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Published online: 08 May 2018 We compared positron- and electron-stimulated desorption (e*SD and ESD) of positive ions from a

TiO,(110) surface. Although desorption of O* ions was observed in both experiments, the desorption
efficiency caused by positron bombardment was larger by one order of magnitude than that caused

by electron bombardment at an incident energy of 500 eV. e*SD of O™ ions remained highly efficient
with incident positron energies between 10 eV and 600 eV. The results indicate that e"SD of O* ions is
predominantly caused by pair annihilation of surface-trapped positrons with inner-shell electrons. We
also tested e*SD from water chemisorbed on the TiO, surface and found that the desorption of specific
ions was enhanced by positron annihilation, above the ion yield with electron bombardment. This
finding corroborates our conclusion that annihilation-site selectivity of positrons results in site-selective
ion desorption from a bombarded surface.

Positron annihilation techniques are recognised to be non-destructive and are extensively used to investigate
electronic states in metals!, vacancy-type defects in solids?, crystal structures of solid surfaces® and chemical
states of surface layers*. The positrons injected into materials may break the atomic bonds via pair-annihilation®.
Additionally, emission of Auger electrons after positron annihilation with core electrons* may create a two-hole
final state that causes ion desorption from the surface by Coulomb repulsion. Although there is a possibility
that a solid surface will be modified by these phenomena, considerably less information about these processes is
available.

Desorption of atoms, molecules and ions from solid surfaces following electronic transitions that were
induced by incident electrons or photons, referred to as desorption induced by electronic transitions (DIET), has
been actively studied®”. This phenomenon provides a powerful tool to study fundamental surface processes and
achieve various technological applications, for example, in the areas of modification of semiconductor devices,
radiation biology and development of surface spectroscopic techniques®1°.

Recently, we observed positron-stimulated desorption (e*SD) from a TiO, surface''"*?, one of the canonical
targets for investigating DIET processes. Desorbed O ions were clearly observed at an incident positron energy
below the desorption threshold by electron impact and photon absorption. This indicates that O ion deso-
rption is not caused by impact excitation but instead is caused by pair annihilation of incident positrons with
atomic inner-shell electrons at the surface. This finding introduces the possibility of experimentally studying
positron-induced surface dynamics and developing potential applications. However, the DIET processes and the
specific mechanisms mediating ion desorption caused by positrons remain unclear.

In the present work, we compare e™SD and electron-stimulated desorption (ESD) of ions from a TiO,(110)
surface. The results show that positron annihilation enhances specific ion desorption above the yield observed
with electron bombardment. We conclude that trapping of positrons at the surface and the tendency for annihi-
lation to occur at specific surface sites strongly affect the e"SD phenomenon.

Results and Discussion

Comparison of ESD and e*SD from TiO, surface. The time-of-flight (TOF) spectra of cations desorbed
from the TiO,(110) surface during irradiation with electrons and positrons are shown in Fig. 1. The incident
positron energy was set to 500 eV to be equal to the electron-beam energy. Each spectrum was normalised to
the number of incident particles, as estimated by the electron-beam current or the count-rate of the NaI(TI)
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Figure 1. TOF spectra of ions desorbed from a TiO,(110) surface by (a) positron and (b) electron
bombardment at an incident energy of 500 eV. Each spectrum was normalised to the number of incident
particles. The blue dashed line in (b) indicates ESD results enlarged by a factor of 25.

scintillation detector. A peak at time zero appears only in the e"SD-TOF spectrum and is due to the detection of
~ rays emitted from the target by a micro-channel plate (MCP) ion detector.

Considerable differences in the TOF distributions of e*SD and ESD were found. While the desorption of
O ions from the TiO, lattice was observed in both measurements, the O™ peak intensity caused by e*SD was
approximately 25 times larger than that caused by ESD. In contrast, H" and H;O" ions generated from a slight
coverage of residual gases, typically H,O molecules, were produced less efficiently by e*SD. These dissimilar spec-
tra indicate that the peculiar interactions of positrons with a solid surface are reflected strongly the desorption
phenomena.

Dependence of O* ion yield on the incident positron energy. In DIET studies, information concern-
ing desorption processes has typically been obtained from measurements of the threshold value of the incident
energy for desorption and the desorption yield. Moreover, identifying the initial excitation states is crucial when
considering subsequent electronic transition processes. In 1978, Knotek and Feibelman (KF)'* proposed a model
for O ion desorption from TiO, surface based on their observations of an ESD threshold of 34 eV, which matches
the excitation energy of the Ti(3p) core level. The ionic states in ideal TiO, are commonly understood to be a Ti**
cation bound ionically with O?~ anions. Thus, the formation of O" ions in the lattice requires a charge transfer of
at least three electrons. The interpretation offered by Knotek and Feibelman indicated that the Ti(3p) core hole
created by an electron impact is filled with an electron from the O(2p) orbitals of a neighbouring O*~ anion via
an inter-atomic Auger process, resulting in the emission of two electrons from the valence orbitals as Auger elec-
trons. Consequently, OT ions formed from O?~ anions can be expelled from the surface via Coulombic repulsion
from the surrounding Ti*" cations. Although KF originally proposed their model to explain the desorption of O™
ions from TiO, surfaces by the excitation of inner-shell electrons in Ti atoms, the concept of Auger-stimulated
desorption can be extended to explain ion desorption from many materials. Furthermore, electron-ion coinci-
dence spectroscopy measurements of TiO, surfaces show that intra-atomic Auger decay after O(1s) excitation can
also cause O ion desorption'®.

Based on these previously reported ESD threshold energies and ion-yield curves, our study of the dependence
of e*SD on incident positron energy offers further insight. Figure 2 plots the e"SD yields of O* ions from the TiO,
surface as a function of incident energy in the range between 10eV and 600 eV. Surprisingly, the measured values
remained nearly constant even with such a wide range of incident energies. This striking feature is quite different
from the ESD-yield curves, which strongly depend on the incident electron energy. For example, ESD of O" ions
does not occur below the threshold of 34 eV'4, whereas the yield curve rises sharply just above the threshold and
then tends to increase with increasing incident energy that ranges from the threshold to 500 eV”. This relation
depends on factors such as energy dependence of the initial excitation cross section, the final accessible states
and dissipation channels of energy deposition. Additionally, the secondary electrons that originate from the bulk
can also contribute to the desorption yields’. The scattering interaction of primary electrons with the bulk atoms
causes the production of multiple secondary electrons. Their kinetic energies are lower than the incident energy
of the primary electrons. However, secondary electrons still possess sufficient energies to induce inner-shell
excitations when primary electrons having incident energy that is considerably greater than the threshold are
injected into the target. Some of the secondary electrons may strike the outermost surface layer and cause stim-
ulated desorption. The ESD yields of the desorbed O* ions from the TiO, surface are enhanced because of the
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Figure 2. Desorption yields of O* ions from a TiO,(110) surface as a function of incident positron energy. The
arrow indicates the initial ESD threshold of 34 eV. The ESD yield of O" ions by a 500-eV electron beam is also
plotted and marked.

secondary ESD effect, especially at an incident energy that approximately ranges from 110 to 180 eV, in which no
corresponding core levels are observed to exist for Ti or O atoms. Owing to their contributions of primary and
secondary electrons, the yield at an incident energy of 500V is observed to be larger than the yield from inci-
dent energies near the threshold by several orders of magnitude’. Although the ratio of the e*SD O™ ion yield to
that of ESD is approximately 25:1 at the incident energy of 500 eV, it is much more pronounced at lower incident
energies.

If e*SD is mediated by impact excitations, the desorption yield would depend on the incident positron
energy, as it does with ESD. Therefore, the nearly constant e*SD yield of O ions cannot be explained by the
impact-excitation process. This also suggests that e*SD of O ions is primarily mediated by the same electronic
transition process, regardless of the incident energy. In our previous e"SD study, we concluded that the only
process leading to O™ ion desorption below the threshold of 34 eV is positron annihilation with core electrons
at the surface', which can induce Auger-stimulated desorption without consuming incident kinetic energy in
inner-shell excitations. Thus, our interpretation of the present results is that e*SD of O* ions is predominantly
caused by positron annihilations, even for incident energies above the threshold. Of course, high-energy posi-
tron bombardment can also cause the desorption via the impact excitations, including the secondary ESD effect.
However, these processes make less of a contribution to the O ion-yield curve, as the positron-annihilation
process is highly efficient.

Annihilation-site selectivity of surface trapping positrons. We next need to explain how the
positron-annihilation process is more efficient for O" ion desorption and why the O yield depends less on
incident energy than it does with electron bombardment. Entrapment of diffusing positrons at the TiO, surface
offers one possible explanation. When positrons are injected into solids, they do not annihilate with atomic elec-
trons immediately, but instead rapidly decelerate to thermal equilibrium via inelastic collisions and then diffuse
randomly in the bulk of the solid over a time period of 5100 ps (see Fig. 11 in ref.!). Because the typical diffu-
sion length for positrons in metals and semiconductors is approximately 0.1 um, positrons in the near-surface
region can diffuse back to the solid surface. In many metals, positrons that reach the surface can be trapped
in surface states that are induced by the combination of their own attractive image-potential and the repulsive
bulk-potential until they annihilate!°. The surface states of positrons have also been studied for insulators'”8.

If surface states occur on the TiO, surface, desorption yield caused by positron annihilation would depend on
the fraction of diffusing positrons that are trapped, which is related to the bulk penetration depth. However, the
fractional value should be saturated with incident energies lower than 1keV, as most positrons can diffuse back
to the surface because of the sufficiently small ratio of penetration depth to diffusion length'. Consequently, the
e"SD yield of O™ ions does not depend on incident energy in our present results. Moreover, the positrons trapped
in the surface states would cause efficient Auger-stimulated O desorption than the inner-shell excitations by the
positron bombardment and the secondary ESD effect, even though the probability of annihilation with core elec-
trons is a few percent or less, which is much lower than the probability of annihilation with valence electrons®.
We recently investigated a positron state at the TiO,(110) surface using both computational and experimental
methods. These results strongly support our interpretation that the diffusing positron can be localised and anni-
hilate at the topmost surface layer®.

On the assumption that almost all O ions observed from e*SD are desorbed via positron annihilation,
the differences in desorbed ion species between e*SD and ESD (shown in Fig. 1) may be explained by the
annihilation-site selectivity of positrons. The positrons diffusing in the surface layers of alloys tend to be attracted
to regions that composed one kind of atoms with a relatively higher positron affinity, where they tend to anni-
hilate?!. In the highly ionic rutile-TiO, lattice, theoretical calculations using local density approximation have
shown that positrons are localised in the interstitial regions and primarily overlap with the electrons distributed
around O?~ anions, rather than with those around Ti*" cations*’. Accordingly, e*SD of O ions is most likely
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Figure 3. TOF spectra of the ions desorbed from water chemisorbed on a TiO,(110) surface caused by (a)
positron bombardment at incident energies of 10eV and 500 eV and TOF spectrum (b) 500-¢V electron beam
bombardment. Each spectrum was normalised to the number of incident particles. The blue dashed line in (b)
indicates ESD results enlarged by a factor of 15.

caused by the annihilation of surface-state positrons with the core electrons of surface oxygen atoms, although
core-hole creation in both Ti and O atoms at the TiO, surface can lead to O™ ion desorption'>*. In contrast, ESD
of H" ions has been explained by the electrically stimulated fragmentation of the hydroxyl OH groups of the
Ti-OH sites formed by dissociative chemisorption of H,O molecules at oxygen-vacancy sites?»**. Each oxygen
vacancy on the TiO, surface results in two Ti** sites?. Thus, the inefficient H' ion yield of e"SD suggests that
positrons at the surface are reluctant to annihilate near OH molecules bound to Ti** sites and Ti** sites.

In addition to surface trapping, the annihilation-site selectivity of positrons may also be related to the highly
efficient e*SD yield of O™ ions. The probability of desorption after inner-shell excitation for each oxygen atom at the
TiO,(011) surface is influenced by the environment around the existing site?’, and the excited oxygen atoms adjacent
to the oxygen defects have desorption probabilities one or two orders of magnitude lower than those in the defect-free
regions. Positrons are known to be sensitively trapped by vacancy defects!. However, positrons trapped at the TiO,
surface may annihilate predominately at O*~ sites in defect-free regions because they are repelled by the Coulomb
force from oxygen vacancies, namely, the Ti** sites. This site-specificity enhances the e"SD yield of O™ ions.

ESD and e*SD from water chemisorbed on TiO, surface. To further probe the site-specific DIET phe-
nomena caused by positron bombardment, e"SD and ESD from the water chemisorbed on the TiO, surface were
also observed at an incident energy of 500 eV (Fig. 3). Distilled water was introduced into the ultra-high vacuum
(UHV) chamber through a variable leak valve. The TiO,(110) surface was exposed to water vapor at a pressure
of 1 x 107° Pa for a few minutes. The ESD-TOF spectrum was noticeably affected by the water chemisorption.
The signals from H* and H;O" ions increased, and the desorption of OH" ions was also observed. However,
O™ ions desorbed by e*SD remained dominant, even though the yield was reduced. Furthermore, a relatively
small peak of H;O ions appeared in the e"SD-TOF spectra. These results clarify the site-specific ion desorption
process by illustrating the annihilation-site selectivity of the positrons. ESD of OH™ ions has been explained by
the inner-shell excited Ti-OH sites, similar to the explanation for ESD of H* ions?*%*. Thus, we expect to observe
very low intensities of these ions in e*SD yields, considering the annihilation-site selectivity of the positrons. In
contrast, the H;O" ions observed in both ESD and e*SD are likely to be ejected from water molecules or surface
hydroxyl water complexes. Comparable yields of H;O™ and O™ ions were observed from e*SD, even with a 10-eV
incident positron beam. The ESD thresholds of H;O" ions from an ice surface have been reported at ~22 eV and
~70 eV, suggesting that e*SD of H;O " ions from the TiO, surface is also caused by positron annihilation in an
analogue of the process leading to e*SD of O* ions. The surface-trapped positrons are likely to favour annihila-
tion at the sites of the chemisorbed water molecules, rather than at the Ti-OH sites, although the fact remains that
they mostly annihilate with the electrons at O~ sites.

Conclusion

In summary, we compared e*SD and ESD of positive ions from a TiO,(110) surface. Surface trapping and
annihilation-site selectivity of positrons strongly affect the desorbed ion yield and the ion species. We expect our
results to stimulate future studies on atomic surface processes induced by positron annihilation, which have so
far been only poorly understood. Additionally, e*SD can be adapted as a tool to investigate the unique behav-
iours of the positrons in the near-surface region. Our findings mentioned above are of fundamental importance
for the fields of surface science and positron physics, as positron beams have proven useful as surface-sensitive
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Figure 4. Schematic diagram of the TOF measurement system for desorbed ions. A positron beam was
transported by an axial magnetic field (0.01 T) and was incident normal to the sample surface. The TiO,
sample was biased at a voltage of 300 V. Annihilation ~ rays emitted from the target were detected by a NaI(T1)
scintillator coupled with a photomultiplier tube. The positive ions desorbed from the target were accelerated
by the target bias of 300 V and were directed to an ion deflector with a potential difference of 460 V. The ionic
trajectories in the deflector were deflected and directed to a MCP ion detector. The e*SD-TOF spectrum was
obtained through analysis of the time interval between the signals from the NalI(Tl) scintillator and the MCP.
An electron gun was mounted on a linear manipulator to move it into and out of the beam path, allowing
measurement of the ESD-TOF spectrum.

probes over the past few decades?. For example, our results will provide important information related to
positron-annihilation-induced Auger electron spectroscopy (PAES)*. PAES is generally conducted using a low
energy positron beam to eliminate the large secondary electron background; however, we have depicted that the
inner-shell ionization process by positron annihilation predominates the impact process, even in the high inci-
dent energy range.

The site-specific e*SD also has potential for applications in the field of surface modification. Auger-stimulated
ion desorption by electrons or photons is likely to occur around the initially excited atomic site because tightly
bound inner shell electrons are highly localised near one atomic site. Therefore, the site-specific chemical bond
scission and desorption can be achieved by the selective core excitation in different atomic sites or different energy
levels even in the same atom. A practical example of the site-specific desorption is to control the electronic and optic
properties of oxidised materials and semiconductors that are significantly influenced by the structural defects and
vacancies. However, secondary ESD effect is a serious limitation to perform site-specific desorption that is related to
the excitation of deep core levels®’. The secondary electrons can randomly collide with the surface layer and cause
non-selective excitations. Therefore, site-specific desorption using a low energy beam is desirable but has proven to
be challenging while conducting DIET studies. Recently, a diffraction technique in ESD that includes spherical-wave
effects and multiple scattering of low energy incident electrons was developed, which demonstrated a high ability to
extract site-specific information, especially at near the desorption threshold?!. The site-selective e*SD caused due to
the surface trapping and the annihilation-site selectivity of positrons may be proposed a different technique and may
be useful to control the surface reactivities when conventional ESD-based methods are impractical.

Methods

Experimental setup. All experiments were performed in an UHV chamber with a base pressure of less than
3 x 1078 Pa. The chamber was equipped with a molybdenum sample holder, a modified TOF analyser'! and an
electron gun (Fig. 4). Oxygen gas and distilled water were introduced into the chamber through two independent
gas lines fitted with a variable leak valve. The distilled water was purified by multiple freeze-pump-thaw cycles.
The surface of the rutile TiO,(110) (Shinkosha, 15 mm X 15mm x 0.5 mm) was mounted on a silicon wafer for
resistive heating. The crystal was cleaned with a heating cycle at 900 K. After this initial step, the surface was
re-oxidised at 900 K in the presence of oxygen at a pressure of 1 x 10~* Pa.

e"SD-TOF system. A variable-energy positron beam produced from a 2Na source (275 MBq) was guided
from the system to the target using an axial magnetic field (0.01 T) and passed through an ion deflector formed by
a pair of parallel plates with a potential difference of 460 V. The beam trajectory drifted slightly in that region and
was then directed to the TiO, sample. A Nal(T]) scintillation detector was placed behind the target to monitor the
511-keV annihilation ~ rays emitted from the target. The intensity of the positron beam at the target position was
approximately 2 X 10*s~1. Under the magnetic field used for beam transport, the ions desorbed from the target
were detected using a TOF analyser. Because a bias voltage of 300V was applied to the target, the ions desorbed
from the surface were accelerated toward the ion deflector. The radius of cyclotron motion for the ions in the
magnetic field is correspondingly larger than that for positrons because of their heavy mass. Thus, the ion trajec-
tories in the electric field between the deflector plates are strongly deflected and directed to the MCP ion detector,
which was placed at an angle of 35° with respect to the beam axis. The outputs of the MCP and Nal(Tl) detectors
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were connected to a high-speed digitiser (National Instruments, NI PCI-5152). The e"SD-TOF spectrum was
obtained through analysis the time interval between the input signals from both the detectors.

ESD-TOF system. For comparison with ESD, the electron gun provided a 200-eV pulsed electron beam
with a duration of 30 ns at a repetition rate of 1 kHz. The incident electron energy to the 300-V biased sample was
500 eV. The electron-beam current to the sample was measured using a floating picoammeter (Keithley, 6487).
The intensity of the electron beam was approximately 1 x 108s~!. Although more intense electron beams could
be easily obtained using the electron gun, it may result in charge-up of the target surface. We maintained a low
beam intensity during the ESD measurements, which were of limited value to accurately measure the beam cur-
rent that was observed in our system. Nevertheless, the electron beam intensity is considerably higher than the
positron beam intensity, which is approximately 2 x 10*s™, that is measured using a scintillation  ray detector.
We therefore checked the dependence of the electron beam intensities on the ESD ion yields and confirmed that
the yields are observed to linearly depend on the increasing beam intensity in the range of a maximum of 100
times the value that was used in the ESD measurement. This indicates that the contribution of the charge-up effect
is negligible while performing our measurements. The gun was mounted on a linear manipulator to move it into
and out of the beam path, allowing us to observe both the ESD ions and e*SD ions from the same sample without
breaking the UHV. For the ESD measurements, waveform signals from the MCP detector were stored in the dig-
itiser when triggered by an external signal, which was synchronised with the pulse repetition rate.

Data availability. All data generated or analysed during this study are included in this published article.

References
1. Schultz, P.J. & Lynn, K. G. Interaction of positron beams with surfaces, thin films, and interfaces. Rev. Mod. Phys. 60, 701-779
(1988).
2. Krause-Rehberg, R. & Leipner, H. S. Positron Annihilation in Semiconductors: Defect Studies (Springer-Verlag, 1999).
3. Kawasuso, A. & Okada, S. Reflection High Energy Positron Diffraction from a Si(111) Surface. Phys. Rev. Lett. 81, 2695-2698 (1998).
4. Weiss, A. et al. Auger-Electron Emission Resulting from the Annihilation of Core Electrons with Low-Energy Positrons. Phys. Rev.
Lett. 61, 2245-2248 (1988).
5. Ishii, A. & Murata, Y. Theory of ion desorption due to positronium formation at a solid surface. Surf. Sci. 273, 442-450 (1992).
6. Ramsier, R. & Yates, J. Electron-stimulated desorption: Principles and applications. Surf. Sci. Rep. 12, 246-378 (1991).
7. de Segovia, J. & Williams, E. of referencing in The Chemical Physics of Solid Surfaces vol. 9 (ed. Woodruff, D.P.) 608-644 (Elsevier
Science, 2001).
8. Nakayama, K. & Weaver, J. Electron-stimulated modification of Si surfaces. Phys. Rev. Lett. 82, 980-983 (1999).
9. Pan, X. & Sanche, L. Mechanism and Site of Attack for Direct Damage to DNA by Low-Energy Electrons. Phys. Rev. Lett. 94, 198104
(2005).
10. Madey, T. E., Ramaker, D. E. & Stockbauer, R. Characterization of surfaces through electron and photon stimulated desorption.
Annu. Rev. Phys. Chem. 35, 215-240 (1984).
11. Tachibana, T., Hirayama, T. & Nagashima, Y. Positron-annihilation-induced ion desorption from TiO,(110). Phys. Rev. B 89,
201409(R) (2014).
12. Tachibana, T., Hirayama, T. & Nagashima, Y. Comparative study of ion desorption from clean and contaminated TiO,(110) surfaces
by slow positron impacts. e-Journal Surf. Sci. Nanotechnol. 13, 261-262 (2015).
13. Tachibana, T., Chiari, L., Nagira, M., Hirayama, T. & Nagashima, Y. Ion desorption from TiO,(110) by low energy positron impact.
Defect Diffus. Forum 373, 324-327 (2017).
14. Knotek, M. L. & Feibelman, P. J. Ion desorption by Core-Hole Auger decay. Phys. Rev. Lett. 40, 964-967 (1978).
15. Tanaka, S., Mase, K., Nagasono, M., Nagaoka, S. & Kamada, M. Electron-ion coincidence study for the TiO,(110) surface. Surf. Sci.
451, 182-187 (2000).
16. Chu, S., Mills, A. P. & Murray, C. A. Thermodynamics of positronium thermal desorption from surfaces. Phys. Rev. B 23, 2060-2064
(1981).
17. Sferlazzo, P., Berko, S. & Canter, K. F. Experimental support for physisorbed positronium at the surface of quartz. Phys. Rev. B 32,
6067(R)-6070(R) (1985).
18. Saniz, R., Barbiellini, B., Platzman, P. M. & Freeman, A. J. Physisorption of Positronium on Quartz Surfaces. Phys. Rev. Lett. 99,
096101 (2007).
19. Jensen, K. O. & Weiss, A. Theoretical study of the application of positron-induced Auger-electron spectroscopy. Phys. Rev. B 41,
3928-3936 (1990).
20. Yamashita, T., Hagiwara, S., Tachibana, T., Watanabe, K. & Nagashima, Y. Experimental and computational studies of positron-
stimulated ion desorption from TiO,(110) surface. Mater. Res. Express 4, 116303 (2017).
21. Mayer, J., Hugenschmidt, C. & Schreckenbach, K. Direct observation of the surface segregation of Cu in Pd by time resolved
positron-annihilation-induced auger electron spectroscopy. Phys. Rev. Lett. 105, 207401 (2010).
22. Nakamoto, A. et al. Two-component density functional calculations of positron lifetimes for band-gap crystals. Jpn. J. Appl. Phys. 47,
2213-2216 (2008).
23. Tanaka, S., Mase, K. & Nagaoka, S. Photostimulated ion desorption from the TiO,(110) and ZnO surfaces. Surf. Sci. 572, 43-58
(2004).
24. Knotek, M. Characterization of hydrogen species on TiO, by electron-stimulated desorption. Surf. Sci. Lett. 91, L17-122 (1980).
25. Knotek, M. Characterization of hydrogen species on metal-oxide surfaces by electron-stimulated desorption: TiO, and SrTiO;. Surf.
Sci. 101, 334-340 (1980).
26. Lu, G., Linsebigler, A. & Yates, J. T. Ti** Defect Sites on TiO,(110): Production and chemical detection of active sites. J. Phys. Chem.
98, 11733-11738 (1994).
27. Dulub, O. et al. Electron-induced oxygen desorption from the TiO,(011)-2x1 surface leads to self-organized vacancies. Science 317,
1052-1056 (2007).
28. Herring-Captain, J. et al. Low-energy (5-250 eV) electron-stimulated desorption of H*, H2*, and H(H,0), from low-temperature
water ice surfaces. Phys. Rev. B 72, 035431 (2005).
29. Weiss, A. & Coleman, P. of referencing in Positron Beams and Their Applications (ed. Coleman, P), 129-189 (World Scientific, 2000).
30. Jaeger, R, Stohr, J. & Kendelewicz, T. X-ray induced electron stimulated desorption versus photon stimulated desorption: NH, on Ni
(110). Surf. Sci. 134, 547-565 (1983).
31. Oh, D,, Sieger, M. T. & Orlando, T. M. A theoretical description and experimental demonstration of diffraction in electron-
stimulated desorption. J. Phys.: Condens. Matter 22, 084001 (2010).

SCIENTIFICREPORTS | (2018) 8:7197 | DOI:10.1038/s41598-018-25506-5 6



www.nature.com/scientificreports/

Acknowledgements

T.T. acknowledges the financial support that was provided by the Nippon Sheet Glass Foundation for Materials
Science and Engineering. This work was also supported by Grants-in-Aid for Scientific Research (16K21424,
24221006) from the Japan Society for the Promotion of Science.

Author Contributions
T.T. and Y.N. conceived the experiments. All authors conducted the experiments. T.T., T.Y., M.N. and H.Y.
analysed the results. All the authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:7197 | DOI:10.1038/s41598-018-25506-5 7


http://creativecommons.org/licenses/by/4.0/

	Efficient and surface site-selective ion desorption by positron annihilation

	Results and Discussion

	Comparison of ESD and e+SD from TiO2 surface. 
	Dependence of O+ ion yield on the incident positron energy. 
	Annihilation-site selectivity of surface trapping positrons. 
	ESD and e+SD from water chemisorbed on TiO2 surface. 

	Conclusion

	Methods

	Experimental setup. 
	e+SD-TOF system. 
	ESD-TOF system. 
	Data availability. 

	Acknowledgements

	Figure 1 TOF spectra of ions desorbed from a TiO2(110) surface by (a) positron and (b) electron bombardment at an incident energy of 500 eV.
	Figure 2 Desorption yields of O+ ions from a TiO2(110) surface as a function of incident positron energy.
	Figure 3 TOF spectra of the ions desorbed from water chemisorbed on a TiO2(110) surface caused by (a) positron bombardment at incident energies of 10 eV and 500 eV and TOF spectrum (b) 500-eV electron beam bombardment.
	Figure 4 Schematic diagram of the TOF measurement system for desorbed ions.




