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Structural phase transition and spontaneous interface reconstruction
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(Lay/3Ca;3Mn03),/(BaTiO3),, (LCMO,,/BTO,,) superlattices on MgO and SrTiOs substrates with different
layer thicknesses (n = 10, 38, 40 and m = 5, 18, 20) have been grown by metal organic aerosol deposition
(MAD) and have been fully characterized down to the atomic scale to study the interface characteristics. Scanning
transmission electron microscopy combined with spatially resolved electron energy-loss spectroscopy provides
clear evidence for the existence of atomically sharp interfaces in MAD grown films, which exhibit epitaxial
growth conditions, a uniform normal strain, and a fully oxidized state. Below a critical layer thickness the LCMO
structure is found to change from the bulk Prnma symmetry to a pseudocubic R3¢ symmetry. An atomically flat
interface reconstruction consisting of a single Ca-rich atomic layer is observed on the compressively strained
BTO on LCMO interface, which is thought to partially neutralize the total charge from the alternating polar
atomic layers in LCMO as well as relieving strain at the interface. No interface reconstruction is observed at the

tensile strained LCMO on BTO interface.
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I. INTRODUCTION

With the discovery of a two-dimensional (2D) electron
gas at the interface of two insulating oxide materials LaAlO3
(LAO) and SrTiO5; (STO), a renewed interest in the fine struc-
ture of interfaces in oxide based materials was sparked.! This
resulted in a large amount of research on different perovskite-
based materials and various interfaces.>* In the LAO/STO
system, properties such as magnetism and superconductivity
have been observed while the coupling of different layers
and tuning of the electron gas opened ways to explore these
materials in prototype electronic devices.*> Within this class
of complex oxides, manganites play a significant role. An
example of such a compound is the La;_, M, MnO3 (M = Sr,
Ca, Ba, . ..) system which displays an intricate phase diagram
depending on the doping level x.% Between the insulating phase
for both high and low x and the ferromagnetic metallic phase
for x around 1/3, a broad region with electronic phase coex-
istence exists.” In several compounds, e.g., La;_,Ba,MnO;
(LBMO)'? and La;_,Ca,MnO3 (LCMO),'! a large magnetic
field dependency of the electrical resistance was measured,
called colossal magnetoresistance (CMR) by Jin et al.'' These
materials are of particular interest in spintronic applications
such as spin filters due to their half-metallic state.!>"!3

Epitaxial multilayer structures or superlattices (SLs) based
on manganites and other perovskite materials have been exten-
sively studied in the light of enhancement or combination of the
individual properties or multiferroic behavior.'*"'8 LCMO has
been used in combination with BaTiO3; (BTO) which displays a
magnetocapacitance effect'® and with Pb(Zr,_, Ti, )O; to form
a field effect transistor.?” In order to expand these applications,
a precise control of the growth process is crucial as the
properties of thin films change dramatically depending on the
layer structure and the detailed structure of the interfaces.?!~2?
Beside the stoichiometric and chemical composition, strain
behavior also has to be taken into account as it plays an
important role for the multiferroic properties.”’*>*3! It was
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previously demonstrated that applying 2D or 3D stress to a
LCMO film can change the structure of the LCMO from the
bulk Prnma symmetry to a monoclinic P21¢3? or a pseudocubic
R3c symmetry.*33* In SLs the lattice mismatch induced strain
can be tuned by varying the thickness (n and m) of the
layers.

Most of the structures mentioned above have been grown
using pulsed laser deposition (PLD), a well-established tech-
nique where a high power laser ablates the target material and
transfers it to the substrate in the form of a plasma plume. This
procedure has been demonstrated to supply atomically flat,
epitaxial oxide SLs.?* As the process has to be carried out under
high vacuum conditions, great care has to be taken to avoid
or control oxygen vacancies.”>?® An elegant, high oxygen
pressure alternative to PLD growth of SLs is provided by
metal organic aerosol deposition (MAD), which as a solution-
based and vacuum-free chemical deposition technique uses
metal-chelate coordination compounds dissolved in an organic
solvent (e.g., dimethylformamide) as precursors.*> SL samples
are prepared by sequential spraying of controlled volumes of
the corresponding precursor solutions onto a heated substrate
at ambient oxygen pressure (pO, = 0.21 bar).

In this work, superlattices of [LCMO, /BTO,,];p with
nominal thicknesses n = 10, 38, 40 and m = 5, 18, 20,
respectively, are grown on STO(100) and MgO(100) substrates
simultaneously by means of the MAD technique. The magne-
totransport properties of the superlattices are presented in full,
although some of the properties have already been published
elsewhere.’® Advanced transmission electron microscopy ad-
dresses the structure and chemical composition of the SLs
in detail by means of electron diffraction (ED), high resolu-
tion transmission electron microscopy (HRTEM), aberration-
corrected scanning transmission electron microscopy (STEM),
and electron energy-loss spectroscopy (EELS). Our results
show the existence of a critical layer thickness d. = 15 nm
below which the LCMO structure changes from the bulk Pnma
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symmetry to a pseudocubic R3¢ symmetry, in agreement
with earlier work in the literature. The former structure
could be of interest for artificial multiferroic behavior as
magnetic-field-induced switching of sample capacitance was
observed for SLs with LSMO in Pnma symmetry. A spon-
taneous interface reconstruction is observed at the BTO on
LCMO interface in SLs just below this critical thickness,
namely in [LCMOs35/BTO 3]0, grown on STO and MgO. The
reconstruction consists of a single Ca-rich atomic layer, which
is thought to neutralize charge build up from alternating polar
atomic planes in LCMO and relieve some of the strain present
at the interface. No such interface reconstruction is found to
be present at the tensile strained LCMO on BTO interface.

II. EXPERIMENTAL SECTION

MAD is a solution-based chemical deposition technique
which uses metal-chelate coordination compounds as precur-
sors, dissolved in an organic solvent (dimethylformamide).
For the LCMO layers acetylacetonates of La, Mn and Ca
were employed, whereas the BTO layers were grown by
using Ba(tmhd), and isoprop(Ti)(thmd), (thmd = 2,2,6,6-
tetramethylheptanedion). The sample preparation includes
sequential deposition of LCMO and BTO layers at ambient
oxygen pressure by means of spraying of controllable volumes
of the corresponding LCMO and BTO solutions onto the
heated substrate. The deposition was started with the LCMO
layer and finished with the BTO one. The substrate temperature
during deposition was kept at T = 960 °C and the growth
time for individual LCMO and BTO layers was 30 and 16 s,
respectively. After deposition the samples were cooled down
to room temperature in 30 min.

The transport properties were measured in a four-probe
geometry with ac current / = 100 pnA @ f =17 Hz. In
addition a coplanar capacitance, formed by two Au contacts at
a distance of 20 um on the top BTO layer, was measured as a
function of temperature and magnetic field using an ac bridge
at f = 1kHz.

The samples for ED and HRTEM investigation were pre-
pared by ion milling using a Balzers ion mill. ED and HRTEM
experiments were performed on a JEOL 4000EX microscope
operated at 400 kV, with a point resolution of 1.7 A. The
samples for HAADF-STEM and EELS measurements were
prepared by focused ion beam in a FEI Helios NanoLab
650 FIB. The HAADF-STEM images and EELS spectra were
recorded on an aberration corrected FEI Titan® microscope
equipped with an aberration corrector for the probe-forming
lens and a monochromator. The data in Figs. 4 and 5 were
acquired at 300 kV, using a convergence semiangle o of
21.5 mrad and an acceptance semiangle 8 of 50 mrad for
imaging and 94 mrad for spectroscopy. The maps in Figs. 4,
5, and 6 were generated by plotting the intensity under
the background-subtracted EELS edges using an appropriate
energy window. The data in Fig. 5(b) were processed by
principle component noise filtering prior to mapping; no data
treatment was applied to any of the other data sets. The
monochromated EELS spectra in Fig. 6 were acquired on the
same instrument operated at 120 kV acceleration voltage, with
the monochromator excited to provide an energy resolution of
250 meV using a convergence semiangle o of 18 mrad and
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an acceptance semiangle 8 of 200 mrad for spectroscopy and
imaging.

III. RESULTS AND DISCUSSION

To gain insight into the local structure of the SLs,
the chemical and structural nature of the films was in-
vestigated by advanced transmission electron microscopy.
As the properties of perovskite materials are closely re-
lated to their structure, the latter was examined using
electron diffraction and high resolution TEM. Figure 1
shows cross-sectional electron diffraction patterns and high
resolution TEM images of the multilayer samples with
different layer thicknesses (n, m): (a) LCMO;o/BTOs on
MgO(100), (b) LCMO33/BTO;3 on STO(100), and (c)
LCMO4p/BTOy9 on MgO(100). All SLs have been grown

Sl

FIG. 1. Cross-sectional electron diffraction and high resolution
TEM images of (a) a LCMO,,/BTOs multilayer grown on MgO(100),
(b) a LCMO33/BTO,3 multilayer grown on STO(100), and (c) a
LCMO4y/BTO,y multilayer grown on MgO(100), imaged along
the [001] zone axis for STO/MgO. The arrowheads indicate the
apparent layer boundaries. Below the d. (LCMO,,/BTOs and
LCMO3;3/BTO;5) the LCMO structure has pseudocubic R3¢ symme-
try on both STO and MgO. Above d. (LCMOQO4y/BTOy) the LCMO
structure has the bulk Prnma symmetry on both STO and MgO, as
evidenced by the extra reflections in the electron diffraction pattern.
The epitaxial relationship is (100)go [|(100)Lcmo [(100)sto/me0 and
[001]g1oI[001]Lcmo [I[001]st0/M 0 in the pseudocubic notation.
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epitaxially and the epitaxial relationship, determined from
HRTEM and ED data, is (IOO)BTO//(IOO)LCMO//(IOO)STO/MgO
and [001]gro//[001] cmo//[001]sTo/Mg0 in the pseudocubic
notation for LCMO and BTO. It is at this point important
to point out that the structural characteristics of the SLs grown
on STO and MgO are almost identical, meaning that the
properties of the various layers can be compared, even when
they are grown on different substrates. A perfect epitaxial
growth from the first LCMO layer on the substrate can be seen
in Fig. 1. Atomically flat layers with predictable thicknesses
(n, m) are repeated over a total thickness of more than 200 nm,
evidencing a strong potential of MAD for synthesis of extended
SL structures.

It is well known from literature that bulk LCMO exhibits
an orthorhombically distorted perovskite-based structure of
Pnma symmetry.® However, based upon the ED results, the
following space groups can be assigned to the observed
layers in the case of LCMO;,/BTOs and LCMO33/BTO 3
[Figs. 1(a) and 1(b)]: Pseudocubic R3¢ for LCMO and a
tetragonally distorted perovskite unit cell with symmetry
P4/mm for BTO. In other words, for all SLs below a critical
LCMO thickness, LCMO undergoes a phase transition to a
pseudocubic R3c structure. Under relaxed conditions, i.e.,
in bulk, the pseudocubic lattice parameters are 3.905 A for
STO, 4.018 A for BTO, and 3.87 A for LCMO. Therefore,
LCMO, if grown on BTO, would suffer a tensile strain,
whereas BTO on LCMO would be compressively strained.
In the case of LCMOy4/BTO, [Fig. 1(c)], which is a SL
with only a slightly increased layer thickness with respect
to LCMO33/BTOg, the LCMO relaxes to the bulk Pnma
structure on both STO and MgO substrates, as evidenced
by the extra reflections at 7.8 A in the electron diffraction
pattern in Fig. 1(c). This is confirmed by the corresponding
HRTEM image where typical contrast for the orthorhombic
LCMO structure is observed. This means that the critical layer
thickness d. for LCMO must lie just above 38 unit cells (u.c.),
i.e., approximately 15 nm. The reconstruction to the relaxed
Pnma structure relieves the elastic energy buildup, which is
dependent upon the film thickness d and the lattice constant
of the two crystal structures in the SL, above the critical layer
thickness.

Although within MAD growth conditions (pO, = 0.21 bar)
the formation of oxygen vacancies should be suppressed, we
performed extra measurements to exclude charge effects, i.e.,
oxygen vacancies, as the driving force of the altered space
group. As a proof of full oxygenation of the MAD grown
perovskite films thick LaMnO3; (LMO) layers, grown under
similar conditions, did indeed display the fully oxidized R3¢
structure (see Supplementary Material*’). Together with the
altered point group of LCMO, strain maps, obtained by a
geometric phase analysis (GPA),*” unambiguously show co-
herently strained LCMO layers in the case of LCMO,(/BTOs
and LCMO33/BTO;g (Fig. 2). The GPA patterns point out
a uniform strain in the direction normal to the growth
direction (go20), consistent with different pseudocubic lattice
parameters of the constituents, and almost no in-plane strain as
supplementary evidence for the excellent growth performance
(g200)- When MgO is used as substrate, the lattice mismatch
between MgO and LCMO is accommodated by inserting misfit
dislocations approximately every 3 nm.
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FIG. 2. (Color online) HRTEM GPA strain analysis maps of the
strain component parallel to the interface (g,00) and perpendicular
to the interface (go) for (a) LCMO,;,/BTOs grown on MgO(100)
and (b) LCMO;5/BTO,5 grown on STO(100). In the case of MgO
periodical misfit dislocations are present to accommodate the lattice
mismatch. LCMO;3/BTO;3 on STO(100), with dicmo < d., still
shows coherently strained LCMO and BTO layers with low residual
in-plane strain due to lattice misfit. In both SLs the LCMO has an
altered pseudocubic R3c structure.

The transport properties of SLs with LCMO layer thickness
n = 38 (grown on STO) and n = 40 (grown on Mg0O), i.e.,
within R3c and Pnma structure, respectively, were measured
in a four-probe geometry and are presented in Fig. 3. The
STO sample shows a very low metal-insulator transition
temperature in ambient magnetic field Ty ~ 100-130 K
(estimated), as well as very large CMR = 100%*[R(0 T) —
R(7T))/R(7T) ~ 10°%. In contrast, the MgO sample reveals a
significantly larger Ty = 220 K and a moderate CMR ~ 900%
[see Fig. 3(b)]. These results are in line with the above
structural analysis (Fig. 2), which evidences a coherently
strained LCMO3g layer with R3¢ structure in the SL grown
on STO and relaxed LCMOQy4y with Pnma structure in the SL
grown on MgO. The capacitance as a function of temperature
for the STO sample [see the inset to Fig. 3(a)] shows a
huge CMR-induced minimum?® for 7 = 130 K, which is
very close to Tyy @ B = 0. In contrast, the capacitance
for the MgO sample [see the inset to Fig. 3(b)] is almost
temperature independent for 7 < 200 K. Note that the value of
the geometrical capacitance for both samples is very similar,
C ~ 10-14 nF. A remarkable difference between these two
samples is the observed switching of the capacitance under
applied magnetic field in the MgO sample [Fig. 3(c)]. The
switching is hysteretic and occurs in the temperature range
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FIG. 3. (Color online) Temperature dependencies of the resis-
tance for the (a) LCMO;53/BTO;3 SL grown on STO, and for
(b) LCMOy4y/BTO,p on MgO. The insets demonstrate the correspond-
ing temperature behavior of the capacitance. (c) Hysteretic switching
of the capacitance in applied magnetic field for the LCMO4,/BTOy
SL grown on MgO. The curves for T = 63, 75, 88, and 100 K are
shifted by 2 nF for clarity.

T = 50-150 K, where the CMR effect is suppressed. Taking
into account that the large “geometric” capacitance originates
from the insulating BTO, we interpret the capacitance switch-
ing as areversal of the ferroelectric domains by a magnetic field
due to a strong magneto electric and possibly elastic coupling
between LCMO and BTO layers. These results hint towards
multiferroic behavior in the MgO sample with strain relaxed
LCMOy (Pnma) and BTO, layers, which are not clamped
with each other and, thus, allow an elastic coupling.
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As we observed and discussed above, the thickness of
the LCMO layer in the coherently strained LCMO3g/BTO3
SL lies just below the critical layer thickness. This makes
the interfaces in this SL particularly interesting for a more
detailed investigation. As the strain and charge buildup in the
LCMO layers of this SL must be substantial, a compensation
mechanism might be present. In fact, comparing the interfaces
in LCMOlo/BTOS and LCMO38/BT018 in the HRTEM
images in Fig. 1, the sharp BTO on LCMO interface in
LCMOs35/BTO13 is striking, when compared to the apparently
more diffuse LCMO on BTO interface and the interfaces
in LCMO,,/BTOs. To investigate the interface structure in
the case of LCMO33/BTOg, detailed high-angle annular
dark field STEM (HAADF-STEM) and electron energy-loss
spectroscopy experiments were carried out. As the structure
of the SLs is similar on both STO and MgO but the misfit is
smaller in the case of STO, all further results presented were
obtained on LCMO35/BTO;g grown on an STO substrate.
A typical HAADF-STEM image of the multilayer structure
on STO is depicted in Fig. 4(a) where the STO substrate
layer shows up darker because of the lower average atomic
number. Although the average density of LCMO and BTO
is quite similar, the different layers are distinguished as
intensity variations with sharp interfaces. Low magnifica-
tion elemental maps were obtained simultaneously from

FIG. 4. (Color online) (a) Low magnification HAADF-STEM
image of the LCMO33/BTO;g SL on STO. Alternating LCMO and
BTO layers can be clearly distinguished. (b) High resolution HAADF
image of both interfaces. Both A (green dots) and B cations (red
dots) of the perovskite structures are resolved. The LCMO on BTO
interface is relatively sharp (arrows), an atomically flat dark band of
one unit layer is observed at the BTO on LCMO interface (arrows).
(c) Overview STEM-EELS elemental maps of the heterostructure.
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STEM-EELS measurements by standard background subtrac-
tion and peak integration of the Ba My 5, Ti L3, La My,
Ca L, 3, and Mn L, 3 edges. The result in Fig. 4(c) shows
clear elemental separation as no diffusion at this length scale
is observed between different layers. The higher noise level in
the lanthanum map can be explained by the preceding Ba peak
which forces the use of a narrow energy selecting window for
background estimation and thus yields a noisier result. Even
though the maps correspond well to the SL stacking sequence,
these observations do not rule out a possible interdiffusion at
the (sub) nanometer scale. This data does strongly confirm
that all structure transformations are due to applied stress
rather than chemical composition changes. On top of each
LCMO layer, at the BTO on LCMO interface, a dark band is
present in Fig. 4(a) that is even more striking in the magnified
image [Fig. 4(b)]. The latter image suggests the insertion of a
single layer with a lower average atomic number evidenced by
its reduced intensity. This is repeated systematically at every
interface and is perfectly flat, ruling out imaging artifacts or a
thickness effects as the cause. No such dark band is visible at
the LCMO on BTO interface, which also appears to be slightly
less sharp as judged from the HAADF-STEM image intensity.

Figure 5(a) shows high resolution elemental maps of the five
most important elements of this sample, Ba (green), Ti (red),
La (pink), Ca (yellow), and Mn (blue) for the compressively
strained BTO on LCMO interface, displaying the dark feature
(indicated by a white arrow). It is immediately apparent
from the maps that there is a relative offset of 1 monolayer
between the Ca and the La map, indicating a higher Ca/La
ratio near the compressively strained BTO on LCMO interface
(arrows). This explains the lower intensity of the atomic layer
beneath the interface observed in the HAADF-STEM images:
The lower atomic weight of Ca with respect to La yields
a low-contrast band at the interface in the HAADF-STEM
images. Figure 5(b) shows high resolution elemental maps
for the tensile strained LCMO on BTO interface. In this case
no dark band is visible in the HAADF-STEM image, and

tHAADE
EELEER )
R AR RN
AL A AR
S LR

FIG. 5. (Color online) High resolution EELS elemental maps
of barium, titanium, lanthanum, calcium, and manganese for the
(a) compressively strained BTO on LCMO interface and (b) tensile
strained LCMO on BTO interface. The elemental maps show a clear
offset between the La and Ca lattice and single layer of Ca enrichment
at the compressively strained interface (indicated by arrows), while
no offset is present in for the tensile strained interface (arrows).

PHYSICAL REVIEW B 87, 035418 (2013)

the interface appears to be less sharp than the compressed
interface. The atomic resolution elemental maps show that
no offset between the Ca and La termination is present at
this interface; both Ca and La terminate at the same atomic
plane. Some diffusion of Ti into the Mn sublattice can however
be made out from the atomic resolution elemental maps,
stretching over approximately 1 unit cell. In other words, no
A-cation diffusion or segregation is present at this interface,
but a limited diffusion of B cations is often present (the
Ti interdiffusion was not measured in all acquired EELS
data sets).

Valency changes in the B-cation sublattice near to or at
interfaces are known to occur in oxide SLs, and can be of
vital importance in accommodating an electronic interface
reconstruction. To investigate whether any changes in valency
occur in the Ti or Mn sublattice of the LCMO33/BTO;g SL,
the fine structure of the Ti and Mn L, 3 EELS edges was
investigated using high resolution EELS. Both the shape and
onset of these Ti and Mn edges are known to be closely
related to their valence state.’**" In Fig. 6 EELS data obtained
with a monochromatic electron probe (AE = 250 meV)
from both the compressively strained BTO on LCMO and
the tensile strained LCMO on BTO interface are plotted. No
measurable changes in the fine structure were found over either
of the interfaces; neither for the compressively strained BTO
on LCMO interface, nor for the tensile strained LCMO on
BTO interface. Thus, a significant change in the cation fine
structure of the Ti L, 3 or the Mn L, 3 cannot be made out,
indicating that an electronic reconstruction does not occur
here.

Four main conclusions can be drawn from the atomic
resolution EELS data. (1) There is a symmetric TiO, plane
ending of the BTO layers, which agrees with the recent
observations of similar oxide heterostructures.*>*! (2) There
is a clear asymmetric (LaCa)O termination of the LCMO
layers. The termination of lanthanum and calcium coincide
nicely on the LCMO on BTO interface which exhibits tensile
strain in Fig. 5. In contrast, an offset of about 4 A, ie., one
perovskite unit cell, is clearly visible on the BTO on LCMO
interface with compressive strain. This gives strong support
to the hypothesis of a single atomic layer with considerably
higher calcium content at this interface and is consistent with
measurements by Simon et al., where calcium segregation
was found below a strained STO layer embedded in LCMO.*
(3) A limited diffusion of Ti cations into the Mn B-cation
sublattice over approximately 1 unit cell is often present
at the tensile strained LCMO on BTO interface. (4) No
valency changes for Ti or Mn are measured over either of
the interfaces. From the elemental maps we can establish
a schematic stacking sequence; the stoichiometric composi-
tions predict the alternation of charged (LaiﬁCaf}E 0?23
(Mn****02)72/3 layers for LCMO and neutral (Ba**0?7)°-
(Ti**037)° layers for BTO. From our EELS data we
find a nominal (Lay;3Ca;;30)-(MnO,)-(CaO)-(TiO,)-(BaO)-
(TiOy)-- - - stacking for the compressive-strained interface and
a (BaO)—(TiOz)—(La2/3Cal/30)—(Mn02)—(La2/3Ca1/30)—~ - - for
the tensile-strained interface. This stacking is displayed
schematically in Fig. 7.

The origin of the Ca segregation is most likely twofold:
(1) The BTO on LCMO interface is compressively strained and
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FIG. 6. Monochromated EELS spectroscopy of the (a) BTO on LCMO interface with the Ca-rich layer between planes a5 and a6 and the
(b) LCMO on BTO interface. The Ti and Mn maps confirm the sharp interfaces in the material. Line averaged Ti L, 3 and Mn L, 3 EELS
spectra (3 pixels width) from representative B cation planes at the interface and far from the interface. No fine structure changes that could
indicate a Ti (4 +) or Mn (3.33 4 ) valency change are apparent at the interface.

the layer thickness of the LCMO layer in the LCMO3g/BTO3
is very close to the d,., upon which LCMO switches to the bulk
Pnma symmetry. Segregation of a single layer of CaO, the
atomic radius of Ca is 180 pm while the atomic radius of La is
195 pm, should then alleviate some of the compressive stain
built up at this interface when the LCMO layer is grown close
to the critical layer thickness. (2) As both interfaces originate

\

FIG. 7. (Color online) Helping to reduce the polar catastrophe
by interface reconstruction. The top illustration shows a schematic
stacking sequence of the observed multilayer system, where the same
colors as before have been used (for visibility, the number of stacking
layers has been reduced). The graphs show respectively the charge
(p), generated electric field (E), and electrostatic potential (V') for
the reconstructed (solid line) and nonreconstructed (dashed line)
interface at the position of every layer. The ending CaO layer renders
the total LCMO layer electrically neutral and therefore reduces the
electrostatic potential.

from similar polar/nonpolar layers, it is also worthwhile to
look at the effect of the altered interface on the so-called polar
catastrophe, which gives rise to a divergence of the electrostatic
potential.** If we neglect any change in stoichiometry at the
interface and rule out valence changes, the potential diverges
linearly. The observed change in layer ending not only makes
the whole LCMO layer electrically neutral (see Fig. 7) but also
removes the polar divergence making the potential constant
in the BTO layer. The charge neutrality always has been
used as a strong argument in favor of a block-by-block
growth mechanism of oxides.***> We indeed find a symmetric
stacking sequence with an additional compositional change
of the ending layer (partially) solving the charge problem
and polarity mismatch. The polar catastrophe was originally
explained by the charge transfer and accompanying valence
changes of transition metal B cations of a perovskite.*
However, as shown by the high resolution EELS data above, no
measurable changes in the fine structure were found over either
of the interfaces, indicating that an electronic reconstruction
does not occur here. This is similar to what was observed before
by others in, e.g., the LAO/STO SLs.*® Thus, a compositional
surface reconstruction rather than charge transfer seems to be
a more realistic interpretation. A similar doping mechanism
has already been introduced to alleviate the polar catastrophe
in the case of LAO/STQ.#748

IV. CONCLUSION

Lay;3Ca;;3MnO;3/BaTiO; superlattices have been grown
on MgO and SrTiO; substrates by metal organic aerosol
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deposition and fully characterized down to the atomic scale
to study the crystal structure and interface characteristics.
Scanning transmission electron microscopy provided clear
evidence that MAD as a vacuum-free and solution-based
chemical technique supplies high quality SLs in a controlled
way, with atomically sharp interfaces. The films are epitaxially
grown in a fully oxidized state with LCMO layers up to a
critical thickness d. ~ 39 u.c., exhibiting a uniform normal
strain. Upon exceeding the critical LCMO layer thickness, a
structural transformation (R-3¢ to Pnma) occurs, leading to
strain relaxation. A switching of the capacitance by magnetic
field was detected in a SL with 40 u.c. thick LCMO layers
with Pnma structure. Just below d., in LCMO33/BTOys, a
chemically stabilized interface reconstruction was found to
be present. Here an interface reconstruction consisting of a
single Ca-rich atomic layer was observed on the compressively

PHYSICAL REVIEW B 87, 035418 (2013)

strained BTO on LCMO interface, which is thought to stabilize
charge build up from alternating nonpolar atomic planes as
well as to relieve strain buildup. No interface reconstruction
was found to be present at the tensile strained LCMO on BTO
interface.
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