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A heterostructure comprised of a 2.7 nm (7 unit cell) thick layer of the metallic ferromagnet
La,;3Ca;3sMnO; and two 50 nm thick layers of the high-temperature superconductor YBa,Cu;0,
epitaxially grown on (100) SrTiO; by pulsed-laser deposition was characterized by magnetization
measurements and spherical-aberration-corrected high-resolution transmission electron micro-
scopy (HRTEM). The saturation magnetization is about half of that in bulk La,;Ca;;MnOs;.
A massive reduction in the magnetization previously inferred from sputter-deposited
La,/;3Ca;sMnO;—YBa,Cu;0; heterostructures can be ruled out. HRTEM image analysis, combined
with image simulation and a focus series reconstruction, revealed atomically sharp epitaxial
structures with stacking sequences —(La,Ca)O—CuO,~ and -BaO-MnO- at the top and bottom

interface. © 2009 American Institute of Physics. [doi:10.1063/1.3274044]

Interfaces between ferromagnets and superconductors
are of topical interest because of unusual proximity effects
that may find device applications in superconducting
electronics.! Recent advances in the synthesis of epitaxial
transition metal oxide heterostructures offer intriguing per-
spectives for the practical realization of such interfaces. In
particular, high-quality heterostructures of the metallic ferro-
magnet La,;Ca;3MnO; (LCMO) and the high-temperature
superconductor YBa,Cu;0, (YBCO) have been investigated
with a variety of experimental methods.>”"* While interesting
macroscopic properties such as exchange bias® and giant
magnetoresistance9 were observed in some of these struc-
tures, the presence of microscopic proximity effects is still
under intense investigation.3 Some experiments have yielded
evidence of a strongly suppressed ferroma%netic magnetiza-
tion on the LCMO side of the interface,4’ ! whereas others
conclude that copper spins on the YBCO side of the interface
are polarized by exchange interactions across the interface,
partially compensating the ferromagnetic magnetization of
LCMO." Interplay between ferromagnetic and supercon-
ducting order parameters1 is unlikely to be responsible for
either of these effects, because the microscopic magnetic
properties are not affected by superconductivity.14 Rather,
charge transfer across the interface'"'® and an orbital
reconstruction'® have been invoked as explanations.

The atomic stacking sequence at the interface is an
important ingredient in microscopic models of these
proximity effects and other physical properties of oxide
heterostructures. Early scanning transmission electron
microscopy (STEM) experiments’ had revealed the
following two stacking sequences at the YBCO-LCMO
interface: YBCO-CuO,-Y-Cu0O,-BaO-MnO-LCMO
and YBCO-CuO,-BaO-CuO-(La,Ca)O-MnO-LCMO,
where CuO, and CuO denote layers with square-planar and
linear copper-oxide networks in YBCO, respectively. The
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former sequence with CuQO, bilayers at the interface was
found to be dominant.’ However, the point resolution of
these and other™® conventional high-resolution transmission
electron microscopy (HRTEM) and high-angle annular dark-
field (HAADF) STEM experiments was limited by lens ab-
errations. Spherical aberration (Cg)-corrected instruments
enable ultrahigh-resolution phase contrast (HRTEM) and
Z-contrast (HAADF-STEM) imaging of transition metal ox-
ide interfaces."” In particular, it was recently shown by
Cg-corrected STEM that mirror interfaces (A-B and B-A) in
an oxide multilayer (-A-B-A-B-) need not be identical.'® Us-
ing the Cg-correction technique, it is now straightforward to
obtain high-contrast HRTEM images of light elements (in-
cluding oxygen), such that accurate quantification is pos-
sible. HAADF-STEM offers weaker contrast especially in
situations in which light elements are surrounded by heavy
elements. We have therefore chosen the former method in
order to examine the YBCO-LCMO interface.

The divergent reports regarding the magnetic properties
of YBCO-LCMO heterostructures and the observation of
different atomic stacking variants at oxide interfaces imply
that magnetization measurements and HRTEM imaging have
to be carried out on identical heterostructure samples in order
to obtain quantitatively precise structure-property relation-
ships. This requirement has motivated the present study of a
single heterostructure comprised of a 7 unit cell (u.c.) thick
LCMO film sandwiched between two 50 nm thick YBCO
films (inset in Fig. 1). The heterostructure was designed to
ensure that top and bottom interfaces could be captured by a
single HRTEM image.

The YBCO-LCMO-YBCO trilayer was grown on the
(100) surface of SrTiO; by pulsed laser deposition (PLD) as
described previously.z’ 10 Figure 1 shows the results of mag-
netization measurements on this trilayer. In spite of an
LCMO thickness of only 7 u.c., the data reveal a Curie tem-
perature of 235 K, comparable to that of bulk
La,;;Ca; sMnO; [Fig. 1(a)]. The saturation magnetization
Mg=230 emu/cm?’ [Fig. 1(b)] is somewhat reduced with re-
spect to the bulk value of 400 emu/ cm’."” Possible origins
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FIG. 1. (Color online) (a) Field-cooled magnetization of the YBCO-
LCMO-YBCO trilayer sketched in the inset in a magnetic field B=10 Oe
applied parallel to the layers. (b) Hysteresis loop at T=100 K.

of this reduction include a compensating ferromagnetic mo-

ment of YBCO and canting of the interfacial Mn spins due to

superexchange across the interface,"! charge transfer across

the interface which pushes the interfacial LCMO layers
. . 12

closer to a charge-ordered antiferromagnetic state, ~ and en-

hanced fluctuations due to the reduced dimensionality.
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The transmission electron microscopy (TEM) experi-
ments were carried out using a 300 kV TEM (FEI Titan
80-300) with a field-emission gun and a Cg corrector for the
objective lens. HRTEM images were recorded with small
positive Cg (<1 um) and small higher-order aberration co-
efficients. Cg-corrected high-resolution images of the
YBCO-LCMO-YBCO trilayer clearly show columns of all
constituent atoms [Fig. 2(a)]. Combined with image simula-
tions of the individual YBCO and LCMO layers based on the
multislice method,'® the TEM specimen thickness was deter-
mined to be 9.0 nm. All atom columns can be unambigu-
ously identified [Fig. 2(b)] by overlapping the simulated im-
ages of the unit cells of YBCO and LCMO on the
experimental image [Fig. 2(a)]. Under our experimental con-
ditions, the Y columns appear dark, the La columns are mod-
erately bright, and the O columns are the brightest. The rela-
tive intensities and distances of all columns in the simulated
image are consistent with the experimental ones, except the
separation of O atoms around Y in a CuO,—Y —CuO, bilayer
unit which is smaller than observed. By an extensive set of
simulations we established that this discrepancy originates in
a failure of the simulation software to correctly account for
the electron scattering in the relatively wide channel between
Y atoms if the specimen thickness is relatively large.

In order to determine the atomic structures at the
YBCO-LCMO and LCMO-YBCO interfaces, profiles of the
image intensity across the interface were numerically aver-
aged over a rectangular area of length 6.0 nm along the in-
terface [marked by the framed box in Figs. 2(a)]. By analyz-
ing the intensity variations across the interface [Fig. 2(c)]
and comparing them with those obtained from bulk areas
away from the interfaces, it is clearly seen that two different
interface configurations are present, which are highlighted by
red fonts in Figs. 2(c). The atomic stacking sequences at the
top and bottom interfaces are YBCO-BaO-CuO,-
(La,Ca)O-MnO-LCMO and LCMO-(La,Ca)O-MnO-
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FIG. 2. (Color) (a) Cg-corrected cross-sectional HRTEM image of the central area of the YBCO-LCMO-YBCO trilayer, comprising the entire 7 u.c. thick
LCMO layer and both interfaces. (b) Model of the atomic positions in the trilayer. Two clippings of the simulated images of bulk YBCO and LCMO based
on the atomic model are superimposed on the experimental image (labeled by dotted lines at the top left corner and center left), which clearly show the
respective atom column under the experimental conditions. (c) Line profiles of the image intensity [from A to B and from C to D in panel (a)] averaged over
a rectangular area of length 6.0 nm. The interfacial planes are highlighted by red fonts in panel (a) and by black lines in panel (b).
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FIG. 3. (Color) (a) Amplitude and (b) phase of the reconstructed EPW of the
YBCO-LCMO-YBCO trilayer. The YBCO unit cell is displayed as an inset
in panels (a) and (b). The insets in panel (b) also show the results of the
simulation for the upper and lower interface configurations shown on the
right hand side, for a specimen thickness of 8.6 nm. White lines indicate the
corresponding planes in panels (a) and (b).

BaO-CuO-BaO-Cu0O,-Y-CuO,-YBCO, respectively. A
corresponding atomic model is shown in Fig. 2(b), where the
individual atom columns are readily identified. It is further
confirmed that the thickness of the LCMO layer is 7 u.c., i.e.,
about 2.7 nm. Other possible stacking sequences are incon-
sistent with the experimental intensity pattern.

To consolidate the observation based on a single
Cg-corrected HRTEM image, a focus series of 15 images
was recorded for exit-plane wave (EPW) reconstruction
(Truelmage Focal-Series Reconstruction Package by FEI
Co.). The reconstructed amplitude and phase images of the
EPW are shown in Fig. 3. Although the contrast in the re-
constructed images is not as quite sharp as in the single-shot
Cg-corrected HRTEM image (probably due to slight thick-
ness variations and amorphization of the YBCO structure
induced by electron beam damage), two distinct interfaces
can be indentified. In the reconstructed phase image strong
dark dots in the YBCO layer denote CuO, columns, and Y
atom columns appear as weaker dark dots. In the recon-
structed amplitude image both columns appear as bright dots.
The CuO atom contrast, however, is relatively low. (La,Ca)O
atom columns in LCMO are small bright dots (hard to dis-
cern on the left side of the LCMO layer due to the small
thickness variation), and O atom columns are weaker bright
big dots in both reconstructed phase and amplitude images.
Two simulated phase images using the interface atomic mod-
els on the right side are inserted, which agree with the recon-
structed phase image (except for differences in the
Cu0,-Y-CuO, unit already noted above). The interface
atomic model deduced from reconstructed images yields the
same configuration as Fig. 2(a).

In summary, the interfaces in our YBCO-LCMO-YBCO
trilayer are epitaxial, atomically smooth, and uniform across
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the entire specimen segment captured by our TEM experi-
ments. The atomic stacking sequence at the interface of the
LCMO layer grown on YBCO is different from that of the
YBCO layer grown on LCMO, as previously reported for
other oxide heterostructures.'® Surprisingly, both sequences
are different from the most common configuration previously
identified in YBCO-LCMO superlattices.5 This may imply
that the interfacial stacking depends sensitively on the
growth conditions. We note, however, that the atomic con-
figurations we have identified on the YBCO side of the in-
terfaces have recently also been observed b‘y scanning tun-
neling microscopy on a free YBCO surface. K

The observed propensity to form different stacking se-
quences at interfaces calls for systematic experiments on the
physical properties and atomic structure of identical YBCO—
LCMO heterostructures. We have laid the foundation for
such a study by determining the magnetic properties of a
PLD-grown heterostructure with atomically sharp interfaces.
We found that the saturation magnetization is within a factor
of two of that in bulk LCMO, and an order of magnitude
larger than that of YBCO-LCMO heterostructures with com-
parable LCMO thicknesses grown by sputter deposition.4’11
This large discrepancy seems unlikely to originate in differ-
ences in interfacial stacking patterns alone. Future experi-
ments should therefore address possible extrinsic origins of
the strongly reduced magnetization in the latter structures, as
well as the chemical composition of heterostructures grown
by different methods.
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