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Oxidation mechanism of LaTiO;z 5 thin films

J. W. Sed;? J. Fompeyriné,H. Siegwart’ and J.-P. Locquét
Ynstitut de Physique, Universitge Neuchtel, CH-2000 Neuchal, Switzerland
2IBM Research, Zurich Research Laboratory, CH-8803dhlikon, Switzerland

(Received 31 October 2000; published 12 April 2001

LaTiOz5 is a layered compound made up of four LaJiOnits: two regular perovskite units stacked
between two distorted units that share an additional oxygen layer. In a single-crystalline thin fi{@0@he
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 withithgitu reflection high-energy electron-diffraction obser-
vations, suggest an oxidation mechanism using such antiphase boundaries as oxidation paths.
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I. INTRODUCTION Il. EXPERIMENTAL DETAILS

Epitaxial thin films of LaTiQs are prepared in a

In perovskite-type compound&BO,, the transition ele- molecular-beam-epitaxy system, using the block-by-block
mentB can take a mixed valency depending upon oxygen odeposition method They are grown at 80610°C on
A-site doping, and many interesting properties can be ob¢110)-oriented STO substrates under a flow of atomic oxy-
tained, e.g., hight.,* colossal magnetoresistivé,or ferro-  gen produced by a rf plasma source. This substrate orienta-
electric compound$.The perovskite LaTiQ compound al- tion is the only one that allows epitaxial growth of single-
lows a very rich and flexible chemistry: for instance, thecrystalline LaTiQs. Lanthanum and titanium are
oxygen content can be changed from 3.0 to 3.5, anatvaporated from an electron beam lfeam, and a deposi-
the formal titanium valency varies betweetill and +I1V. tion sequence of one LagyOmonolayer followed by one
The physical phase diagram of LaHQ was studied Ti-O, monolayer is used. The oxygen background pressure is
extensively>® Starting withx=0, LaTiO;. is semicon- about 1.5 10 ° Torr before deposition, and decreases to
ducting and becomes metallic with increasing oxygen con3X10°° Torr with the (La,Ti) evaporation rates. After
tent. Forx>0.2 the additional oxygen () atoms order on growth, the films are cooled under atomic oxygen at a rate of
infinite {110} perovskite planes, and form a semiconducting10 °C/min. The structural quality of these films is monitored
layered structure fox=0.4. Forx=0.5, all the oxygen at- 1" Situ by reflection high-energy electron diffraction
oms order with a periodic stacking of these planes ever)?RHEED)’ and ex situ by x-ray dnffracﬂon .(XRD) on a Si-
12.8 A with four perovskite blockéB’s) in betweer, The emens D500 diffractometer equipped with a graphite back

LaTi . o monochromator. For the transmission electron microscopy
aTiO; 5 compound—also called the “2-2-7"" phase because o i . g

L : S . (TEM) study, plan-view and cross-section samples were pre
of the stoichiometry—with monoclinic space groBR; is a

. ) . ared by cutting, grinding, and finally thinning with an Ar-
very robust ferroelectric phase, with a critical temperature o on beam to electron transparency. High-resolution TEM

Te=1773 K a saturation polarization of 5‘C/C”_‘2' anda (4RTEM) studies were performed with a JEOL 4000EX mi-
coercive field of _45_ kVicm. It has_a_unlq_ue polarization axis, croscope(point-to-point resolution of 1.7 A) and a JEOL
which is theb axis in the monoclinic unit cell. _ 4000FX microscope operating at 400 kV, whereas conven-

Although the physical and structural properties oftional TEM was carried out with 200-kV microscopes, JEOL
LaTiOz. are known in detaif;® the oxidation mechanism 2010. Simulated TEM images were calculated usingeihe
during the transition fronx=0 to 0.5 is not yet understood. Stadelmann software packaﬁe.

Galy and Carpy proposed a model for the oxygen-diffusion

process in which the Oplanes migrate inside th&BO;,

crystal. This model strongly focused on the migration pro- IIl. RESULTS

cess, and the question concerning the oxidation mechanism
itself remained open.

Recently, we reported LaTi3 thin films successfully Selected structural properties of the LaiCthin films
grown on SrTiQ (STO) and LaAlQ; substrated®!!In this  grown on(110) SrTiO; were reported in Refs. 10 and 11. To
paper, we report on a microstructural investigation of thesummarize, the XRD diagram of the thin film revealed a
LaTiO; 5 thin film grown on(110-oriented STO, and show homogeneous growth with an out-of-plane lattice spacing
that the oxidation mechanism is determined by antiphasd, =1.2844+0.0005 nm, which is very close to the re-
boundaries(APB’s), which act as oxygen-diffusion paths. ported(100) spacing of the LaTiQs unit cell in bulk phase
This work aims to elucidate general concepts such as thédigp)=1.2864 nm). At low 2 angles, finite-size oscilla-
oxidation process in perovskites, and the formation of longtions were observed around the film diffraction peaks, which
range ordered structures. confirm that the roughness is not greater thah unit cell.

A. Epitaxial growth
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STO [001]

FIG. 3. [001] cross-section HRTEM image including a simu-
lated image as an inset. APB'’s are present, with habit planes paral-
lel to (211) and (211) planes, which appear in this image as pro-
jections (210 and (210). They originate from substrate steps
(indicated by arrowsthat give rise to a relative lattice displacement
FIG. 1. Schematic drawing of the epitaxial relationship betWeel'given by the step height. Owing to the inclined angle of 49 ° when

(110 STO and(100-oriented LaTiQs illustrated in projection  two APB’s meet, they annihilate each other at a thickness of about
onto the @,b) plane of LaTiQs. Filled circles indicate La and Sr 15 nm.

atoms, and Ti atoms occupy the center of[th&g] octahedra. The

respective unit cells are outlined by bold lines. The four equivalentyafined streaks. A very weak twofold superstructure is seen
{110 perovskite planes for oxygen insertion are indicated. They hich can be confirmed by means of an intensity line scan
three planes on top suppress the lattice registry, whereas the o fawn over the RHEED image. The positions of the super-
tained incorporation parallel to the interface does not affect thestructure indicated by arrows ére in agreement witraais
in-plane lattice mismatch. that is twice a perovskite unit. Figurdl) presents a varia-
i , ) tion of the in-plane lattice parameter derived from a series of
In that case, the total film thickness was estimated to 12.%yEED patterns taken during an entire growth process. As
+1 nm, ie., about ten unit cells. _the superstructure was not taken into account, the distance
TEM sFud|es were car.rled out along three ort_hogon"’_‘I di-shown in the diagram corresponds to #i2 axis parameter.
rections, i.e., one plan view and two cross-sectional Viewsyoever, the lattice parameter oscillates as a function of the
From selected area electron diffracti®BAED), the (100 genosition time, and the number of maxima is equal to the
planes of the LaTi@s unit cell are confirmed to be parallel ,,mper of deposited unit cells. Therefore, the oscillation can
to the substrate surface. In addition, a monoclinic angle of,¢ correlated directly with the formation of each LaTip
99° is (?&bserved, a'};\j the lattice pAarameter§ are derived asy it cell. Besides the oscillations the distance decreases in
=13.0 A,b=5.52 A, andc=7.8 A. Accordingly, the ep- general with increasing film thickness, starting at 3.93 A.
itaxial relationship between the film and the substrate is a§pis value is given by the in-plane lattice parameter of STO

follows (Fig. 1): at 800°C because the film grows coherently with the sub-
strate lattice in such an initial state. Indeed, (he0) lattice
[110]s7d|[010]2; and  [001]srol[[001] 227 spacing of STO calculated using the thermal expansion co-

, , , efficient (#=8.5x10"°%/K) (Ref. 14 is equal to 3.937 A,
During growth the in-plane lattice parameters are meayhich is in agreement with the value we observed. The sub-
sured using RHEED. In Fig.(3) a typical RHEED pattern gequent decrease of the lattice spacing is associated with the
observed along thg110] azimuth is shown, yielding well- strain relaxation in the film, and converges to a final value of
about 3.91 A, which fits well with half of the axis. How-
e . - . ever, the unit-cell volume of LaTiQ , basically decreases
396 1 (b) with increasing oxygen contehtin particular, for thec axis
; one finds bulk values of=7.92 and 7.8 A forx=0 and
0.5, respectively, which means that the final LaiQtruc-
ture is obtained at the end of each oscillation. Hence the
oscillation suggests the formation of four blocks of three-
dimensional LaTiQ., with a low oxygen content ofx
< 0.2 in the initial growth, and the subsequent transition to
the LaTiQ; 5 phase.
In Fig. 3 a cross-sectional HRTEM image is shown, taken
FIG. 2. (8 RHEED pattern observed along the10] azimuth ~ With the electron beam parallel to tH801]sto ([001]257)
during growth. A line scan illustrates the intensity modulation, anddirection. The film reveals a characteristic contrast consisting
the arrows indicate the weak superstructure originating froncthe Of bright and dark lines aligned parallel to the interface; their
axis obtained by doubling the perovskite uifiii) Oscillation of the ~ periodic distance averages to 12.8 A, corresponding to the
in-plane lattice parameter derived from RHEED. (100 interplanar spacing of the LaTiQ phase. Image simu-
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simulation

FIG. 4. Simulated and HR-
TEM images of the interface
viewed along thg001] direction.
The O, plane gives rise to the
wavy bright contrast indicated by
an arrow. A line scan across the
interface between point% andY
shows good agreement between
these two images. The location of
the interface is indicated by an as-
terisk. Accordingly, the first oxy-
gen plane is inserted after two
PB’s at the interface.
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lations were carried out to intt_erpr_et the HRTEM imagg con-oxygen plane. As the surface layer (@fL0)-oriented SrTiQ

trast properly. A reasonable fit with the experimental imageconsists of rows of Sr and Ti sites, the Sr sites are assumed to
contrast is obtained, assuming a sample thickness of 6 Nffe replaced by La in LaTi The best agreement was ob-
and a defocus value of 60 nm (see the inset of Fig.)3  tained when the Q plane is inserted after two blocks of

Accordingly, the additional oxygen plane gives rise t0 theperoyskite. Figure 4 shows the calculated and experimental
characteristic bright100 lattice fringes. Suci100) lattice images of the interface. The Qplane correlates with the

fringes are observed in the film throughout the entire image ; oo ;
o . . , wavy lin ntr indi n arrow between tw -
pointing out the homogeneoy$00) orientation of the film. avy line contrast, indicated by an arrow between two adja

The homogeneity is frequently disturbed by the presence o(fent La atoms. At the interface, strongly prpnoun(_:ed bright
APB'’s, which are observed in all three viewing directionsand.(.jark dots are seen, v_vher_ea; the wavy Ilne_ typical for_the
(see S’ec o additional oxygen plane is missing. The location of the in-

terface can be additionally confirmed by the line scan across
the interface along thgl0Q] direction between the positions
XandY as shown in Fig. 5. The intensity variation observed
The interface is atomically flat and contains no amor-in both images is in good agreement. In t6&0) orientation,
phous or secondary phase layers. Image simulations havke interface stacking sequence has been determined in the
been performed to determine the stacking sequence of theame manner, i.e., by comparing it with simulations and tak-
interface. Different arrangements for the interface are considing intensity profiles. The result obtained was once again in
ered, depending on the location of the additionally insertedjood agreement, confirming that the firsf @yer is incor-

B. Interface structure
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& x}:'-xle'!i X 11111 rr [ simulation

cl

©

- FIG. 5. An enlarged HRTEM
image of “2-2-7" in the (010) ori-
entation. The doubling of the unit
cell along thec axis can be recog-
nized by the variation of the inten-
sities of bright dots, e.g., between
- the sites marke& andY. The in-
experiment tensity profile confirms the varia-
X Y tion in the HRTEM image as well

as that of the simulated image in

the inset. The presence of twins is

proved by the change of the maxi-
- mum peak positions determined

by the line scan of each layer, as

L indicated by the white line.

R
intensity (arb. units)
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porated after two PB’s. Consequently, the stacking sequendaterface can be connected with the 98 ° angle, whereas the
at the interface is two blocks/oxygen layer/four blocks/angle abruptly changes to 18698 °=82°, indicating that
oxygen layer/four blocks, and so on. Such a stacking sethe next layer is the other twin variant. In the HRTEM image
guence is observed consistently everywhere at the interfacéhe twin configuration is estimated and outlined using the
and also at interface regions adjacent to an APB. Intuitivelyposition of maximum intensity in the line scan. For clarity,
this seems inconsistent with the RHEED results, which indithe unit meshes for twins | and Il are indicated separately.
cate that the LaTiQs unit is only formed after four PB’ésee  This structure can be explained by the presence of twin

Sec. Il A). This will be explained in Sec. IV. boundaries parallel to the substrate surface. The twinning
symmetry operation is given by a 180 ° rotation aroundcahe
C. Defect structure axis, and not by a mirror operation. The sequence of the twin

Antioh boundari h domi def variants seems to be rather irregular; in the presented image
ntiphase boundaries are the most predominant defecty, . \/ariant with an inclined angle of 98 ° dominates. Within

as can be seen in F_ig. 3. Their occurrence is rather irregula&ach layer, only one twin variant is observed, i.e., the angle
and the_spacmg varies from a few nanometers up to 10.0 NMYoes not change from 98 ° to 82° unless the layer is inter-
The estimated average value is 30 nm. The contrast in thFUpted by an APB

defect region is rather broad, indicating that the habit planes
are inclined in this projection. In Fig. 3 the intersection be-
tween APB’s and th€001) plane is seen parallel t120] IV. DISCUSSION

and[120] directions. Indeed, in §110]s7 image, APB'’s The growth procedure of a LaTiQ thin film is mainly
were found parallel t§102] and[ 102] directions, whereas in determ_ine(_j by two parameter(s_'s) lattice mismatch, andi)
a plan view their traces are parallel [911] and[011].  the oxidation process. STO is a perfect substrate for the

Consequently, the habit planes are determined to be th%lr(QWth of |°W'°X3c’jg‘a“'phasuel LaTiObecause of its percl)v—
(211 and (211) planes. skite structure and the small lattice mismatapproximately

I’J,i.30/(). For the growth of the layered compound LagiQhe

The APB's originate from substrate surface steps, as Caox en insertion is restricted because any insertion leads to
be seen in the interface region indicated by arrows in Fig. 3. Y9 y

Here these steps yield a heightdyt,), which gives rise to an increase of the lattice parameter perpendicular to the in-

a displacement of 2.76 A in the film. Nevertheless, occa-Serted plane. Moreover, oxygen incorporation leads to the

sional 2xdjy10) OF 3X d11) Steps also exist. In the film they monoclinic unit cell and to the relative lattice displacement

lead to a lattice displacement of 5.52 or 8.28 A, respec-Of about 1/4001] betwegn Fhe PB.S separated by Fhe oxygen
) .t~ plane. Therefore, no coincident sites can be obtained on STO
tively. The defects can extend throughout the entire film

thickness. Owing to an angle of about 49 ° given by the habifmless the @ insertion takes place parallel to the substrate

) , urface and the in-plane lattice mismatch is not strongly af-
plane and_ the interface plane, FWO APB’s frequently mee ected. On a(110-oriented STO substrate, such incorpora-
and annihilate each other. Stacking faults parallel to the Subﬁon cein be obtained. This corresponds to,@@())—oriented
strate are occasionally found between such APB’s. These : P

. X , growth of LaTiO; 5 which has been observed in our study.
g\(j;e;;tsfotur?nsgaée t(ljmc())n: ;hlzvg:ytcﬁzoigg frlgg diagettl)nan The lattice mismatch is smalt: 0.47% and 0.12% for thb

interplanar spacing perpendicular to the interface of abou ndc axes, respectively. On the other hand, with respect to

. the oxidation process, th@00) orientation is not favorable
1.5 nm. The measured value corresponds to the projected . .
X ) compared to other variants, because the oxygen plane is not
axis of the LaTisO;; phase’

directly connected to the surface where a high atomic oxygen
_ flow is present.
D. Twin structure The main question to be answered is how the oxidation

A twinned fragment of LaTi@s phase has been observed proceeds in detail. To answer this question we have to con-
in the [010],,7 view. The superreflections in the SAED pat- Sider the top and bottom parts of the film separately. As we
tern, which are in agreement with the superstructure seen HgPorted previously? the (100-oriented growth is obtained
RHEED (F|g 2), are faint and bare|y visible in reproduc_ or the initial grOWth of the thickness up to apprOXImate|y 15
tions_ Figure 5 ShOWS an en'argement Of Ebeo] HRTEM nm, Whereas the film exceeding th|S Cl’itica| Value reVealS a
image. A slight intensity modulation of the bright dots, three-dimensional perovskite structure with some inter-
aligned parallel to the interface, indicates a doubling of thegrowth of the layered phase, indicating that the oxygen con-
basic perovskite unit cell compared to the true unit cell withtent is low,x<<0.2. As the epitaxial constraint determined by
c=7.8 A. The intensity profile, measured for instance be-the substrate does not change significantly during growth, we
tween the positions marked by and Y, clearly shows the have to conclude that it is the oxidation process itself that
contrast modulation. Such an intensity variation is alsgchanges for a thickness>15 nm. The main difference be-
present in the equivalent line scan of a calculated image ifween the film below and above 15 nm is the presence of
Fig. 5(b). APB'’s. As observed in Eg. 3, APB’s occur with habit planes

By connecting the bright dots between subsequenparallel to(211) and (211), yielding an inclined angle of
LaTiO;5 units, an angle of 98° or 82° can be derived, 49 ° with respect to the substrate surface. The HRTEM re-
which corresponds to the monoclinic angle of the unit cell orsults indicate that APB’s originate from substrate surface
to its supplementary angle. In Fig. 5 all four units next to thesteps(see Fig. 3, with an average spacing of 30 nm. Taking
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£Film

ZSubstrate:

FIG. 6. Schematic drawing of two APB'’s originating from sub-
strate surface steps with a spacing of about 30 nm. Takin(Rtt®
and (211) habit planes into account, the film thickness where the
APB'’s merge can be calculated to be 17 nm.

the angle and the spacing between two steps, a simple cal-
culation can be made—illustrated in Fig. 6—which suggests
that APB’s merge at a film thickness of 17 nm. When two
APB'’s meet, they can annihilate each other when the sum of
the displacement vectors is equal to a lattice vector of
LaTiO5 5, or they can combine to one single APB withanew  FIG. 7. Schematic drawing of the oxidation procedure. At a
resulting displacement vector. In any case the density o$ubstrate surface step an APB is created because of local distortion.
APB’s decreases drastically and exceeds 17 nm, which is ifthe oxidation takes place first along the habit plane of the APB'’s,
perfect agreement with the 15 nm observed. Moreoverwhich corresponds to a typical oxidatida10) perovskite plane.

the observed habit planes of APB’'$211) and Subsequently, oxidation parallel to ttEO0Q) plane occurs, resulting

(211)—correspond to two equivalenfll® perovskite :Cn Vlale.ncy change from TO'IS. to Tf'M' 'f_'f.e.nce the dprgsence of these

planes, which are the Qinsertion planes in this layered aults is a necessary condition for efficient oxidation.

compound. Hence our observations strongly suggest that

APB'’s act as oxygen diffusion channels. d¢= (Dt), whered; corresponds to the maximum width of
The influence of extended defects on the reactivity of solthe sample that oxides laterally. This can be estimated by the

ids was pointed out by other authdfs*°Direct intercalation average distance of the APB’s fdi>15 nm: assuming that

of oxygen into planar defects was observed by Arrouyalternating pairs of APB’s merge and hence annihilate each

et al’® in the LaCuQ, system. Using electrochemical oxi- other, the average APB distance is approximately 120 nm.

dation, they showed that planar defects enable the oxygephis might be an estimate of the critical size for lateral oxi-

transport into the film, followed by a slower oxygen diffu- gation. With a timet of about 100 s necessary to oxidize,

sion into the interstitial sites along the in-plane directions.hich corresponds to the time necessary to grow one layer of

The diffusion coefficients can normally be 6-8 orders of) ori_ . the in-plane diffusion coefficient can be calculated

mag”i_‘“f'ge higher in S.’UCh planar defe(_:ts than in_the bul 0 be approximately 10'? cn/s. In contrast, the diffusion
material.~ For the LaTiQ s system the difference might be coefficient without oxidation channels can be estimated to be

smaller, because both planes correspond to equivildl} ;4 15 o2 using the same diffusion time and the typical

perovskite planes for oxygen incorporation. width (d;=20 nm) of LaTiQ s intergrowths observet?.

As shown in Fig. 3, APB’s originate from substrate sur- his clearly il h itv of ol defect for th
face steps. Such surface inhomogeneities lead to a local didNiS clearly illustrates the necessity of planar defect for the

tortion of the film lattice on top, where the consideration of ©Xidation process. o _

the ideal two-dimensional lattice mismatch, as mentioned at 10 Summarize, we propose an oxidation mechanism based
the beginning of the discussion, is no longer valigy €@n  ON three steps, which is shown schematically in Fig(iy:
easily be inserted at such distorted locations al(2igl) or ~ Nucleation of APB's at substrate surface step$,0, inser-

(211) planes, and oxygen channels are created. Subsequdi@th in (211 [or (211)] planes along APB’s, andii) O
in-plane oxidation starts to form an entirg, @lane parallel insertion in (100),; plane. Based on our oxidation model,
to the interface. This explains why layers below 15 nm showthree possible ways to form LaTiQ@can be considered: the
a homogeneoua-axis growth, while, ford>15 nm, when “2-2-7” unit is formed (i) directly from the beginning of the
only few APB’s are available, the oxygen insertion procesggrowth processdji) by the transition of the three-dimensional
is hindered and the film cannot be fully oxidized. Without perovskite to the fully oxidized compound during the growth
oxygen channels the insertion can still partly occur, owing toof one PB unit after the other, ¢iii ) after the entire growth
the high atomic-oxygen pressure in the growth chamberprocess upon cooling. Our RHEED observatiSrisee Fig.
leading to the LaTi@s intergrowths observed in three- 2) strongly suggest the second possibility. The ordering of
dimensional perovskite units. oxygen atoms and the formation of the true LaJiGtruc-

In order to make a numerical estimate, we can calculatéure within one unit cell occurs when four PB’s have been
the diffusion coefficient D) using the diffusion relatic?  deposited. This contrasts with the two PB’s found at the
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by considering the bond valence s%]m\/i=zj exd(R;
—dj)/b], whered;; is the bond length between two atorins
andj. The termb is a constant, where=0.37 A. In our
case, the bond-valence parametBs of Ti-O bonds were
set equal to 1.791 and 1.815 for i and Ti'",
respectively’! In LaTiO; 5, the Ti atoms in the regular PB’s
yield V;=3.76, which is significantly higher thaw,=3.0 in
LaTiOs. In contrast, the Ti atoms adjacent tg @ad toV;
=4.16. Hence, in total, the valence sums average to 3.96, in
agreement with 4.0 of the expected™i. This calculation
FIG. 8. Schematic projection of the “2-2-7" structure along the clearly illustrates the local variation of the Ti valence and the
[010] direction. The unit cell is outlined. The Oyields a relative  strong charge transfer between the two Ti atoms. Such
displacement of bottom and top PB of about[0@L]. charge transfer might be essential for charge compensation
_ _ and for the stability of the layered compounds.
interface by HRTEM(Fig. 4), but these two results become  The |ast question to address is whether our thin film is
consistent when LaTig; is assumed to form by a phase ferroelectric like the bulk phase. Twin structure has been
transition from four PB's of LaTiQ (as observed by gpserved in LaTiQs bulk structuré® as well as in our thin
RHEED) to the LaTiQ s structure, introducing the Olayer  fjims (see Sec. Il D. In the LaTiO; 5 system the presence of
between two blocks. The latter corresponds to the final oXiyins is a direct indication of a noncentrosymmetric unit cell,
dation state observed by HRTEM. . therefore, such twins can occur because of dipole-dipole in-
The insertion of Q is not simply an intercalation of oxy- teraction between each unit cell layer. Hence it is an indica-
gen atoms; forming this structure requires a displacement afon of domains with spontaneous polarization in this system,
the two top PB's relative to the two bottom PB'’s by approxi- and suggests ferroelectricity in our thin fifdThis topic will

mately 1/4001] (see Fig. 8 This process cannot be done in pe discussed in detail more in a forthcoming paper.
a random way—this would lead to huge strains in adjacent

unit cells—and as a consequence it takes place when the top V. CONCLUSION

two PB’s can be “lifted off” coherently and shifted along L _ , .
+1/4/001]. The presence of APB’s would help such coher- We have grown epitaxia(100-oriented LaTiQs thin

ent “lift off” because APB's divide the film into small co- films 0n(110 SrTiG;, for which the additional oxygen (£
herent regions. But why does,@ccur after two PB's, not plane is para_llel to the mterface. O_xygen diffusion occurs
after three? This must be related to the charge transfer. In tH&St along antiphase boundaries, which are used as oxidation
LaTiO, s compound, the overall valency is 1Y, but the channels. The growth mechanism of these films is not driven

local oxygen arrangements around Ti suggest a sequence [Bf the direct formation of the LaTig} structure from the
Ti* and Ti*V. To be more precise, Ti atoms in the perov- beginning, but by the fo_rmathn o_f perovsklte bloc_ks and by
skite block are adjacent to six edge-sharing oxygen atomd€ subsequent oxygen insertion into the final Lagld®truc-
whereas the Ti atoms adjacent tq @re surrounded by four ture. This is pr(_)bably due to the stacking of Ti atoms with
edge-sharing and two “free” octahedra-corner oxygen at-different valencies.

oms, leading to a local valency of M and Ti"V, respec-
tively. The latter does not exist and is therefore always com-
pensated for by charge transfer from the former. Inserting O  We especially acknowledge J. G. Bednorz for stimulating
after two or three PB’s would result in successive local va-discussions and encouragement. We thank O. Becdkd¥isO
lence sequences df) +Ill—+V—-+V—+IIl or (i) +Il- cher, S. Gariglio, P. Martinoli, A. Reller, and J.-M. Triscone
+1ll-+V —+V. Besides TiV becoming unstable at the sur- for fruitful discussions. We are also very grateful to the In-
face, in the latter case, charge neutrality would requirestitut fur Festkaperforschung(Forschungszentrum’lich)
charge transfer over 2—3 neighboring unit cells compared téor provision of TEM facilities. This work was supported by
the former case, where transfer to the nearest neighbor the Swiss National Science Foundation 2129-42367.94 as
sufficient. A more correct physical picture can be obtainedvell as the Swiss Priority Project “Minast.”
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