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Atomic and electronic structures of the SrTiO3�100�-�
p

5 3
p

5�-R26.6± surface are studied by using
scanning tunneling microscopy (STM) and noncontact atomic force microscopy (NC-AFM). Instead of
the well established oxygen vacancy model, it is found that a structural model, consisting of an ordered
Sr adatom at the oxygen fourfold site of a TiO2 terminated layer, can explain the experimental results
very well. We theoretically simulate the model cluster with the first-principles total-energy calculation.
Calculated density of states and images for STM and NC-AFM are in good agreement with the experi-
mental results.
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Surfaces of metal oxides serve very important roles in
varieties of applications. However, surface sciences of
metal oxides have not been developed so much compared
to those of metals and semiconductors, because the sur-
faces of metal oxides are defective in nature and also metal
oxides are usually insulators and modern surface analyti-
cal tools as electron spectroscopy are not fully applicable
to these materials [1–3]. Scanning tunneling microscopy
(STM), which has revolutionized the field of surface sci-
ence, is not applicable to insulators. Furthermore, as STM
image is related to the shape of the wave functions near the
Fermi level [4], atoms which do not have the local den-
sity of states near the Fermi level are generally invisible
even on the conductive materials. Noncontact atomic force
microscopy (NC-AFM) is a powerful tool and has a pos-
sibility to give a new aspect to surface science of metal
oxides because it has a potential to observe atomic images
even for the surface of nonconductive materials [5–8].

Strontium titanate (SrTiO3) is one of the perovskite
oxides and has been of interest in many aspects including
catalytic activities, dielectric properties, ferroelectric prop-
erties, and a lattice-matched substrate for high-Tc oxide su-
perconductors. Many structures related to the SrTiO3�100�
surface have been reported, e.g., rowlike structures [9],
1 3 1 [10], 2 3 1 [10], c�4 3 2� [10], c�6 3 2� [10], and
�
p

5 3
p

5�-R26.6± [11,12]. As many kinds of metal ox-
ides form a wide range of oxygen deficiency intermediate
phases [3], it is generally believed that the reconstruction
of metal oxide surface is related to an ordered oxygen
vacancy type defect. In the case of the �

p
5 3

p
5�-R26.6±

reconstruction, the defects are proposed to be a �-Ti31-O
(�: oxygen vacancy) complex, which was determined by
STM [11]. However, several theoretical results are incon-
sistent with STM images [13,14]. In this study, the
SrTiO3�100�-�

p
5 3

p
5�-R26.6± surface was observed by

use of NC-AFM as well as STM, and we propose a Sr ad-
atom model, which is supported by ab initio calculations,
instead of the well established oxygen vacancy model.

Experiments were carried out in an ultrahigh vacuum
NC-AFM (JEOL model JAFM-4400) with a base pressure
0031-9007�01�86(9)�1801(4)$15.00 ©
of #1.4 3 1028 Pa. Cone-shaped silicon cantilevers with
f0 � 140 290 kHz and k � 4 14 N�m (Silicon-MDT
Ltd.), which were highly doped with B (0.002 V cm) and
coated with W2C (25 nm thick, 30 mV cm), were used for
NC-AFM measurements. NC-AFM measurements were
performed by the constant force condition. Tips used for
STM measurements were the same cantilevers or made of
a tungsten wire, 0.3 mm in diameter, by electrochemical
etching in 2N KOH solution. STM measurements were
performed either in the constant current condition or the
spectroscopic sequence.

A SrTiO3�100� substrate of 7 3 1 3 0.5 mm3 (Naka-
zumi Crystal Co., Japan) was first treated with a buffered
NH4F-HF (BHF) solution (pH � 4.5 and NH4F concen-
tration of 10 M) for 10 min [15]. The sample was directly
mounted on a silicon heater. Vacuum pressure during an-
nealing did not exceed 5 3 1027 Pa. Temperature was
measured with an optical pyrometer. TiO2 terminated and
�
p

5 3
p

5�-R26.6± surfaces of SrTiO3�100� were obtained
by annealing at 800 and 1200 ±C, respectively [11,15].

The calculations were performed by an ab initio ultra-
soft pseudopotential technique with a plane-wave basis.
In this method, valence electron wave functions were ob-
tained by minimizing the Kohn-Sham total-energy func-
tion [16]. The exchange correlation potential was treated
with the generalized gradient approximation (GGA) [17].
The self-consistent ultrasoft pseudopotential proposed by
Vanderbilt [18] was used for electron-ion interaction. A
plane-wave cutoff of 260 eV and Monkhorst-Pack mesh
[19] of (2,2,1) were used. The TiO2-terminated 1 3 1 and
the Sr adatom �

p
5 3

p
5�-R26.6± surfaces of SrTiO3�100�

were modeled by periodic slabs. The periodic slabs con-
sisted of seven atomic layers of SrO and TiO2 stacked alter-
nately, which were isolated by 3 3 aSTO width of vacuum
regions. For the Sr adatom model, a Sr atom was placed
on a TiO2 terminated �

p
5 3

p
5� unit lattice. Atoms at

central three layers were fixed at the bulk position; on the
other hand, all other atoms were geometry optimized. The
criteria of energy change per atom, root mean square (rms)
displacement of atoms, and rms force on each atom were
2001 The American Physical Society 1801
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0.001 eV, 0.01 Å, and 0.5 eV�Å, respectively. Gaussian
smearing of 0.2 eV was used.

Figure 1a shows an STM image of a 50 3 50 nm2 re-
gion of SrTiO3�100� after heating at 1200 ±C. The surface
is composed of two orientations of �

p
5 3

p
5�-R26.6± do-

mains and large bright particles, which are related to Sr
or SrO clusters [12] and are mainly observed at domain
boundaries and step edges. The number and the size of
the particles decrease with extended annealing and, when
the size is small, these are always located at bright lattice
points (not shown). Our STM images and the behavior
of the large particles are quite similar to the reported re-
sults [11,12]. For this reconstruction, the �-Ti31-O model
(the terminated surface is TiO2 and the observed spots are
related to the oxygen vacancy) was proposed by Tanaka
et al. [11]. However, several theoretical works predicted
that the bright spots of STM images, located at the oxy-
gen vacancy, should be split into two spots, because the
defect surface states were mostly derived from the near-
est two Ti 3d orbitals [13,14]. In contrast, the shape of the
bright spots of the STM images was always observed to be
a round shape [11,12]. Moreover, it is unaccountable why
other surface atoms are invisible in STM measurements.
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FIG. 1 (color). (a) STM (V � 10.65 V, I � 0.11 nA, and 50 3
50 nm2) and (b) NC-AFM (V � 21.49 V and 12 3 12 nm2)
images of SrTiO3�100� after heating to 1200 ±C for several sec-
onds. (c) The vertical profiles along the lines a-b and c-d.
(d) A proposed model of the SrTiO3�100�-�

p
5 3

p
5�-R26.6±

surface reconstruction; a line e-f corresponds to the lines a-b
and c-d in (a) and (b), respectively.
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In order to clarify the structure of the surface reconstruc-
tion, NC-AFM measurements were performed as shown in
Fig. 1b. In addition to the bright spots of �

p
5 3

p
5�-

R26.6± lattice, four dark spots were clearly observed inside
the lattice. Figure 1c shows vertical profiles along the lines
a-b and c-d. The size of the bright spots for the NC-AFM
measurements (�0.3 nm) was always smaller than that for
the STM measurements (�0.5 nm). In order to exclude the
effects of probe shape, STM measurements using the same
NC-AFM cantilever were performed. However, STM im-
ages were the same as those observed by using a W tip.

Many previous results show that NC-AFM images are
determined well by the cantilever-sample interaction and
protrusions represent surface atomic positions unless spe-
cific interaction as chemical bonding interaction is domi-
nant [20,21]. In fact, Yokoyama et al. reported that, when
an Ag-coated cantilever was used, NC-AFM images for
Si�111�-�

p
3 3

p
3�-Ag did not depend on cantilever-

sample distance and showed true topography [20]. On the
other hand, Minobe et al. did not observe true atomic
protrusion, when a silicon cantilever was used, because of
chemical bonding interaction between the dangling bond of
a tip apex Si atom and the surface [22]. In the present study
using a less reactive W2C coated cantilever, NC-AFM
images did not change with the cantilever-sample distance.
It is considered that chemical bonding interaction is not
dominant and the NC-AFM image reflects a surface corru-
gation in our experimental conditions; i.e., the bright and
the dark spots are related to a surface atomic position and a
hollow position, respectively. It is noted that the dark spots
are aligned along the [001] and [010] directions, which are
shown in the inset of Fig. 1b, suggesting that the surface
layer must be TiO2 plane and the dark spot is related to
the oxygen fourfold hollow site. If the surface layer were
SrO plane, the dark spots would be aligned along the [011]
and [011̄] directions from our calculations (not shown).
The bright spots are located on the oxygen fourfold site,
as shown in Fig. 1c, where a Sr atom is considered to be
located compared with the bulk crystal structure. We pro-
pose a Sr adatom model in which Sr adatoms are assumed
to be located on the oxygen fourfold site of the TiO2
terminated layer forming a �

p
5 3

p
5�-R26.6± lattice as

shown in Fig. 1d. This model agrees with the fact that the
small particles, which are probably Sr-related clusters, are
always located with footing at the Sr adatom site.

Figure 2 shows the optimized structure of the Sr
adatom �

p
5 3

p
5�-R26.6± model determined by the first-

principles total-energy calculations. A Sr adatom attracts
surrounding first layer O atoms by 0.177 Å; in contrast, a
Sr adatom and first layer Ti atoms repel each other. As
a result, we can see large displacement (221%) between
the Sr adatom layer and the first TiO2 layer. On the other
hand, the changes of the interlayer spacing between the
first and the second layers, and the second and the third
layers are 20.54% and 11.23%, respectively, which are
substantially small compared with those for the TiO2
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FIG. 2 (color). The optimized structure of Sr adatom �
p

5 3p
5�-R26.6± model. The values show the atomic displacement

and relative interlayer spacing to that for the bulk SrTiO3 value
(aSTO�2 � 0.195 25 Å).

terminated 1 3 1 model of 25.53% and 17.44%, respec-
tively. Detailed atomic displacements are summarized in
Table I. For the Sr adatom �

p
5 3

p
5�-R26.6± model,

we can see large rumpling for the first layer TiO2 and
small rumpling for the second layer SrO, compared with
that of the TiO2 terminated 1 3 1 model. The calculation
indicates that the Sr adatom causes a large distortion in
the first TiO2 layer but less distortion in the deeper layers
in order to lower the total energy.

The calculated density of states (DOS) of the structural
models optimized for TiO2 terminated 1 3 1 and Sr ad-
atom �

p
5 3

p
5�-R26.6± are shown in Fig. 3a. The elec-

tronic energy band gap (Eg) for the TiO2-terminated 1 3 1
model was estimated to be 1.31 eV. This value seems to
be consistent with the published results of 1.83 eV reported
by Li et al. [23] and 1.13 eV reported by Padilla and
Vanderbilt [24]. On the other hand, Eg for the Sr adatom
�
p

5 3
p

5�-R26.6± model was estimated to be 2.32 eV,
which was larger than that of the TiO2 terminated 1 3 1
model. Additionally, the conduction bands are remarkably
lowered and they cross the Fermi level because the Sr
adatoms donate its outermost 5s electron to the surface
and partially fill the conduction band of the TiO2 termi-
nated layer. In order to get insight in the surface electronic
states, dI�dV -V properties were measured for each

TABLE I. Vertical atomic displacements relative to average
positions of the corresponding planes for the TiO2 terminated
1 3 1 and the Sr adatom �

p
5 3

p
5�-R26.6± models. The val-

ues are expressed in Å.

TiO2 terminated Sr adatom
Layer 1 3 1 �

p
5 3

p
5�-R26.6±

1 O 10.038 Oa 10.152
Ob 20.010
Oc 20.006

Ti 20.075 Tia 20.117
Tib 20.094

2 O 20.078 Oa 20.001
Ob 10.010

Sr 10.078 Sra 10.013
Srb 20.005
surface as shown in Fig. 3b. The electronic energy band
gap for the �

p
5 3

p
5�-R26.6± surface is relatively larger

than that for the TiO2 terminated surface. Remarkably, the
shape of DOS for the TiO2 surface is symmetric with respect
to the Fermi level; on the other hand, that for the
�
p

5 3
p

5�-R26.6± surface shows asymmetric property.
As the calculated Fermi level for the TiO2 terminated
1 3 1 model is located in the midgap, the dI�dV -V
curve for the TiO2 terminated surface should be semicon-
ducting. On the other hand, in the case of the Sr adatom
�
p

5 3
p

5�-R26.6±model, the calculated Fermi level is lo-
cated at the bottom of the conduction band. The dI�dV -V
curve with a positive sample bias voltage (tunneling of
electron from the STM tip into unoccupied conduction
band in the sample) starts to increase immediately from
zero bias voltage. For a negative sample bias voltage
(tunneling of electron from occupied states in the sample,
which are located under the gap, into the STM tip), the
curve does not increase immediately.

NC-AFM images with highest lateral resolution origi-
nate with a short range repulsive cantilever-sample inter-
action rather than a long range attractive interaction [25],
such as van der Waals interaction and local electrostatic
interaction. Local electrostatic interaction between the
sample and a cantilever, which should be present for ionic
materials such as this, was estimated by using ab initio
calculations (not shown). The results indicated that the
atomic resolved image could not be obtained by electro-
static interaction, because calculated electrostatic potential
was geometrically broad and considerably screened. Since
the repulsive interaction is due to the Pauli repulsion which
originates from the overlapping of the wave functions, it is
considered that the NC-AFM image is related to the total
charge density of states. On the other hand, the STM im-
age is related to the local density of states near the Fermi
level [4]. In order to analyze the STM and NC-AFM im-
ages, the orbital density and its shapes of the states near
the Fermi level (369th to 374th bands) and of the occupied
total density of states (1st to 370th bands) were calculated

FIG. 3 (color). (a) Calculated density of states for the TiO2 ter-
minated 1 3 1 and the Sr adatom �

p
5 3

p
5�-R26.6± models.

(b) dI�dV -V properties, after smoothing, for the TiO2 termi-
nated and the �

p
5 3

p
5�-R26.6± SrTiO3�100� surfaces.
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FIG. 4 (color). (a) Calculated density contour and (a0) equi-
density surface (blue surface represents the density level of
0.02 e�Å3) of the wave functions near the Fermi level (371st
and 372nd bands). (b) Calculated electron density contour and
(b0) equielectron density surface (blue surface represents the den-
sity level of 0.1 e�Å3) of the occupied total wave functions (1st
to 370th bands). The cut planes of (a) and (b) are perpendicu-
lar to the surface and along the [001] direction including the Sr
adatom. The equielectron density surfaces are artificially illu-
minated from the upper right for the sake of understanding.

for the Sr adatom �
p

5 3
p

5�-R26.6± model. Large sur-
face states (371st and 372nd bands), which were localized
at the Sr adatoms and protruded to vacuum, are shown
in Figs. 4a and 4a9. Other wave functions near the Fermi
level, which were localized around the Ti atoms, were con-
siderably small in size (not shown) and these have little
contributions to the STM images. It is noted that the
sample bias voltage dependent (23 2 13 V) changes in
the STM images were not observed except for a decrease in
contrast. Because of the large surface state orbital and the
size of the apex of the W tip, it is difficult to get informa-
tion about the deeper TiO2 layer. As the Fermi level was
located between the 370th and 371st bands, the displayed
orbitals were originally unoccupied orbitals. However, the
371st and 372nd bands were only 0.12 and 0.18 eV higher
than the Fermi level, respectively. Taking their bandwidths
into consideration, these bands cross the Fermi level. On
the other hand, the shape of the occupied total density of
states, as shown in Figs. 4b and 4b9, which is almost the
same as the ball model shown in Fig. 1d, is also consistent
with the NC-AFM results.

Finally, we also calculated the �
p

5 3
p

5�-R26.6±

�-Ti31-O model. The images of NC-AFM could not be
explained by the occupied total density of states for this
model. Furthermore, most of the wave functions near the
Fermi level were derived from the surface Ti 3d orbitals.
Although several wave functions were localized around
the O vacancy, the shape of which was oval and the size
of all wave functions near the Fermi level were almost
1804
the same. The results strongly suggest that the shape of
the �

p
5 3

p
5� spots anticipated by the �-Ti31-O model

must be oval and other Ti atoms should be visible in STM
measurements. It is concluded that the �-Ti31-O model
is unacceptable.

In conclusion, we investigated the SrTiO3�100�-�
p

5 3p
5�-R26.6± surface by use of NC-AFM and STM. It is

found that a structural model consisted of an ordered Sr
adatom which is located at the oxygen fourfold site on the
TiO2 terminated layer. We theoretically simulated STM
and NC-AFM images with the first-principles total-energy
calculation and showed that agreement with experimental
results was fairly good. The Sr adatom causes less distor-
tion in the bulk, compared with the TiO2 terminated 1 3 1
model. The wave functions near the Fermi level are local-
ized at the Sr adatom and their shape and size are consistent
with our STM results.
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