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Abstract

The structure of interfaces in superconducting/ferromagnetic YBa,Cu;O;_,/Lag¢;Cag33MnO; superlattices has been
analyzed by scanning transmission electron microscopy and high spatial resolution electron energy loss spectroscopy.
Individual layers are flat over long lateral distances. The interfaces are coherent, free of defects, exhibiting no
roughness, and are located at the BaO plane of the superconductor. Concerning chemical disorder, EELS measure-
ments show the absence of measurable chemical interdiffusion within experimental error bars.
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Ferromagnetic/superconducting (F/S) superlattices
have attracted a lot of attention due to the possibility
they offer of studying the interplay of superconductivity
and magnetism [1-4]. Most of this work has been per-
formed in metallic superlattices, however, in the last
years much attention has been payed to oxide based F/S
superlattices, combining a high critical temperature su-
perconductor and a colossal magnetoresistant (CMR)
oxide [5-7]. The different interaction phenomena that
may occur, like proximity effects, coupling phenomena,
charge transfer etc., will be directly influenced by the
structure and specially by the physical and/or chemical
disorder of the interfaces that separate them. Actually,
CMR materials are charge transfer type oxides with
carriers showing significant O 2p character [§], like the
holes responsible for superconductivity in most high 7
superconducting compounds, and a variety of new
phenomena could arise. Therefore, a direct structural
characterization at the atomic scale of these interfaces is
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badly needed. In this work an atomically resolved
structural and chemical characterization of interfaces
in YB3.2CU307,x/LaQ>67C30_33MHO3 (YBCO/LCMO) su-
perlattices by means of Z contrast imaging in a scanning
transmission electron microscope is presented, together
with a chemical characterization at the atomic scale
carried out by high spatial resolution electron energy
loss spectroscopy.

High quality YBCO/LCMO superlattices have been
grown by high oxygen pressure sputtering (3.6 mbar) at
900 °C on SrTiO; substrates, beginning the deposition
sequence with the LCMO layer [9]. This is a highly
compatible system with a very low mismatch strain be-
tween YBCO and LCMO (80 = darLcMo — (lYBC()/aLCMO =
0.5%, &, = aLcmo — bysco/aLcmo < 1%). Samples are mag-
netic and superconducting, with critical temperature and/
or Curie temperature depending on the relative layer
thicknesses [7]. X-ray diffraction spectra show well de-
fined superlattice peaks denoting good sample quality
[7]. Electron microscopy observations have been carried
out in a VG HB501UX scanning transmission electron
microscope (STEM), operated at 100 kV, and equipped
with a field emission gun, a Nion aberration corrector
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Fig. 1. (a) Low magnification Z contrast image of a [YBCO;/LCMO;;s] superlattice. (b) High resolution image of the YBCO/LCMO
interface in a [YBCOg/LCMOs] sample. A YBCO unit cell has been marked with a white rectangle.

and a parallel electron energy loss spectrometer. This
microscope can achieve a beam size and therefore a
spatial resolution of 1.3 A. Specimens for electron mi-
croscopy were prepared in cross section geometry by
mechanical grinding, dimpling and finally ion milling
with 4 kV Ar ions at an incidence angle of 7°. Final
cleaning was done at low voltage of 2 kV.

Fig. 1(a) shows a low magnification image of a typ-
ical [YBCOs; . /LCMO;s ] superlattice, acquired with
a high angle annular dark field detector (HAADF). The
sample appears clean and free of defects, showing flat
layers that are continuous over long lateral distances.
Fig. 1(b) shows a high resolution image of the interface
between YBCO and LCMO in a [YBCOg ,./LCMO;5 ]
superlattice. A YBCO unit cell has been marked for
clarity. The interface is sharp and coherent, and shows a
very good crystallinity. No dislocations or defects are
observed. For this imaging technique, well known as Z-
contrast, the intensity is roughly proportional to Z2,
giving direct compositional contrast [10]. The heavier
the ion is, the brighter it appears on the image. In the
YBCO structure the CuO chain plane is the lightest in
the unit cell, and is further away the BaO plane than the
CuO; layer. It therefore appears significantly darker in
the image, while BaO planes show up with the brightest
contrast. The CuQO, planes can be observed sandwiched
between them, together with the intermediate Y plane.

According to the interface structure observed in the
images, a structural model of the interface can be sug-
gested. As previously stated, the superlattice deposition
sequence began by growing a LCMO layer on the
SrTiO; substrate. This layer has been observed to show
two different termination atomic planes, La,/;;Ca,/;;-O
or Mn-O. Depending on which one occurs, two different
interface structures can develop. Fig. 2 shows a typical
example of an interface in with the terminating plane of
LCMO is a La,;;3Ca;/3—O plane. The interface can be
accurately located through intensity traces as shown in
Fig. 2(b). In this case the first atomic plane of the YBCO

unit cell nucleating on top of the LCMO is constituted
by the basal CuO chains plane, easily identifiable on the
image due to its dark contrast. The structural model
describing this configuration is shown on Fig. 2(c).
However, the most common structure that was found by
far was a MnO terminating plane, as shown in Fig. 3. In
this case, the basal CuO chain plane is missing in the
interface plane, and the YBCO growth begins with the
BaO plane, as suggested in the adjacent structural
model. Similar behaviour has already been reported for
the deposition of Re-123 oxides on perovskites such as
SrTiO5 [11,12], where depending on the termination
plane of the substrate, different stacking sequences
would be observed in the first atomic layers. It is worth
noting that the absence of CuO chains at the interface
plane could have a serious impact on the supercon-
ducting properties of ultrathin YBCO layers sandwiched
between LCMO layers.

Even though the interfaces have a very good crys-
tallinity and roughness and/or steps are missing, there is
another type of structural disorder that could deeply
influence the properties of YBCO/LCMO heterostruc-
tures: chemical disorder or interdiffusion. Interface al-
loying could easily explain the presence of magnetic
dead layers in the interface region [13,14] or the depres-
sion of superconductivity reported in ultrathin YBCO
layers between LCMO spacers [7]. Magnetic impurities
within the superconductor could cause pair breaking
and lower the superconducting 7, value. A high spatial
resolution compositional analysis can be achieved by
measuring the changes in the intensity of EELS signal
corresponding to the different chemical elements of in-
terest across the interface. In this case, the changes in the
La Mys edge at 842 eV, Ba M5 line at 781 eV and Mn
L,; edge at 644 eV were monitored by placing the
electron beam at the interface and scanning across it. A
summary of these data as a function of the distance to
the interface is shown in Fig. 4(a). The intensities of the
edges can be integrated and normalized to give a quan-
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Fig. 2. (a) High resolution image of a LCMO/YBCO interface when the LCMO layer iterminates in a LaCa—O plane. A CuO chains
plane is observed in the interface, that can be located through intensity traces as shown in (b). The adjacent picture (c) sketches a

possible structural model of this interface.

Fig. 3. (a) High resolution image of a LCMO/YBCO interface when the LCMO layer is terminated in a Mn—O plane. The interface has
been marked with a dotted line for clarity. In this case the first atomic plane found in the YBCO layer is a BaO plane, as shown in the

adjacent model (c).

titative measurement of elemental concentration. The
concentration of Mn, La and Ba as a function of the
distance to the interface is depicted in Fig. 4(b). Solid
squares represent the Ba concentration, open circles
correspond to the La, and solid circles represent the Mn
signal. A sharp jump at the interface is observed, and
even though the jump is not atomically sharp, the delay
observed could probably be due to surface amorphous

layers produced by the ion milling. From the observa-
tion of Fig. 4 it can be concluded that there is no major
chemical intermixing of Ba ions into the LCMO layer,
nor of Mn and/or La ions within the YBCO.

In conclusion, we have studied the structure of the
interfaces in YBCO/LCMO superlattices. Interfaces are
sharp and show good crystallinity. No defects or dislo-
cations are observed. We did not find traces of chemical
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Fig. 4. (a) EEL spectra across the interface showing how the La My s edge (840 eV), Ba My (781 eV) and Mn L,; (642 V) change
across the interface. The spectra were acquired by successive jumps of 2 A. (b) Integrated intensity, after normalization for La (open

circles), Ba (solid squares) and Mn (solid circles) as a function of the distance to the interface.

disorder (interdiffusion) and/or alloying within experi-
mental sensitivity. Within the two possible interface
structures observed depending of the atomic termination
of the LCMO layer, in most cases the interface is missing
CuO chains in the YBCO layer. This feature should have
a direct influence on the electronic properties, and
should be taken into account when trying to explain the
physical properties of ultrathin superconducting layers
grown in such heterostructures.
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