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ABSTRACT: For the first time, the charge states of adsorbed oxygen adatoms on rutile TiO2(110)-1×1 surface are successfully 
measured and deliberately manipulated by a combination of noncontact atomic force microscopy and Kelvin probe force microscopy 
at 78 K in ultrahigh vacuum and interpreted by extensive density functional theory modeling. Several kinds of single and double 
oxygen adatom species are clearly distinguished and assigned to three different charge states: Oad

-/2Oad
-, Oad

2-/2Oad
2- and Oad

--Oad
2-, 

i.e. to formal charges of either one or two electrons per atom. Due to the strong atomic-scale image contrast, these states are clearly 
resolved. The observations are supported by measurements of the short-range force and local contact potential difference as a function 
of tip-sample distance, as well as simulations. Comparison with the simulations suggests subatomic resolution by allowing to resolve 
the rotated oxygen p orbitals. In addition, we manage to switch reversibly the charge states of the oxygen adatoms, between the Oad

- 
and Oad

2- states, both individually and next to another oxygen, by modulating the frequency shift at constant positive voltage during 
both charging and discharging processes, i.e. by the tip-induced electric field of one orientation. This work provides a novel route for 
the investigation of the charge state of the adsorbates and opens up novel prospects for studying transition metal oxide based catalytic 
reactions. 

INTRODUCTION  

  The charge states of individual surface-supported adsorbates 
have dramatic effect on their physical and chemical properties1,2. 
In this respect, enormous experimental progress has been made, 
in combination with theoretical modeling, in detection and con-
trol of the charge state of the adsorbates at the ultimate spatial 
limit. For example, the charge state of metal adatoms2-6, single 
molecule7-12, quantum dots13-15 as well as dopants16-18 has been 
successfully measured and manipulated by means of scanning 
probe microscopy in a controlled manner. Among these studies, 
noncontact atomic force microscopy (nc-AFM), with high sen-
sitivity at the atomic level and without limitation of having the 
conducting substrate, plays an important role in revolutionizing 
the investigation of the charge state of adsorbates. Specifically, 
scanning tunneling microscopy (STM) studies of charge state 
of adsorbates  are complicated by tunneling currents into con-
ducting substrate, which can easily result in unintended switch-
ing of the imaged charge during measurement. In contrast, nc-
AFM completely avoids the unintended spurious charge manip-
ulation due to its force modulation mechanism. In addition to 
the capability of characterizing surface structural and electronic 
properties with atomic resolution19,20, nc-AFM has recently 
been used as a powerful tool for measuring and controlling the 
charge state of the adsorbates, as well as for directly manipulat-
ing the adsorbed atoms, such as measuring and switching the 
charge state of adsorbed metal adatoms through voltage pulse3, 
charging and discharging the adsorbed molecules using Kelvin 
probe force spectroscopy (KPFS) with single-electron sensitiv-
ity21,22, and manipulating adsorbed atoms laterally and verti-
cally23,24. 

   Catalytic reactions on the oxygen-rich titanium dioxide 
(O−TiO2) surface, a prototypical catalytic model system, have 
recently captured extensive interest with a host of experimental 
and theoretical studies focusing on adsorption and dissociation 
behavior of adsorbed oxygen species25-38. Usually the adsorbed 
oxygen enters the catalytic reaction in a form of a single oxygen 
adatom (Oad)25,28-31,33,34,38, and the activation of the adsorbed Oad 
is a key factor toward the catalytic reactions, which considera-
bly depends on its charge state26,31-34,39,40. Up to now, the charge 
state of adsorbed oxygen molecules has been clearly identi-
fied21,39-44 and assigned to neutral O2, as well as charged (O2)- 
and (O2)2- . In addition, the charge state transition of the ad-
sorbed oxygen molecules between O2 and (O2)- has been 
demonstrated with a combination of nc-AFM and STM21. How-
ever, despite its importance to catalytic reactions, the possible 
charge states of adsorbed Oad have been studied to much lesser 
extent, both experimentally and theoretically. 

  It is well known that the anatase TiO2 surface is free of polar-
onic defects, which provide the charge necessary to dissociate 
the molecular species21. The situation is different for rutile TiO2, 
see Figure 1, which, in its stoichiometric form, is an inert insu-
lator with a band gap of 3.03 eV45. Traditional sample prepara-
tion techniques in vacuum (Ar ion sputtering and thermal an-
nealing) result in a partially reduced n-type semiconductor with 
point defects, including oxygen vacancies (Ov) and Ti intersti-
tials (Tiint), both on the surface and in the near-surface region, 
respectively. Hence, here we focus on the rutile TiO2(110)-1×1 

surface where the abundant defects leave the oxygen species 
dissociated. In fact, as shown below, the polaronic defects and 
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the charge they carry on the rutile TiO2 surface are responsible 
for many of the unusual properties we report.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

Figure 1. A ball model of the rutile TiO2(110)-1×1 surface; (a) 
top view, and (b) side view. O2c (white balls): two-fold coordi-
nated bridge oxygen row; O3c (blue balls): in plane three-fold 
coordinated oxygen; Ti5c (orange balls): rows of five-fold coor-
dinated Ti atoms; OV (black dotted circles): oxygen vacancy. 

 

  The dissociation pattern of oxygen molecules on the reduced 
rutile TiO2(110) surface at low temperatures has been fairly 
well understood30,31,36,37. Usually, Ov acts as the most abundant 
surface electron donor and hence the most favorable adsorption 
site for the oxygen, as proposed in several experimental 
works31,34,35 and theoretical simulations36-38. A typical nc-AFM 
image of the reduced rutile TiO2(110)-1×1 surface measured in 
the hole mode (positively charged tip apex) featuring Ov defects 
is presented in Figure S2. Moreover, it has been proposed that 
the Tiint defects in the near surface region play dominant role in 
the dissociation and charge state of the adsorbed Oad.25,28 Dosing 
molecular oxygen on a reduced rutile TiO2(110) surface posi-
tions the lowest unoccupied molecular orbital (LUMO) below 
the Fermi level (EF) of the reduced TiO2(110) substrate21. This 
causes both spontaneous charging of the adsorbed oxygen mol-
ecules by the itinerant electrons from pre-existing defects and 
O2 dissociation into two Oad. Recently, two Oad adsorption and 
dissociation channels on rutile TiO2(110)-1×1 surface have 
been proposed by an experimental and theoretical study38 (for 
further details, see Figure S3). However, the charge state of the 
Oad adsorbed on the partially reduced substrate will strongly de-
pend on the distribution of electron donors39 in the near-surface 
region, especially on the inhomogeneous concentration of the 
Tiint

25,28,35. Under high annealing temperature (> 400 K), the Tiint 
can diffuse from the bulk to the near-surface region via an in-
terstitial diffusion mechanism25. With a relatively significant 
migration energy barrier (about ~ 1 eV), the concentration and 
distribution of Tiint in the near-surface region can vary signifi-
cantly, depending on the level of bulk reduction25.  

  Here, we have, for the first time, successfully measured and 
manipulated the charge state of the Oad adsorbed on the reduced 
rutile TiO2(110)-1×1 surface using a combined system of home-
built nc-AFM and Kelvin probe force microscopy (KPFM) at 
78 K. In particular, we managed to clearly distinguish the dif-
ferently charged single and double Oad in AFM and KPFM im-
ages and assign them to Oad

- (or 2Oad
-), Oad

2- or (2Oad
2-) and Oad

-

-Oad
2- species, respectively. These charged oxygen species are 

formed by transferring nominally one or two electrons to a local 
region around the adsorbed Oad from the inhomogeneously dis-
tributed electron donors. This assignment is consistent with the 
appreciably stronger attractive force and larger VLCPD obtained 
on the Oad

2- compared to the Oad
-. Furthermore, in addition to 

our ability to distinguish the charge states of the adsorbed Oad, 
we also demonstrate our ability to deliberately and reversibly 
manipulate the charge states between Oad

- and Oad
2- by changing 

the frequency shift set point (effectively, the tip height). The 
charge state transitions can be understood as arising from the 
tip-induced shifts of the electronic levels of the adsorbates due 
to inhomogeneous electric field modulated by the tip-sample 
distance. The experimental phenomena are analyzed by sche-
matic energy models in combination with band-bending theory 
and density functional theory (DFT) simulations. 

 

EXPERIMENTAL SECTION 

Experimental methods Home-built combined nc-AFM and 
KPFM system was used to measure and manipulate the charge 
state of the adsorbed Oad on reduced rutile TiO2(110)-1×1 sur-
face (the thermodynamically most stable facet) under ultrahigh 
vacuum conditions (base pressure below 5 × 10-11 Torr) at 78 K. 
The nc-AFM was operated in a frequency-modulation mode 
with an iridium-coated Si cantilever used as a sensor with small 
oscillation amplitude (5 Å). A bias voltage was applied to the 
sample. The nc-AFM images were obtained in the constant-fre-
quency shift (∆f) mode and the KPFM images were recorded 
with a bias voltage feedback in the constant-height mode. All 
spectra on the target Oad were measured with the atom tracking 
technique46. The tip and sample were treated by cycles of Ar ion 
sputtering and annealing. After that, the clean sample was ex-
posed to oxygen gas of high purity (99.9 %) at room tempera-
ture and then the sample was characterized at 78 K. Additional 
experimental details are presented in Supporting Information 
(SI). 

  DFT simulations Our calculations were performed in the slab 
geometry with 3D periodic boundary conditions. The surface 
was modeled using a six-layer stoichiometric TiO2 rutile slab. 
In the z direction, the slabs were separated from their periodic 
images by 15Å vacuum gap, see the SI for details. Calculations 
of the energies and forces were performed using DFT with pro-
jector augmented-wave pseudopotentials47 along with the hy-
brid HSE06 exchange-correlation functional48 and 400 eV plane 
wave cutoff as implemented in the VASP code49. The HSE06 
functional was selected since the GGA treatment was unable to 
ensure localization of polarons and stabilize the Oad

-−Oad
2- con-

figurations. Ionic forces were converged to the accuracy better 
than 0.01 eV/Å. 

   An experimental procedure of charging of the oxygen ada-
toms by the tip was in practice modeled by directly adding/re-
moving electrons to/from the oxygen adatoms in the following 
way. In experiments the charge transferred to the molecule has 
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two possible sources: the tip and the substrate defects. In order 
to avoid complications of dealing with charged systems in a pe-
riodic setup, we ignore the tip and model the electron reservoir 
by providing, as an artificial device, O-H or Ov defects in our 
simulation cell, see the SI, which leads to localized polarons 
somewhere within the slab. The charge trapped in the polarons 
is released to oxygen species either spontaneously or manually 
by preparing slight structural deviations from the relaxed local 
polaron geometry prior to relaxation of the whole system. De-
tails of this procedure are described in SI. This procedure cap-
tures correctly the major processes leading to charging of the 
oxygen adatoms, but ignores much smaller accompanying di-
pole interactions formed in the process of charging. In order to 
doubly charge two oxygen adatoms as done experimentally, we 
provide four electrons either from two OV or four OH donor de-
fects built in our model, which leave electrons behind in the Ti 
d orbitals52. The same effect could have been achieved by con-
sidering the Tiint interstitials which we argue elsewhere are in 
fact the dominant defects.  

  Bader analysis53 of the formal charges was also performed, for 
details see SI.  In order to couple the simulations directly to the 
experimentally measured images, constant height images have 
been calculated. Assuming relatively large tip-surface distances 
z, only the local surface electrostatic potential 𝑈𝑈𝑙𝑙𝑙𝑙𝑙𝑙(𝑧𝑧) is used to 
simulate the nc-AFM images. This approach ignores com-
pletely the large van der Waals (vdW) interaction and also the 
presumably much smaller exchange-correlation effects. In this 
approximation the tip force 𝐹𝐹𝑡𝑡𝑡𝑡(𝑧𝑧) = −  

𝑑𝑑𝑑𝑑𝑑𝑑𝑈𝑈𝑙𝑙𝑙𝑙𝑙𝑙(𝑧𝑧), while the 
frequency shift was obtained as54 

 ∆𝑓𝑓(𝑑𝑑) ∝ � 𝐹𝐹𝑡𝑡𝑡𝑡(𝑑𝑑 + 𝐴𝐴 cos𝜑𝜑)cos𝜑𝜑 𝑑𝑑𝜑𝜑.
2𝜋𝜋
0  

This model is relevant to the hole mode imaging used in the 
experiments and corresponds to a point charge oscillating at a 
distance d with amplitude A; we have used d = 7Å and A = 4 Å. 

 

RESULTS AND DISCUSSION  

    A representative atomic-scale nc-AFM image of the 
O−TiO2(110)-1×1 surface is shown in Figure 2(a). Here, the 
dark and bright rows correspond to the alternating five-fold co-
ordinated titanium rows (Ti5c) and two-fold coordinated bridge 
oxygen rows (O2c), respectively, see also Figure 1. Several 
types of oxygen species on Ti5c rows are clearly visible as bright 
spots with different contrast. The line profiles through two ox-
ygen species of different contrast are shown in Figures 2(c,d). 
Note that precise quantification of the charge localized on each 
oxygen adatom represents an experimental challenge. We as-
sign the faint single and double spots to Oad

- and 2Oad
-, and the 

pronounced single and double spots to Oad
2- and 2Oad

2-, respec-
tively. The characterization of the charge state of the Oad is per-
formed at a relatively large tip-sample distance to avoid the tip 
effect. As explained in Figure S3, the fact that the double oxy-
gen adatoms are much more abundant than the single ones indi-
cates that the adsorbed oxygen species are primarily dissociated 
by a non-vacancy mechanism and suggests that the Tiint rather 
than Ov are the dominant defects. Comparison with calculated 
Bader charge analysis53, Table S1, suggests that the charges of 
the Oad

2- and Oad
- are only 0.75 and 0.45 electrons, respectively, 

i.e. appreciably smaller than the formal charges. This is due to 
the charge transferred to the other nearby surface oxygen atoms, 

see Figure S11. We also find that the Oad
2- and 2Oad

2- are the 
distinctly dominant species with a coverage of 0.078 ML (1 ML 
= 5.2 × 1014 /cm2), as compared to the Oad

- and 2Oad
- (0.013 ML). 

This is in line with the computed relative energies of 
2.66/0.96/0.0 eV for the 2Oad

-, Oad
--Oad

2-, and 2Oad
2- states 

shown in Figure 2(b), hence favoring the 2Oad
2- state over the 

2Oad
- state by 2.66 eV. The 2Oad

-, Oad
--Oad

2- states are local 
(meta)stable minima with expected sufficiently long lifetimes 
at 78K. We interpret the presence of these experimentally ob-
served high-energy states at low temperature by local shortage 
of the polaronic defects, which would otherwise charge them to 
an energetically more favorable 2Oad

2- state. In addition, most 
adsorbed Oad, whether in 2Oad

- or 2Oad
2- states, maintain their 

configurations as a pair of adjacent Oad along the Ti5c rows, 
which is in good agreement with the high dissociation energy 
barriers31. Calculations show that these fully dissociated kinet-
ically hindered states with the two adsorbed Oad

2- at the second-
neighbor lattice distance are ≈0.7 eV lower in energy. Further-
more, it was suggested that the excess charge on these adjacent 
pairs of Oad is provided primarily by the Tiint

25. Although chal-
lenges exist in directly characterizing the Tiint, the formation of 
fresh TiOx islands25,35 and the observed adsorbed adjacent Oad 
pair configuration provide an indirect indication that the Tiint 
rather than Ov plays a dominant role in determining the adsorp-
tion behavior and the nature of the charge state of the Oad.    

                

Figure 2. (a) Constant-∆f AFM image (hole mode, 10×10 nm2) 
of O−rich TiO2(110)-1×1 surface. O2c: two-fold coordinated 
bridge oxygen rows. Ti5c: five-fold coordinated titanium rows. 
Oad

-/2Oad
- (0.013 ML) and Oad

2-/2Oad
2- (0.078 ML): single/dou-

ble oxygen adatoms on Ti5c rows in different charge states. Im-
aging parameters: f0 = 816 kHz, A = 500 pm, Q = 13600, T = 78 
K, ∆f = -450 Hz, V = +1.05 V. (b) DFT computed energies of 
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2Oad
-, Oad

-−Oad
2-, and 2Oad

2- states; (c) and (d) corresponding 
line profiles as indicated in (a). 

 

  In Figure 3 we show the frequency shift (∆f) and local contact 
potential difference (VLCPD) images of the oxygen species on 
O−TiO2(110)-1×1 surface measured simultaneously in the con-
stant−height mode. A schematic of the measurement circuit of 
frequency−modulation KPFM (FM-KPFM) with bias voltage 
feedback is shown in Figure S1. As shown in Figures 3(a-c), we 
have obtained several different contrast patterns of the oxygen 
adatom species on the Ti5c rows, which we assign to 2Oad

- and 
2Oad

2-, respectively, see also the large scan area in Figure S4. 
Besides that, we also observe Oad

-−Oad
2- species which, com-

pared to 2Oad
-, are theoretically predicted to be energetically 

much more favorable. The DFT simulated |∆f| images of 2Oad
2-, 

2Oad
- and Oad

-−Oad
2- species are presented in Figures 3(d-f), re-

spectively. These computed images exhibit excellent agreement 
with the measured images. The simulations also suggest that the 
configuration with the p-orbitals rotated from the main [110] 
axis is one of several quasi-degenerate local minima the system 
may adopt. And indeed, the experiment/theory comparison 
strongly suggests a subatomic experimental resolution as ro-
tated oxygen p-orbitals of the 2Oad

- species are imaged as shown 
in Figures 3(b,e), for more details, see SI. The corresponding 
line profiles are shown in Figures 3(j,k). We found that 2Oad

2-, 
compared to 2Oad

-, yields significantly larger absolute values of 
the ∆f and VLCPD, indicating a larger charge, in perfect agree-
ment with the findings in Figure 2. In contrast, the “sizes” of 
the three oxygen species are broadly similar, both experimen-
tally and from the simulations, making their identification 
solely by size impossible. 

 

 

Figure 3. (a-c) Experimental (constant-height mode, 0.7×1.5 
nm2) and (d-f) simulated |∆𝑓𝑓| images of 2Oad

2-, 2Oad
-  and Oad

-

−Oad
2- species on O−rich TiO2(110)-1×1 surface, respectively. 

(g-i) Local contact potential difference (VLCPD) image of the 
same area as in (a-c). (j) and (k) Corresponding  line profiles of 
|∆f| and VLCPD  though 2Oad

2- (blue), 2Oad
-  (cyan) and Oad

-−Oad
2- 

(black) sites taken along the centers of both atoms in the images, 
as indicated in Figures S4(a,b). Imaging parameters: f0 = 816 
kHz, A = 500 pm, Q = 13600, T = 78 K, ∆f = -320 Hz.  

 

   The strong difference in contrast of the differently charged 
oxygen species seen in the AFM images is customarily at-
tributed to the different short-range force (FSR) resulting from 
the charge state. In order to pursue this concept further, we show 
in Figure 4(a) the FSR measured on these two species. We find 
that the maximum attractive force on the Oad

2- is appreciably 
larger than that on Oad

-, a finding which is again consistent with 
the experimental results in Figure 2. We note that during spectra 
measurement we employed the atom tracking-technique to 
counteract the thermal drift effects46. After spectra measure-
ments, the same spots attributed to Oad were characterized again 
to verify that no unexpected manipulation of the adsorbed Oad 
by the AFM tip happened, such as a charge state switching or 
lateral position displacement (see Figure S4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (a) Short-range force (FSR) and (b) VLCPD curves above 
Oad

-  and Oad
2- sites (as shown in the inset in (a)). An atom track-

ing technique is employed to overcome the thermal drift during 
measurements. Imaging parameters:  f0 = 816 kHz, A = 500 pm, 
Q = 13600, T = 78 K, ∆f = -350 Hz. 

 

  We have further investigated the charge states on the oxygen 
adatoms and their effect on the VLCPD by performing Kelvin 
probe force spectroscopy (KPFS) as a function of the tip-sample 
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distance ensuring that no tip changes or manipulation of the tar-
get Oad could occur. By fitting each ∆f (V) to a parabola at a 
given tip-sample distance, the peak positions are determined, 
yielding VLCPD. Quantitatively, the VLCPD values are affected by 
many factors, such as the tip termination and polarity. As shown 
in Figure 4(b), the trend we observe within the measurement 
range is that the VLCPD values on Oad

2- sites are always larger 
than those on Oad

- sites. We attribute this systematic trend of 
shift of VLCPD values to the potential difference of the differently 
charged Oad induced by accumulation of more charge on the 
Oad

2- sites compared to the Oad
- sites, resulting in larger VLCPD 

values. On the other hand, the variation of VLCPD values with tip 
height directly indicates a change of band bending of the semi-
conductor substrate21,55. The experimental measurements 
demonstrate that the charge states of the adsorbed Oad can be 
clearly distinguished and determined due to the strong (suba-
tomic) image contrast of nc-AFM and KPFM. 

   Our experiments, corroborated by computed energies, clearly 
suggest that Oad

2- and  2Oad
2- are ground state configurations 

whereas Oad
-, 2Oad

-, and   Oad
-−Oad

2- are local minima (metasta-
ble) charge configurations kinetically stabilized at the low tem-
perature used here. Therefore, in line with the previous related 
work3,8,9,21,22, which proved applicability of the nc-AFM to con-
trolled manipulation of the charge states of adsorbed atoms and 
molecules, we explore now the nc-AFM tip as a tool for the 
charge state manipulation of the adsorbed Oad.  

 

 

Figure 5. (a) and (b) Constant-∆f AFM images of the charging 
process of the adsorbed oxygen adatoms by the AFM tip. (c) 
and (d) The corresponding line profiles of the target 2Oad

-  and 
2Oad

2- species labeled by dashed black ovals in (a) and (b). (e) 
and (f) The corresponding schematic models showing the key 
electronic energy levels and tunneling barriers responsible for 
the charging process. e, elementary charge; α, level arm; V, bias 
voltage. Occupied/unoccupied states of oxygen electrons 
(full/empty dashed circles) are depicted in orange/red for 2Oad

2-

/2Oad
-. Occupied/unoccupied polaronic states (full/empty 

dashed circles) are depicted in green, the tip states in blue. 𝜇𝜇𝑡𝑡 
and 𝜇𝜇𝑡𝑡 are the Fermi energies of the tip and surface, Es

v and Es
c 

are the top and the bottom of the surface valence and conduction 
bands, respectively. The band bending shown by dashed lines 
corresponds to the oxygen adsorption and to the total bending 
that includes also the metal-semiconductor contact bias induced 
field effect by full lines. The arrows indicate the repositioning 

of the respective levels in energy, the crosses the inhibited pro-
cesses. The indicated trends follow from DFT calculations 
shown in Figure S10. Imaging parameters: (a) ∆f = -320 Hz, V 

= +1.05 V; (b) ∆f = -330 Hz, V = +1.05 V. 

 

   Figure 5 shows a charging process of the adsorbed oxygen 
adatoms induced by a modification of the frequency shift (set 
point) under a fixed applied positive bias voltage (see also 
charging of oxygen species by increasing bias voltage in Figure 
S6). In Figure 5(a), an oxygen adatom pair indicated by a 
dashed black oval is imaged as a couple of weak contrast spots 
and accordingly assigned to the 2Oad

- species. By gradually in-
creasing the frequency shift upon decreasing the tip-sample dis-
tance with applied constant bias voltage of +1.05 V, the species 
is pairwise charged to 2Oad

2- (two spots with strong contrast), 
Figure 5(b). To shed more light, we show in Figures 5(c,d) the 
corresponding line profiles which corroborate the above assign-
ments. The underlying charging mechanism is explained in Fig-
ures 5(e,f) showing the schematics of the shifts of the key elec-
tronic energy levels and modification of the tunneling barrier. 
Here, the charging process is attributed8,9 to the gradually en-
hanced tip-induced electric field E, which results in the electron 
transfer from the nc-AFM tip to the adsorbed oxygen species. 
The magnitude of the energy shift, ∆E, induced by the applied 
electric field, E, can be modeled as9: 

                                               ∆E = eαV, 

where α is the so-called level arm which is inversely propor-
tional to the tip-sample distance d. With a constant V, the ∆E 

only depends on d. As discussed above, the metastable adsorbed 
Oad

- and 2Oad
- are kinetically hindered being kept at equilibrium 

with the polarons. By gradually increasing ∆E, the E can induce 
electron tunneling through the vacuum gap and electron injec-
tion to the adsorbed 2Oad

-  when the threshold electric field, Eth, 
is reached. As a result, the adsorbed 2Oad

- is charged to 2Oad
2-. 

During the charge state transition, the unoccupied level of the 
singly charged oxygen species is gradually raised up accompa-
nying by further upward band bending55. After the formation of 
2Oad

2-, a fully charged oxygen species is formed, thus hindering 
further electron injection from the AFM tip. This also suggests 
that the Oad

2-/2Oad
2- species are the most stable states, which is 

consistent with the dominant species observed in Figure 2(a) as 
well as with the computed energies of the different charge states, 
Figure 2(b). 

   After having demonstrated the ability to charge the adsorbed 
2Oad

- species to 2Oad
2- by reducing the tip height, we now 

demonstrate also a more complicated process of a reversible 
discharging/recharging of the adsorbed oxygen adatom simply 
by a continuous reduction of the tip-sample distance, d, while 
keeping the same voltage. The process is demonstrated in Fig-
ure 6. In the charge state transition regime, one of the two Oad

2- 
atoms in Figure 6(a) is discharged to Oad

-, Figure 6(b), and re-
charged again to Oad

2-, Figure 6(c), simply by controlling the 
tip-sample distance d and hence the electric field E. For clarity, 
the corresponding line profiles of the reference and target Oad 
pairs are shown in Figures 6(d,f). The models showing the sche-
matic of the key electronic energy levels and tunneling barriers 
are given in Figures 6(g-i). We speculate that in the discharging 
process, from (a) to (b), the enhanced field, E, will result in an 
electron transfer from the Oad

2- to the substrate as a polaron. 
Meanwhile, the singly occupied Oad

- state is formed and lifted 
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upwards in energy by the tip. As expected, by further decreasing 
the tip-sample distance, d, electron tunneling probability in-
creases, resulting in the tunneling of an electron from the AFM 
tip back into the discharged Oad

-. The Oad
2- species is recreated 

as presented in Figure 6(c,i). The model outlined in Figures 6(g-
i) assumes discharging into a polaron as explicitly built in our 
computational model (e). In reality, as also suggested by Fig-
ures 6(a,b), instead of charging a polaron, the charge may be 
transferred to the nearby Oad

- atom which has an energy level 
close to the polaronic levels. Surprisingly, in addition to the re-
versible discharging and recharging transitions, some unex-
pected phenomena are observed as well. For example, the other 
atom Oad

2- of the pair maintains stability during the charge state 
switching of the target Oad

2-. We interpret this finding by a 
shortage of states available for draining charge. Supplementary 
Figure S5 shows other examples when under experimentally 
identical conditions the manipulation of another species does 
not occur. This is in line with experimental observations on 
charge manipulation of oxygen molecules on the anatase TiO2 
surface21. 

 

Figure 6. Constant-∆f AFM images of (a) 2Oad
2-, (b) Oad

- − Oad
2- 

and (c) 2Oad
2- species. (e) Calculated magnetization (spin den-

sity) depicting an empty Oad
- orbital along with a subsurface po-

laron (yellow/blue). (d), (f) Line profiles corresponding to ref-
erence and target Oad species as indicated by the same colors in 
(a-c). (e) Calculated spin density of the Oad

- −Oad
2- species. (g-i) 

Corresponding schematic models showing the key electronic 
energy levels and tunneling barriers responsible for the charg-
ing process. The same notations are used as in Figure 5. Imag-
ing parameters: (a) ∆f = -330 Hz, V = +1.05 V; (b) ∆f = -350 Hz, 
V = +1.05 V; (c) ∆f = -400 Hz, V = +1.05 V.  

 

CONCLUSIONS  

  In conclusion, we have investigated the charge states of the 
adsorbed single and double oxygen atoms adsorbed on the rutile 

TiO2(110)-1×1 surface by nc-AFM and KPFM at 78K in ultra-
high vacuum. We managed to clearly identify with atomic/sub-
atomic resolution the differently charged single and double ox-
ygen adatoms as Oad

-/2Oad
-, Oad

2-/2Oad
2- and Oad

-−Oad
2- species, 

respectively, combining the measurement of FSR and VLCPD as a 

function of the tip-sample distance and extensive DFT simula-
tions. Oad

-/2Oad
- and Oad

-−Oad
2- species are metastable but can 

still be observed at low temperatures despite their formation en-
ergies being up to ≈ 3 eV higher than the ground state Oad

2-

/2Oad
2- species. Comparison with DFT simulations reveals that 

the charge transferred to/from the adatoms is smaller than the 
nominal charge, due, in part, to the fact that charge is spread  
over other nearby surface oxygen atoms. In addition to deter-
mining the charge states of the oxygen adatoms, we also suc-
ceeded in deliberately charging and discharging, individually 
and pairwise, the oxygen adatoms by the nc-AFM tip by means 
of gradually decreasing the tip-sample distance, while keeping 
the sample at a fixed positive voltage. The fact that both charg-
ing and discharging processes do occur at constant voltage sug-
gests an activation of different processes due to modulating the 
tip-induced electric field. We argue that the charging processes 
involve electron tunneling from the tip into the oxygen adatom 
p-states while the discharging process proceeds by draining the 
charge into polarons or other nearby oxygen adatoms, which all 
are close in energy. For that reason, manipulation of other ada-
toms on different parts of the surface may not be possible under 
otherwise identical experimental conditions due to local short-
age of states available for the discharge. The polarons abundant 
on the rutile TiO2(110) surface play a vital role in the processes 
studied. In that respect, the importance of the bulk interstitial 
defects, Tiint, was particularly emphasized. Our study shows a 
novel route for the measurement and manipulation of the charge 
states of the adsorbates at the atomic scale and opens a door for 
further investigation of electronic devices and catalytic reac-
tions based on single atoms. 
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