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Oxidation mechanism of LaTiO3.5 thin films
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LaTiO3.5 is a layered compound made up of four LaTiO3 units: two regular perovskite units stacked
between two distorted units that share an additional oxygen layer. In a single-crystalline thin film the~100!
plane can be aligned parallel to the substrate surface, i.e., the additional oxygen layers are inserted parallel to
the substrate surface. A detailed structural characterization reveals planar defects originating from substrate
surface steps. These results, in combination with thein situ reflection high-energy electron-diffraction obser-
vations, suggest an oxidation mechanism using such antiphase boundaries as oxidation paths.
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I. INTRODUCTION

In perovskite-type compoundsABO3, the transition ele-
mentB can take a mixed valency depending upon oxygen
A-site doping, and many interesting properties can be
tained, e.g., high-Tc ,1 colossal magnetoresistive,2,3 or ferro-
electric compounds.4 The perovskite LaTiO3 compound al-
lows a very rich and flexible chemistry: for instance, t
oxygen content can be changed from 3.0 to 3.5, a
the formal titanium valency varies between1III and 1IV.
The physical phase diagram of LaTiO31x was studied
extensively.5,6 Starting with x50, LaTiO31x is semicon-
ducting and becomes metallic with increasing oxygen c
tent. Forx.0.2 the additional oxygen (OA) atoms order on
infinite $110% perovskite planes, and form a semiconducti
layered structure forx50.4. Forx50.5, all the oxygen at-
oms order with a periodic stacking of these planes ev
12.8 Å with four perovskite blocks~PB’s! in between.7 The
LaTiO3.5 compound—also called the ‘‘2-2-7’’ phase becau
of the stoichiometry—with monoclinic space groupP21 is a
very robust ferroelectric phase, with a critical temperature
Tc51773 K,8 a saturation polarization of 5mC/cm2, and a
coercive field of 45 kV/cm. It has a unique polarization ax
which is theb axis in the monoclinic unit cell.

Although the physical and structural properties
LaTiO31x are known in detail,5,6 the oxidation mechanism
during the transition fromx50 to 0.5 is not yet understood
Galy and Carpy9 proposed a model for the oxygen-diffusio
process in which the OA planes migrate inside theABO31x

crystal. This model strongly focused on the migration p
cess, and the question concerning the oxidation mechan
itself remained open.

Recently, we reported LaTiO3.5 thin films successfully
grown on SrTiO3 ~STO! and LaAlO3 substrates.10,11 In this
paper, we report on a microstructural investigation of
LaTiO3.5 thin film grown on~110!-oriented STO, and show
that the oxidation mechanism is determined by antiph
boundaries~APB’s!, which act as oxygen-diffusion path
This work aims to elucidate general concepts such as
oxidation process in perovskites, and the formation of lo
range ordered structures.
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II. EXPERIMENTAL DETAILS

Epitaxial thin films of LaTiO3.5 are prepared in a
molecular-beam-epitaxy system, using the block-by-blo
deposition method.12 They are grown at 800610 °C on
~110!-oriented STO substrates under a flow of atomic ox
gen produced by a rf plasma source. This substrate orie
tion is the only one that allows epitaxial growth of singl
crystalline LaTiO3.5. Lanthanum and titanium are
evaporated from an electron beam (e beam!, and a deposi-
tion sequence of one La-Ox monolayer followed by one
Ti-Ox monolayer is used. The oxygen background pressur
about 1.531025 Torr before deposition, and decreases
331026 Torr with the ~La,Ti! evaporation rates. After
growth, the films are cooled under atomic oxygen at a rate
10 °C/min. The structural quality of these films is monitor
in situ by reflection high-energy electron diffractio
~RHEED!, andex situby x-ray diffraction ~XRD! on a Si-
emens D500 diffractometer equipped with a graphite b
monochromator. For the transmission electron microsc
~TEM! study, plan-view and cross-section samples were p
pared by cutting, grinding, and finally thinning with an A
ion beam to electron transparency. High-resolution TE
~HRTEM! studies were performed with a JEOL 4000EX m
croscope~point-to-point resolution of 1.7 Å) and a JEO
4000FX microscope operating at 400 kV, whereas conv
tional TEM was carried out with 200-kV microscopes, JEO
2010. Simulated TEM images were calculated using theEMS

Stadelmann software package.13

III. RESULTS

A. Epitaxial growth

Selected structural properties of the LaTiO3.5 thin films
grown on~110! SrTiO3 were reported in Refs. 10 and 11. T
summarize, the XRD diagram of the thin film revealed
homogeneous growth with an out-of-plane lattice spac
d'51.284460.0005 nm, which is very close to the re
ported~100! spacing of the LaTiO3.5 unit cell in bulk phase
(d(100)51.2864 nm). At low 2u angles, finite-size oscilla-
tions were observed around the film diffraction peaks, wh
confirm that the roughness is not greater than61 unit cell.
©2001 The American Physical Society01-1
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In that case, the total film thickness was estimated to 1
61 nm, i.e., about ten unit cells.

TEM studies were carried out along three orthogonal
rections, i.e., one plan view and two cross-sectional vie
From selected area electron diffraction~SAED!, the ~100!
planes of the LaTiO3.5 unit cell are confirmed to be paralle
to the substrate surface. In addition, a monoclinic angle
99 ° is observed, and the lattice parameters are deriveda
513.0 Å, b55.52 Å, andc57.8 Å. Accordingly, the ep-
itaxial relationship between the film and the substrate is
follows ~Fig. 1!:

@110#STOzu@010#227 and @001#STOuz@001#227.

During growth the in-plane lattice parameters are m
sured using RHEED. In Fig. 2~a! a typical RHEED pattern
observed along the@ 1̄10# azimuth is shown, yielding well-

FIG. 1. Schematic drawing of the epitaxial relationship betwe
~110! STO and ~100!-oriented LaTiO3.5 illustrated in projection
onto the (a,b) plane of LaTiO3.5. Filled circles indicate La and S
atoms, and Ti atoms occupy the center of the@TiO6# octahedra. The
respective unit cells are outlined by bold lines. The four equival
$110% perovskite planes for oxygen insertion are indicated. T
three planes on top suppress the lattice registry, whereas the
tained incorporation parallel to the interface does not affect
in-plane lattice mismatch.

FIG. 2. ~a! RHEED pattern observed along the@ 1̄10# azimuth
during growth. A line scan illustrates the intensity modulation, a
the arrows indicate the weak superstructure originating from thc
axis obtained by doubling the perovskite unit.~b! Oscillation of the
in-plane lattice parameter derived from RHEED.
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defined streaks. A very weak twofold superstructure is se
which can be confirmed by means of an intensity line sc
drawn over the RHEED image. The positions of the sup
structure, indicated by arrows, are in agreement with ac axis
that is twice a perovskite unit. Figure 2~b! presents a varia-
tion of the in-plane lattice parameter derived from a series
RHEED patterns taken during an entire growth process.
the superstructure was not taken into account, the dista
shown in the diagram corresponds to thec/2 axis parameter.
However, the lattice parameter oscillates as a function of
deposition time, and the number of maxima is equal to
number of deposited unit cells. Therefore, the oscillation c
be correlated directly with the formation of each LaTiO3.5
unit cell. Besides the oscillations the distance decrease
general with increasing film thickness, starting at 3.93
This value is given by the in-plane lattice parameter of S
at 800 °C because the film grows coherently with the s
strate lattice in such an initial state. Indeed, the~100! lattice
spacing of STO calculated using the thermal expansion
efficient (a.8.531026/K) ~Ref. 14! is equal to 3.937 Å,
which is in agreement with the value we observed. The s
sequent decrease of the lattice spacing is associated with
strain relaxation in the film, and converges to a final value
about 3.91 Å, which fits well with half of thec axis. How-
ever, the unit-cell volume of LaTiO31x basically decrease
with increasing oxygen content.5 In particular, for thec axis
one finds bulk values ofc57.92 and 7.8 Å forx50 and
0.5, respectively, which means that the final LaTiO3.5 struc-
ture is obtained at the end of each oscillation. Hence
oscillation suggests the formation of four blocks of thre
dimensional LaTiO31x with a low oxygen content ofx
,0.2 in the initial growth, and the subsequent transition
the LaTiO3.5 phase.

In Fig. 3 a cross-sectional HRTEM image is shown, tak
with the electron beam parallel to the@001#STO (@001#227)
direction. The film reveals a characteristic contrast consis
of bright and dark lines aligned parallel to the interface; th
periodic distance averages to 12.8 Å, corresponding to
~100! interplanar spacing of the LaTiO3.5 phase. Image simu
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FIG. 3. @001# cross-section HRTEM image including a simu
lated image as an inset. APB’s are present, with habit planes p

lel to ~211! and (21̄1) planes, which appear in this image as pr

jections ~210! and (21̄0). They originate from substrate step
~indicated by arrows! that give rise to a relative lattice displaceme
given by the step height. Owing to the inclined angle of 49 ° wh
two APB’s meet, they annihilate each other at a thickness of ab
15 nm.
1-2
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FIG. 4. Simulated and HR-
TEM images of the interface
viewed along the@001# direction.
The OA plane gives rise to the
wavy bright contrast indicated by
an arrow. A line scan across th
interface between pointsX and Y
shows good agreement betwee
these two images. The location o
the interface is indicated by an as
terisk. Accordingly, the first oxy-
gen plane is inserted after tw
PB’s at the interface.
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lations were carried out to interpret the HRTEM image co
trast properly. A reasonable fit with the experimental ima
contrast is obtained, assuming a sample thickness of 6
and a defocus value of260 nm ~see the inset of Fig. 3!.
Accordingly, the additional oxygen plane gives rise to t
characteristic bright~100! lattice fringes. Such~100! lattice
fringes are observed in the film throughout the entire ima
pointing out the homogeneous~100! orientation of the film.
The homogeneity is frequently disturbed by the presenc
APB’s, which are observed in all three viewing directio
~see Sec. III C!.

B. Interface structure

The interface is atomically flat and contains no am
phous or secondary phase layers. Image simulations h
been performed to determine the stacking sequence of
interface. Different arrangements for the interface are con
ered, depending on the location of the additionally inser
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oxygen plane. As the surface layer of~110!-oriented SrTiO3

consists of rows of Sr and Ti sites, the Sr sites are assume
be replaced by La in LaTiO3. The best agreement was ob
tained when the OA plane is inserted after two blocks o
perovskite. Figure 4 shows the calculated and experime
images of the interface. The OA plane correlates with the
wavy line contrast, indicated by an arrow between two ad
cent La atoms. At the interface, strongly pronounced bri
and dark dots are seen, whereas the wavy line typical for
additional oxygen plane is missing. The location of the
terface can be additionally confirmed by the line scan acr
the interface along the@100# direction between the position
X andY as shown in Fig. 5. The intensity variation observ
in both images is in good agreement. In the~010! orientation,
the interface stacking sequence has been determined in
same manner, i.e., by comparing it with simulations and t
ing intensity profiles. The result obtained was once again
good agreement, confirming that the first OA layer is incor-
t
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FIG. 5. An enlarged HRTEM
image of ‘‘2-2-7’’ in the~010! ori-
entation. The doubling of the uni
cell along thec axis can be recog-
nized by the variation of the inten
sities of bright dots, e.g., betwee
the sites markedX andY. The in-
tensity profile confirms the varia
tion in the HRTEM image as well
as that of the simulated image i
the inset. The presence of twins
proved by the change of the max
mum peak positions determine
by the line scan of each layer, a
indicated by the white line.
1-3
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porated after two PB’s. Consequently, the stacking seque
at the interface is two blocks/oxygen layer/four block
oxygen layer/four blocks, and so on. Such a stacking
quence is observed consistently everywhere at the interf
and also at interface regions adjacent to an APB. Intuitive
this seems inconsistent with the RHEED results, which in
cate that the LaTiO3.5 unit is only formed after four PB’s~see
Sec. III A!. This will be explained in Sec. IV.

C. Defect structure

Antiphase boundaries are the most predominant defe
as can be seen in Fig. 3. Their occurrence is rather irregu
and the spacing varies from a few nanometers up to 100
The estimated average value is 30 nm. The contrast in
defect region is rather broad, indicating that the habit pla
are inclined in this projection. In Fig. 3 the intersection b
tween APB’s and the~001! plane is seen parallel to@120#
and @12̄0# directions. Indeed, in a@11̄0#STO image, APB’s
were found parallel to@102# and@102̄# directions, whereas in
a plan view their traces are parallel to@011# and @01̄1#.
Consequently, the habit planes are determined to be
~211! and (21̄1) planes.

The APB’s originate from substrate surface steps, as
be seen in the interface region indicated by arrows in Fig
Here these steps yield a height ofd(110) , which gives rise to
a displacement of 2.76 Å in the film. Nevertheless, oc
sional 23d(110) or 33d(110) steps also exist. In the film the
lead to a lattice displacement of 5.52 or 8.28 Å, resp
tively. The defects can extend throughout the entire fi
thickness. Owing to an angle of about 49 ° given by the ha
plane and the interface plane, two APB’s frequently m
and annihilate each other. Stacking faults parallel to the s
strate are occasionally found between such APB’s. Th
defects translate into a shift of the OA layer from one in
every four PB’s to one in every five PB’s, leading to a
interplanar spacing perpendicular to the interface of ab
1.5 nm. The measured value corresponds to the projecta
axis of the La5Ti5O17 phase.7

D. Twin structure

A twinned fragment of LaTiO3.5 phase has been observe
in the @010#227 view. The superreflections in the SAED pa
tern, which are in agreement with the superstructure see
RHEED ~Fig. 2!, are faint and barely visible in reproduc
tions. Figure 5 shows an enlargement of the@010# HRTEM
image. A slight intensity modulation of the bright dot
aligned parallel to the interface, indicates a doubling of
basic perovskite unit cell compared to the true unit cell w
c57.8 Å. The intensity profile, measured for instance b
tween the positions marked byX and Y, clearly shows the
contrast modulation. Such an intensity variation is a
present in the equivalent line scan of a calculated imag
Fig. 5~b!.

By connecting the bright dots between subsequ
LaTiO3.5 units, an angle of 98 ° or 82 ° can be derive
which corresponds to the monoclinic angle of the unit cell
to its supplementary angle. In Fig. 5 all four units next to t
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interface can be connected with the 98 ° angle, whereas
angle abruptly changes to 180 °298 °582 °, indicating that
the next layer is the other twin variant. In the HRTEM ima
the twin configuration is estimated and outlined using
position of maximum intensity in the line scan. For clarit
the unit meshes for twins I and II are indicated separate
This structure can be explained by the presence of t
boundaries parallel to the substrate surface. The twinn
symmetry operation is given by a 180 ° rotation around thc
axis, and not by a mirror operation. The sequence of the t
variants seems to be rather irregular; in the presented im
the variant with an inclined angle of 98 ° dominates. With
each layer, only one twin variant is observed, i.e., the an
does not change from 98 ° to 82 ° unless the layer is in
rupted by an APB.

IV. DISCUSSION

The growth procedure of a LaTiO3.5 thin film is mainly
determined by two parameters:~i! lattice mismatch, and~ii !
the oxidation process. STO is a perfect substrate for
growth of low-oxygen-phase LaTiO3 because of its perov
skite structure and the small lattice mismatch~approximately
1.3%!. For the growth of the layered compound LaTiO3.5 the
oxygen insertion is restricted because any insertion lead
an increase of the lattice parameter perpendicular to the
serted plane. Moreover, oxygen incorporation leads to
monoclinic unit cell and to the relative lattice displaceme
of about 1/4@001# between the PB’s separated by the oxyg
plane. Therefore, no coincident sites can be obtained on S
unless the OA insertion takes place parallel to the substra
surface and the in-plane lattice mismatch is not strongly
fected. On a~110!-oriented STO substrate, such incorpor
tion can be obtained. This corresponds to the~100!-oriented
growth of LaTiO3.5 which has been observed in our stud
The lattice mismatch is small:20.47% and 0.12% for theb
andc axes, respectively. On the other hand, with respec
the oxidation process, the~100! orientation is not favorable
compared to other variants, because the oxygen plane is
directly connected to the surface where a high atomic oxy
flow is present.

The main question to be answered is how the oxidat
proceeds in detail. To answer this question we have to c
sider the top and bottom parts of the film separately. As
reported previously,15 the ~100!-oriented growth is obtained
for the initial growth of the thickness up to approximately 1
nm, whereas the film exceeding this critical value reveal
three-dimensional perovskite structure with some int
growth of the layered phase, indicating that the oxygen c
tent is low,x,0.2. As the epitaxial constraint determined b
the substrate does not change significantly during growth,
have to conclude that it is the oxidation process itself t
changes for a thicknessd.15 nm. The main difference be
tween the film below and above 15 nm is the presence
APB’s. As observed in Fig. 3, APB’s occur with habit plan
parallel to ~211! and (21̄1), yielding an inclined angle of
49 ° with respect to the substrate surface. The HRTEM
sults indicate that APB’s originate from substrate surfa
steps~see Fig. 3!, with an average spacing of 30 nm. Takin
1-4
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OXIDATION MECHANISM OF LaTiO3.5 THIN FILMS PHYSICAL REVIEW B 63 205401
the angle and the spacing between two steps, a simple
culation can be made—illustrated in Fig. 6—which sugge
that APB’s merge at a film thickness of 17 nm. When tw
APB’s meet, they can annihilate each other when the sum
the displacement vectors is equal to a lattice vector
LaTiO3.5, or they can combine to one single APB with a ne
resulting displacement vector. In any case the density
APB’s decreases drastically and exceeds 17 nm, which
perfect agreement with the 15 nm observed. Moreov
the observed habit planes of APB’s—~211! and
(21̄1)—correspond to two equivalent$110% perovskite
planes, which are the OA insertion planes in this layere
compound. Hence our observations strongly suggest
APB’s act as oxygen diffusion channels.

The influence of extended defects on the reactivity of s
ids was pointed out by other authors.16–19Direct intercalation
of oxygen into planar defects was observed by Arro
et al.18 in the La2CuO4 system. Using electrochemical ox
dation, they showed that planar defects enable the oxy
transport into the film, followed by a slower oxygen diffu
sion into the interstitial sites along the in-plane directio
The diffusion coefficients can normally be 6–8 orders
magnitude higher in such planar defects than in the b
material.19 For the LaTiO3.5 system the difference might b
smaller, because both planes correspond to equivalent$110%
perovskite planes for oxygen incorporation.

As shown in Fig. 3, APB’s originate from substrate su
face steps. Such surface inhomogeneities lead to a local
tortion of the film lattice on top, where the consideration
the ideal two-dimensional lattice mismatch, as mentioned
the beginning of the discussion, is no longer valid. OA can
easily be inserted at such distorted locations along~211! or
(21̄1) planes, and oxygen channels are created. Subseq
in-plane oxidation starts to form an entire OA plane parallel
to the interface. This explains why layers below 15 nm sh
a homogeneousa-axis growth, while, ford.15 nm, when
only few APB’s are available, the oxygen insertion proce
is hindered and the film cannot be fully oxidized. Witho
oxygen channels the insertion can still partly occur, owing
the high atomic-oxygen pressure in the growth chamb
leading to the LaTiO3.5 intergrowths observed in three
dimensional perovskite units.15

In order to make a numerical estimate, we can calcu
the diffusion coefficient (D) using the diffusion relation20

FIG. 6. Schematic drawing of two APB’s originating from su
strate surface steps with a spacing of about 30 nm. Taking the~211!

and (21̄1) habit planes into account, the film thickness where
APB’s merge can be calculated to be 17 nm.
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df5A(Dt), wheredf corresponds to the maximum width o
the sample that oxides laterally. This can be estimated by
average distance of the APB’s ford.15 nm: assuming tha
alternating pairs of APB’s merge and hence annihilate e
other, the average APB distance is approximately 120
This might be an estimate of the critical size for lateral o
dation. With a timet of about 100 s necessary to oxidiz
which corresponds to the time necessary to grow one laye
LaTiO3.5, the in-plane diffusion coefficient can be calculat
to be approximately 10212 cm2/s. In contrast, the diffusion
coefficient without oxidation channels can be estimated to
10215 cm2/s using the same diffusion time and the typic
width (df520 nm) of LaTiO3.5 intergrowths observed.15

This clearly illustrates the necessity of planar defect for
oxidation process.

To summarize, we propose an oxidation mechanism ba
on three steps, which is shown schematically in Fig. 7:~i!
nucleation of APB’s at substrate surface steps,~ii ! OA inser-

tion in ~211! @or (21̄1)# planes along APB’s, and~iii ! OA

insertion in (100)227 plane. Based on our oxidation mode
three possible ways to form LaTiO3.5 can be considered: th
‘‘2-2-7’’ unit is formed ~i! directly from the beginning of the
growth process,~ii ! by the transition of the three-dimension
perovskite to the fully oxidized compound during the grow
of one PB unit after the other, or~iii ! after the entire growth
process upon cooling. Our RHEED observations10 ~see Fig.
2! strongly suggest the second possibility. The ordering
oxygen atoms and the formation of the true LaTiO3.5 struc-
ture within one unit cell occurs when four PB’s have be
deposited. This contrasts with the two PB’s found at t

e

FIG. 7. Schematic drawing of the oxidation procedure. At
substrate surface step an APB is created because of local disto
The oxidation takes place first along the habit plane of the APB
which corresponds to a typical oxidation~110! perovskite plane.
Subsequently, oxidation parallel to the~100! plane occurs, resulting
in valency change from Ti13 to Ti14. Hence the presence of thes
faults is a necessary condition for efficient oxidation.
1-5
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SEO, FOMPEYRINE, SIEGWART, AND LOCQUET PHYSICAL REVIEW B63 205401
interface by HRTEM~Fig. 4!, but these two results becom
consistent when LaTiO3.5 is assumed to form by a phas
transition from four PB’s of LaTiO3 ~as observed by
RHEED! to the LaTiO3.5 structure, introducing the OA layer
between two blocks. The latter corresponds to the final o
dation state observed by HRTEM.

The insertion of OA is not simply an intercalation of oxy
gen atoms; forming this structure requires a displacemen
the two top PB’s relative to the two bottom PB’s by appro
mately 1/4@001# ~see Fig. 8!. This process cannot be done
a random way—this would lead to huge strains in adjac
unit cells—and as a consequence it takes place when the
two PB’s can be ‘‘lifted off’’ coherently and shifted alon
61/4@001#. The presence of APB’s would help such cohe
ent ‘‘lift off’’ because APB’s divide the film into small co-
herent regions. But why does OA occur after two PB’s, not
after three? This must be related to the charge transfer. In
LaTiO3.5 compound, the overall valency is Ti1IV, but the
local oxygen arrangements around Ti suggest a sequen
Ti1III and Ti1V. To be more precise, Ti atoms in the pero
skite block are adjacent to six edge-sharing oxygen ato
whereas the Ti atoms adjacent to OA are surrounded by fou
edge-sharing and two ‘‘free’’ octahedra-corner oxygen
oms, leading to a local valency of Ti1III and Ti1V, respec-
tively. The latter does not exist and is therefore always co
pensated for by charge transfer from the former. InsertingA
after two or three PB’s would result in successive local
lence sequences of~i! 1III– 1V–1V–1III or ~ii ! 1III–
1III– 1V –1V. Besides Ti1V becoming unstable at the su
face, in the latter case, charge neutrality would requ
charge transfer over 2–3 neighboring unit cells compare
the former case, where transfer to the nearest neighbo
sufficient. A more correct physical picture can be obtain

FIG. 8. Schematic projection of the ‘‘2-2-7’’ structure along th
@010# direction. The unit cell is outlined. The OA yields a relative
displacement of bottom and top PB of about 1/4@001#.
pl.

m

,
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by considering the bond valence sum21 Vi5( j exp@(Rij
2dij)/b#, wheredi j is the bond length between two atomsi
and j. The termb is a constant, whereb50.37 Å. In our
case, the bond-valence parametersRi j of Ti-O bonds were
set equal to 1.791 and 1.815 for Ti1III and Ti1IV,
respectively.21 In LaTiO3.5, the Ti atoms in the regular PB’s
yield Vi53.76, which is significantly higher thanVi53.0 in
LaTiO3. In contrast, the Ti atoms adjacent to OA lead toVi
54.16. Hence, in total, the valence sums average to 3.96
agreement with 4.0 of the expected Ti1IV. This calculation
clearly illustrates the local variation of the Ti valence and t
strong charge transfer between the two Ti atoms. S
charge transfer might be essential for charge compensa
and for the stability of the layered compounds.

The last question to address is whether our thin film
ferroelectric like the bulk phase. Twin structure has be
observed in LaTiO3.5 bulk structure22 as well as in our thin
films ~see Sec. III D!. In the LaTiO3.5 system the presence o
twins is a direct indication of a noncentrosymmetric unit ce
therefore, such twins can occur because of dipole-dipole
teraction between each unit cell layer. Hence it is an indi
tion of domains with spontaneous polarization in this syste
and suggests ferroelectricity in our thin film.23 This topic will
be discussed in detail more in a forthcoming paper.

V. CONCLUSION

We have grown epitaxial~100!-oriented LaTiO3.5 thin
films on~110! SrTiO3, for which the additional oxygen (OA)
plane is parallel to the interface. Oxygen diffusion occu
first along antiphase boundaries, which are used as oxida
channels. The growth mechanism of these films is not dri
by the direct formation of the LaTiO3.5 structure from the
beginning, but by the formation of perovskite blocks and
the subsequent oxygen insertion into the final LaTiO3.5 struc-
ture. This is probably due to the stacking of Ti atoms w
different valencies.
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