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ABSTRACT

The interface reconstruction in perovskite heterostructures caused by interfacial octahedral tilt/rotation and its effects on the spin, charge,
and orbital degrees of freedom is a very attractive topic for correlated oxides. Here, we present a systematic investigation on tensely strained
(110)-LaCoO3/Lay3Sr13MnO3/LaCoOs trilayers, focusing on orbital reconstruction and accompanied effects. The most remarkable finding
is the reordering of the energy levels of Mn-3d orbitals at the interface: the low-lying orbital becomes d,: ;> for sandwiched Lay/3Sr13MnO;
rather than d;,._2 as expected for a bare Lay/3Sr1,3MnO;3 film. Interlayer charge transfer via d,. ¥ orbitals is further detected as a driving force
of orbital reconstruction. Due to spin-orbit coupling, the charge/orbital reconstruction produces a chain effect on the spin degree of freedom
of the Lay/3Sr13sMnOs3 layer, resulting in a dramatic spin reorientation by 90° in a film plane. The present work demonstrates how to tune
macroscopic properties of correlated oxides via mutual coupling between different degrees of freedom.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5141005

INTRODUCTION

Perovskite transition metal oxides (TMOs) with strongly cou-
pled spin, charge, and orbital degrees of freedom provide a valu-
able playground for the exploration for emergent phenomena.'
What is of special importance is that the heterostructures are
composed of different TMOs, which own unique interface phases
with cooperatively distorted oxygen octahedra and reconstructed
spin/charge/orbital orders.” '’ There are reports on dramatic varia-
tions in macroscopic properties for (001) oriented multilayers, pro-
duced by even a subtle octahedral tilt/rotation at interfaces. ' As
shown by Liao et al.,"” through transferring the octahedral rotation
in NdGaOs to the Lay3Sri;;3MnOs (LSMO) film, a giant anisotropic
transport in ultrathin LSMO films as well as a realignment of the
magnetic easy axis can result. In a recent work, Zhang et al.'®
demonstrated how symmetry mismatch drove a spin reorientation
for the LSMO/LaCoQO, 5 heterostructures. It was found that, at the

interface, MnOs octahedra share the apical oxygen with neighbor-
ing CoOy tetrahedra, forming elongated octahedra which support
perpendicular magnetic anisotropy. The strong effect of the engi-
neered interface was also observed in magnetic oxides other than
LSMO. As reported by Kan et al.,"” the SrRuQ3/Cag5Sro5TiO3 com-
bination led to a large Ru-O-Ti bond angle; thus, a unique SrRuO3
phase with a substantially larger Ru-O-Ru bond angle than that of
the bulk counterpart is observed.

These works clearly demonstrate the effects of octahedral
tilt/rotation on spin ordering. Different from its bulk counterpart,
the interface phase suffers from a spatial confinement in the out-
of-plane direction. In addition to enhancing quantum fluctuation,
this feature will allow a full use of the advantage of interlayer engi-
neering, getting states available for either constituent of the het-
erostructure.'” "’ In general, interface engineering takes the effect
via modifying the multiple degrees of freedom of the interface
phase.””" ™ Due to the strong coupling between different degrees
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of freedom, any variation in one degree of freedom will cause a
chain effect. Undoubtedly, a deep understanding of the interface
effect will strengthen our capabilities to design materials on demand.
In this work, we presented a systematic investigation on tensely
strained (110)-LCO/LSMO/LCO trilayers (LCO = LaCoO3), focus-
ing on interface orbital reconstruction and accompanied effects
associated with spin degrees of freedom. As reported by Chen
et al., the (110)-orientated films exhibit a faster strain relaxation pro-
cess along the [110] direction than that along the [001] direction.”
That is to say that the tensile strain along the [001] direction domi-
nates the lattice distortion of the LSMO film deposited on the (110)-
STO substrate. This causes the elongation of MnOg octahedra along
the in-plane [001] axis and the preferred occupation of the d;,_
orbital.””** Thus, the magnetic easy-axis of the (110)-LSMO/STO
bare film aligns along the [001] axis. In this case, interlayer orbital
hybridization and charge transferring are expected to hardly occur
due to the absence of the Mn 3d;,2,» and O 2px (2p,) overlap. Sur-
prisingly, we observed a reversion of the energy levels of the d,>.,>
and ds,.» orbitals: the low-lying orbital is de.,» in LSMO of the
trilayers. Accompanying orbital reconstruction, a Mn-to-Co charge
transfer via the d,.» orbitals takes place. It is this process that
stabilizes the d,..,» orbital. Accordingly, the magnetic easy axis of
the LSMO layer undergoes a switching from the [001] to the [110]
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direction due to the strong correlation between the orbital and spin
degrees of freedom.

METHODS

LCO/LSMO/LCO trilayers [Fig. 1(a)] were grown on (110)-
SrTiO; (STO) single crystal substrates (5 x 3 x 0.5 mm?) using the
technique of pulsed laser deposition (PLD). During deposition, the
temperature of the substrate was maintained at 700 °C (for LSMO)
or 635°C (for LCO) and the oxygen pressure was fixed to 30 Pa.
Here, a low growth temperature was adopted for the LCO layer to
avoid recrystallization, which will cause rough interfaces. The repeti-
tion rate of the laser pulse was 2 Hz, and the fluence was 2 J/cm?* (KrF
excimer laser, wavelength = 248 nm). After deposition, the samples
were cooled to room temperature at the rate of 10 °C/min in an oxy-
gen pressure of 100 Pa. The layer thickness was set to 7 nm for LCO
and to 4 nm, 5 nm, 9 nm, 10 nm, 15 nm, and 19 nm for LSMO.
A (110)-[LCO (3 m)/LSMO (3 m)]5 ([LCO/LSMO]s) superlattice
sample was also prepared for the measurements of x-ray absorption
spectroscopy (XAS), where m means a monolayer and it is ~2.7 A.
For comparison studies, two bare LSMO films with the thicknesses
of 6 nm and 10 nm, respectively, were also fabricated. Here, film
thickness has been determined by the number of laser pulses, after a
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careful calibration by the technique of small angle x-ray reflectivity
(Fig. S1 of the supplementary material).

The surface morphology of the trilayers was measured by using
an atomic force microscope (AFM, SPI 3800N, Seiko). The crystal
structure of the films was determined by using a Bruker x-ray diffrac-
tometer equipped with thin film accessories (D8 Discover, Cu Ka
radiation). Lattice images were recorded by using a high-resolution
scanning transmission electron microscope (STEM) with double Cs
correctors (JEOL-ARM200F). Magnetic measurements were con-
ducted by using a quantum-designed vibrating sample magnetome-
ter (VSM-SQUID) in the temperature interval from 5 K to 300 K and
the magnetic field range up to 7 T.

The XAS spectra were collected at the Beam line BLOSUIA
in Shanghai Synchrotron Radiation Facility, in the total electron
yield mode. The spectra were measured at the Mn L-edge for two
polarization directions by setting x-ray polarization to [001] and
[110] directions in sequence. The spectra normalization was made
by dividing the spectra by a factor such that the L3 pre-edge and L,
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 set to one. The XLD (I[go1] —I[jo)) is the intensity differ-
ence of normalized XAS along two measurement directions, which
gives information on the empty Mn-3d states. Co L-edge XAS was
measured with the x-ray polarization to [001]. The measurement
temperature for XAS and XLD is 300 K.

RESULTS AND DISCUSSION

Figure 1(a) is a sketch for the (110)-LCO/LSMO/LCO trilay-
ers and the relationship between two coordinate systems of [110]-
[110]-[001] and [001]-[010]-[001]. The trilayers are very smooth,
with a root-mean-squared roughness around 0.4 nm (Fig. S2 of the
supplementary material). Figure 1(b) shows the 8-20 x-ray diffrac-
tion (XRD) spectra for selected LCO/LSMO/LCO trilayers with the
LSMO layer thicknesses of t1smo = 5 nm, 10 nm, 15 nm, and 19 nm.
The XRD spectrum is somewhat complex, composed of multiple
broad peaks whose number grows with tismo. This is the typical
feature of trilayers, arising from the diffraction/interference of x-
ray between three layers. As shown by the red curve in Fig. 1(b),
the calculated curve (red line) mimics the experimental one (black
line) very well. Multiple XRD peaks are signatures of high crys-
tal quality of the trilayers. According to the results of curve fitting,
the out-of-plane lattice parameter defined by di19 = \/2/2ao can be
deduced, where ay is the lattice parameter of the perovskite unit cell
for LSMO or LCO. It is noted that dyjo ~ 2.71 A for LSMO and
~2.68 A for LCO, smaller than the bulk value (~2.74 A for LSMO
and ~2.70 A for LCO). As expected, both films are in-plane tensely
strained.

To get the information about the in-plane lattice structure, the
reciprocal space mappings (RSMs) of the (222) and (130) reflec-
tions are measured. As shown in Fig. 1(c), multiple reflections of
the trilayers are also detected by RSMs, aligning vertically with that
of the substrate. In addition to a fully coherent growth of the film
on the substrate, this result indicates that the trilayers share exactly
the same in-plane lattice constant with STO, agy; = 3.905 A and a,j,
= 5.522 A. Therefore, the trilayers are fully tensely strained. This
conclusion is consistent with that drawn from curve fitting of the

ARTICLE scitation.org/journal/apm

©-20 scanning. Similar results are obtained for other trilayers
investigated here (not shown).

Figure 2(a) shows the typical high-angle annular dark-field
(HAADF) image of the cross section of (110)-LCO (7 nm)/LSMO
(10 nm)/LCO (7 nm), recorded along the [001] zone axis by using a
STEM. Here, the brighter and fainter spots correspond to the La/Sr
and Mn/Co atomic columns, respectively. Notably, no structural
modulation is observed in the bottom LCO layer neighboring sub-
strate (right side LCO). It means that LCO is close to stoichiometric
LaCoO:s. In contrast, dark stripes appear in the top LCO layer, indi-
cating the formation of the LaCoOs_s phase.”” *’ From first glance,
the interface is clear-cut [Fig. 2(a) and the left panel of Fig. 2(b)]. A
further analysis of electron energy loss spectroscopy (EELS) shows
that the interface is really sharp, with only minor interlayer diffusion
to the distance within one unit cell [the right panel of Fig. 2(b)].

To get the information on the orbital structure of the Mn-3d
electrons, the technique of XAS was adopted. Figures 3(a) and 3(b)
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FIG. 2. (a) A typical high-angle annular dark-field (HAADF) image of the cross
section of the (110)-LCO/LSMO/LCO trilayers at t syo = 10 nm, recorded along
the [001] zone axis. Yellow dashed lines mark the LCO/LSMO interfaces. Inclined
dark stripes can be observed in the left side LCO layer, which is a typical feature
of the oxygen-deficient LCO film. (b) An enlarged view of the HAADF image and
the corresponding electron energy loss spectroscopy (EELS) spectrum images of
the Mn-L, 3 and Co-Ly3 edges, recorded along the white vertical line across the
horizontal LSMO/LCO interface. The interface is of high quality, with only minor
interlayer diffusion in the range around one unit cell.
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FIG. 3. Normalized Mn-XAS spectra
for the bare LSMO film (a) and [LCO

22 1.0r b L
3

0.5

(3 m)/LSMO (3 m)]s superlattice (b),
measured with the optical polarization
L parallel to the (001) and the (110)

2 planes, respectively. The sketch shows
the experiment setup. Bottom panels are
the corresponding XLD spectra, ampli-
fied by a factor of ten. Shaded areas

Intensity (AU)
Intensity (AU)
S

XLDx10 provide the information on orbital occu-
pancy. The preferentially occupied orbital
is dsp.p for the bare film and dy.» for

superlattices.

635 640 645 650 655 T 835 640
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show the Mn-XAS spectra of a bare LSMO film (6 nm in thickness)
and a [LCO (3 m)/LSMO (3 m)]s superlattice, respectively. Here,
the superlattice with an ultrathin layer thickness (3 m) was chosen
to highlight the interface effect. Since magnetic signals mainly come
from the LSMO layer, we only present the Mn-L, and L3 absorp-
tion peaks. Two spectra are obtained for each sample by setting x-ray
polarization to [001] and [110] directions in sequence.m As shown
by the upper right sketch in Fig. 3(a), [001] and [110] planes are
parallel to the d3».» and dy_,> orbitals, respectively.”*® Two broad
peaks are observed in the interested energy range, corresponding to
the L, and L3 absorption edges of Mn 3d electrons.”"*” As reported,
the L, peak contains important information on the orbital struc-
ture: a high (low) peak implies a low (high) orbital occupancy.s’”
To highlight the difference in the absorption peaks along two direc-
tions, x-ray linear dichroism (XLD) spectra, defined by Ij9917 — I[170}>
are calculated, where Ijgo;] and Ij1q) are the peak intensities along
the corresponding directions. As well documented, the integration
of the XLD spectrum around the L, absorption peak gives a direct
measure to the occupancy of the d,>_y» and dz,>_» orbital states.”””
A negative (positive) value means a preferential occupation of the
dsz2.p (dy.y) orbital. For the bare LSMO film, the XLD spectrum
exhibits a negative peak around L, [the bottom panel of Fig. 3(a)],
indicating that the low-lying orbital is ds,2.,» when LSMO is in the
tensile state. This result is understandable noting that tensile strain
will elongate the MnOg octahedron along the [001] axis, thus low-
ering the energy level of d;, 2. Surprisingly, the orbital occupancy
is different in the superlattice: the preferred orbital now is dy.,»
as implied by the positive XLD peak [Fig. 3(b)] rather than dj, 2
as required by tensile strains. This result is interesting in a sense
that it reveals the occurrence of interface coupling-induced orbital
reconstruction.

Orbital reconstruction should mainly take place at the
LCO/LSMO interfaces since it is invisible when LSMO is thicker
than 10 unit cells (not shown). Obviously, interlayer coupling has
introduced a mechanism that overcomes the effect of tensile strains,
driving dy2,» to a lower energy level than ds; .. After a care-
ful analysis of the XAS spectra, we found signatures of Mn-to-Co
charge transfer. Compared with a bare LSMO layer, the Mn-L;

645 650 655 660
Photon energy (eV)

(Co-Ls) peak of the superlattices shows a high energy (low energy)
shift [Fig. 4(a)]. This result is indicative of an increase (decrease)
in the valence state of Mn ions (Co ions).”" For a (110) film,
interlayer charge transfer can only occur between d,.» orbitals
via intermediate O 2px and 2p, orbitals, which have overlaps with
dy2.y2. This actually implies the establishment of a Mn-O-Co cova-
lent bond. ™ It is this bonding process that lowers the energy level of
dy2.y2 [Fig. 4(b)]. Obviously, charge and orbital reconstructions con-
comitantly take place at interfaces’ ’ because of the strong coupling
between the corresponding degrees of freedom. As for the dj,
orbital, it lies in the film plane and cannot form a chemical bond with
the dyo.» or ds.2.2 orbital of the neighboring lattice plane. There-
fore, it has no contributions to interlayer coupling. From this figure,
we can understand the orbital reconstruction in the superlattice. In
fact, we have estimated the energy gained by chemical bonding and
found that it is ~1.5 eV," i.e., the d,2.,2 will be considerably lowered
by the formation of a covalent bond.

As demonstrated above, by grouping LSMO together with
LCO, the orbital/charge structure at the interface is amended. An
interesting issue is that how this interface reconstruction affects
the spin degree of freedom. Fascinatingly, we found a concomitant
spin reorientation: after the orbital/charge reconstruction, spin ori-
entation rotates by 90° in the film plane from the [001] to [110]
axis. For a bare LSMO film, as shown in Fig. 5, magnetic moment
prefers to align along the [001] direction: The [001] thermomag-
netic curve (M-T curve) is well above the [110] one. For trilayers,
on the contrary, the [001] curve is always lower than the [110] curve.
Similar to trilayers, the easy axis of the superlattices is also along
the [110] direction with an even higher anisotropy constant. This
is reasonable since superlattices own more interfaces than trilayers
(see Fig. S3 of the supplementary material for magnetic data of the
superlattice).

A further issue to be addressed is that how the orbital
reconstruction modifies the spin orientation. As mentioned above,
LSMO owns strongly coupled spin, charge, and orbital degrees
of freedom. As well documented, the anisotropy of the spin-
orbit energy is directly related to the anisotropy of the orbital
moment, 442

4

APL Mater. 8, 021113 (2020); doi: 10.1063/1.5141005
© Author(s) 2020

8, 0211134


https://scitation.org/journal/apm
https://doi.org/10.1063/1.5141005#suppl

APL Materials ARTICLE scitation.org/journal/apm

a

. Mn-L . T T
__10¢t ——LSMO
g Mn-L, ——[LCO/LSMO];
> 0.5}
‘D
o
£ 0.0

635 640 645 650 655 660

™Co-L, T T T FIG. 4. (a) Normalized Mn- and Co-
510} —LCO i XAS spectra for the bare LSMO film
< — [LCO/LSMO]; and [LCO (3 m)/LSMO (3 m)]5 superlat-
> tice. The arrow marks the direction for
‘@ 05 _ spectrum shift. (b) Sketch for the over-
5 Co-L, lap of the de. orbitals of Mn-3d and
kS Co-3d electrons, via the O 2pyx (2py)

0.0 orbital (left panel). It is this overlap that

775 780 785 790 795 800 leads to the charge transfer across the

LCO/LSMO interface. Due to the forma-
Photon energy (eV) tion of the Mn-O-Co covalent bond, the
b dye.,> orbital is stabilized (right panel). It
Mn-e is possible that the shared electron is
~g closer to Co®*. Consequently, signatures
° ° ° ° ° Co-eg < of charge transfer are detected by XAS.
° La (-] (-] o o /! \\ dxz yz
7 N —
oo KoReX , .
/ ’—‘- 7
0 O LS & e S & xz_yz J '/ / d—:—
7 1
o La/Sr o o o —L \;l' )/ 322
© Mn ° o ° ° ~. T )
o o o
= o o d3zz_';
[110]

(LS) ] _ i(m[lio] B m[om]) ) direction. According to Eq. (1), the easy axis has a larger orbital
[1i0] 4up\"° 0 ’ moment than the hard axis. This means that [110] is the easy
where { is a parameter for spin-orbital coupling, my is the orbital axis. For the bare LSMO film, the corresponding values are sziz,xy
moment, and ( ) represents a thermodynamic average. For LSMO

in trilayers, a direct calculation gives the orbital moment of 0

AEso = [(L-8) gy, -

and %(A z{z + (2 ) Accordingly, the easy and hard axes are

2oty Dy
along the [001] direction and * 3¢ 3¢ along the [110] reversecll (see Note 1 of the supplementary material for detailed
2\ Dspy, By, calculations).
a LCO/LSMO/LCO [110]

FIG. 5. (a) Thermomagnetic curves of
the bare LSMO (10 nm) film, acquired in
field-cooling mode with the fields along
the [001] and [110] directions, respec-
tively. Shaded areas highlight the mag-
netic difference along the two measuring
directions. Clearly, magnetic moments
prefer to align along the [001] direc-

3T

) a1 2
5 ]5 “ 1A53TT 5 1.5T tion, as shown by the sketch at the
e A comes ofth (10) LCO (7 nmyLSNO
= < . curves of the nm
= 05T =
é j 02T S 0.2T (10 nm)/LCO (7 nm) trilayers, measured
S M//[170] 005 'T £ M//[001] 0.05T with exactly the same condition as for the
ol ’ = of bare LSMO film. The magnetic easy axis
0.01T i 0.01T g
0 100 200 300 400 0 100 200 300 400 at low temperature now is [110].
Temperature (K) Temperature (K)
APL Mater. 8, 021113 (2020); doi: 10.1063/1.5141005 8,021113-5

© Author(s) 2020


https://scitation.org/journal/apm
https://doi.org/10.1063/1.5141005#suppl

APL Materials ARTICLE

LSMO(10 nm) layer

scitation.org/journal/apm

o o) . FIG. 6. (a) Magnetic moments as func-
tions of magnetic fields applied along
. two different directions for the LCO (7
nm)/LSMO (10 nm)/LCO (7 nm) trilay-
ers, obtained at 10 K (a) and 160 K
(b). For comparison, the magnetic data
of the bare LSMO film are also shown
in (c). Shaded area encircled by two
M-H curves corresponds to anisotropy
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energy. (d) Anisotropic constant as
a function of temperature. The posi-
tive (negative) value indicates a pre-
ferred spin direction of [110] ([001]).

The dashed line shows the expected
anisotropy constants, obtained by sub-
1 tracting Kismo from KrriLaver. Here, the
contributions from the LCO layer to K
. are not considered since the LCO layer
is isotropic along the [001] and [110]
directions. Solid lines are a guide to the
eye.
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To quantitatively describe magnetic anisotropy, we converted
the M-T curves in Fig. 5 into a series of M-H curves at different
temperatures (see Fig. S4 of the supplementary material for directly
measured M-H loops). Figures 6(a) and 6(b) show two typical M-H
curves obtained at 10 K and 160 K along different directions. From
first glance, the growth rate of M with H is obviously different along
the [110] and [001] directions. Take the data of 10 K as an example.
When measured along the [110] direction, the trilayers get magnetic
saturation at very low fields (0.1 T), and further increase in magnetic
field only causes minor variation in M. In contrast, along the [001]
direction, the saturation state is not gained until the field is above
1.5 T. The energy cost by orientating magnetic moment from easy to
hard axes, namely, the anisotropy constant, K = 1.84 x 10° erg/cm’
at 10 K, is calculated from the area encircled by the two M-H curves.
For the bare LSMO film, however, K = —0.93 x 10° erg/cm’ at 10 K.
Obviously, the actual anisotropy constant of the trilayers should be
larger than that observed here since it has to overcome the intrinsic
anisotropy energy of the bare LSMO. A simple calculation yields AK
=2.77 x 10° erg/cm’ for trilayers. This value is larger by a factor of
three in magnitude than that of the bare LSMO layer. Obviously, the
effect of interface reconstruction is much stronger than the strain
effect.

Based on Eq. (1), we can get an estimation of anisotropic
energy. For LSMO, Mn possesses a spin-orbital coupling coefficient
of { = 0.045 eV" and an orbital magnetic moment of ~0.1 yp."’
Based on the density functional theory calculations, the orbital mag-
netic moment difference along two orthogonal directions can be up
to Apr, = 0.01 pp.” Adopting this Ay, the calculated anisotropy
constant is ~10° erg/cm’, which is consistent with the experimental
value obtained for our LCO/LSMO heterostructure.

200 300

Temperature (K)

Following a similar procedure, the anisotropy constant at high
temperatures can be obtained. As shown in Fig. 6(d), K is max-
imal at low temperatures, nearly constant from 10 K to 100 K,
and rapidly decreases upon further warming up above 100 K. The
decrease in K with temperature can be ascribed to the decrease in
the magnetization of the LSMO layer.

If the anomalous magnetic anisotropy stems from interface
reconstruction, it should be dependent on the layer thickness of
LSMO (trsmo). In Figs. 7(a)-7(c), we show the isothermal magneti-
zation curves of the trilayers with different LSMO layers (see Fig. S5
of the supplementary material for M-T curves measured under dif-
ferent applied fields). From first glance, the discrepancy of the two
M-H curves along two directions reduces as layer thickness grows.
This feature is especially obvious as t1smo increases from 10 nm to
19 nm. It implies a reduction in anisotropy energy. A direct calcula-
tion shows that K is ~2.55 x 10° erg/cm3 for trsmo = 5 nm and ~0.6
x 10° erg/cm3 for trsmo = 19 nm. The maximal anisotropy constant
is 5.8 x 10° erg/cm3, gained in the [LCO (3 m)/LSMO (3 m)]s super-
lattice. Figure 7(d) shows the anisotropy constant as a function of the
reciprocal layer thickness of LSMO. Although the K-1/tismo rela-
tion is nonlinear, K displays a clear tendency toward growth as trsmo
decreases. This result confirms the dominative role of the interface
effect.

Finally, we emphasize that the effect of interface recon-
struction on spin orientation is strong only for tensile trilayers.
For compressive trilayers, charge transfer takes place via both
ds,>p2 and dye.» orbitals. In this case, which orbital is more sta-
ble depends on the competition of these two orbitals. Conse-
quently, the interface effect on the spin degree of freedom could
be weakened. To investigate the effect of interface coupling in the
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compressive state, we choose the combination of Lay3Bai;3sMnO3
(LBMO) and (LaAlO3)¢3(SrAlpsTags503)07 (LSAT) substrates (the
lattice constant is 3.91 A for LBMO and 3.86 A for LSAT). The
compressive strain of the LBMO/LSAT film is about —1%, which
is exactly opposite to that of the LSMO/STO film (tensile 1%).
We have fabricated compressive trilayers LCO/LBMO/LCO on the
LSAT substrate. As expected, the preferred spin orientation is
[110]. The interface effect only enhanced anisotropy energy by AK
=22 x 10° erg/cm® (see Fig. S6 of the supplementary material)
for Lay;3Bay;sMnQOs (T = 100 K), while it causes an increment of
AK = 2.7 x 10° erg/cm’ for tensile LCO/LSMO/LCO at 100 K
[Fig. 6(d)].

CONCLUSIONS

In conclusion, a systematic investigation on tensely strained
(110)-LaCoO3/Lay3Sr13MnO3/LaCoOs trilayers is presented, focus-
ing on the orbital reconstruction at interfaces and the effect
stemming from spin-orbital coupling. It is found that the inter-
layer coupling makes Mn 3d,.,» preferentially occupied, over-
coming the effect of tensile strains which stabilizes dj,.... We
present evidences for interlayer charge transfer via d,.» orbitals.
This causes the formation of Mn-O-Co covalence, thus low-
ering the energy level of de.». In response to orbital recon-
struction, the spin orientation of Lay3Sri;3sMnOs; undergoes a
90° switching in the film plane due to spin, charge, and orbital
coupling. This work demonstrates how spin, charge, and orbital
degrees of freedom couple with each other during the interface
reconstruction, paving the way toward the exploration for novel
materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for the schematic representa-
tion of the x-ray reflectivity, surface morphology, thermomagnetic
curves, and magnetic hysteresis loop of the LCO/LSMO/LCO tri-
layers; thermomagnetic curves and magnetic hysteresis loop of the
[LCO/LSMO]s superlattice, LCO/LBMO/LCO trilayers, and bare
LBMO; and the detailed calculations of orbital momentum.
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