any polar angle emission effects. Then the average inte
of each azimuthal scan was set to equal zero. Solid~dashed! lines
represent single~multiple! scattering calculations and the expe
mental data are represented as small circles joined by a solid
At normal emissionu50.
.
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for s, p, d and f final state waves are shown in the low
section of Fig. 9~a!. From theR factors, we find a minimum
for electrons emitted withd-wave character (l 52). A more
refined approach takes account of the known ori
(Ti 2p,Ti 3p) of this Auger process. We can use the follow
ing angular momentum relationships to predict the poss
angular momentum of the Auger electron18

u l i2u l j2 l kuu< l< l i1 l j1 l k ,

and

l i1 l j1 l k1 l 5even,

where l i , l j , and l k represent the angular momenta of t
initial core hole and final-state holes, respectively. For t
transition, l i51, l j51, and l k51. This gives either 1< l
<3 and 31 l must be even sol is either 1 or 3. This gives a
final state angular momentum of eitherl 51, i.e., ap wave or
l 53, i.e., anf wave. This leads us to consider a mixed fin
state angular momentum for the Auger electron compris
both p waves andf waves, which we have compared wit
experiment. To do this we take linear combinations of thep-
and f-wave calculations and compare them with the expe
mental data. We find that the minimum in the multipoleR
factor occurs when we combine a 50%p-wave component
with a 50%f-wave component.

Turning now to the O KVV data, the results of th
R-factor comparisons for different angular momenta a
shown in Fig. 9~b!. A comparison of pures, p, andd waves
with experiment yields theR factors in the lower graph
Here, we find a minimum for electrons emitted withd-wave

of
to
ity

e.

FIG. 7. As Fig. 6, but for O 1s.
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character (l 52). However, an analysis of the situation f
the O KVV Auger angular momentum, wherel i50, l j51,
and l k51, indicates thatl is either l 50, i.e., ans wave or
l 52, i.e., ad wave. From the results of the linear combin
tion of these two angular momentum final states we find t
the best agreement with experiment is for 82%d wave and
18% s wave.

In order to evaluate the analysis above, we make a c
parison with the experimentally determined values for
final state angular momenta of the outgoing electrons by

ing the tables of Asaad36 and McGuire,37 and the method
outlined by Aberdamet al.38 This predicts that the T
L3M23M23 Auger comprises 51.5%p and 48.5%f character,
which is in excellent agreement with the experimental res
We were unable to perform a similar calculation for the
KVV Auger transition since we could not locate tabulat
values for this transition. However, thes/d ratio derived
from experiment is biased towards ad wave, consistent with
that expected on the grounds of general arguments.39

FIG. 8. Theoretical diffraction patterns due to the 375-eV
L3M23M23 Auger electron emission from TiO2(100)131 for vari-
ous final state angular momentum:~a! s-wave emitter;~b! p-wave
emitter; ~c! d-wave emitter; and~d! f-wave emitter. The final plot
~e! shows the best fit with experiment found by mixing a 50%p
component with a 50%f component.
t

-
e
s-

t.

VI. CONCLUSIONS

We have examined XPD patterns from TiO2(100)131
and compared them with multiple scattering calculations.
find that multiple scattering is important in modeling th
diffraction patterns, at the higher resolution employed, wh
single scattering calculations overestimate the intensity
width of features. It is equally important to use large clust
in the final calculations, as layers up to at least 16 Å c
contribute to the experimental data. Furthermore, we h
been able to determine the angular momentum of the ou
ing Auger electrons, which are in excellent agreement w
theoretically determined values.36–38 This further demon-
strates that it is important to take into account the symme
of the outgoing wave in any theoretical treatment of Aug
electron diffraction.18,19 We find that these results are inse
sitive to the surface structure. This is not surprising given
high-kinetic energy of the electrons measured and he
their long mean-free path. However, this paper forms
basis for further XPD studies of oxide surfaces at hig
angular resolution, and demonstrates the viability of calcu
tions for such systems.

i

FIG. 9. R-factor plots for the comparison of Auger electro
diffraction experiments and calculations.~a! The results for Ti
L3M23M23 with the lower graph showing a minimum in theR factor
for d waves when only one emitted angular momentum is includ
The results for a mixedp/ f final state are shown in the upper grap
where a minimum occurs at a 50%p component and 50%f com-
ponent.~b! The results for O KVV with the lower graph showing
minimum in theR factor ford waves when only one emitted angu
lar momentum is included. The results for a mixeds/d final state
are shown in the upper graph where a minimum occurs with an 1
s component and an 82%d component.
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