
Abstract Complex oxides exhibit the most disparate

behaviors, from ferroelectricity to high Tc supercon-

ductivity, colossal magnetoresistance to insulating

properties. For these reasons, oxide thin films are of

interest for electronics and the emerging field of spin-

tronics. But epitaxial complex oxide ultrathin films and

heterostructures can be significantly affected or even

dominated by the presence of interfaces and may ex-

hibit intriguing new physical properties quite different

from the bulk. A study of the relations between

structure and chemistry at the atomic scale is needed to

understand the macroscopic properties of such ‘‘inter-

face-controlled’’ materials. For this purpose, the com-

bination of aberration-corrected Z-contrast scanning

transmission electron microscopy (STEM) and elec-

tron energy-loss spectroscopy (EELS) represents a

very powerful tool. The availability of sub-Ångström

probes allows a level of unprecedented detail when

analyzing not only the interface structure with sensi-

tivity to single atoms, but also the interface chemistry.

In this work state of the art STEM-EELS will be ap-

plied to the study of different oxide interfaces in het-

erostructures with titanates, manganites and cuprates

based on the perovskite structure.

Introduction

The physical properties of superlattices and hetero-

structures ultimately rely on the structure and chem-

istry of their interfaces, especially when the constituent

layers are barely a few unit cells thick. In this case, the

macroscopic properties usually differ strongly from the

bulk, and in order to understand them a comprehen-

sive structural and chemical analysis is needed. The

success of aberration correction in electron microscopy

has made sub-Ångström resolution [1] readily avail-

able with sensitivity to single atoms [2, 3], allowing us

to take the analysis of structural, chemical and elec-

tronic properties of interfaces to the next level. This is

particularly useful when analyzing oxide heterostruc-

tures. High-quality perovskite complex oxide thin films

and superlattices are relatively easy to grow [4–7], as

different perovskites are chemically compatible with

each other and the lattice mismatch can be chosen to

be small enough to promote good epitaxy. Also, they

present many different kinds of physical behaviors

ranging from high Tc superconductivity in cuprates to

colossal magnetoresistance (CMR) in ferromagnetic

manganese oxides. Therefore, superlattices based on

these materials allow us to study the interaction be-

tween different, sometimes competing phenomena, as

in ferromagnetic/superconducting superlattices where

a high Tc superconductor is grown on top of a man-

ganite with CMR properties. These kinds of hetero-

structures are interesting both from the fundamental

and applied points of view, as it has recently been

shown that they exhibit giant magnetoresistance [7].

Now more than ever, improving our understanding of

such interactions relies on a careful atomic scale

interface characterization. In this work we will address
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the characterization of the structure and the chemistry

of manganite based interfaces at the atomic level,

including SrTiO3/La0.67Ca0.3MnO3 (STO/LCMO) and

YBa2Cu3O7–x/La0.67Ca0.3MnO3 (YBCO/LCMO).

Methodical background and experimental setup

Scanning transmission electron microscopy (STEM)

observations were carried out in a VG Microscopes

HB603U operated at 300 kV and a VG Microscopes

HB501UX operated at 100 kV, both equipped with

Nion aberration correctors. The VG603 was not

equipped with an EEL spectrometer at the time of this

experiment, but the VG501 has a Gatan Enfina EELS.

This microscope routinely achieves a spatial resolution

of 0.11 nm and an energy resolution of about 0.35 eV

[8]. Unless specified otherwise, all the data and images

in this work were acquired in the VG501. The intro-

duction of aberration correction allows both the imag-

ing and spectroscopic identification of single atoms in

bulk materials [2, 3, 8]. Also, it has enabled us to probe

the structure, chemistry and electronic properties of

solids with atomic resolution. For example, STEM-

EELS is a powerful technique to study charge ordering

phenomena in complex oxides. Figure 1a shows a

Z-contrast image of a Bi0.37Ca0.63MnO3 manganite

along the cubic (1 0 0) zone axis. This material shows

charge ordering (CO) at room temperature [9]. Because

of strong intra-atomic Hund’s rule interaction, the spins

of the 3d electrons in the Mn atoms are aligned parallel

to each other, forming the so called high-spin state, with

three electrons in the t2g orbitals and one extra electron

in one of the eg orbitals in Mn+3 atoms. CO in mixed

valence manganites has been commonly interpreted as a

spatial ordering of the eg electrons, in other words an

ordering in the Mn+3/Mn+4 sublattices. EELS can suc-

cessfully probe the 3d-band occupation in transition

metal oxides, as the L edge of 3d metals is quite sensitive

to the oxidation state. The ratio between the intensities

of the L3 and the L2 lines, the L23 ratio, has been widely

used to measure the Mn oxidation state in a series of

compounds [10–12]. Figure 1b shows the L23 ratio

measured when placing the electron beam on top of a

Mn column and scanning it along the pseudocubic

[1 0 0] direction while acquiring EEL spectra. The L23

ratio is observed to oscillate between the values of 2.1

(Mn+4) and 2.7 (Mn+3) with a periodicity of about

1.4 nm. This evidences the presence of stripes in the

sample, which consist of an ordering of the occupation

of the Mn 3d bands [13].

Interface analysis with atomic resolution

Figure 2 shows a high-resolution image of a LCMO/

STO interface. The image demonstrates a high-quality

Fig. 1 Charge ordering in Mn oxides. (a) Z-contrast image of a
Bi0.37Ca0.63MnO3 manganite along the cubic (1 0 0) zone axis.
(b) L23 ratio along an atomic row perpendicular to the direction
(Data taken from ref. 8) marked with a white arrow in (a). The
L23 ratio oscillates between the values corresponding to Mn+3

and Mn+4, marked with horizontal dotted lines

Fig. 2 Z-contrast image obtained in the VG501 of a La0.67Ca

0.33MnO3/SrTiO3 interface along the cubic (1 0 0) zone axis. The
interface atomic plane stacking sequence identified in the sketch
is La/CaO (black) -MnO2 (light grey)—La/CaO- TiO2 (dark
grey)—SrO (white)-TiO2–SrO...

4390 J Mater Sci (2006) 41:4389–4393

123



interface which is found to be coherent and free of

defects. Figure 3a shows the intensity profile of the

high-angle annular dark-field (HAADF) image across

the interface. From these images, the interface does

not look atomically sharp, as the background shows a

very broad decay, about 1.5 nm wide (around 4

perovskite unit cells). This is more likely due to beam

broadening through the specimen thickness due to

dechanneling than to poor structural quality. But it is a

major problem when it comes to trying to quantify the

interface plane from the ADF images, as the tails of

the probe make it difficult to identify which is the ac-

tual atomic plane stacking sequence at the interface.

The intensity of a Z-contrast image is roughly pro-

portional to Z2, which should be enough to reveal the

stacking, but the smearing of the image intensity across

the interface together with the fact that the elements in

discussion are very close in the periodic table make the

identification problematic. Moreover, in a sample like

this one, two different interface terminations are pos-

sible: ...La/CaO–MnO2–SrO–TiO2... versus ...MnO2–

La/CaO–TiO2–SrO..., which may lead to very different

physical properties in the sample [14, 15].

This question can be readily addressed by atomic

resolution EELS. A high spatial resolution composi-

tional analysis can be achieved by measuring the

changes in the intensity of EELS signals corresponding

to the different chemical elements of interest. The

changes in the Ti L2,3 edge at 456 eV, the La M4,5 edge

at 842 eV and the Mn L2,3 edge at 644 eV (all of these

edges energies are nominal values) can be monitored

by placing the 0.11 nm electron beam at the interface

and scanning across it. The intensities of the edges can

be integrated and normalized to give a quantitative

measurement of elemental concentration (the speci-

mens used were thin, so the data have not been cor-

rected for multiple scattering effects). For the LCMO/

STO interface of Fig. 2, the chemical profiles of La

(black squares), Mn (open circles) and Ti (open

squares) are shown in Fig. 3b. When approaching the

interface (marked with a vertical dotted line) from

the LCMO side the Mn signal starts to decrease before

the La does, resulting in the La concentration profile

being offset by about 0.2 nm (roughly the width of one

atomic plane). Within the STO, both signals go down

to zero values. Meanwhile, the Ti concentration in-

creases gradually. The observed delay of the La signal

with respect to the Mn signal shows unambiguously

that the interface stacking sequence is ...MnO2–La/

CaO–TiO2–SrO...

Also, all of the chemical signals in Fig. 3b show a

well defined oscillation with a period equal to one

lattice constant (roughly 0.38 nm). Each elemental

concentration peaks on the atomic plane where that

particular chemical species is located. For example, on

the LCMO side of the interface, the concentrations of

La and Mn oscillate out of phase. Therefore, this

behavior is not an artifact resulting from the oscillation

of the probe intensity when being respectively on and

off column. The EELS intensity is proportional not

only to the elemental concentration but also to the

incoming beam intensity, which changes periodically

(with an inverse dependence) with the HAADF signal.

The observed modulation is a result of the spatial

localization of the scattering processes for these high

energy losses [16].

Ferromagnetic/superconducting oxide interfaces

In oxide heterostructures, the interface structure can

ultimately determine the physical properties of ultra-

thin oxide layers. This is especially true for interfaces

based on high Tc superconductors. These materials

have very complex unit cells and even the smallest

structural modifications (such as those induced by epi-

taxial strain) may have an effect on the doping and

therefore on the superconducting properties [17–20].

This is particularly relevant when studying the proper-

ties of superconducting/ferromagnetic [YBa2Cu3O7–x/

La0.67Ca0.33MnO3] (YBCO/LCMO) superlattices. In

these samples, the interplay of superconductivity and

Fig. 3 (a) Linetrace showing the intensity of the HAADF image
along a line parallel to the direction marked with a white arrow
in Fig. 2. (b) Integrated, normalized EELS intensity when
scanning the electron beam across the interface again along a
line parallel to the direction marked with a white arrow in Fig. 2
for the Ti L edge (open squares), Mn L edge (open circles), and
the La M edge (solid squares). The interface position has been
marked with a vertical, dotted line
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magnetism is going to be deeply affected by the inter-

face properties.

Figure 4 shows a high-magnification HAADF image

of a YBCO/LCMO interface. The structural quality is

very high, the interface being coherent and free of

defects. In the YBCO structure the CuO chain plane is

the lightest in the unit cell, and is further away from

the BaO plane than the CuO2 layer. It therefore ap-

pears significantly darker in the image, while BaO

planes show up with the brightest contrast. The CuO2

planes can be observed sandwiched between them,

together with the intermediate Y plane. All these

atomic planes have been identified in Fig. 4. A close

inspection of the interface structure suggests that the

CuO chains are absent at the interface. EELS line

scans confirm that this is the case indeed. Figure 5a

shows the normalized integrated intensity under the

Ba M edge at 781 eV (black circles), the Cu L edge at

931 eV (open triangles) and the Mn L edge (white

squares) across the YBCO/LCMO interface. Again,

the oscillation allows the location of the BaO, the

CuO, and the MnO2 atomic planes to be observed.

Figure 5b shows the intensity of the HAADF image on

the background (to scale).The background image is the

same that the one shown in Figure 4 (from the VG603

microscope), and it was not acquired simultaneously

with the EELS data (from the VG501). Therefore, the

comparison with the HAADF image and intensity

trace is included only for illustrative purposes. A

straightforward cross check shows that the Ba signal as

extracted from the EEL spectra peaks on the BaO

planes in the image. Reciprocally, the Mn signal peaks

on the MnO2 planes. The Cu signal is a bit more noisy,

due to the higher energy loss and poor signal-to-noise

ratio of the measurements. However, it also seems to

be modulated according to the atomic plane stacking.

Furthermore, it clearly decays before the Ba signal

does when approaching the interface (the offset is

about 0.2 nm). Therefore, it is straightforward to

unambiguously identify the interface stacking revealed

by the Z-contrast images as ...CuO–BaO–Y–BaO–

MnO2–La/CaO–MnO2.... This is a very relevant detail

when it comes to understanding the physical properties

of ultrathin YBCO layers in YBCO/LCMO superlat-

tices. The CuO chains are essential to superconduc-

tivity as it is commonly believed that the holes

responsible for superconductivity originate from the

transfer of electrons from the CuO2 planes into the

CuO chains. Therefore, modifications in these chains

(such as deoxygenation) have a deep impact on the

properties. Heterostructures where very thin YBCO

layers (1 or 2 unit cells thick) are sandwiched between

LCMO layers are non superconducting [21], and this is

because the CuO chains are missing. For YBCO/

LCMO superlattices with YBCO layers nominally two

unit cells thick there would be a complete, single layer

of CuO chains shared between the two YBCO unit

cells. However, it is unclear whether this isolated plane

of CuO chains would be able to provide enough

doping in the CuO2 planes for superconductivity to

happen.

Fig. 4 Z-contrast image obtained in the VG603 of a YBCO/
LCMO interface. The interface atomic plane stacking sequence
is ...CuO–BaO–CuO2–Y–CuO2–BaO–La/CaO–MnO2...

Fig. 5 Ba, Cu and Mn elemental profiles extracted from
integrating the EELS intensity under the Ba M edge (solid
circles), the Cu L edge (open triangles) and the Mn L edge (open
squares) in a linescan across the YBCO/LCMO interface shown
in Fig. 4. The image in the background is just intended to be a
guide to the eye and it is to scale. EELS confirms the interface
position, which has been marked with a vertical dotted line and it
is clearly seen to be MnO2
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Conclusion

In summary, the combination of Z-contrast STEM and

atomic-resolution EELS has shown to be a powerful

tool for characterization of complex oxide interfaces.

The chemical information provided by the EELS

linescans has been observed to be modulated according

to the chemical composition at the atomic scale, pro-

viding us with a unique tool to study complex oxide

interfaces. In the LCMO/STO system the STO sub-

strate has been shown to be TiO2 terminated, and the

manganite starts growing with a La/CaO plane.

Meanwhile, the YBCO/LCMO interfaces do not have

CuO interface chains, which will affect the supercon-

ducting properties of YBCO/LCMO superlattices

when the YBCO thickness is 1 or 2 unit cells. We en-

vise that this will most likely be the case when growing

YBCO on other perovskite buffers.
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