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The surface structure of the SrTiO3(110) polar surface is studied by scanning tunneling microscopy
and X-ray photoelectron spectroscopy. Monophased reconstructions in (5×1), (4×1), (2×8), and
(6×8) are obtained, respectively, and the evolution between these phases can be tuned reversibly
by adjusting the Ar+ sputtering dose or the amount of Sr/Ti evaporation. Upon annealing, the
surface reaches the thermodynamic equilibrium that is determined by the metal concentration. The
different electronic structures and absorption behaviors of the surface with different reconstructions
are investigated.

PACS numbers: 68.47.Gh, 68.37.Ef, 68.35.Md, 82.80.Pv, 68.35.Rh

I. INTRODUCTION

Perovskite oxides possess a wide variety of valuable
properties such as superconductivity, colossal magnetore-
sistance and photocatalytic reactivity that are of inter-
est for numerous technological applications. Knowing
the detailed structure of oxide surfaces is extremely im-
portant to understand the underlying physics and chem-
istry. During the past decade, a tremendous amount of
evidence has shown that oxide thin films, superlattices
and heterostructures display an even richer diversity of
remarkable properties1. One of the important and in-
triguing discoveries is the quasi-two-dimensional electron
gas (2DEG) formed at the interface between SrTiO3 and
LaAlO3

2, which might be the basis of the transforma-
tive concept for the new generation of electronic devices3.
Additionally, Hwang et al. found that the formation of
2DEG critically depends on the atomic arrangement at
the interface – it can be formed only if the SrTiO3 sub-
strate is terminated by the TiO2 layer, while the interface
is insulating when the substrate exposes the SrO layer2.
Therefore it is indispensable to control the surface struc-
ture of perovskite oxides as well as the epitaxial growth
with atomic precision.

Single crystalline SrTiO3 is widely used as the epitaxial
growth substrate for complex perovskite oxide films and
heterostructures2,4–9. By selective chemical etching of
the SrO layer followed by thermal annealing, atomically
well-defined SrTiO3(001) surface can be achieved10,11.
Microscopic studies have shown a series of reconstruc-
tions. Either Sr12,13 or Ti14–17 rich phase has been ob-
served on the surface depending on preparation methods.
The Sr adatom model consisting of ordered Sr adatoms
on a TiO2 terminated layer has been proposed for the
(
√

5×
√

5)-R26.6o reconstruction based on first-principles
total-energy calculations12. Transmission electron mi-
croscopy (TEM)14,15 and surface x-ray diffraction18 stud-
ies showed a double-layered TiO2 structure formed on the
(2×1)- and c(4×2)-reconstructed surfaces, respectively.
It has been revealed that the stability of the surface
phases strongly correlates to the stoichiometry19–22.

Along (110) direction, SrTiO3 single crystal is com-

posed of alternately stacked (SrTiO)4+ and (O2)
4−

atomic layers (see Fig. 1), which creates a macroscopic
dipole perpendicular to the surface23,24. Therefore the
surface is inherently unstable. On one hand, this means
that manipulating the polarity provides us an additional
degree of freedom to tune the properties of the oxide
multilayers25. On the other hand, in order to cancel the
surface polarity and thus making the electrostatic en-
ergy converged, a polar surface bears high reconstruction
instability24. Besides several (1×1) terminations pro-
posed by the ab initio calculations26, a large family of re-
construction has been observed on SrTiO3(110) surface.
Brunen and Zegenhagen27 observed (2×5), (3×4), (4×4),
(4×7), and (6×4) reconstructions by scanning tunnel-
ing microscopy (STM), low energy electron diffraction
(LEED), and Auger electron spectroscopy (AES) mea-
surements and found that the surface Sr concentration
increases with elevated annealing temperatures. Bando
et al.28 obtained (5×2) and c(2×6) reconstructed sur-
faces exhibiting metallic characteristics. Recently, M. R.
Castell et al.29 observed an (n×1) (3≤n≤6) family of
reconstruction. Their AES analyses revealed that the
(3×1) and (4×1) were Ti-enriched, while the (6×1) was
Sr-enriched. Combined with TEM and density func-
tional theory studies, they proposed a corner-sharing
TiO4 tetrahedra model30.

Our previous studies showed that thermodynamically
stable SrTiO and O-terminations can be obtained on
SrTiO3(110) surface by Ar+ sputtering followed by an-
nealing in ultra high vacuum (UHV)31. In this paper
we establish the phase diagram of SrTiO3(110) surface
in a wide scale, covering from the (5×1)- to (4×1)-
reconstructed surface of SrTiO termination, then to
(2×8)- and finally to (6×8)-reconstructed surface of O
termination. The concentration ratio of near surface re-
gion metal cations, [Ti]/[Sr], increases when the recon-
struction evolves between the above phases sequentially
as determined by the X-ray photoelectron spectroscopy
(XPS) analyses. We find that the reconstruction phases
can be selected by adjusting [Ti]/[Sr], which can be tuned
by two methods equivalently - to adjust the evaporation
dosage of Ti or Sr onto the surface, or to adjust the Ar+



2

(b)

[001]

[110]3.9Å

5.52Å

3.9Å

2.76Å

(c)

(a) (O2)
4- plane

(SrTiO)4+ plane

FIG. 1: (Color online) (a) Ball model of the SrTiO3(110)
surface. The interspacing of adjacent (O2)

4− and (SrTiO)4+

planes is 1.38 Å. (b) and (c) The corresponding top view of O
and SrTiO planes, respectively. The irreducible unit cells of
the two-dimensional surface lattice in each plane are labeled
respectively.

sputtering dose. The properties of the surface with dif-
ferent reconstructions are also examined.

This paper is organized as the following: after the
description of sample preparation and characterization
methods in Sec. II, Sec. III reports how the surface re-
construction and composition are tuned by Ar+ sputter-
ing followed by UHV annealing, as well as by adsorption
of Sr/Ti metals (also followed by UHV annealing). The
later is more direct and easier to control, enabling us to
establish the surface phase diagram in a wide range. In
Sec. IV, we discuss that Ti diffuse towards the surface
upon annealing and are responsible for the selective sta-
bilization of different phases. Furthermore, we study the
influence of different surface reconstructions on the elec-
tronic structures and metal adsorption behaviors. Finally
the summary is presented in Sec. V.

II. EXPERIMENTAL

The experiments were carried out in an Omicron vari-
able temperature STM system equipped with LEED and
XPS. The base pressure was better than 1×10−10 mbar.
In XPS measurements, Mg Kα radiation and a pass en-
ergy of 20 eV were used. The binding energy was cali-
brated by using a copper metal (Cu 2p3/2 at 932.9 eV
relative to the Fermi level). In another system equipped
with low-temperature STM and reflective high-energy
electron diffraction (RHEED), we carried out detailed
and systematic imaging with high spatial resolution. All
the STM images presented in this paper were along the
same orientation as in Fig. 2 (a).

Nd-doped (0.7 wt%) SrTiO3(110) single crystal
(12 mm×3 mm) were purchased from Hefei KMT Com-

pany, China. After loaded into the system, the as-
received sample was sputtered with Ar+ beam at room
temperature (RT) followed by annealing in UHV. The
energy of the ion beam was varied from 0.5 to 2 KeV
without any difference detected. The sample was heated
by resistively passing a direct current through the crystal
and the temperature was measured with an optical py-
rometer. The annealing temperature was 1000 oC for
1 hour unless otherwise specified. The pressure dur-
ing annealing did not exceed 2×10−9 mbar. Ti metal
was evaporated by using an electron beam evapora-
tor while Sr metal was evaporated with a low temper-
ature effusion cell. During the evaporation of Ti or
Sr, the sample was at RT. The flux is 0.5 ML/min
[1 ML=4.64×1014 atoms/cm2 relative to SrTiO3(110)
surface] for both Sr and Ti, as calibrated by monitoring
the RHEED intensity oscillation during the homoepitax-
ial growth of SrTiO3(110) thin films. After metal evap-
oration, the sample was annealed with the same method
as for the sputtered sample.

III. RESULTS

A. Ar+ Sputtering

Figure 2 (a) shows two kinds of domains coexisting
with each other on the surface of SrTiO3(110) single crys-
tal after Ar+ sputtering (0.5 KeV/3.2 µA for 10 min) and
UHV annealing. As shown in Fig. 2 (b), one type of the
domains consists of periodic stripes along [110] direction,
separated by dark trenches, and each contains two obvi-
ous bright rows of periodic dots. The long-range order-
ing is characterized with the lattice constant of ∼0.6 nm
along [110] and 1.6 nm along [001], respectively. Such
a structure corresponds to the (4×1)-reconstructed Sr-
TiO termination, which has been observed by another
group29,30. There are clusters adsorbed on the (4×1) do-
main with uniform size of 0.2 nm in height and 2 nm
in diameter. The distribution of the clusters also ex-
hibits a quasi-long-range ordering – they form meander-
ing lines along [001] and are separated by approximate
“×10”periodicity along [110] as shown in Fig. 2 (d). The
cluster density rises with Sr metal deposited at RT fol-
lowed by annealing at 300 oC for 0.5 h. The depen-
dence of the increment of the cluster density on the Sr
dosage is determined by the statistics of the STM im-
ages, indicating that there is only one Sr atom per clus-
ter. The nature and the ordering mechanism of these
SrOx “magic”clusters are under further investigations.

As reported previously31, the height between (4×1)
and the other domain is about 0.138 nm, equivalent to the
interspacing of adjacent(SrTiO)4+ and (O2)

4− atomic
layers along [110] direction. The high-resolution STM
image shows periodic protrusions along [110] direction
with the interspacing of ∼ 0.3 nm, as marked by dots
in Fig. 2 (c). This is quite close to the value of

√
2/2a

[a=0.3905 nm, the lattice constant of SrTiO3(110) bulk
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FIG. 2: (Color online) (a) STM image (1.5 V/20 pA) of
SrTiO3(110) surface with SrTiO and O terminations coexist-
ing with each other. (b) and (c) High resolution STM images
of SrTiO (4×4 nm2, 1.0 V/200 pA) and O (2.6×2.6 nm2,
1.2 V/20 pA) terminations, respectively. The unit cell of the
(4×1) reconstruction is labeled in the inset. (d) The line pro-
file along the arrow in (a), indicating a ∼“×10”periodicity of
the clusters along [110].

crystal] that only possibly exists on the O-terminated
surface [see Fig. 1 (b)], consistently indicating that the
domain corresponds to the O termination. The detailed
structure of the O-terminated surface will be discussed
in the following.

We are able to tune the termination type on
SrTiO3(110) by adjusting Ar+ sputtering dose in each
cleaning cycle. The surface with a single type of SrTiO
or O termination can be obtained, respectively, as shown
in Fig. 3 (a) and (c). With an intermediate sputter-
ing dose, the two types of termination coexist with each
other, as shown in Fig. 3 (b). We define the area ra-
tio of SrTiO-terminated domains to the whole surface as
SSrTiO, which can be determined from the statistics over
8 STM images (500×500 nm2). On the other hand, the
near surface atomic concentration is determined with the
analyses of XPS spectra following:

[M ] =
IM/ΣM

ISr/ΣSr + ITi/ΣTi + IO/ΣO
, (1)

where M donates Sr, Ti or O, I is the integrated inten-
sity of the characteristic peak in XPS for each element,
and Σ is the element sensitivity factor that has been
calibrated with vacuum fractured SrTiO3(001) surface32.
As shown in Fig. 4, the near surface region composition
changes with SSrTiO. Terminated by SrTiO layer only
(SSrTiO=1), the nominal composition of the near surface

(a)

(b)

(c)

50nm

50nm

50nm

FIG. 3: (Color online) STM images (3.5 V/20 pA) of the
SrTiO3(110) treated with different Ar+ sputtering dose fol-
lowed by annealing. As the sputtering dose increases, the
surface evolves from (a) the single type of SrTiO termination
to (b) the mixed SrTiO and O terminations, and to (c) the
single type of O termination.

region is SrTi1.19O3.76, while it is SrTi1.5O4.5 for the O-
terminated sample (SSrTiO=0). The [Ti]/[Sr] increases
from 1.19 to 1.5 monotonically as the surface evolves from
SrTiO to O termination. It also should be noted that
the (110) surface treated with Ar+ sputtering followed
by UHV annealing is not oxygen-deficient for either ter-
mination, at least not more deficient than the vacuum
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FIG. 4: (Color online) The near surface region chemical con-
centration of SrTiO3(110) (as determined by XPS) with dif-
ferent SSrTiO.

fractured SrTiO3(001) surface that has been used for cal-
ibration.

B. Adsorption of Sr and Ti metals

Treated with Ar+ sputtering followed by annealing,
the SrTiO3(110) surface is stable against high tempera-
ture or low oxygen partial pressure31. This suggests that
thermodynamic equilibrium has been established on the
surface and the stabilization process is strongly related
to the chemical composition (Fig. 4). Therefore by di-
rectly evaporating Sr and/or Ti metals onto the surface,
we can change the relative ratio of termination types.
On the surface with SrTiO and O terminations coexist-
ing [Fig. 5(a)], a submonolayer of Sr metal is evaporated.
After annealing we obtain the surface with the single type
of SrTiO termination [Fig. 5 (b)]. Then by evaporating
0.08 ML Ti metal followed by annealing, O-terminated
islands are formed [Fig. 5(c)]. As the dosage of Ti in-
creasing, the area of O-terminated domains increases un-
til the surface is fully covered by the single type of O
termination.

Evaporating Sr or Ti metal followed by annealing in-
duces the formation of SrTiO or O termination on the
(110) surface, respectively. It is a reversible process in
which SSrTiO is determined by the dosage of Sr and Ti
only, also characterized by the near surface [Ti]/[Sr] as
determined by the XPS. Moreover, adjusting the evapo-
ration dosage of Sr or Ti metal is practically easier and
more precisely, which enables the detailed investigations
of the evolution of different surface reconstructions be-
yond the simple identification of termination.

On SrTiO termination, we further increase the Sr con-
centration by evaporating ∼0.05 ML Sr onto the (4×1)
monophased surface followed by annealing. New stripes
are observed after annealing, as shown in Fig. 6 (a). Each
new stripe contains three bright rows of periodic dots

(a)

(b)

(c)
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FIG. 5: (Color online) (a) STM image (2.0 V/20 pA) of (4×1)-
reconstructed SrTiO termination coexisting with O termina-
tion. (b) (2.0 V/20 pA) The single type of SrTiO termination
obtained by evaporating ∼ 0.35 ML Sr onto the surface in (a)
followed by annealing. (c) (2.0 V/20 pA) The surface after
depositing ∼0.08 ML Ti onto (b) followed by annealing. The
arrows indicate O-terminated islands.

along [110] direction. There also exist hole-like defects on
the center row, forming a quasi-ordering of “×10”along
[110]. The domain area of new stripes enlarges with Sr
evaporation dosage increasing until a monophased sur-
face formed with ∼0.15 ML Sr, as shown in Fig. 6 (b).
The high-resolution STM image shows the new long-
range ordering with a lattice constant of ∼0.6 nm along
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FIG. 6: (Color online) (a) (1.6 V/20 pA) The surface with
(5×1) and (4×1) phases coexisting with each other. The unit
cells are labeled in the inset with rectangles, respectively. (b)
(1.5 V/20 pA) The monophased (5×1) surface. (c) and (d)
The RHEED patterns of (5×1) along [001] and [110] direc-
tions, respectively. The integral diffractions are indicated by
arrows.

[110] and ∼1.95 nm along [001], respectively, consistent
with the RHEED patterns that clearly indicate the (5×1)
reconstruction. There are clusters adsorbed on the (5×1)
surface. Their size and distribution are random and do
not relate to the annealing temperature or the cleanliness
of the chamber.

Evaporating Ti metal onto the surface enlarges the
(4×1) domain over (5×1). The reversed phase transi-
tion from (5×1) to (4×1) reconstruction can be realized
by evaporating ∼0.15 ML Ti followed by annealing.

As discussed above, Ti induces the formation of O-
termination on the surface. By evaporating ∼0.75 ML
Ti onto the (4×1) monophased surface, we change it into
the single type of O termination after annealing. Bright
rows along [110] are observed in the high-resolution STM
image in Fig. 7 (a). The line profile across the rows in-
dicates a periodicity of ∼0.75 nm along [001]. Protru-
sions in the rows are marked by the dots with the in-
terspacing of ∼0.3 nm, suggesting that they slightly pair
up along [001]. As indicated by the white dashed lines,
dark trenches present with an interspacing of ∼2.3 nm
along [110], forming the “×8”periodicity relative to the

lattice periodicity in O atomic layer (
√

2/2a). Such a
(2×8) reconstruction is clearly visible in the RHEED pat-
terns shown in Fig. 7 (c) and (d). Note that the integral
diffractions in the RHEED patterns correspond to dif-
ferent surface lattice constant along [110] as compared
to that of SrTiO termination, since RHEED sensitively
reflects their different irreducible surface unit cells (see
Fig. 1). The surface is densely adsorbed by clusters that
can be divided into two categories by size. The small
clusters are on top of the paired rows with random dis-
tribution. The big clusters are over the trenches between
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FIG. 7: (Color online) High-resolution STM image
(1.5 V/40 pA) of the monophased (2×8) surface. As labeled
with (green) dots, the protrusions in the image pair up along
[001]. The dark trenches along [001] are labeled with white
dashed lines, while two kinds of clusters are indicated by the
bright up and down arrows, respectively. The (2×8) unit cell
is labeled in the zoom-in image in the inset. (b) The line pro-
file along the black line in (a). (c) and (d) The (2×8) RHEED
patterns along [001] and [110] directions, respectively, with
the integral diffractions indicated with arrows.

the paired rows, and align to straight lines along [001].
These clusters seem to be intrinsic for the (2×8) phase
and might be responsible for the charge compensation on
the O-terminated SrTiO3(110) polar surface, although
the detailed mechanism is not understood yet.

Further increasing the Ti dosage on the (2×8) sur-
face followed by annealing, a structural phase transition
to (6×8) occurs with the dosage of ∼0.1 ML. Compar-
ing to the uniform row pairs in the (2×8) phase, wide
stripes with four protrusions in across appear, which are
arranged alternatively with the row pairs, as shown in
Fig. 8 (a). The (6×8) long-range ordering is clearly
shown by the RHEED patterns. There are two differ-
ent kinds of clusters adsorbed on the surface. One is the
bean-like cluster adsorbed on top of the “4×”stripe, ar-
ranged in a perfect (6×8) order. The other is the round
cluster adsorbed between the “4×”and “2×”stripes with
a lower density. It should be noted that in the high-
resolution STM image, there are only 7 protrusions in one
“×8”unit cell along [110] either on the 2× or 4× stripes.
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FIG. 8: (Color online) STM image (1.0 V/20 pA) of the
monophased (6×8) surface. The unit cell is labeled with the
rectangle. (b) and (c) Line profiles along the black and red
(grey) arrows in (a), respectively. (d) and (e) The (6×8)
RHEED patterns along [001] and [110] directions, respec-
tively, with the integral diffractions indicated with arrows.

The interspacing between two protrusions is ∼0.32 nm,
showing the 8/7 “magic”lattice match to the bulk trun-
cated O atomic layer.

Figure 9 shows the surface after evaporating ∼0.05 ML
Sr onto the monophased (6×8) followed by annealing.
Some “2×”stripes condensate together forming (2×8) do-
mains. The reversible structural phase transition be-
tween (2×8) and (6×8) can be realized by evaporating
∼0.1 ML Ti or Sr metal.

4 nm

FIG. 9: (Color online) STM image (1.5 V/20 pA) of the sur-
face after evaporating ∼0.05 ML Sr onto the monophased
(6×8) followed by annealing. The “4×”and “2×”stripes are
indicated with black and blue (grey) arrows, respectively.

IV. DISCUSSION

We establish a clear surface phase diagram in a broad
range of chemical concentrations. As the evaporation
dosage of Ti increases, the surface transforms from the
(5×1)-reconstructed SrTiO termination to (4×1), then to
(2×8)-reconstructed O termination, and finally to (6×8).
Reversible phase transitions can be induced by increasing
Sr evaporation dosage. All the surface reconstructions
are stable at high temperatures up to 1100 ◦C and un-
der oxygen partial pressure from UHV to 1×10−4 mbar.
On the surface with mixed phases, the relative area ratio
of different domains keeps constant within the ranges of
temperature and oxygen partial pressure as above, with-
out any other phase developing. It is concluded that
thermodynamic equilibrium has been reached on the sur-
face and the stabilization of the reconstruction phases is
determined by [Ti]/[Sr].

The surface composition can also be varied reversibly
by Ar+ sputtering with different dose followed by an-
nealing, resulting in different area ratio of SrTiO and
O terminations, i.e., SSrTiO (see Fig. 3 and 4). This
is also a thermodynamic process determined by [Ti]/[Sr]
in the near surface region. As shown in Fig. 10, both
SSrTiO and [Ti]/[Sr] on the annealed surface get satu-
rated quickly after a few repeated treatment cycles with
fixed parameters, unrelated to the initial configuration on
the surface. Detailed high-resolution STM investigations
actually reveal the reversible phase transitions between
all the reconstructions can be realized by elaborately tun-
ing the sputtering dose.

However, with XPS analyses, we found that the
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FIG. 10: (Color online) (a) and (b) SSrTiO and [Ti]/[Sr]
of the sample with different number of repeated cycles of
cleaning (500 eV-sputtering followed by annealing), respec-
tively. The statistics of SSrTiO are done over 8 STM images
(500×500 nm2) for each data point. The sputtering dose is
fixed for each series of cleaning cycles.

[Ti]/[Sr] is equal to 1 for the as-sputtered samples, and
almost keeps constant for different sputtering dose, as
shown in Fig. 11. No preferential sputtering by Ar+ has
been observed within the ion energy range of 0.5 to 2 keV,
which is different from the results on SrTiO3(001) and
(111) surfaces17,33. However, [Ti]/[Sr] increases dramat-
ically after annealing in relative to the as-sputtered sam-
ple, and the increment becomes larger monotonically as
the sputtering dose increasing, as plotted in Fig. 11 (b).
It is suggested that Ti (or Ti-O species) tend to diffuse
towards the surface upon annealing to establish the ther-
modynamic equilibrium. Similarly, Ti-enriched nanos-
tructures or even anatase TiO2 islands have been ob-
tained on the SrTiO3(001) surfaces by intensive Ar+

sputtering followed by annealing14–17.
The high-resolution XPS presented in Fig. 12 confirm

the picture. On the annealed sample, well-defined Ti 2p

and Sr 3d core-level spectra are observed. The Ti 2p

spectrum shows the single spin-orbital doublet feature of
Ti4+ state as in the bulk crystal of SrTiO3. The Sr 3d

spectrum can be fitted with two spin-orbital doublet pairs
that originate from different chemical coordination of Sr.
The main doublet feature centered at ∼133 eV is the
characteristic of perovskite crystal, while the other fea-
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tion of the as-sputtered SrTiO3(110) surface determined by
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FIG. 12: (Color online) (a) Ti 2p core-level spectra of the an-
nealed (lower panel) and as-sputtered (upper panel) surfaces,
respectively. The spectrum taken on the annealed surface is
fitted with a single doublet feature, while the as-sputtered
surface spectrum is fitted with an additional doublet fea-
ture shifted to lower binding energy by ∼1.65 eV. (b) The
Sr 3d core-level spectra of the annealed (lower panel) and
as-sputtered (upper panel) surfaces, respectively.

ture shifting towards higher energy by ∼0.9 eV can be
attributed to Sr-O bond on the surface34–36. In contrast,
on the as-sputtered sample, the two peaks corresponding
to Ti 2p single doublet state show broad shoulders at
∼ 456.7 eV and 462.5 eV, respectively, indicating the
appearance of Ti3+37. This is consistent with recent
first-principles calculations that have revealed the exis-
tence of Ti antilike defects38. In Sr 3d spectrum, the
weight of high-energy doublet feature is higher than that
on the annealed surface, consistently showing that the as-
sputtered surface is deeply separated into SrO and TiOx

chemical coordinations.

Considering the fact that titanium oxide have lower
surface free energy as compared to the SrTiO3

14,15,30,
those under-coordinated Ti induced by sputtering is
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FIG. 13: (Color online) (a) Ti 2p core-level spectra taken
on the monophased (4×1) and (6×8) surfaces, respectively.
The inset zooms in their difference showing the appearance
of Ti3+ component on the (6×8) surface. (b) The valence-
band spectra of the two reconstructions, respectively. The
in-gap states are labeled with arrow.
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(c) (d)

(a) (b)

10 nm 10 nm

10 nm 10 nm

FIG. 14: (Color online) (a) and (b) STM images
(1.0 V/20 pA) of the (4×1) and (2×8) surfaces evaporated
with 0.02 ML Sr at RT, respectively. The original clusters and
the evaporated Sr are indicated with black and blue (grey) ar-
rows, respectively. (c) and (d) STM images (1.5 V/20 pA) of
the (4×1) and (2×8) surfaces evaporated with 0.02 ML Ti
at RT, respectively. The as-deposited Ti are indicated with
black arrows.

driven to diffuse towards the surface upon annealing.
Therefore the established thermodynamic equilibrium
can be described as a Ti-enriched surface covering the
stoichiometric SrTiO3 bulk crystal. As the sputtering
dose increases, the depth of the affected region increases
and consequently the overall amount of Ti defects avail-
able to diffuse increases. After annealing, all the diffusive
Ti accumulate within a few surface layers and the con-
centration increment will be fully manifested by XPS.
Such a mechanism determines the intrinsic dependence
of the near surface chemical composition of SrTiO3(110)
on the sputtering dose, offering the tunability of different
reconstructions by adjusting the sputtering dose that is
equivalent to evaporating Sr or Ti metal.

To further examine the properties of SrTiO3(110)
surface with different reconstructions, XPS core-level
and valence-band spectra are carefully compared. Fig-
ure 13 (a) shows Ti 2p core-level spectra taken from
the monophased (4×1) and (6×8) surface, respectively.
The (4×1) surface shows mainly the Ti4+ characteris-
tic, while the (6×8) surface also shows the existence of
Ti3+ species as revealed by the low-energy shoulder39–41.
This is consistent with the chemical composition analy-
ses that indicates the Ti enrichment on O termination.
Figure 13 (b) compares the valence-band spectra of the
(4×1)- and (6×8)-reconstructed surfaces. The highest
occupied state is determined by linearly extrapolating the
onset edge of spectra. The corresponding binding energy

[Ti]/[Sr]

1.18 1.31 1.50

Evaporation dosage of Ti (ML)

Sputtering dose

0 0.15 0.90 1.00

Evaporation dosage of Sr (ML)

1.00 0.85 0.10 0

FIG. 15: (Color online) The phase diagram of SrTiO3(110)
surface in relative to [Ti]/[Sr] that can be tuned by the sput-
tering or evaporating Sr or Ti metal.

in relative to Fermi energy (EF ) is EF -EV B=3.3 eV. As
the bandgap of the SrTiO3 is E g=3.3 eV42, this value
indicates that the EF is near the minimum of the con-
duction band. In-gap states arise at ∼2.0 eV below EF

on the (6×8) surface, indicating the existence of Ti3+

species41,43, which is consistent with the Ti 2p core-level
spectra. The appearance of the in-gap states also sug-
gests that the O-terminated SrTiO3(110) polar surface
can be stabilized by filling electrons to extra states, in
addition to the stoichiometry modification and adsorp-
tion of (charged) clusters.

Since the surface electronic structure is varied with
different reconstructions, the initial epitaxial growth be-
havior is also influenced. Figure 14 shows the different
adsorption behaviors of Sr and Ti metals on the (4×1)-
and (2×8)-reconstructed surfaces. With ∼0.02 ML Sr ad-
sorbed onto (4×1) at RT, there are round protrusions ap-
pearing in the STM image, darker and smaller than those
original clusters, as shown in Fig. 14 (a). By the statistics
of the density of the adsorbed clusters, we found that Sr
adsorb on (4×1) as isolated single adatoms on top of the
“4×”stripes. Increasing the Sr dosage results in a higher
density of the adatoms whose distribution still strictly
follows the stripes. Sr atoms adsorbed on the (2×8)
phase aggregate into randomly distributed clusters with
nonuniform size. This might be the result of the strong
interaction of Sr atoms with the (2×8)-reconstructed sur-
face due to its high reactivity. The adsorption behavior of
Ti atoms is different from that of Sr adatoms. They ag-
gregate into randomly distributed clusters with nonuni-
form size on the both (4×1) and (2×8) reconstructions.

V. SUMMARY

We establish a clear phase diagram of SrTiO3(110) sur-
face, as shown in Fig. 15. The surface can be selected
from the (5×1)- to (4×1)-reconstructed SrTiO termina-
tion, then to (2×8)- and finally to (6×8)-reconstructed
O termination. All the structural phase transitions are
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reversibly driven by the change of the [Ti]/[Sr], which
can be tuned by adjusting the sputtering dose or the
amount of Sr/Ti adsorption. These two tuning methods
are equivalent because the under-coordinated Ti induced
by sputtering tend to diffuse towards the surface upon
annealing. The electronic states of pure Ti4+ valence are
detected on (4×1). In contrast, they are mixed with Ti3+

on (6×8). This leads the O termination more active than
the SrTiO termination, resulting in different absorption
behaviors during the initial epitaxial growth.
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