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Scanning tunneling microscopy (STM) images taken on a freshly cleaved anatase TiO2ð101Þ sample

show an almost perfect surface with very few subsurface impurities and adsorbates. Surface oxygen

vacancies are not typically present but can be induced by electron bombardment. In contrast, a reduced

anatase (101) crystal shows isolated as well as ordered intrinsic subsurface defects in STM, consistent

with density functional theory (DFT) calculations which predict that O vacancies (VO’s) at subsurface and

bulk sites are significantly more stable than on the surface.

DOI: 10.1103/PhysRevLett.102.106105 PACS numbers: 68.47.Gh, 68.35.Dv, 68.37.Ef

Titanium dioxide, TiO2, finds applications in a wide
range of technological fields. This reducible metal oxide
accommodates a large degree of substoichiometry. The
resulting intrinsic defects can strongly affect the physico-
chemical properties of this material. Native defects can
also form to compensate the charges of foreign dopants [1].
Doping with extrinsic impurities is particularly promising
to functionalize TiO2 as, e.g., a visible-light photocatalyst
[2] or dilute magnetic semiconductor [1,3]. The impor-
tance of defects has motivated extensive studies of their
structure, both in the bulk [4] and on the surface [5]. In
particular, STM studies have established with intricate
detail the role of surface O vacancies in surface chemistry
on rutile TiO2ð110Þ [6,7]. The TiO2 polymorph anatase has
great importance in technical applications and fundamental
nanoscience but, in contrast to the vast literature on rutile
and many theoretical studies on anatase [8–12], very few
experimental studies on well-characterized anatase sur-
faces are available.

STM [13] and adsorption [14] experiments indicated
that a vacuum-prepared anatase (101) surface contains
far fewer VO’s than those typically present on a rutile
(110) surface [5]. However, spectroscopy studies found
that, under comparable preparation conditions, anatase
(101) potentially accommodates more defects than rutile
(110) in the surface region [15]. Our combined experimen-
tal and DFT study provides direct evidence of subsurface
defects at anatase (101), thus solving the apparent contra-
diction between these previous experimental findings [13–
15]. STM shows that these defects have a strong tendency
to form linear chains, even at low concentrations. This is
explained by a model, where a subsurface VO triggers the
formation of Frenkel pairs (Ti interstitials (Tii) and Ti
vacancies (VTi)). Given the key role of defects in defining
the surface properties of oxides [5,16], these findings
should further our understanding of this important
material.

The DFT calculations were carried out within the gen-
eralized gradient approximation [17]. The plot in Fig. 1(a)

reports the VO formation energy for various surface and
subsurface sites within a slab containing 6 TiO2 layers
(216 atoms); a more detailed account of this study is
presented in Ref. [12]. On the surface, the removal of a

FIG. 1 (color online). Models of anatase TiO2ð101Þ in side
(left) and top (right) view (red balls: O; light blue balls: Ti). The
purple shading indicates the contrast of atomically-resolved
STM images, ovals extending across undercoordinated surface
O2c and Ti5c on undisturbed surface and circles above subsurface
defects. (a) Various on- and subsurface O vacancies (left) and
their corresponding formation energies (right); only part of the
six-layer-thick slab used for the calculations is shown. (b),
(c) Illustration of formation of ordered subsurface defects in-
voking Frenkel hops. Formation of a subsurface O vacancy
(yellow) initiates the migration of a neighboring Ti atom to an
interstitial site (Tii, black), leaving behind a Ti vacancy (VTi,
black square). This process is repeated along open channels
parallel to the crystallographic (b) [010] and (c) ½1�1 �1� directions.
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twofold-coordinated oxygen atom (O2c), VO1, is the ener-
getically most favorable VO defect. Among subsurface
sites, the site directly below the surface O2c (marked
with an asterisk) is unstable: if a vacancy is created at
that site, theO2c atom just above it moves spontaneously to
fill the vacancy, leaving a surface VO1 defect. Most impor-
tantly, the formation energies of the subsurface VO4 and
VO5 defects in Fig. 1(a) are lower than the energy cost to
form VO1, or other surface O vacancies. Estimations of
diffusion pathways [12] show a relatively low (�0:7 eV)
barrier for diffusion of VO’s from a surface to a subsurface
site, and a significantly higher barrier for the reverse pro-
cess. In contrast, calculations with the same theoretical
setup on rutile (110) show that O vacancies at the bridging
oxygen sites are substantially more favorable than subsur-
face defects [12].

The experiments were performed in ultrahigh vacuum
(UHV). The sample was cleaned in situ by cycles of Arþ
ion sputtering and annealing to 600 �C. STM was per-
formed in the constant-current mode; empty states were
typically imaged. Both anatase samples were natural min-
eral crystals, originally orange-clear in color, and became
darker blue with repeated sputtering and annealing cycles.

The first sample was cleaved ex situ. After a few clean-
ing cycles, low energy electron diffraction (LEED) shows a
sharp (1� 1) pattern. As seen in Fig. 2(a), the freshly
cleaved surface is rather pristine. The terraces have the
typical trapezoidal shape described earlier [13]. The oval-
shaped, atomic-sized features extend over both surface Ti5c
and O2c atoms (see also Fig. 1) arranged in rows along the
[010] direction. A few black spots [arrow in Fig. 2(b)] are
situated on top of an oval. Their density amounts to�0:5%
of a monolayer (ML), where one ML is defined as the
number of Ti5c-O2c ovals on a perfect (101) surface. We
attribute these to adsorbates, probably water. Some nm-
wide, brighter features are visible as well. The one circled
in Fig. 2(b) shows a corrugation of 0.57 Å that extends over
6 lattice units in the [010] direction, although the apparent
height depends on the tunneling conditions. This behavior
is reminiscent of charged dopants in Si and compound
semiconductors [18]; the large-scale corrugation is in-
duced by the screened Coulomb potential, which results
in local band bending. We attribute the nm-wide features to
extrinsic impurities, also because their density decreased in
repeated sputtering and annealing cycles and they vanished
eventually. From STM we estimate an impurity concentra-
tion of 0.05 at% within the first few layers. This is well
below the detection limit for x-ray photoelectron spectros-
copy (XPS); indeed, no contaminants were found in ex-
tensive XPS scans.

In order to establish how surface VO’s appear in STM,
we irradiated the sample with electrons. Electron bombard-
ment of TiO2 induces the desorption of surface oxygen and
can be used to create VO’s [7,19]. Figure 2(c) shows the
surface after irradiation with 300 eV electrons at a dose of
6:9� 1016 e�=cm2. Extra-bright spots with a density of

�1:8% appear [arrows in Fig. 2(c)]; their STM contrast
agrees with calculations of VO’s on anatase (101) [10].
These vacancies do not ‘‘survive’’ long in the residual gas;
they become covered with adsorbates from the residual
gas, probably water [11], and move under the STM tip, so
that the surface becomes more difficult to image.
The second sample was a cut [along (101)] and polished

mineral specimen that was used in our laboratory for
several years. Originally, it showed a very similar appear-
ance as the freshly cleaved, pristine sample, and XPS
indicated the Ti4þ peak typical for a stoichiometric surface
[Fig. 3(a)], again, with no trace of extrinsic impurities over
wide scans. This sample was subjected to >150 sputter
and annealing cycles over the course of many experiments.
While LEED still shows a high-quality (1� 1) pattern, the
XPS Ti 2p line indicates a reduced surface [cf. Fig. 3(b)].
The intensity ratio of the Ti3þ:Ti4þ 2p3=2 peaks amounts to

�20%, demonstrating a marked substoichiometry within
the probing depth of XPS.
Figure 4(a) shows a wide-scale STM image taken on this

reduced anatase (101) sample. It exhibits black spots,
which often form short chains along [010], ½11�1�, and

FIG. 2. STM images from a freshly cleaved anatase (101)
surface. (a) Large-scale overview (300� 300 �A2; Vsample ¼
þ1:3 V, Itunnel ¼ 1:9 nA). (b) High-resolution image (70�
70 �A2;þ1:6 V, 1.6 nA). The dotted circle indicates a subsurface
impurity, the arrow an adsorbate, probably water. (c) After
irradiation with 300 eV electrons (70� 70 �A2; þ1:5 V, 2 nA),
which creates surface O vacancies (marked with arrows).
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½1�1 �1� directions [Fig. 4(a) inset]. The dark spots are differ-
ent from both the adsorbates [Fig. 2(b)] and surface
O vacancies [Fig. 2(c)]. Similar to the extrinsic impurities
shown in Fig. 2(b) above, their appearance depends sensi-
tively on the STM tunneling parameters [20]. As men-
tioned above, atomically-resolved STM anatase (101)
typically shows bright ‘‘ovals.’’ On the reduced sample,
under tunneling conditions that keep the tip further away
from the surface, some of these ovals become small, round
spots. The half ovals have different brightness, as indicated
with circles of different color in Fig. 4(b). Some of the half
ovals appear isolated, but most of them reside in short
chains along [010], ½11�1�, or ½1�1 �1� directions. Often, full
ovals next to the half ovals are somewhat brighter and more
elongated [marked with short lines in Fig. 4(b)]. Counting
the number of defects classified as half-ovals (circles) and
extra-bright full ovals (short lines) in Fig. 4(b) and similar
images yields a density of �0:16 ML. In addition to these
full and half-ovals, STM shows a small number of extra-
bright features [0.02–0.03 ML, marked with dashed ellip-
ses in Fig. 4(b)]. Their appearance is independent of the
tunneling conditions applied. They occasionally change
positions between consecutive scans. From control experi-
ments, where water was dosed on anatase (101) at low
temperatures, we tentatively assign them as water mole-
cules, possibly adsorbed at defect sites. The features
marked with black squares in Fig. 4(b) might be surface
impurities, which, because of their small concentration
(<0:01 ML), remain currently unidentified.

To summarize, (i) we observe defects on clean, reduced
anatase (101) that are not visible on more pristine, stoi-
chiometric surfaces; (ii) their density increases with bulk
reduction induced by repeated sputter and annealing
cycles; (iii) these defects are clearly different from surface
VO’s produced by e� bombardment; (iv) they do not be-
come covered with adsorbates upon prolonged exposure to
the residual gas in UHV chambers; i.e., are relatively inert;

and (v) their contrast in STM is subtle and bias or current
dependent, pointing towards changes in the surface elec-
tronic, rather than geometric structure. These observations,
combined with our DFT results, lead us to conclude that
intrinsic defects on anatase (101) are predominantly lo-
cated subsurface. This result in itself is significant; while it
is well-known that surface O vacancies have a vast influ-
ence on surface chemistry, it appears that, for this impor-
tant material, mostly subsurface defects have to be con-

FIG. 4 (color online). STM images of the reduced anatase
(101) surface. (a) Large-scale overview (300� 300 �A2;
þ1:2 V, 0.9 nA). The dark spots are attributed to subsurface
defects. As shown in the inset, they exhibit tendency to line up
along [010], ½1�1 �1�, and ½11�1� directions. (b) High-resolution
image (100� 100 �A2; þ1:2 V, 0.1 nA) with subsurface defects.
Marked with colored circles are half ovals that are darker
(green), same brightness (red), or brighter (blue) than regular
ovals; red dashes mark extra-bright ovals. Features marked by
dotted ellipses and black squares are tentatively assigned to
adsorbates and surface impurities, respectively.

FIG. 3 (color online). Comparison of XPS Ti 2p lines of a
freshly cleaved (a) and a reduced (b) anatase (101) surface.
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sidered. Before discussing potential implications, however,
we turn to an analysis of the defect structures observed in
STM. Since there are a much larger number of defect
configurations in the bulk than on the surface this analysis
must necessarily remain speculative, but important insights
can nevertheless be gained.

First, note that substoichiometry in TiO2 can be intro-
duced through both O vacancies and excess Ti (present in
the form of interstitials, Tii). The relative abundance of
these intrinsic defects in dependence of external parame-
ters (p, T, impurities) has been the subject of long debate
[4], and besides well-acknowledged surface VO’s, intersti-
tials may also play a role on the rutile (110) surface [21].
Subsurface O vacancies alone cannot account for all de-
fects seen in STM for the reduced anatase (101). In par-
ticular, the linear ordering is hard to reconcile based solely
on VO’s, as removal of whole chains of O atoms would
result in a large number of unsaturated bonds within the
crystal. In order to rationalize our observations, we resort
to the knowledge gained from extensive studies on rutile
[4]. Bulk defects in reduced rutile tend to form arrays, even
when present in small densities. For highly reduced
samples the ordering results in crystallographic shear
planes (CSP’s) that order into Magnéli phases [4]. Bursill
and Blanchin [4] proposed a structural model that provides
a logical route from small defect aggregates to the CSP’s.
This model is based on the formation of Frenkel (neighbor-
ing VTi-Tii) pairs. We adopt this idea to explain the linear
chains of half ovals in our STM images: Suppose a VO,
created by annealing, migrates to a subsurface site [the
yellow atom in Figs. 1(b) and 1(c)]. In Ref. [4] it was
argued that even an isolated VO results in the formation of a
‘‘reconstructed defect’’, where a Ti neighbor atom mi-
grates to the next interstitial site. According to ref. the
most favorable site for a Tii in anatase is at the side of
the open channels that run along the [010] direction [8]
[see side view in Fig. 1(b); black balls mark Tii]. Once such
a Tii is formed, the neighboring Ti atom is destabilized and
pushed towards the next interstitial position (via a
‘‘Frenkel hop’’), resulting in lines of VTi and Tii sites
[black squares and black balls, respectively, in Fig. 1(b)].
Such linear arrays will form along open channels that allow
for a facile motion of Tii, along [010] [Fig. 1(b)] and ½1�1 �1�
or ½11�1� [Fig. 1(c)]. The VTi resides underneath anO2c-Ti5c
unit [top views in Fig. 1(b) and 1(c)]. The screened
Coulomb potential induced by a negative charge in an
n-type semiconductor (such as reduced anatase) leads to
a depression in empty-states STM images [18]. We thus
hypothesize that negatively charged VTi’s induces a depres-
sion, canceling the contrast from the surface Ti5c atoms
above and creating the ‘‘half ovals’’ observed in STM
images.

Our finding, namely, that defects on anatase reside pre-
dominantly subsurface and have a tendency to form linear
arrays—best explained by Frenkel pairs—has broad impli-

cations for understanding the materials properties of TiO2

anatase. Subsurface defects are less reactive than surface
oxygen vacancies. In TiO2-based photocatalysis [22] de-
fects act as trap sites for photo-excited charge carriers. If
they are located on the surface, they are quenched by
adsorption of molecules from the ambient. When located
just beneath the top surface layer, they could survive and
steer photo-excited charge carriers to near-surface regions.
Potentially the propensity of anatase to form subsurface
defects contributes to its superior photocatalytic properties.
Intrinsic defects are thought to be instrumental for the
ferromagnetic properties of doped TiO2 [1]. While
O vacancies are usually considered, our results show that
the strong tendency to Ti vacancies and interstitials should
be taken into account as well.
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