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The performance of complex oxide heterostructures depends primarily on the interfacial coupling of the two component struc-
tures. This interface character inherently varies with the synthesis method and conditions used since even small composition
variations can alter the electronic, ferroelectric, or magnetic functional properties of the system. The focus of this article is
placed on the interface character of a pulsed laser deposited CoFe;O4/BaTiOj3 thin film. Using a range of state-of-the-art trans-
mission electron microscopy methodologies, the roles of substrate morphology, interface stoichiometry, and cation intermixing
are determined on the atomic level. The results reveal a surprisingly uneven BaTiO3 substrate surface formed after the film
deposition and Fe atom incorporation in the top few monolayers inside the unit cell of the BaTiO3 crystal. Towards the CoFe;O4
side, a disordered region extending several nanometers from the interface was revealed and both Ba and Ti from the substrate
were found to diffuse into the spinel layer. The analysis also shows that within this somehow incompatible composite interface,
a different phase is formed corresponding to the compound Ba,Fe;TisO;5, which belongs to the ilmenite crystal structure of
FeTiO3 type. The results suggest a chemical activity between these two oxides, which could lead to the synthesis of complex

engineered interfaces.

1 Introduction

Advanced heterostructured nanomaterials, such as embedded
nanoparticles, heteroepitaxial composite layers, and even bio-
hybrids with a functional response, are increasingly investi-
gated for their expanded applications in electronics, materials
science, catalysis, energy production, medicine, etc. In gen-
eral, these functional nanostructures respond through a change
of a state variable, which may be a change of charge or spin
density, a spin or dipole orientation, an excited state, a me-
chanical deformation, a molecular arrangement, etc. In thin
film layered composites, the interface becomes as important
as the bulk of the individual layers. Sometimes it can even be
considered as a completely new layer as both its physics and
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its chemistry deviate from either of the two components. The
interfacial regions that are commonly found in oxide compos-
ites, are often formed from defects, strain, and interdiffusion;
sometimes they can be of a completely different crystal struc-
ture or chemical composition. When the film thickness goes
below about one hundred nanometers, it is very likely that up
to about half of the film volume is structurally affected by the
interface !, which significantly changes its overall properties.
In some cases, the new chemistry can be advantageous, like
for the SrTiO3-LaAlOs interface, which the interfacial bond-
ing energies create a highly conductive 2D electron cloud. In
some other cases, the interaction between the two layers im-
pedes the desired functional properties, as recently reported
for the LaCrOs/SrTiO;3 system?.

Spinel and perovskite structures are often combined into a
multilayer composite in magnetoelectrics>* as some of the
best magnetostrictive and piezoelectric oxides belong to these
crystal groups. For such magnetoelectro composites, theo-
retical models claim that a perfect elastic interface between
the magnetostrictive and piezoelectric layers provides optimal
magnetoelectric coupling’, assuming that the properties of the
parent materials in the composite are not altered during pro-
cessing. Consequently, any characteristics of the interfaces
that will induce structural changes will reduce the magneto-
electric coupling. This is becoming increasingly important
when the layer thickness is limited to nanometer scale. The
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composite CoFe,04/BaTiO3 system has been studied in many
different configurations, such as BaTiO3 nanopillars verti-
cally clamped to a CoFe,04 matrix®, self-assembled nanos-
tructures 8, two-phase ceramics®, and planar (i.e. layered)
heterostructures '°. It should be pointed out that, despite the
vertical nanopillar structure being less clamped to the matrix,
conductive interfaces can form and, thus, can electrically shut
down the application'!. As a result, much attention is focused
on the layered heterostructures where another problem is high-
lighted. The authors regularly observe a decrease in the mag-
netization of the CoFe,04 layer after deposition and, conse-
quently, a reduction in magnetoelectric coupling. Although
the mechanism of the failure is still not fully understood, it is
evident that the problems originate from the interfacial char-
acteristics of the two oxide layers.

To explain the atomistic origin of this problem, it is im-
portant to understand what drives the electric and magnetic
order in each individual crystal structure. In tetragonal room-
temperature BaTiO3; with a P4mm cell, Ti atoms are displaced
along the c-axis and the cell is therefore elongated. This elon-
gation is discrete and its high polar state originates from the
mass and charge of the Ba atom. This in turn means that the
ferroelectric and piezoelectric properties of BaTiO3 are very
sensitive to the average relative displacement along the polar
c-axis cell, which moreover means that impurities and strain
would dramatically change these properties. On the other
hand, the magnetostrictive oxide, i.e. CoFe,Oy4, has an inverse
spinel structure with formula B(AB)O4. In an ideal inverse
spinel, Co** ions occupy the octahedral sites and Fe’" ions
are equally divided among the remaining octahedral sites and
the tetrahedral site. It has a cubic lattice parameter of 8.38 A,
which corresponds to a ~ 7% lattice mismatch with the (001)
BaTiO3 growth template (a(CoFe;04) = 2a( BaTiO3)). Only
an eighth of the tetrahedral sites and half of the octahedral
sites are occupied in this spinel. This large fraction of empty
interstitial sites creates an open structure that is susceptible
to strain effects and readily permits cation migration within
the spinel. In reality, the cation occupancy in the CoFe,Oy4
spinel structure deviates from the ideal distribution, which di-
rectly affects the magnetic properties due to antiferromagnetic
ordering in the two spin sub-lattices.

Typically, the synthesis of spinel-perovskite thin layers pro-
ceeds either by pulsed laser deposition (PLD) or by molecular
beam epitaxy (MBE). The preferred method is PLD due to
its high throughput, ease of use and inexpensive nature com-
pared to MBE. However, control of the composition of het-
erostructures remains a tantalizing issue for both techniques
but, more so, for the highly, energetic PLDZ. Consequently,
the functional properties of complex oxides depend strongly
on all processing factors during a typical vacuum film deposi-
tion such as atmosphere, pressure, and temperature.

The objective of this paper is to get an insight into

the atomic arrangement of the interface of the PLD grown
CoFe,04-BaTiO3 magnetoelectric thin film system by means
of advanced sub-nanometer transmission electron microscopy
techniques. We discuss the role of the BaTiOj3 substrate
morphology and polarity on the structural properties of the
interface. Furthermore, we report on chemical interdiffu-
sion, cation intermixing, and valence state and coordination
instabilities occurring during CoFe;O4 film deposition and
relate them to the observed deterioration of the magneto-
electric properties. This is the first report to suggest an-
other compound forming at the interface of stoichiometry
BayFesTis0q5, which is a reduced A-site Ba doped ilmenite
of FeTiO3 type, further corroborating the chemical complex-
ity of the heterostructure.

2 Experimental Details

CoFe,04 films were grown by pulsed laser deposition (PLD)
at 550 °C on (001) BaTiOj3 single crystal substrate. Details
of the deposition have been reported elsewhere '2. Film thick-
nesses ranged from 13-100 nm. All films show similar in-
terfacial characteristics and, for the work here, the sample of
75 nm thick film was analyzed. Cross-sectional specimens
were prepared by focused ion beam milling and final thin-
ning was performed with low energy Ar ions (0.5 eV) us-
ing a Fischione NanoMill system. Structural investigations
were performed using an FEI Titan transmission electron mi-
croscope (TEM) equipped with a spherical aberration correc-
tor at the image plane (London, UK). For all TEM micro-
graphs, the corrector was tuned to -13 pum. High angle an-
nular dark field (HAADF) scanning transmission electron mi-
crographs (STEM) and chemical investigations were carried
out using an FEI Titan double corrected TEM equipped with
a Gatan Quantum electron energy-loss (EEL) spectrometer
(Jiilich, Germany) with an electron energy of 200 keV. The
STEM resolution was of 0.8 A. Electron energy-loss spec-
troscopy (EELS) data were acquired with an energy resolution
of 700 meV and an energy dispersion of 0.2 eV/channel. The
spectrum image (SI) analysed here was 182x22 pixels and it
was acquired with 0.51 Astep size. It is noted that multiple
EEL SIs were acquired and no significant compositional vari-
ations were detected across the interface. The EEL spectrum
image analyzed below was acquired at a collection semi-angle
of 40 mrad and a convergence semi-angle of 20 mrad. To re-
duce noise in the HAADF STEM images from Figure 1(d)
and Figure 5(a) below, a gaussian low pass filter of 0.015
nm o was applied. Simulations of atomic positions were per-
formed using Vesta software '3 and STEM images were cal-
culated using Dr. Probe software '*. Finally, we note that the
projected final cross-section thickness of the specimen anal-
ysed was ~10 nm for the TEM measurements and on the order
of 50 nm for the STEM/EELS analysis.
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Fig. 1 (a-c) TEM and (d) STEM micrographs of the local structure in the CoFe;O4 (CFO) film on BaTiO3 (BTO). The low magnification
image (a) demonstrates the strained substrate surface propagating for 100 nm into the bulk. The disorder at the interface (c) results in
dislocations and defects well into the CFO layer (b). The HAADF-STEM image (d) reveals an imperfect substrate surface and (e)
demonstrates the variation of the Ba atom occupancy vertically across the interface (projected as zero distance) in the four numbered regions

shown in (d).

3 Results and Discussion

The local structure of the system CoFe,04/BaTiO3 was eval-
uated by TEM, as shown in Figure 1(a-c), and by STEM,
as shown in Figure 1(d-e). The impact of the growth of
the film on the highly polar BaTiO3 substrate is demonstrated
well in Figure 1(a) where contrast variations due to strain ef-
fects are extended over 100 nm into the substrate. The film
is epitaxially grown (also revealed by XRD') and it proceeds
with a columnar character. The strain induced by the 7% lat-
tice mismatch is compensated by minor rotations of unit cells
and dislocations. A low density of dislocations is integrated
throughout the CoFe,Oy film, as shown in Figure 1(b). High-
resolution (High-Res) TEM is sensitive to the phase of the exit
surface electron wave. In this case (Figure 1(c)), the interface
appears as a low crystallinity layer with a varying thickness
profile. This highly defective interface is adopted to compen-
sate for the enhanced strain of the surface layer induced by
the intrinsic strong surface polarization fields, as previously
argued . In addition, BaTiO3 develops a surface step struc-
ture during film deposition. Evidence of atomic intermixing
in the last 3 unit cells of the substrate can be seen on the left
side of the Figure 1(d). These issues are expected to further
introduce hindrances on the film growth. STEM is more sen-
sitive to the atomic number of the chemical element present in
the structure and, under the HAADF imaging mode, diffrac-
tion and strain effects are minimized. In the HAADF STEM

image of the interface (Figure 1(d)), the role of the imperfect
substrate surface is augmented. For a qualitative evaluation of
the occupancy of Ba columns near the interface, histograms
taken from across the interface are plotted in Figure 1(e). The
comparison indicates atomically imperfect interfacial planes
at the substrate surface where the occupancy of Ba varies sig-
nificantly along the same unit cell and, in cases, it is half the
value of the bulk. Such disorder of the surface structure of the
substrate suggests a variation of the bound surface charge den-
sity that is responsible for the ferroelectric polarization and,
thus, it reflects the quality of the magnetoelectric coupling of
the composite.

The local structural environment is related to the stoichiom-
etry and the chemistry at the interface by quantitative analysis
of core-loss EEL spectra. Figure 2 shows typical atomically-
resolved EEL spectra and a corresponding annular dark field
(ADF) STEM image extending from the pure perovskite sub-
strate into the fully spinel film. The raw EEL spectra demon-
strate high mobility of Fe, Ba, and Ti across the interface. Fe
seems to be incorporated into the BaTiO3 unit cells near the
interface. According to previous studies in ceramics ', Fe can
substitute both A and B sites in BaTiO3 and, in both cases, the
end result is a decrease of the ferroelectric polarization of the
perovskite. Accordingly, in the case of this thin film structure,
the interfacial strain can induce further decrease of the surface
polarization. In the CoFe; Oy film, the EEL spectra indicate Ba
and Ti diffusion by ~ 3 nm from the interface. Substitution of
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Fig. 2 (a) EEL spectra showing the Ti L3 5, O K, Fe L3 5, Co L3 », and Ba M 4 edges and (b) a corresponding annular dark field (ADF) image
showing the evolution of the thin film structure. The beginning of the interface is defined at O (nm). (c) Calculated relative compositional
profiles for all elements in the system indicating the extensive, disparate character of the interface.

diamagnetic ions (Ba, Ti) for paramagnetic ions (Co, Fe) in
the spinel can reduce the magnetization and Néel temperature
and eventually lead to a paramagnetic room-temperature sys-
tem.

The transition between the two structures can be effectively
monitored by following the oxygen K edge, which is shown
alongside all major peaks in Figure 2(a). The O K fine struc-
ture in the substrate, which is shown in the lowest spectrum
and it is better monitored in Figure 3(b), contains four char-
acteristic peaks (a-d) reflecting the perovskite lattice !’-1°. In
detail, the first peak (a) is related to the hybridization of the ti-
tanium 3d orbitals and the oxygen 2p orbitals, the second peak
(b) is dominated by Ba-O interactions, whereas the third (c)
and fourth (d) peaks arise from scattering at the nearest oxygen
shell?’. On the other side of the interface, in the upper spec-
trum, the O energy-loss near edge fine structure (ELNES) for
CoFe,04 shows inverse spinel characteristics in accordance
with previous studies?'22, In particular, transitions to states
created by the hybridisation of oxygen 2p take place with three
types of 3d orbitals; the first peak (a) is attributed to a tetrahe-
drally co-ordinated iron (III) orbital, whereas the broad peak
(b) arises due to octahedrally co-ordinated orbitals for both
iron (IIT) and cobalt (II) ions.

The interface between the two structures extends over sev-
eral nanometers and the chemical transition, inferred from the
EEL spectra, is much wider than the dark interfacial contrast

visible in STEM images, and it is not confined to a mono-
layer as reported for the BaTiO3/Fe system recently 2. The O
K edge fine structure becomes broad at position 0 (reflecting
the begining of the interface), when a significant amount of
Fe is incorporated into the BaTiO3 unit cell. Multiple linear
least squares (MLLS) analysis of the interface O K edge with
spectra from the outer “bulk-like” BaTiO3 and CoFe;Q4 fine
structures suggests that the interface is not composed of the
two distinct structures but consists of a different phase (see
Figure S2). In order to obtain information about this interfa-
cial phase, quantification of the EEL spectra was performed.
The relative composition of the different elements was estab-
lished by carrying out quantitative analysis by integrating the
intensities of the ionization edges related to the partial ioniza-
tion cross-sections 2*. For example, for the Ba M edge and the
Ti L edge the ratio of the absolute numbers N of atoms per
unit area in the specimen can be expressed in the form:
Np. 1B ol

Nri I{ i O'Al,;[a '

6]

Values of the ionization cross-sections (o) of Ba M, Ti L,
Fe L, and Co L edges were calculated using (i) standard spec-
tra taken from bulk BaTiO3 and “’bulk-like” CoFe,0O4 taken
several nanometers away from interface and (ii) the calculated
O K edge cross-section using Hartree-Slater methods imple-
mented in DigitalMicrograph software (assumed to be a good
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approximation for K edges of light elements). These corrected
ionization cross-sections were used to quantify the amount of
each element and plot the calculated quantification profiles
versus depth, which are shown in Figure 2(c). The calcu-
lated cross-sections and the integration ranges are shown in
Table S1. The average error in the analysis is estimated to ~
10%, which includes contributions from the background sub-
traction, integration window widths, and cross-section calcu-
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Fig. 3 ELNES for the core loss edges of (a) Ti L35, (b) O K, (c) Fe
L3 and (d) Ba M5 4 and Co L3 5 showing the evolution of the
structure from BaTiO3 towards the interface at position O (nm), at
position 2 (nm), and within the fully inverse CoFe,O, spinel film.
For the positions of the distances along the interface, refer to the
HAADF image of Figure 2(b). The characteristic peak positions for
each ion are indicated for clarity.

At the interface (position 0 at Figure 2(c)) the relative ex-
tracted composition corresponds to a compound of stoichiom-
etry BayFesTisO;5. This compound can be reduced to the il-
menite structure assuming that Ba>* ions occupy a proportion
of the Fe sites, which should be of +2 valency to ensure charge

distance (nm)

100 150 200 250 300
fit of coefficients

Fig. 4 Multiple linear least squares (MLLS) fit of coefficients along
the spectrum image in Figure 2. The fit was computed using
standard spectra for the octahedrally Oy, coordinated Fe?t and the
tetrahedrally T, and octahedrally Oy, coordinated Fe>*. The maps
of each of the components indicate a high concentraction of the +2
oxidation state of Fe at the interface.

neutrality. Indeed, the shift of the Fe L3 edge at the inter-
face towards lower energy losses is already visible in the raw
spectra (Figure 2(a)). Ilmenite-derived materials have been
reported to show A-site-driven geometric ferroelectricity 2.
Two nanometers away from the interface, at position 2, the
quantitative analysis suggests a structure of BaTiCo,FesO1.
The spectra shown in Figure 3 suggest incorporation of Ba>"
ions on the Co sites and Ti** ions on the Fe sites. Both va-
lence states of iron are found. When Ti is incorporated into
the lattice, the Fe oxidation state is reduced. The O K edge
indicates a spinel-like character of the structure, with distinct
a and b peaks. It is noted that inspection of the Ti L3 edge
shows similar features across the interface, with no indication
of a possible reduction of the valence state of Ti from 4+ to
the magnetic 3+ state (although its determination from EELS
results is challenging depending on the relative proportion of
the two oxidation states).

To evaluate the predicted structures, Fe valence maps were
calculated using a multiple linear least squares algorithm in
DigitalMicrograph software. Standard spectra (shown in Fig.
S$3) were used for octahedrally coordinated Oy, Fe?>* 2% and for
tetrahedrally T, and octahedrally coordinated O, Fe3* 2?7, The
profiles of the fitted coefficients for each valence and coor-
dination state of Fe and the corresponding maps are shown
in Figure 4. The O;, Fe>* signal dominates the interface, it
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peaks at position 2 nm and then it linearly decreases further
away from the interface. CoFe,QO, standard spectra taken 17
nm from the interface show a diminishing amount of 2+ oxi-
dation state of Fe. The change of the coordination of the Fe
3+ oxidation state is related to the evolution towards the fully
spinel structure. The interface, position 0, is dominated by
Fe 2+ oxidation state and any spinel inversion measurement is
not possible. However, already from Figure 4, the ratio Fe3+
Fe3Jr at position 7(nm) is seen to be equal to 2:1, correspond-
ing to a fully inverse spinel structure. It is noted that the de-
gree of inversion of the spinel CoFe,0O4 has been related to the
magnetic moment previously both experimentally 2® and theo-
retically . All previous studies suggest that the total magnetic
moment decreases with decreasing inversion, inducing an ex-
change mechanism of Co ions on octahedral sites with tetrahe-
drally coordinated Fe ions. Therefore, the reduced magnetic
moment in such thin films (Figure S1) is attributed to the fact
that a significant part of the film right at the interface is not
fully inversed.

In an attempt to relate the chemical results to the structural
character of the CoFe,04/BaTiOj3 interface, a predicted model
structure of a perfect interface is super-imposed on a repre-
sentative HAADF STEM image, seen in Figure 5(a). For the
atomic layer stacking at the interface, a terminating layer of
TiO, was considered on the substrate and an Fe-O terminating
layer on the CoFe;O4 (001), which reflects the Fe-rich inter-
face, as deducted from the EELS results. This model is clearly
not plausible since the regular spinel structure is not in contact
with the substrate surface. Based on the chemical analysis,
for the intermediate layer (about 2 nm thick), we consider a
supercell along

1 -1
1 1

— O O

of the trigonal R3¢ ilmenite structure. This supercell config-
uration (a=0.89 nm) is chosen to match the growth lattice pa-
rameter of the perovskite (2a="0.8 nm) and spinel (a=0.838)
structures, as shown in Figure 5(c). The atomically predicted
image simulation fails to reproduce the experimental HAADF
image, since the materials are a poor match along the b axis
with the ilmenite’s primitive cell being 14 nm wide. The in-
terfacial atomic disorder seen in the experimental results is a
reflection of the b axis mismatch. In addition, chemical inter-
mixing further promotes the disorder. It is noted that such an
ilmenite structure is a confirmed multiferroic material® that
shows significant promise for strong coupling of the electric
and magnetic moments. In this case, however, the introduc-
tion of such an interfacial layer effectively inhibits the elas-
tic interaction of the separate magnetoelectric components and
thus reduces the magnetic moment of the spinel thin film, as
previously published .

(b) perfect interface
CFO/BTO

(C) ilmenite formation
at interface

(a) HAADF STEM experiment

k E
563 £34
2A°4° °<§

4

O £ ¢
pllled

Ll e
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Fig. 5 (a) HAADF STEM image of the interface between CoFe,Oy4
and BaTiO3 with a superposition of the simulated, perfect interface
positioned at the terminating BaTiOj3 layer. The atomic model and
HAADF image simulation of the perfect interface are shown in (b).
(c) shows the atomic model and corresponding image simulations of
the combined result, inclusive of the intermediate ilmenite supercell.

4 Conclusions

Our findings reveal for the first time on an atom-by-atom
scale the chemical complexity of the heteroepitaxy between
CoFe;04 and BaTiO3 along the (001) crystallographic direc-
tion. The inherent polarity of the substrate results in sur-
face strain at both sides of the interface. This strain propa-
gates for about 100 nm into the bulk substrate whereas at the
CoFe, 0y side it is accommodated by defects and dislocations.
The adopted, highly disordered interfacial structure is ~2 nm
thick and it is non-stoichiometric. In addition, the Fe is re-
duced to the 2+ oxidation state and the spinel full inverses only
after ~5 nm into the film. Quantitative analysis uncovered
an ilmenite-like structure as the immediate interfacial layer.
The results provide structural and chemical evidence of the
incompatibility of the ferroelectric BaTiO3 with the ferrimag-
netic CoFe;04. Ultimately, the failure to control the quality at
the interface impedes the elastic strain effects required for the
strong magnetoelectric coupling of the composite system. It
is noted that although the above results were acquired from a
thin film grown under specific conditions, it is expected that, at
some degree, the stoichiometry and intermixing of the two ox-
ides will prevail for highly energetic techniques such as pulsed
laser deposition.
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