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Positron Annihilation-Induced Auger Electron Spectroscopy
Measurements of a TiO2(110) Surface
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We report here positron annihilation-induced Auger electron spectroscopy measurements of an as received
TiO2(110) surface. We observe peaks at ∼ 250 eV and ∼ 500 eV due to the Auger decay of annihilation-induced
1s holes in carbon (C KVV), and oxygen (O KVV) respectively. In addition to these KVV Auger peaks we observe
a broad, low energy peak extending up to 15 eV. Since the incident positron beam energy of 1.5 eV is well below
the energy threshold required to directly knock out electrons with kinetic energies up to 15 eV, this peak must be
Auger-related. Based on energy conservation requirements and its considerable spectral weight, we argue that this
low energy peak is principally due to the Auger decay of both annihilation induced 2s core holes in oxygen and
annihilation induced valence holes in carbon.
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1. Introduction

Positron annihilation-induced Auger electron spec-
troscopy (PAES) is a non-destructive surface analy-
sis technique with top-most atomic layer selectivity.
The surface selectivity of PAES stems from the fact
that the positron wave function in the surface state
decays rapidly below the top-most atomic layer [1].
In PAES, positron beam energies well below the elec-
tron work function can be used to initiate the Auger
process allowing for the complete elimination of the ob-
scuring secondary electron background found in other
similar techniques [2]. Experimental determination of
the background-free, spectra of electrons emitted as a re-
sult of Auger transitions, down to 0 eV, is important for
unravelling the complex, correlated Auger decay path-
ways of core and deep valence holes [3–7]. PAES stud-
ies of TiO2(110) can also provide important insights rel-
evant to the understanding of positron-stimulated des-
orption of O+ from TiO2(110). In particular, experi-
mental demonstration of the positron surface state on
the TiO2(110) surface, measurement of the relative an-
nihilation probabilities for the oxygen and titanium core
levels and the experimental observation of multi-electron
emission are all important for the current understanding
of positron-stimulated desorption of O+ [8].

In this manuscript, preliminary (ToF)-PAES measure-
ments of an as received TiO2(110) surface with positron
beam energies of 1.5 eV and 47 eV are presented.
In the 1.5 eV data we observe peaks corresponding to
Auger decay of annihilation induced 1s holes in carbon
(C KVV at 250 eV) and oxygen (O KVV at 500 eV).
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We additionally observe a broad, low energy peak ex-
tending up to 15 eV. We posit that some of the spectral
weights in this peak are due to a C VVV Auger transi-
tion. In addition, our analysis suggests that a significant
amount of the low energy peak is due to an O LVV tran-
sition. The core Auger process (O LVV) is initiated when
a positron in the surface state annihilates with a 2s elec-
tron in oxygen resulting in a less tightly bound valence
electron filling this 2s hole. The energy associated with
this filling of the hole is then coupled to a third electron in
the valence band which can escape into the vacuum as an
Auger electron. The valence Auger process (C VVV) is
similar except that the initial hole is in the valence band
of carbon. This band is sufficiently deep to energetically
support Auger electron emission [1]. Lastly, the system
was configured to increase the energy separation between
the C KVV and O KVV Auger peaks. We did not ob-
serve the Ti LMM (386 eV) or Ti LMV (410 eV) Auger
peaks. The paper concludes with an analysis of the rela-
tive integrated intensities of the observed Auger peaks.

2. Experimental setup

The ToF-PAES spectrometer at the University of
Texas at Arlington (UTA) has been described in de-
tail elsewhere [2]. Briefly stated, positrons from a 22Na
source are first moderated using a thin tungsten foil
in transmission geometry before being magnetically
guided to the sample surface. The positron-induced
electrons ejected from the sample have their momen-
tum parallelized by a magnetic gradient near the sample.
The ToF of the ejected electrons is measured as the time
difference between the detection of the 511 keV annihila-
tion gamma rays by a fast scintillator and the detection of
the electrons by a microchannel plate (MCP). Figure 1 is
a schematic representation of the ToF-PAES spectro-
meter. The fast scintillator (2 inch NaI) is mounted
2 cm away from the sample. The sample, 99.99% rutile
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Fig. 1. Schematic representation of the TOF-PAES
spectrometer at UTA. Positrons are magnetically guided
to the sample by two sets of E × B plates. Positron-
induced electrons have their momentum parallelized by
a magnetic gradient near the sample. After traveling
through a 1 m stainless steel tube biased at a constant
potential, the positron-induced electrons are drifted by
a pair of E×B plates onto the MCP. The kinetic energy
of the electrons is measured using the ToF of the elec-
trons, which is determined from the time difference be-
tween the detection of the annihilation gamma ray and
the detection of the electron.

titanium(IV) oxide single crystal substrate (110), was
purchased from Sigma-Aldrich. The sample was installed
into the chamber without cleaning after prolonged stor-
age in a plastic bag. The measurements were made with-
out any further surface modifications to the sample after
baking the chamber to approximately 375 K for 48 h
to obtain a base pressure better than 10−8 Pa.

3. Results and Discussion

Figure 2 is the ToF-PAES spectrum from TiO2(110)
measured using a positron beam energy of 1.5 eV. We ob-
serve two high energy (low ToF) peaks corresponding to
electron emission from the Auger decay of annihilation-
induced 1s holes in carbon (C KVV 250 eV) and oxy-
gen (O KVV 500 eV). These peak energies are consis-
tent with previous measurements of C KVV (263 eV)
and O KVV (503 eV) [9]. We note that the peak en-
ergies measured with our spectrometer are lower due to
the incomplete parallelization of the outgoing Auger elec-
tron momentum [10]. In addition, we observe a broad
low energy (high ToF) peak. The line shape of this low
energy peak in energy space is shown in Fig. 3. It has
peak intensity at 2 eV and extends up to 15 eV with
an integrated intensity 107 times the integrated C KVV
intensity and 61 times the integrated O KVV inten-
sity. The integrated intensities quoted have been cor-
rected for the transport efficiency through our ToF-PAES
spectrometer using a model spectrometer detailed in [11].
The peak is ascribed to two positron-induced Auger pro-
cesses: O LVV Auger processes initiated by annihilation-
induced 2s holes in oxygen and C VVV Auger processes
initiated by annihilation-induced valence holes in carbon.
Photoemission measurements of TiO2(110) have shown
a valence band width of 6 eV and O 2s levels as deep

Fig. 2. ToF-PAES from TiO2(110) measured using an
incident positron beam energy of 1.5 eV. Auger peaks
associated with C KVV (250 eV) and O KVV (500 eV)
Auger transitions are present alongside a broad low en-
ergy peak which is ascribed to combined O LVV and
C VVV Auger processes. The spectrum has been nor-
malized to the number of background subtracted NaI
counts.

TABLE I

PAES integrated intensities obtained for each of the ob-
served Auger peaks in Fig. 2. The intensities have been
corrected using estimates of the spectrometer transport
efficiencies but not for the detector efficiencies.

O LVV/C VVV C KVV O KVV
integrated
intensity

9.4× 10−3 8.8× 10−5 1.5× 10−4

relative
intensity

61 0.6 1

as 25 eV [12, 13]. Therefore, it is energetically possible
for an LVV Auger decay of O 2s holes with binding
energies up to 25 eV to produce Auger electrons with
kinetic energies up to 15 eV. Additionally, the narrow
valence band width makes VVV Auger processes from
TiO2 energetically forbidden. The presence of carbon
on the as received sample does mean that some C VVV
Auger emission is expected, but our previous measure-
ments of single-layer graphene have found that the inte-
grated C VVV Auger intensity is only about a factor of
20 times the integrated C KVV Auger intensity, not over
100 times as seen here [1]. Furthermore, a low energy
electron emission mechanism associated with the decay
of O 1s annihilation-induced holes could at best explain
a relative integrated intensity of 2 if every O KVV Auger
electron was accompanied by a low energy electron.

The ratio of PAES integrated intensities are listed
in Table I and provides a first estimate of the rela-
tive positron annihilation probabilities for the different
core and valence levels. From the ratios of the low
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Fig. 3. Energy converted ToF-PAES of Fig. 2 plotted
up to 30 eV. The low energy peak has a maximum at
2 eV, extends up to 15 eV and has an integrated inten-
sity 61 times that of the O KVV Auger peak and 107
times that of the C KVV integrated intensity. The spec-
trum has been normalized to the number of background
subtracted NaI counts.

Fig. 4. Energy converted ToF-PAES for a positron
beam energy of 47 eV. The beam optics were set to
obtain increased energy separation between the C KVV
and O KVV Auger peaks. We do not observe the Ti
LMM (386 eV) or LMV (410 eV) Auger peaks. The
spectrum has been normalized to the number of back-
ground subtracted NaI counts.

energy peak to the two KVV peaks we can conclude that
positrons are an order of magnitude more likely to anni-
hilate with the oxygen 2s or carbon valence levels than ei-
ther the oxygen 1s or carbon 1s levels for the as received
TiO2(110) sample. Finally, since the incident positron
beam energy of 1.5 eV is well below the energy threshold
required to excite secondary electron processes, the sig-
nals we are observing are entirely due to the Auger decay
of annihilation-induced holes.

Lastly, it is worth considering the noticeable absence
of any titanium derived Auger signals in our mea-
surements. In Fig. 3 we do not see the Ti MVV
Auger peak (18 eV), which has previously been observed
for TiO2(110) in Auger-photoelectron coincidence spec-
troscopy (APECS) [14]. In Fig. 2, however, the presence
or absence of the Ti LMM (386 eV) or Ti LMV (410 eV)
is more difficult to determine. Therefore, we have carried
out additional ToF-PAES measurements using a positron
beam energy of 47 eV, a ToF tube bias of −120 V and
adjusted the system’s optics to give increased energy sep-
aration between the C KVV and O KVV peaks. The en-
ergy converted spectrum for these measurements is show
in Fig. 4. With the increased energy separation between
the peaks we do not see either of the titanium derived
Auger peaks. We believe the lack of Ti derived Auger sig-
nals is due to the reduced positron wave function overlap
with titanium due to the presence of oxygen and carbon
on the surface.

4. Conclusions

We have presented ToF-PAES measurements of an
as received TiO2(110) surface for two incident positron
beam energies, 1.5 eV and 47 eV. These measurements
provide direct experimental proof for a positron surface
state on TiO2(110). We observe peaks from the Auger
decay of annihilation-induced holes in the 1s levels of
oxygen (O KVV) and carbon (C KVV) in addition
to a low energy Auger peak due to the Auger de-
cay of both annihilation-induced holes in the 2s lev-
els of oxygen (O LVV) and valence levels of carbon
(C VVV). Notably, we do not observe any peaks due
to the Auger decay of annihilation-induced Ti 2p or
3p holes. Future work will focus on treating the sur-
face to remove any carbon contamination and calculating
more precisely the relative annihilation probabilities for
the clean, stoichiometric surface.
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