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Abstract
Heterostructure with a symmetry-mismatched interface provides a promising playground for the
exploration of emergent phenomena. Herein, we report a systematic investigation on
La2/3Sr1/3MnO3/YBaCo2O5+δ (LSMO/YBCO) grown on SrTiO3, a heterostructure formed by
perovskite oxides of different symmetry. A high-resolution lattice image shows the formation of
high-quality perovskite LSMO and A-site cation-ordered oxygen-deficient double perovskite
YBCO, without any signatures of atomic reconfiguration at the interface. Surprisingly, the
YBCO-buffered LSMO exhibits perpendicular magnetic anisotropy (PMA), though bare LSMO
film is in-plane anisotropic. The PMA is robust, appearing even when the thickness of YBCO is
only one unit cell. The typical anisotropy constant is ∼4 × 106 erg cm−3. X-ray absorption
spectroscopy analysis reveals a preferential occupation of the d3z2−r2 orbital compared with
dx2−y2 , which is confirmed by density functional theory calculations. This orbital reconstruction
accounts for the PMA. The formation of a covalent bond between Mn and Co caged by different
oxygen polyhedrons, an octahedron and a square pyramid, respectively, stabilizes the orbital
reconstruction, resulting in anomalous spin orientation.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Grouping different perovskite oxides into heterostruc-
ture opens new avenues for the exploration of emergent

phenomena. Due to the interface reconstruction character-
ized by charge transfer, orbital repopulation and the appear-
ance of chemical bonding across the interface, novel effects
are observed, such as the establishment of 2D electron gases
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[1–3] and 2D ferromagnetism at the oxide interfaces [4–7],
and the alternation of preferred magnetic direction [8–11].
We list just a few examples below. As demonstrated by Liao
et al, the octahedron rotation transmitted from NdGaO3 to
La2/3Sr1/3MnO3 (LSMO) caused anisotropic Mn–O–Mn bond
angles along the a- and b-axes. This in turn results in a switch-
ing of the easy magnetic axis of LSMO by an angle of 90◦

in film plane [9]. As reported by Gibert et al, the Mn to Ni
charge transfer for LaMnO3/LaNiO3 heterostructure drives the
originally paramagnetic interfacial layer of LaNiO3 into the
ferromagnetic state [4]. These are typical effects of the system
of perovskite–perovskite combination. Heterostructures with
dissimilarly structured oxides also show interesting effects.
As reported by Zhang et al, perpendicular magnetic aniso-
tropy (PMA) can be achieved by sandwiching the LSMO
layer between two brownmillerite LaCoO2.5+δ layers even
when the LSMO layer is in a tensile state that favors in-plane
magnetic anisotropy [10]. Further analysis shows that, due to
symmetry mismatch, interfacial reconstructions appear, which
results in an enhanced elongation of the MnO6 octahedron,
thus, interface orbital reconstruction [12, 13].

Obviously, the heterostructure formed by differently struc-
tured oxide provides a promising platform for the exploration
of novel effects. Due to the difficulty to get a suitable com-
bination, however, research in this regard is still limited. In
this work, we obtained a heterostructure formed by perovskite
LSMO and A-site-ordered oxygen-deficient double perovskite
YBaCo2O5+δ (YBCO) and performed a systematic investiga-
tion on the effect of symmetrymismatch. Themost remarkable
observation is the occurrence of PMA in the YBCO-buffered
LSMO, though the bare LSMO film is in-plane anisotropic.
The PMA is robust, appearing even when the thickness of
YBCO is only one unit cell. X-ray absorption spectroscopy
(XAS) analysis and density functional theory (DFT) calcula-
tion indicate the occurrence of sizable orbital reconstructions
at the interfaces, resulting in anomalous spin orientation.

2. Experimental details

LSMO/YBCO heterostructures were grown on (001)-SrTiO3

(STO) single-crystal substrates (5 × 3 × 0.5 mm3) using
the technique of pulsed laser deposition (KrF Excimer laser
with a wavelength of 248 nm). The deposition sequence is
first YBCO, then LSMO layer. During deposition, the oxygen
pressure was set to 30 Pa and the substrate temperature was
maintained at 800 ◦C. Here, a slightly high growth temper-
ature was adopted to obtain A-site-ordered double perovskite
YBCO. The repetition rate of the laser pulse was 2 Hz and
the fluence was 2 J cm−2. After deposition, the samples were
cooled to room temperature at a rate of 10 ◦C min−1 in oxy-
gen atmosphere of 100 Pa. The layer thickness was set to 8 uc
for YBCO and 9, 18, 31 and 44 uc for LSMO (uc = unit
cell). For LSMO = 18 uc, one more sample with only 1 uc
thick YBCO was fabricated to explore the ultimate effect of
YBCO. The film thickness has been determined by the number
of laser pulses, after careful calibration by small-angle x-ray
reflectivity technique.

The crystal structure and strain state of the films were
determined by a Bruker x-ray diffractometer equipped
with thin-film accessories (D8 Discover, Cu Kα radiation).
Lattice images were recorded by a high-resolution scan-
ning transmission electron microscope (STEM) with double
CS correctors (JEOL-ARM200F). Magnetic measurements
were conducted by a quantum-design vibrating sample
magnetometer (VSM-SQUID) in the temperature interval
from 5–300 K and the magnetic field range up to 7 T. In the
VSM-SQUID, the magnetic field is vertically directed. The
sample is mounted on a sample holder so that its surface is
parallel or perpendicular to the magnetic field. In this way,
the in-plane and out-of-plane magnetic signals were collected.
For M–T curve, the diamagnetic signal of STO is subtracted
as a constant that we get well above the Curie temperature.
For M–H curve, the diamagnetic signal gives a linear M–H
curve in the field range well above the saturation field of the
sample. We obtained theM–H curve of the sample by directly
subtracting this linear curve. XAS spectra were collected at
the Beamline BL08U1A in the Shanghai Synchrotron Radi-
ation Facility, in total electron yield mode. The XAS spec-
tra were measured around the Mn L-edge using two polarized
x-ray beams, which form 90◦ and 30◦ with the sample plane,
respectively, to collect in-plane (E//a, I[001]) and out-of-plane
(E//c, I[100]) signals. The spectra normalization was made by
dividing the spectra by a factor so that the L3 pre-edge and L2
post-edge have identical intensities for the two polarizations.
After that, the pre-edge spectral region was set to zero and the
peak at the L3 edge was normalized to that of the other polar-
izations. The x-ray linear dichroism (XLD) is calculated as
the intensity difference (I[001]−I[100]) to elucidate Mn 3d orbit
occupancy.

The DFT calculations were based on the pseudopoten-
tial plane-wave method with the projected augmented wave
method [14] as implemented in the Vienna ab initio simula-
tion package [15, 16]. The generalized gradient approximation
of Perdew–Burke–Ernzernhof modified for solids was adopted
for exchange-correlation energy [17, 18]. Plane-wave cutoff
energy of 600 eV was used. We adopted a k-point set gener-
ated by the 9 × 9 × 3 Γ-centered mesh for integration over
the Brillouin zone [19]. To study the effect of electron correl-
ation, the DFT + U approach within the rotationally invariant
formalism and the double-counting formula was performed
with Ueff = 6.0 eV for both Mn and Co 3d orbitals. The in-
plane lattice constant of the YBCO/LSMO superlattices was
fixed at 7.81 Å, which corresponds to the equilibrium lattice
constant of STO (2aSTO). All internal atomic positions were
allowed to fully relax. Atomic positions were optimized until
the Hellman–Feynman force on each atom was smaller than
0.01 eV Å−1 and the electronic iteration was performed until
the total energy change was smaller than 10−5 eV.

3. Structure features

LSMO/YBCO heterostructures are coherently grown on sub-
strate, forming high-quality films. Figure 1(a) presents the
typical high-angle annular dark-field (HAADF) image of the
cross-section of LSMO (18 uc)/YBCO (8 uc), recorded by
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Figure 1. (a) Typical HAADF image of the cross-section of the LSMO (18 uc)/YBCO (8 uc) heterostructure, recorded along the [010] zone
axis. Yellow lines mark the LSMO/YBCO and LSMO/STO interfaces. Yellow and red arrow mark the (YOδ) layer and (BaO) layer,
respectively. (b) Corresponding EELS spectrum images of the La-M4,5, Ba-M4,5 and Ti-L2,3 edges, recorded along the vertical red rectangle
in (a). Co-L2,3 edges are very close to those of Ba-M4,5 and are thus not shown. (c) ABF image. Dark dots of the oxygen ion between two
horizontally aligned Y ions are much fainter than that between Ba ions. Obviously, this lattice site, which is also the apical oxygen site of
the CoO6 octahedron, is less occupied. Dashed line is the LSMO/YBCO interface. Diamonds mark the projection of oxygen octahedron on
the x–z plane. Corrugated line marks the zigzag-shaped Co–O–Co row. Two arrows mark the two oxygen sites between two Y atoms and
two Ba atoms, respectively. (d) Sketch of the LSMO/YBCO heterostructure. δ is set to 0 for clarity. Black dashed line marks the
LSMO/YBCO interface. MnO6 octahedron and the CoO5 pyramid share apical oxygen at the interface.

STEM along the [010] zone axis. The brightest dot corres-
ponds to Ba. Y is dimmer than Ba but brighter than Co. O atom
cannot be recognized. From figures 1(a) and (b), the latter
shows the corresponding electron energy loss spectroscopy
(EELS) spectrum images recorded along the vertical rectangle
in figure 1(a). Two interfaces can be identified (dashed lines
in figure 1(a)), separating STO from YBCO and YBCO from
LSMO, respectively. The interface is sharp, without visible
interlayer diffusion.

As expected, both STO and LSMO are typical perovskite.
However, YBCO shows a much more complex structure. At
first glance, the Y and Ba layers (marked by yellow and
red arrows, respectively) stack alternately along the vertical
direction, forming A-site-ordered double perovskite [20–22].

Due to the layer ordering of Ba and Y, the Co–Co separ-
ation, calculated along vertical columns, oscillates regularly
(not shown). It is long across the Ba layer and short across
the Y layer (Ba is bigger than Y in size). This suggests a
stacking sequence of (CoO2)–(BaO)–(CoO2)–(YOδ) along the
vertical axis. Here, the notation (YOδ) is adopted because of
the appearance of oxygen vacancies in the (YO) layer. Accord-
ing to the literature, δ generally takes a value between 0.3–0.5
for the experimental conditions similar to ours [20, 21]. As
shown by the annular bright-field (ABF) image in figure 1(c),
the dark dots of the oxygen ion between two horizontally
aligned Y ions are much fainter than that between Ba ions.
Obviously, this lattice site, which is also the apical site of
the CoO6 octahedron, is less occupied. This in turn causes
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Figure 2. Thermomagnetic curves of LSMO (18 uc)/YBCO (8 uc) heterostructure (a) and bare LSMO (10 uc) film (b), acquired in
field-cooling mode with the fields along in-plane and out-of-plane directions, respectively. Shaded areas highlight the magnetic difference of
the two measuring directions. (c) and (d) Magnetic moments as functions of magnetic fields applied along two orthogonal directions for
LSMO (18 uc)/YBCO (8 uc). Data are extracted from the thermomagnetic curves in (a). (c) T = 10 K. (d) T = 150 K. Orange area
corresponds to the energy required to orient the magnetic moment towards the in-plane direction. (e) Anisotropy constant as a function of
temperature. Red and purple curves are the data of the LSMO (18 uc)/YBCO (8 uc) and LSMO (18 uc)/YBCO (1 uc) heterostructures,
respectively.

a transition from CoO6 octahedron to CoO5 pyramid. Mean-
while, the oxygen atoms just above and below Y go towards
Y, forming zigzag-shaped Co–O–Co rows, as marked by the
corrugated line [23]. These are typical features of the A-site-
ordered oxygen-deficient double perovskite. One more feature
that deserves special attention is that the terminal layer of
YBCO is (BaO) layer. This phenomenon is also observed in
LSMO (18 uc)/YBCO (1 uc), as will be shown later.

Based on these results, a sketch as shown in figure 1(d),
can be obtained for the LSMO/YBCO heterostructure. Here,
all Co polygons are represented by CoO5 square pyramids
for simplicity. The interface is distinct. It forms between a
standard perovskite and an A-site-ordered oxygen-deficient
double perovskite. As a consequence, the interfacial MnO6

octahedron has to share apical oxygen with the CoO5 square
pyramid, which has a completely different orbital configur-
ation to the MnO6 octahedron. For the standard YBaCo2O5

structure shown as figure 1(d), there is no oxygen between
two adjacent Y atoms. As a result, only CoO5–MnO6 pairs
exist at the LSMO/YBaCo2O5 interface, i.e. δ = 0. How-
ever, the STEM image shows that the lattice site between
two Y sites is partially filled by oxygen, forming the (YOδ)
layer. Therefore, not only CoO5 pyramids, but CoO6 octa-
hedrons exist, that is, the LSMO/YBCO interface is formed
by (1−δ) CoO5–MnO6 pairs and δ CoO6–MnO6 pairs. For
example, if δ= 0.3, the CoO5–MnO6 pairs at the interface will
be 70%.

4. Magnetic behavior

Figure 2(a) shows the magnetization of the heterostructure as
a function of temperature (M–T), measured under different
magnetic fields (H). The sample behaves differently when
applying a magnetic field along film plane and film normal.
Along film normal, the typical paramagnetic to ferromagnetic
transition at the Curie temperature (TC) is observed. Along
film plane, in contrast, the M–T curve is flat when the field
is low and exhibits a slight growth in magnetization around
TC when the field is high. However, the in-plane M–T curves
are always lower than those gained using out-of-plane fields
until the magnetic field approaches 3 T.

As reported, YBCO5+δ is antiferromagnetic for δ = 0.5
and weak ferromagnetic when δ deviates from 0.5 [21, 24].
In general, the magnetization of YBCO is generally one order
of magnitude lower than that of LSMO, i.e. the magnetic sig-
nals of the heterostructure mainly come from LSMO. There-
fore, the above results indicate a PMA of the LSMO film in
the heterostructure. This is in sharp contrast to bare LSMO
film. As is well established, an LSMO film grown on STO
is in a tensile state (a = 3.868 Å for LSMO and 3.905 Å
for STO) and thus exhibits an in-plane easy axis [25, 26].
This conclusion is confirmed by our experiment results for a
bare LSMO/STO film (figure 2(b)). The LSMO/YBCO het-
erostructure grown on (110)-oriented STO substrate does not
show PMA according to our experimental results (figure S1
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(available online at stacks.iop.org/JPD/54/185302/mmedia) of
supplementary materials). In this case, the easy magnetization
direction changes to the [11̄0] direction in plane while the bare
(110) LSMO is [001] directed (notably, both [11̄0] and [001]
are in-plane directions). Fascinatingly, the YBCO buffer layer
causes a magnetic reorientation of LSMO.

To get a quantitative description for magnetic anisotropy,
anisotropic constant K is calculated. Figures 2(c) and (d)
present two typical M–H curves extracted from the M–T
curves in figure 2(a), corresponding to two representative tem-
peratures of 10 and 150 K, respectively. When measured along
the out-of-plane direction, the sample acquires magnetic sat-
uration at very low fields (∼0.2 T) and the further increase
of magnetic field only causes minor variations in magnet-
ization. Along the in-plane direction, in contrast, the satur-
ation state is not gained until the field approaches 3 T for
T = 10 K and 1.5 T for T = 150 K. In fact, anisotropic con-
stant is the energy required to align magnetic moment along
a hard axis. It is measured by the area encircled by the in-
plane and out-of-plane M–H curves. Direct calculation out-
puts K = 4 × 106 erg cm−3 at 10 K and 2.3 × 106 erg cm−3

at 150 K. The positive sign of K indicates PMA. Notably,
this value is comparable to that obtained by Zhang et al for a
perovskite/brownmillerite interface [10], though the interface
here seems to be less asymmetric. K is temperature depend-
ent, due to the variation of magnetization with temperature
(figure 2(e)). PMA is also observed when directly measuring
M–H loops (figure S2 of supplementarymaterials). The results
of M–H hysteresis are consistent with the conclusion drawn
from M–T curves.

The PMA observed here is an interfacial effect, as sug-
gested by the thickness effect of the heterostructures. In
figure 3(a), we show the M–T curves for the samples with
different LSMO layers collected in a field of 0.05 T, which
is applied along film plane or film normal. As expected, all
samples show an easy axis along film normal. This feature is
especially obvious for the sample with an 18 uc thick LSMO
layer, where the discrepancy of the two-directionM–T curves
is largest. With the increase of film thickness, the difference
between these two M–T curves becomes small, but remains
substantial. M–T curves under higher fields were also meas-
ured to deduce anisotropy constant (not shown). Based on
these data, the K-1/tLSMO relation can be obtained, which is
shown in figure 3(b). It is linear for tLSMO = 18, 31, 44 uc. This
result indicates that the PMA indeed stems from the interface
effect [27]. Notably, the y-axis interception is negative. This
is plausible; when the LSMO in the heterostructure is thick
enough, its behavior will be close to that of a bare LSMO that
has an in-plane easy axis (negative K). As for the deviation
from linearity at tLSMO = 9 uc, it is a consequence of magnetic
degeneration of the ultrathin LSMO layer. As reported, the
magnetic dead layer in LSMO is close to 8 uc in thickness [28].

Further investigation indicates that the PMA of the LSMO
is very susceptible to YBCO and a YBCO layer of one unit
cell is enough to induce the PMA. Figure 4(a) is the HAADF
image of LSMO (18 uc)/YBCO (1 uc), recorded along the
[010] zone axis. From figure 4(a) the thickness of the YBCO
buffer layer can be determined. It is indeed one unit cell in
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Figure 3. (a) Thermomagnetic curves of the LSMO (tLSMO)/YBCO
(8 uc) heterostructure, collected in field-cooling mode with an
in-plane and out-of-plane applied field of 0.05 T, respectively.
Shaded area corresponds to the energy required to orient magnetic
moment to the hard axis. (b) Magnetic anisotropy energy as a
function of the reciprocal layer thickness of LSMO when YBCO is
8 uc. For comparison, the data for 1 uc thick heterostructure are also
shown.

thickness (marked by a yellow rectangle). Figure 4(b) presents
the corresponding thermomagnetic curvesmeasured following
the same procedure described above. Notably, the out-of-plane
direction is the easy magnetic axis, which is the same as the
sample with an 8 uc thick YBCO buffer layer. The deduced
K-T relation is shown in figure 2(e). It is very close to that
of LSMO (18 uc)/YBCO (8 uc). Take the anisotropy constant
at 10 K as an example. K is ∼4 × 106 erg cm−3 for LSMO
(18 uc)/YBCO (8 uc) and ∼3.5 × 106 erg cm−3 for LSMO
(18 uc)/YBCO (1 uc) (figure 3(b)). The strong PMAof LSMO,
which will benefit the designing of perovskite-based devices,
is an amazing effect of YBCO on LSMO.

It can be seen that there is a crossover between the in-
plane and out-of-planeM–T curves, which is more obvious in
the case with higher LSMO thickness (figure 3(a)) or higher
magnitude of measuring magnetic field (figure 4(b)). We con-
sider that this crossover stems from the competition of sev-
eral energy terms, such as the magneto-crystalline anisotropy
energy, magneto-elastic energy, demagnetizing energy and
interface coupling energy introduced by the LSMO/YBCO
heterostructure. The crossover is a common phenomenon for
all LSMO/YBCO heterostructure samples. Obviously, the
interface coupling energy, which turns the magnetic easy axis
to the out-of-plane direction, is much more important in thin
LSMO films. So, the crossover moves to high temperatures
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for this kind of heterostructure, which can be clearly seen in
the M–T curves. In addition, a high magnetic field will over-
come the weak PMA, causing the crossover to move to low
temperatures.

5. X-ray absorption spectroscopy

According to the Bruno model, the easy magnetic direc-
tion has a larger orbital moment than hard magnetic dir-
ection [29, 30]. For LSMO, the orbital moment is closely
related to orbital populations. To reveal the mechanism of the
PMA, we need to know the relative occupations of the two
eg orbits (d3z2−r2 and dx2−y2) of Mn, which are not degener-
ate due to the Jahn–Teller effect and lattice strains [31, 32].
To get the information on orbital structure, the XAS tech-
nique was adopted. Figure 5(a) presents the Mn-XAS spec-
tra of the LSMO (18 uc)/YBCO (8 uc) heterostructure. Nor-
malized XAS spectra were recorded with the optical polariz-
ations parallel (E//a, I[100]) and perpendicular (E//c, I[001]) to
the film plane, respectively, where I[100] and I[001] are spec-
trum intensities in corresponding directions. To highlight the
difference in the absorption peaks along two directions, XLD
spectra, defined by I[001]−I[100], are calculated. As is well
documented, the integration of the XLD spectrum around
the L2 absorption peak gives a direct measure to the occu-
pancy of the dx2−y2 and d3z2−r2 orbital states [33, 34]; neg-
ative (positive) value means a preferential occupation of the
d3z2−r2 and (dx2−y2) orbital because the XAS spectra deliver
information on empty Mn-3d states [35, 36]. For LSMO
(18 uc)/YBCO (8 uc), the XLD spectrum exhibits a negative
peak around L2 (bottom panel of figure 5(a)), indicating that

d3z2−r2 is the low-lying orbit. A direct calculation shows that,
in this case, the orbital moment will align along film nor-
mal, which explains the PMA of the heterostructure. The
XLD spectrum of LSMO (18 uc)/YBCO (1 uc) shown in
figure S3 exhibits a negative peak around the L2 edge, which
is roughly consistent with the LSMO (18 uc)/YBCO (8 uc)
heterostructure. The XAS and XLD spectra of the bare
LSMO (10 uc)/STO film are also collected for comparison
(figure 5(b)). As expected, the XLD spectrum exhibits a posit-
ive peak around L2, i.e. the preferentially occupied orbit now
is dx2−y2 . This interprets the in-plane anisotropy of bare LSMO
film [36, 37].

6. DFT calculations

The LSMO/YBCO interface in our heterostructures has shown
robust PMA and unique orbital reconstruction. To gain fur-
ther insight into the anomalous phenomenon, DFT calcula-
tions have been performed. A simplified structural model is
shown in figure 6(a), where the LSMO (2 uc)/YBCO (1 uc)
superlattice for δ = 0 was selected for the DFT calcula-
tions. YBaCo2O5 contains half Co3+ and half Co2+. There
is no obvious lattice distortion in the structure after calcula-
tion, which is consistent with the ABF image (figure 1(c)).
The orbital-resolved density of Mn3+ 3d−eg states connec-
ted with Co2+ or Co3+ is shown in figure 6(b) top panel
and bottom panel, respectively. A direct calculation yields an
occupancy ratio of 1.17:1 for the dx2−y2 and d3z2−r2 orbitals
when Mn3+ connected with Co2+, which stabilizes the mag-
netization in plane. However, the occupancy ratio becomes
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Figure 5. Normalized XAS spectra for (a) LSMO (18 uc)/YBCO (8 uc) heterostructure and (b) bare LSMO (10 uc) film, measured with the
optical polarization parallel to the in-plane and out-of-plane direction, respectively. Bottom panels are the corresponding XLD spectra. Its
integration over the energy range from 648–660 eV (around the L2 edge) gives a negative (positive) value, indicating a preferential
occupation of the d3z2−r2(dx2−y2) orbital.

Figure 6. (a) Structural model for DFT calculations, in which the YBaCo2O5 contains half Co
3+ (in the green circle) and half Co2+ (in the

blue circle). (b) Projected density of Mn3+ 3d−eg states connected with Co2+ (top panel) or Co3+ (bottom panel). d3z2−r2 and dx2−y2 states
are marked in red and blue colors, respectively. (c) Sketch illustrating the bonding (B) and anti-bonding (AB) states of the d3z2−r2 orbits of
the 3d electrons of Mn and Co caged by oxygen octahedron and pyramid, respectively. Low-lying d3z2−r2 level of CoO5 pulls down the
d3z2−r2 level of MnO6 greatly after chemical bonding, resulting in preferential occupation of the d3z2−r2 state.

1:1.29 for the dx2−y2 and d3z2−r2 orbitals when Mn3+ con-
nected with Co3+. This implies an orbital reconstruction that
causes a low-level shift of d3z2−r2 with respect to dx2−y2 . Usu-
ally, the Y3+ ions, Ba2+ ions and O2− ions are invariable.

Therefore, the mean valence state of Co ions in the YBaCo2O5

structure is 2.5+, which means half Co3+ and half Co2+. For
the YBCO phase, after simple calculation, the content of Co3+

ions should be (1 + 2δ)/2. In two special cases of δ = 0
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and 0.5, the content of Co3+ will be 50% and 1, respectively.
Generally speaking, d3z2−r2 is the preferentially occupied
orbit. This result qualitatively agrees with that of the XLD
analysis.

7. Discussion

There are intensive investigations on the effect of interface
reconstruction on the magnetic properties of perovskite het-
erostructures. Liao et al reported that growing LSMO film on
NGO (110) will result in a tilting of the oxygen octahedron
near the interface [9]. This in turn leads to in-plane switching
of the magnetic easy axis by 90◦. In addition, by tuning oxy-
gen octahedron, Kan et al realized an in-plane 45◦rotation of
the easy axis of the SrRuO3 film [38]. In addition to the work
on perovskite–perovskite interface [39–41], there are attempts
to fabricate symmetry-mismatch heterostructure to highlight
the interface effect. By grouping LSMO and LaCoO2.5+δ to
form a perovskite-brownmillerite heterostructure, Zhang et al
obtained strong PMA in LSMO that is in the tensile state [10].
The tetrahedral layer of the brownmillerite phase provides
space for the distortion of the interfacial MnO6 octahedron
of LSMO, resulting in strong orbital reconstruction, and thus,
spin reorientation. It is easy to see that easy axis changes
always accompany interface reconstruction.

A remarkable observation of the present work is the change
of easy axis without interface reconstruction, though LSMO
and YBCO are different in structure. A close inspection of the
ABF image around the LSMO/YBCO interface shows that the
MnO6 polygon in LSMO remains perfectly octahedral even
when it locates at the LSMO/YBCO interface, without any
signatures of tilting/rotating. At first glance (figure 1(c)), the
local atomic configuration around the apical oxygen shared
by MnO6 and CoO5 remains unaffected by the drop of the
bottom apical oxygen of CoO6 and, as a result, no signi-
ficant atomic rearrangement is required at the interface. As
is well known, LSMO grown on STO is a tensile film and
shows in-plane magnetic anisotropy because the dx2−y2 orbit
is more preferentially populated than d3z2−r2 . As evidenced
by the data of x-ray diffraction (not shown), the YBCO buf-
fer layer does not result in lattice relaxation. It is therefore an
interesting question how the orbital reconstruction occurs for
LSMO/YBCO.

In previous investigations, an often overlooked effect is
chemical bonding [42–45]. In principle, a Co–O–Mn cova-
lent bond will be formed across the interface of the (001)
LSMO/YBCO heterostructure; Mn and Co 3d3z2−r2 orbits
interact with each other via their overlap with the O 2pz
orbit. This in turn causes a downward shift of the d3z2−r2

orbit [46, 47]. When this effect is strong, the energy level of
dx2−y2 and d3z2−r2 could be reversed, causing a switching of
magnetic anisotropy. This could be the process occurring in
the (001) LSMO/YBCO films. Notably, at the interface, MnO6

octahedra have the opportunity to share apical oxygen with the
CoO5 pyramid. However, due to the absence of apical oxygen,
the d3z2−r2 orbit of CoO5 has a very low energy level [48].

Consequently, the effect of chemical bonding is particularly
strong. It yields a state with d3z2−r2 character at an energy
level that is even lower than the d3z2−r2 orbit of CoO5. For
the sake of easy understanding, in figure 6(c) we present a
sketch illustrating the concept of bonding and anti-bonding
states in a molecular orbit picture and also the corresponding
energy level configuration. Differently, for the (110) films,
the Mn and Co d3z2−r2 orbitals lie in the film plane that can-
not interact with each other. Instead, the Mn dx2−y2 orbitals
will have overlaps with those of the neighboring Co ions via
intermediate O 2px and 2py orbitals, which form a 45◦ angle
with the film plane. Obviously, this bonding process does not
lead to PMA, but only changes the direction of the in-plane
anisotropy.

Notably, the bonding effect may not be limited to the
interfacial layer. As is well established, double exchange as
the dominant mechanism mediates the magnetic exchange
among Mn ions in LSMO. However, chemical bonding at the
LSMO/YBCO interface stops this process, suppressing the
double exchange in the LSMO layers near the interface. This
explains the appearance of the PMA in the LSMO film with a
finite thickness.

8. Conclusion

We obtained a heterostructure formed by perovskite LSMO
and A-site-ordered oxygen-deficient double perovskite YBCO
and performed a systematic investigation on the effect of
symmetry mismatch. A high-resolution lattice image shows
the formation of a high-quality interface, without any signa-
tures of atomic reconfiguration at the interface. The YBCO-
buffered LSMO exhibits PMA, though bare LSMO film is in-
plane anisotropic. XAS analysis reveals preferential occupa-
tion of the d3z2−r2 orbital rather than dx2−y2 , supporting PMA.
The PMA is robust, even appearing when the thickness of
YBCO is one unit cell. The typical anisotropy constant is
∼4 × 106 erg cm−3. The results of DFT calculations con-
firm the orbital reconstruction at the interface, which is con-
sistent with the XAS analysis. The formation of a covalent
bond between Mn and Co caged by different oxygen polyhed-
rons, an octahedron and a square pyramid, respectively, sta-
bilizes the orbital reconstruction, resulting in anomalous spin
orientation. This work demonstrates the abundant effects of
symmetry-mismatched interfaces.
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