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Electron dynamics of tip-tunable oxygen species on
TiO, surface

Yuuki Adachi® !, Jan Brndiar?, Huan Fei Wen® '3, Quanzhen Zhang1, Masato Miyazaki 1 Sourbh Thakur?,
Yasuhiro Sugawara® !, Honggian Sang® 4, YanJun Li® '™, Ivan Stich2>6% & Lev Kantorovich@ 7™

The redox states of oxygen species on the surface of TiO, can be altered by electron
tunneling by varying the applied bias voltage of an atomic force microscope tip. However,
tunneling is stochastic in nature and typically requires ultra-low temperatures to obtain
statistically significant data. Here, we use a highly sensitive fast atomic force microscopy
setup to study redox transitions of oxygen atoms on a TiO, surface, in the form of reactive
oxygen species and single-atom quantum dots, at 78 K. The fast and highly sensitive nature
of our experimental setup enables a statistically necessary amount of data to be collected
without having to resort to ultra-low temperatures. This enabled us to study multiple dots
and provide insight into the electronic structure and correlation between the oxygen species,
which are inaccessible by standard atomic force microscopy. We show that single-atom
quantum dots exist in two charge states with drastically different conductance, with one
being conducting and the other non-conducting.
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oxide surface!, and adsorption and dynamics of oxygen on
rutile TiO,(110) and related materials has attracted a long-
standing attention?~1! due to its relevance to electron and hole
mediated catalytic and photocatalytic reactions. It has been
shown that oxygen atoms adsorbed as adatoms or molecular
species on semiconducting surfaces may acquire several charge
and spin states that can be manipulated by atomic force micro-
scopy tip>12-14. The zero-dimensional adatoms O2; or O, with
the oxygen states confined within the TiO, band gap form single-
atom quantum dots (SaQDS)!>~17 while molecular species on
TiO, surface form reactive oxygen species (ROS).!3 Redox reac-
tions of species on heterogeneous surfaces caused by electrons
and holes play a major role in a number of chemical reactions of
key importance from photocatalysis and electrochemistry to the
damage of biological molecules and tissues!'®. ROS, such as *O5,
027, H,0,, 10,, *OH on the insulating TiO, catalyst, are among
the most important on-surface molecular species!s. Both ROS
and SaQDs are stable well above the room temperature19.
Tuning of the redox states of ROS and SaQDs, preferably not at
too low a temperature, can be provided by applying an appro-
priate bias voltage that facilitates an electron tunnelling between
the oxygen atom and the tip of an atomic force microscope
(AFM) or scanning tunnelling microscope (STM). The tuning
efficiency is quantified by the electron tunnelling rates. However,
the tunnelling processes are stochastic in nature and hence col-
lecting sufficient statistics has so far been only possible at ultra-

Rutile TiO,(110) surface is a prototypical transition metal

low temperatures, when the AFM/STM system remains stable for
sufficient time (low thermal drift)20-24,

Here we developed an alternative very fast experimental
method, the Fast-Cycling Kelvin Probe Force Spectroscopy
(KPES), that enables one to collect required statistics over short
times at which the system remains stable. Our method is based on
driving bias voltage cycles at much higher speeds and thus
enforcing the transitions to (stochastically) happen, thus effec-
tively circumventing all the existing experimental limitations.
That breakthrough enabled us to manipulate between redox states
of multiple SaQDs on the TiO, substrate at 78 K. The tunnelling
rates acquired over a wide range of tip-sample distances and
applied voltages provide unexpected insights into the electronic
structure and correlation between the oxygen species on the TiO,
surface. In particular, we show that oxygen species of the same
charge that appear identical in AFM imaging are clearly dis-
tinguished by our method; this effect is attributed to environ-
mental effects which subtly change their electronic structure.

Results and discussion

AFM imaging and KPFM charge manipulation. In our experi-
ments, ROS and SaQDs were prepared by evaporating molecular
oxygen on the rutile TiO,(110) surface!*. Molecular oxygen is
known to form at low and room temperatures a combination of
molecular and dissociative species randomly distributed on the
surface® 1%, Figure la shows an atomically resolved high-resolution
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Fig. 1 Various O atom species on the TiO, surface and their charge manipulation at 78 K. a Large-scale image of the TiO, surface showing different
oxygen species identified by spectroscopy: adatoms O, O27; pairs of adatoms 0% --02%;, O;,--O;; molecules 03~ (peroxide), O (superoxide); and OH
(hydroxyl group). High-resolution AFM images of an O atom before (b), as Ogd‘) and after (c), as O,,) charge manipulation. Inset in (b): the corresponding
line scans across the two species. d Results of typical KPFS manipulations with the tip positioned as indicated by a black circle in (b), at three heights as
indicated. Each such manipulation leads to image (b to ¢) transformation. e Schematic sketch of positions of the occupied O2~p-orbitals responsible for the
oxidation process (V},,,,, full red lines) and of the unoccupied O~p-orbital responsible for the reduction process (Vf;mp, full blue lines) relative to the

substrate band gap (VB/CB valence/conduction band) as a function of tip-sample distance z(z, < z, < --- < z5), and bias voltage. f Tunnelling current vs. bias
voltage taken above TiO, surface. g Frequency shift vs. bias voltage observed at close approach over an O atom, which is the same height as the blue curve

ind.
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AFM image measured at the bias (with respect to the sample)
V,=0 V, which exhibits all the major ROS species (05, 037,
OH), the atomic SaQDs species (O, Oﬁ;), and pairs of atomic
species (0,;,-O,, Oi;—Oi;). While all molecular ROS and
atomic species are rarely seen in one image, as in Fig. 1a, many of
them have been observed and assigned separately or in smaller
combinations. Adatoms: O2;, O, in addition to being subject of
the present study were studied in ref. 2 pairs of adatoms:
02,-0%;, 0,,-0,, were studied in refs. 131425 molecules: O3~
(peroxide) in ref. 4, OF (superoxide), please see Supplementary
Fig. S2, and OH hydroxyl defect was studied in ref. 2. Those
previous assignments along with line profiles and image para-
meters in Supplementary note 3 and Supplementary Tab. SI give
further support to the interpretation of the species in Fig. 1a. It has
been shown!314 that the redox state of the ROS species can be
switched by KPFS repeatedly and reversibly. While all the above
ROS have been easily detected in aqueous suspensions!®, the
previous low-temperature AFM studies of on-surface oxygen
atomic and molecular species in UHV have been controversial,
interpreting them as all being only doubly charged®.

Figure 1b shows an atomically resolved AFM image of a SaQD.
Two single bright spots of different sizes can be observed. Because
of the careful surface preparation prior to oxygen exposure which
results in samples that mostly contain oxygen vacancies on their
surface (see Supplementary Fig. Slc), we are confident that the
SaQD we observe must be adsorbed oxygen atoms in one of the
two charge states: the small bright spot corresponding to O
and the big one to O2;. As argued in Supplementary notes 2 and
16 and Supplementary Fig. S14, the observed bright spots cannot
be attributed to hydroxyls.

Figure 1c shows an identical area after a KPFS induced single-
electron charge manipulation that transforms O2; into O . In
this experiment, the tip was manually brought above the O2; at
the position indicated by the black circle in Fig. 1b and the sample
bias was linearly lowered to —1.5 V, while the frequency shift was
observed to jump at V., as indicated in Fig. 1d. The jump in the
frequency shift indicates that a single-electron tunnelled from the
O atom to the tip. The line scans across the O species (shown in
the inset to panel b) clearly indicate that the charge on the O
species is reduced from minus two to minus one. Therefore, the
jump of the KPFS curve indicates a transformation of O2; into
O, (oxidation) which forms a long-lived (meta)stable on-
surface species (see Supplementary Fig. S7). On the reverse ramp
direction, another jump in the frequency shift is observed at
voltage V;;mp, which corresponds to an electron tunnelling from
the tip to the oxygen atom converting the latter back into the
027 state (reduction). The described procedure corresponds to a
complete cycle which can be repeated at will on the same SaQD
many times or performed consecutively on several SaQDs one
after the other, see Supplementary Fig. S3.

The experiments repeated at various tip heights (see, e.g.,
Fig. 1d) show that on average the hysteresis window
Vimp SV < V;;mp is reduced as the tip is moved closer to the
surface. At the lowest height, which was set as the zero-height
reference set point, the hysteresis disappears completely indicat-
ing a very close near-contact regime in which electrons are
tunnelling back and forth between the tip and the O atom.

The physics of the observed processes is quite simple. When
the bias voltage is ramped in the negative direction, the 0>~ atom
p level is lifted, and as it comes close to the tip Fermi level, one
electron from the O?~ tunnels into the tip whereby an O~ is
formed with its singly occupied energy level being still within the
gap and the opposite spin unoccupied energy level moving
upwards. When the bias voltage is ramped in the opposite

direction, the unoccupied energy level of the O atom moves
downwards and, when it comes close to the Fermi energy of the
tip, an electron tunnels back from the tip to the O~ atom,
restoring the double occupation. The positions in the bias voltage
where these redox transitions (stochastically) happen are
schematically shown for different tip-sample distances in Fig. le
(for a DFT model, see Supplementary Fig. S12). Note that, at large
tip-sample distances, the unoccupied p-orbital of the O~ species
is likely pushed into the conduction band and the redox state
manipulation can be switched from the tunnelling regime into
ballistic regime (see below). In the opposite limit, at a short tip-
sample distance and Vioypiing bias, Fig. 1g, all oxygen p-levels
collapse into one within the TiO, gap and the redox transitions
proceed smoothly without any jumps in frequency shifts, the blue
curve in Fig. 1d.

The O adatom constitutes a SaQD as manifested in Fig. 1f-g. It
is seen in panel f that TiO, has a band gap of over 3 eV, and the
frequency shift transition observed at near-contact regime and
shown in panel g, demonstrates that the O atom highest
occupied/lowest unoccupied p states, which are being manipu-
lated, Fig. 1b, ¢, are in the middle of the TiO, band gap.

However, the conductance properties of the O atoms in the two
redox states are quite different, as shown in Fig. 2. In this
experiment we ramped the bias to up to 3 V with the tip placed
above either of the two O species, O_; and O27, located next to
each other, see panels a, c. If in the case of the singly charged O
atom (an open shell) the current steadily increases, panel b, the
current measured above the doubly charged O species (a closed
shell) remains around zero, panel d. The fact that the current
increases steadily in the former case suggests that the unoccupied
p-orbitals of O, are in the conduction band of the TiO,
substrate, and, hence, are delocalised and strongly hybridised with
the substrate states (the ballistic transport regime). Hence, using
AFM tip we are able to switch locally and repeatedly the oxygen
atom on the surface between two conductance regimes: opened
(binary 1 state) and locked (0 state).

Moreover, two such SaQDs can be frequently found as nearest
pairs!3 or can be atomically tip-manipulated by voltage pulses
along the Ti trenches or across the O rows, see Supplementary
Fig. S3 and ref. %7, into the pairs or longer “wires”. The charge
state of the pairs of atoms can be manipulated!* to assume
configurations akin to ferromagnetic (“1” “1”), non-magnetic (“0”
“0”), or “chess board” or anti-ferromagnetic (“1” “0”). In this way
one can create with AFM + KPFM a desired binary arrangement
of 0’s and 1’s, a nanosymbol encoded by means of SaQDs on the
surface, which can be read out/decoded either by AFM
(distinguished by the size of the spots) or STM (by whether
there is current or not) tip. This opens up an exciting possibility
towards preparing devices by tip-tuning with distributed over the
surface local regions of high and negligible atomic conductance of
desired binary structure.

Determination of electron tunnelling rates by KPFS measure-
ment. Both the on-surface electrochemistry of ROS as well as the
encoding of binary information by SaQDs require tip-tuning of
their quantum states, preferably not at too low a temperature.
This ability is quantified by the tunnelling rates and, hence,
measuring the tunnelling rates becomes of utmost importance.
The rates depend crucially on the applied bias voltage and the tip
height used; an exponential dependence on the tip height at large
tip-sample distances and increase of discharging/recharging rate
with the increase of the voltage in negative/positive direction, are
expected. However, tunnelling processes are stochastic in nature
and collecting sufficient statistics has so far been only possible at
ultra-low temperatures!0-20-2328-31 o ensure insignificant
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Fig. 2 Measured O,4 conductance. a, ¢ AFM images of the TiO, surface
showing O atoms in both redox states prior to current measurements (the
constant Af mode, zero bias). This experiment was carried out at larger tip-
sample distances than those used in Fig. 1 and at positive biases. b The
current measured by placing the tip above the O, species as indicated by
the dot in (a). d The current measured by placing the tip above the Ogd‘
species as indicated by the dot in (¢). During the measurements, the
feedback loop was switched off, and the sample bias was ramped from zero
in the direction of the positive voltage.

temperature drift over the time of the measurement. For instance,
measuring either the telegraph-noise current or frequency shift
fluctuations), see Supplementary Fig. S6 (when transition rates of
forward and reverse processes are comparable, Supplementary
Fig. S5), or applying a specific time-dependent bias protocol
consisting of 10 s cycles, each containing tip height change?4, see
Supplementary Fig. S7.

We propose an alternative approach, the Fast-Cycling KPFS
method (FC-KPES), in which we accelerate the transitions by a
continuous cyclic driving process, at a fixed position of the tip,
which forces the transitions of the redox state to (stochastically)

occur rather than wait for them to occur spontaneously, and
apply it to the SaQD at 78 K. This can be done at much wider
range of applied voltages and tip-sample distances and, because of
the acceleration by the driven system dynamics by over an order
of magnitude, see Supplementary Fig. S11, at much higher
temperatures. This method does not require the transition rates
in both directions be comparable.

The experimental protocol is illustrated in Fig. 3. During each
cycle the frequency shift jumps happen stochastically at different
values of the bias voltages Vjimp that form discharging and
recharging distributions. Analytical theory in Supplementary note 18
shows that the tunnelling rate (for a given tip height set point z, and
transition type) is described by the following exact formula:

R(t) = P(t)/ (1— /0 ﬁ(r)dr> 1)

enabling one to determine the averaged rate from the experimen-
tally acquired probability density P(t). The time dependence of the
rate, R(t), arises due to its dependence on the voltage, V(f) = +vt +
Vo, changing linearly with time when it is ramped either in the
negative or positive directions. Hence, we can obtain a physically
meaningful oscillation-averaged rate as a function of the voltage, R
(V). By running the ramping at faster speeds v enables collecting
more statistical data within the time the system remains stable. Even
though the probability density depends on v, the rate R(V) does not
(Supplementary Figs. S11, S15).

Measured recharging and discharging probability density
distributions for five values of the tip height set points collected
at one arbitrarily selected SaQD are shown as histograms in
Fig. 4a-e. In order to extract smooth dependencies of the rate on
the bias voltage, Fig. 4f, we devised a reverse engineering Monte
Carlo (MC) based procedure, see Supplementary note 19, and
Supplementary Figs. S15-S18. The MC-based probability den-
sities are shown by full lines in Fig. 4a—e. Both discharging and
recharging rates increase rapidly with the bias that is changing in
the appropriate direction. Surprisingly, at small distances between
0 and 30 pm the decrease with z is not exponential, Fig. 4g, h,
where we show the logarithm of R as a function of the tip-sample
distance. These results indicate that the height decay rate f =
— %ln R is not a constant at small, but becomes such at larger tip-
sample distances, as expected for an ordinary tunnelling regime,
see also Supplementary note 20. That analysis also suggests, that
tunnelling will proceed mainly around the lower turning point of
the cantilever oscillation, and, hence, the extracted rates R(z, V)
will effectively correspond to the physical tunnelling rates r(z, V)
at the lowest tip-sample distance, especially at low oscillation
amplitudes (extraction of r(z, V) from the averaged rates is
discussed in Supplementary note 20 and the approximate WKB
theory in Supplementary note 21 and Supplementary Fig. S19).

New insight into electronic structure of SaQDs. So, our method
enables one to measure oscillation-averaged tunnelling rates
between the SaQD and the AFM tip at a wide range of tip-sample
distances and applied bias voltages, and these measurements do
not need to be performed at very low temperature as the sufficient
statistics can be acquired over very short times during which the
system remains stable. Moreover, due to increased efficiency, we
have been able to apply our method to many O atoms adsorbed
on the surface. Comparing results of these measurements we
discovered, quite unexpectedly, that our method performs as a
sensitive probe in distinguishing different O species on the sur-
face otherwise appearing identical in AFM/KPFS measurements.
As shown in Supplementary Figs. S6, S8, S9, SaQDs with identical
AFM images exhibit distinctly different electronic properties
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Fig. 4 FC-KPFS measured and simulated probability density distributions and tunnelling rates at 78 K. a-e Measured histograms of the probability
density distributions for recharging (blue) and discharging (red) tunnelling transitions at several tip heights as indicated. Solid red and blue lines show MC
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Fig. 5 Full characterisation of electron tunnelling for two different dots. a,
b 3D graphs of the recharge (blue)/discharge (red) rates as a function of both
the bias, V, and the tip-height, z, for two different SaQDs. a Corresponds to
the data in Fig. 4, for the data in (b), see Supplementary Fig. S9.

revealed by tunnelling rate measurement. In Fig. 5 we compare
3D plots of tunnelling rates R(z, V) as a function of both z and V'
collected on two different SaQDs measured with identical or very
similar tips, see Supplementary Fig. S10. (i) A stronger bias
dependence for recharging than discharging rates for the two dots
is seen in Fig. 5a for one dot, whereas the results for another in
Fig. 5b suggest the opposite behaviour. We attribute these qua-
litatively different behaviours to two different types of SaQDs on
the surface, rather than to differences in the tip structure (for
results obtained with a different tip structure, see Supplementary
Fig. S8), as the latter we expect may only affect the rates quan-
titatively. (ii) The tunnelling rates differ by several orders of
magnitude for identical tip-sample distances and bias voltages.
(iii) Threshold biases at which the charging and discharging
processes initiate differ by up to 0.5 V.

As the environments of the target SaQDs are not equivalent, see
the bottom of Supplementary Fig. S10, and the close oxygen
adatoms are electronically coupled on the surface, Supplementary
Fig. S13, we attribute this tunnelling behaviour to differences in the
local environment of the SaQDs, such as presence (or not) of
surface and subsurface defects or nearby oxygen adatoms. As the
latter are charged (either as O_; or Oﬁg), each O species
experiences a unique electrostatic potential affecting its electronic
properties. Subsurface defects, such as Ti interstitials, can also
impact the electrostatic profile of surface species. Hence, differences

in behaviour of tunnelling rates of electrons in switching the redox
states of SaQDs indicate presence of electronically inequivalent
SaQDs. Since AFM images of two SaQDs in an identical redox state
are virtually identical, Supplementary Fig. S6, we conclude that the
tunnelling rates serve as a much more sensitive probe of the SaQDs
than the AFM images.

Conclusion

In conclusion, we studied oxygen species on the rutile TiO,
surface at 78 K in the form of SaQDs and ROS molecules using
atomic force microscopy. We have shown that KPFS can readily
tune the redox state of all those atomic and molecular species
between minus one and minus two, thereby switching the con-
ductivity through this tip-tunable two-state SaQD device between
the opened (“1”) or locked (“07) states. The switching can be done
reversibly and repeatedly; moreover, as demonstrated in a sepa-
rate experimental run shown in Supplementary Fig. S4, switching
of O adatoms can be performed consecutively, one O adatom
after another, suggesting, in combination with atom manipulation
capability (Supplementary Fig. S3 and ref. ?7), a lego-type two-
dimensional nano-building blocks method. In particular, the
charge state of pairs or assemblies of oxygen adatoms can be
manipulated to assume configurations akin to ferro- or anti-
ferromagnetic and thus, by means of an appropriate on-surface
distribution of SaQDs, encoding a desired binary arrangement of
0’s and 1’s on the surface. The fact that adatoms on the rutile
TiO, surface can easily be atomically tip-manipulated?’ opens up
the intriguing possibility ofa la carte preparation of SaQDs with
desired electronic properties.

A possible complication with device use of the oxide materials
is their long-time stability. Experimentally, at liquid nitrogen
temperatures, the various oxygen species could only be estab-
lished for time periods of a few dozen minutes. Hence, ultra-low
temperatures would be required to stabilise them over longer time
periods. The oxide systems are also heavily impacted by the
defects which are known to interfere with each other. Surface and
subsurface defects can donate electrons to the TiO, which can
eventually recombine with the on-surface charged oxygen species.
The dynamics of those processes could again be slowed down by
ultra-low temperatures.

The tuning efficiency of the on-surface oxygen species and
nano-devices has been quantified using our fast-cycling-KPFS
method based on driven system dynamics that is faster than any
alternative method by, at least, an order of magnitude. Hence, if
properties of the oxide materials at and above liquid nitrogen
temperatures are of interest, the FC-KPFS method becomes
indispensable and, due to the experimental speedup, is expected
to be superior at all temperatures. The measured electron tun-
nelling rates uncovered environment-related differences in the
electronic structure of the oxygen species which remain hidden in
the customary AFM microscopy.

Methods

The experiments were carried out using a low-temperature ultrahigh vacaum AFM
system. The deflection of the cantilever was measured using the optical beam
deflection method. The base pressure was lower than 5.0 x 10~ Torr. The tem-
perature of the AFM unit was kept at liquid nitrogen temperature (78 K). The AFM
measurements were performed in the frequency modulation detection mode. The
cantilever was oscillated at the resonance frequency keeping the oscillation
amplitude constant.

The rutile TiO,(110)-(1 x 1) sample, see the Supplementary Fig. S1, was pre-
pared by sputtering and annealing to 900 K in several cycles. The sample was
exposed to oxygen at room temperature for 0.5L and then transferred to a mea-
surement chamber precooled to 78 K.

The atom tracking method was used to compensate the thermal drift between the
tip and surface during the measurements. dc bias voltage was applied to the sample
in KPFS measurements or charge manipulation and a periodic saw tooth bias,
typically in the region (0, —2) V in the discharge cycle and (—2, 0) V in the recharge
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cycle. We used a Ir-coated Si cantilever (Nano sensors SD-T10L100, f, = 800 kHz,
A =500 pm). Metal Ir tips provide stable AFM imaging compared to the bare Si tip.
The tip was initially annealed to 600 K and then cleaned by Ar™ ion sputtering to
remove the contamination before experiments. The PLL bandwidth is 100 Hz, which
is large enough for the purpose of our FS-KPFS experiments. The AFM operating
condition corresponds to the hole mode!3, see also Supplementary note 2.

More details of the electronic structure calculations, Monte Carlo simulations of
the experiments, and the underlying stochastic theory of the experiment are given
in Supplementary Note 12.

Data availability

All experimentally generated raw data (text files), such as AFM images, KPFS charging/
discharging hysteresis loops, probability density distributions, reverse Monte Carlo
processing, as well as results of electronic structure simulations (geometry files) are
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