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Grouping different oxide materials with coupled charge, spin, and orbital degrees of freedom together to
form heterostructures provides a rich playground to explore the emergent interfacial phenomena.  The per-
ovskite/brownmillerite heterostructure is particularly interesting since symmetry mismatch may produce considerable
interface reconstruction and unexpected physical effects. Here, we systemically study the magnetic anisotropy of
tensely strained Laj /351 ;3C01-xMn,O; 5, 5/Lay ;351 ;3MnO3/Lay /3511 ;3C01_xMnyO, 5 5 trilayers with interface struc-
tures changing from perovskite/brownmillerite type to perovskite/perovskite type. Without Mn doping, the initial
La, /381 ;3C00, 5 s/Lay /3511 ;3MnO3/Lay /3511 3C00, 5 5 trilayer with perovskite/brownmillerite interface type exhibits
perpendicular magnetic anisotropy and the maximal anisotropy constant is 3.385 x 10% erg/cm?, which is more than one or-
ders of magnitude larger than that of same strained LSMO film. By increasing the Mn doping concentration, the anisotropy
constant displays monotonic reduction and even changes from perpendicular magnetic anisotropy to in-plane magnetic
anisotropy, which is possible because of the reduced CoOy tetrahedra concentration in the Laj /3511 3C01_xMncO; 5, 5
layers near the interface. Based on the analysis of the x-ray linear dichroism, the orbital reconstruction of Mn ions occurs
at the interface of the trilayers and thus results in the controllable magnetic anisotropy.

Keywords: perovskite/brownmillerite heterostructure, magnetic anisotropy, orbital reconstruction
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1. Introduction and the magnetic anisotropy (MA) of the entire STRuOs3 layer
was tuned by inserting a few-layer Cag sSr( 5TiO3 into the in-
terface of STRu03/GdScO3 heterostructure.!!”! As shown by

Wang et al., the interfacial Dzyaloshinskii—-Moriya interaction

The interface in complex oxide heterostructure pro-
vides a rich playground to explore the emergent interfa-

cial phenomena that arise due to electronic, spin, or orbital . . .
o -7 Tunine interfacial elect t' was manipulated through ferroelectric proximity effect at the
reconstruction. uning interfacial electromagnetic prop- . . . .
s by interfacial .g o e b & P p BaTiO3/SrRuOs heterointerface, achieving local, switchable,
rti interfacial engineering in oxi rostructure i . . - .
erties by Interfacial engineering in oxide heterostructure 1s and nonvolatile control of the density and stability of magnetic

crucial for designing the technological applications, such as skyrmions. 201

magnetic tunnel junctions, 3! magnetic-field sensors, and mag-

In previous works,
[9-11

. ' | most of the emergent interfa-
netic recording read heads. Recently, controllable oxygen ) phenomena were realized in the perovskite/perovskite

octahedron tilt/rotation at interfaces in perovskite oxide het-

(P/P) heterostructures. Due to advances in epitax-

erostructures by interfacial engineering have been intensively
studied and fruitful results have been achieved.['>2 Liao et
al. reported transferring octahedron rotation from NdGaOs3
substrate to ultrathin La, /3Sr|/3MnO3 (LSMO) film.!'®) The
titling MnOg octahedron has modified the hopping rate of the
eg orbital of Mn ions along different axes, causing an in-plane
switching of the easy axis of LSMO film by an angle of 90°
and giant anisotropic transport properties in the LSMO films.
As revealed by Kan et al., Ru—O-Ru bond angle was modified

ial synthesis techniques, grouping oxide materials to-

gether with different atomic/electronic configurations is

21-241 1 recent work, Zhang et al. demonstrated

accessible. !
how symmetry mismatch drives a spin reorientation for
the tensile-strained LSMO/LaCo0O, 5, s multilayers with per-
ovskite/brownmillerite (P/BM) interface.[??! 1t is found that
the interfacial MnOg octahedra prefer to share the apical oxy-
gen with neighboring CoOy tetrahedra, causing MnOg oc-

tahedral elongated and tilted, leading to strong perpendic-
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ular magnetic anisotropy (PMA). We notice that the bulk
Laj 3511 /3C003 and LSMO materials are both optimal doping
with ferromagnetic metallic character. Different from LSMO,
the tensile-strained La, ;3511 /3C003 thin films easily lose oxy-
gen to form ordering of oxygen vacancies, i.e., the brown-
millerite structure of Lay /351 3C00, 5,5 (LSCO).[22) The
P/BM interface based heterostructures can be formed by
grouping the LSCO and LSMO film together, and such sym-
metry mismatch at the interface may possibly tune the MA
of the LSMO layer.
tute Co ions can effectively modulate the lattice structure of
Laj 3511 /3C01-Mn, O, 5,5 (LSCMO) film from brownmil-
lerite to perovskite. We are wondering whether the MA would

Moreover, using Mn ions to substi-

show the corresponding variations when the interface structure
gradually changes from P/BM to P/P-type. Here, we success-
fully fabricate LSCO/LSMO/LSCO trilayer with the P/BM
interface structure. The trilayer exhibits huge PMA and the
maximal anisotropy constant is up to ~ 3.385 x 10° erg/cm?
at 10 K, which is more than one order of magnitude larger
than that of magnetoelastic coupling effect.['®>-2° Using
Mn ions to substitute Co ions to form LSCMO (x = 0-
0.7) layers with reduced CoOy, tetrahedra concentration at
the interface, we can tune the type of interface structure for
LSCMO/LSMO/LSCMO (x = 0-0.7) trilayers from P/BM to
P/P, which is confirmed by the high-resolution scanning trans-
mission electron microscope (STEM). The MA of the trilay-
ers displays a strong dependence on the concentration of Mn
ions. The K of trilayers monotonously decreases as Mn con-
centration increases and changes from 3.385 x 10° erg/cm? to
—3.501 x 10° erg/cm?. The x-ray linear dichroism (XLD) re-
sults reveal that the orbital reconstruction occurs at the inter-
face of the trilayers, resulting in the changes in MA due to the
strong spin—orbit coupling effect. This work demonstrates the
great potential to tune the electromagnetic properties of oxide
heterostructure by interfacial engineering.

2. Experiment

LSCMO(6 nm)/LSMO(6 nm)/LSCMO(6 nm) (x = 0-0.7)
trilayers, [LSCO(4 uc)/LSMO4 uc)]s and [LSCMO4 uc) /
LSMO(4 uc)]s (x = 0.7) superlattices were grown on (001)-
SrTiO; (STO) single crystal substrates (3x5 x 0.5 mm?) by
pulsed laser deposition, using a KrF excimer laser with a
wavelength of 248 nm. The fluence of the laser pulse was
2 J/cm? and the repetition rate was 2 Hz. The deposition was
carried out at 680 °C in an oxygen atmosphere of 30 Pa for the
LSMO layer and LSCMO layers. The distance between the
polycrystalline target and substrate is ~ 4.8 cm. The growth
rate is ~ 2 nm/min for the LSMO layer and ~ 1.4 nm/min for
LSCMO layers. After deposition, the samples were cooled to
room temperature at a rate of 10 °C/min in an oxygen atmo-
sphere of 100 Pa. The film thickness was determined by the

number of laser pulses, which has been carefully calibrated by
the technique of small angle x-ray reflectivity.

The surface morphology of the trilayers was measured
by an atomic force microscope (SPI 3800 N, Seiko). X-
ray diffraction (XRD) and reciprocal space mapping (RSM)
was determined by Bruker x-ray diffractometer (D8 dis-
cover). High-angle annular dark-field (HAADF) images were
recorded by a high-resolution STEM with double Cs correc-
tors (JEOL-ARM200 F). Magnetic measurements were con-
ducted by a quantum designed vibrating sample magnetome-
ter (VSM-SQUID) in the temperature interval from 10 K to
380 K. The x-ray absorption spectra (XAS) were performed at
Shanghai Synchrotron Radiation Facility, in the total electron
yield mode. The spectra were measured at the Mn L-edge for
the two polarizations in a geometry. The x-ray incident an-
gle was rotated to 0° and 60° from the sample normal, which
correspond to the in-plane (E||a, Iip) and out-of-plane (E||c,
Iop) directions, respectively. The x-ray linear dichroism spec-
tra, defined by Iip—Iop, was the intensity difference of normal-
ized XAS along two polarizations, which provide information
about the orbital occupancy of Mn-3d states. The measure-
ment temperature was 300 K.

3. Results and discussion

High-quality LSCMO/LSMO/LSCMO (x = 0-0.7) tri-
layers are epitaxially grown on single-crystalline STO sub-
strate, and the schematic diagram of the trilayers is shown in
Fig. 1(a). Here, the thicknesses of the LSCMO layers and
LSMO layer are fixed to 6 nm, which will highlight the in-
terfacial effect of the trilayers.>?) The thickness of trilayers is
confirmed by low-angle x-ray reflectivity (Fig. S1). All trilay-
ers display an atomical flat surface. Figure 1(b) shows the
typical surface morphology of LSCO/LSMO/LSCO trilayer
with the root mean square roughness of ~ 0.3 nm, measured
over an area of 5 x 5 pm?. The lattice constant is 3.87 A
for pseudo-cubic LSMOP7->°! and 3.83-3.87 A for pseudo-
cubic LSCMO materials,°! both of which are smaller than
that of the STO substrate (3.905 A). This indicates that the
LSCMO/LSMO/LSCMO trilayers will be tensely strained to
the STO substrate. It has been confirmed by the (002) Bragg
peaks of trilayers that are localized on the right side of the STO
substrate as shown in Fig. 1(c). Here, the multi-peaks of trilay-
ers are due to the diffraction/interference of x-ray in the three
layers of the heterostructures, which are usually a signature
of high crystal quality of the multilayer films. To determine
the strain values for each trilayer, we simulate all the XRD
patterns of the trilayers, and the fitting curves (blue curve) of
XRD patterns are well consistent with the experimental results
(Fig. S2(a)). The lattice constant of the LSCMO (x = 0-1)
layers can be deduced from these fitting curves as shown in
Fig. S2(b). The out-of-plane lattice constant of the LSCMO
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layers shows a monotonic increase as the Mn doping concen-
tration increases (from 3.75 A for LSCO to 3.84 A for LSCMO
(x = 0.7)), whereas the out-of-plane lattice constant of the
LSMO layer maintains a constant value of 3.85 A. It means
that each trilayer sample always suffers from the tensile strain
from the STO substrate. To elucidate the tensile strain state of
the trilayers, the typical RSMs around asymmetric (103) re-

(a) (c)

flection of LSCO/LSMO/LSCO and LSCMO/LSMO/LSCMO
(x = 0.7) trilayers are shown in Figs. 1(d) and 1(e), respec-
tively. The reflections from the trilayers not only align verti-
cally with that of the substrate (marked by dashed lines) but
also above that of the substrate, indicating the trilayers are
coherently strained by the substrate without any lattice relax-
ation. Similar results are obtained for other trilayers.
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Fig. 1. (a) The sketch diagram of LSCMO/LSMO/LSCMO (x = 0-0.7) trilayers. (b) The surface morphology of the LSCO/LSMO/LSCO
trilayer; the scale of the image is 5 x 5 um?. (c) The x-ray diffraction patterns of LSCMO/LSMO/LSCMO trilayers. The multi-peaks in-
dicate the high crystal quality of the trilayers. The reciprocal space mappings of the (103) reflections of (d) LSCO/LSMO/LSCO and (e)

LSCMO/LSMO/LSCMO (x = 0.7) trilayers.
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Fig. 2. Typical high-angle annular dark-field image of the cross-section of the LSCMO/LSMO/LSCMO trilayers with (a) x =0, (b) x =0.3, and (¢) x =0.7,
respectively, recorded along the [100] zone. Red dashed-line marks the LSCMO/LSMO interface and the yellow arrows represent the dark stripes.

To obtain detailed information about the lattice struc-
ture of LSCMO/LSMO/LSCMO trilayers, figures 2(a)-2(c)
presents the typical HAADF images of the cross-section of the
LSCMO/LSMO/LSCMO (x = 0, 0.3, 0.7) trilayers, recorded
along the [100] zone axis. Here, the brighter spots are La/Sr

ions and the fainter spots are Mn/Co ions. At first glance,
the interface of LSCMO/LSMO in the trilayers is sharp and
the LSMO layer displays the perovskite structure without any
defects. However, dark stripes appear every two columns in

the LSCO layers, indicating the formation of the brownmil-
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lerite LSCO phase.?'->* Notably, the dark stripe favors the
position near the LSMO layer, indicating that the interface of
the LSCO/LSMO/LSCO trilayer is the P/BM type as shown
in Fig. 2(a). On the contrary, for the LSCMO/LSMO/LSCMO
(x = 0.3) trilayer, only a few dark stripes at the interface of
LSCMO (x = 0.3) layers are observed, which means that the
P/BM interface is reduced and P/P interface is increased, as
shown in Fig. 2(b). For the LSCMO/LSMO/LSCMO (x =0.7)
trilayer, no dark stripe is observed, which means that the in-
terface of trilayer is completely P/P structure, as shown in
Fig. 2(c). The STEM results indicate that we successfully
change the interface structure of LSCMO/LSMO/LSCMO tri-
layers from P/BM to P/P structure.

It is see whether the different
interface structures will influence the MA of the
LSCMO/LSMO/LSCMO trilayers. So we pay our attention
to the magnetic properties of the trilayers. Figure 3(a) shows
the thermomagnetic (M-T) curves of LSCO/LSMO/LSCO
trilayer with P/BM interface along in-plane (IP) and out-of-

interesting  to

plane (OP) applied fields at various magnetic fields with field-
cooling mode, respectively. Taking the data with the field of
0.05 T as an example, the magnetic moment first undergoes an
obvious increase at the Curie temperature (7;.) of the LSMO

LSCO/LSMO/LSCO
(a)
2 6 3T
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o 4 1T
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>
g 2 02T
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= 0 : : .
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Tspin

5
g
o
5
o
i
~
+
=]
)
g
3
=

1 1 1

0 1 2 3
Magnetic field/T

layer (the increase-to-decrease crossover at ~ 235 K is an
indication of the spin reorientation), and then rapidly drops
along the IP direction upon cooling. Meanwhile, the magnetic
moment of OP direction exhibits monotonous increase upon
cooling, and the magnetic moment of OP direction is about 4
times larger than that of the IP one at 10 K. As the magnetic
field increases, the IP M—T curves gradually approach that
of OP direction, and the spin reorientation phenomena can
still be clearly seen in the M-T curve under the applied field
of 1.5 T. The M-T curves clearly manifest an easy axis of
the LSCO/LSMO/LSCO trilayer along OP direction. Com-
pared to the PMA of the LSCO/LSMO/LSCO trilayer, the
LSCMO/LSMO/LSCMO (x = 0.7) trilayer with the P/P in-
terface displays a totally different MA. Figure 3(b) presents
the M-T curves of LSCMO/LSMO/LSCMO (x = 0.7) trilayer
along IP and OP applied fields at various magnetic fields.
The magnetic moments of two directions monotonously in-
crease upon cooling and no spin reorientation phenomena are
observed. The magnetic moment of OP direction gradually
approaches that of IP direction as the applied fields increase,
and they become almost coincide at 1.5 T. These results man-
ifest the easy axis of the LSCMO/LSMO/LSCMO (x = 0.7)
trilayer along the IP direction.
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(b) ]
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Fig. 3. Thermomagnetic curves of the (a) LSCO/LSMO/LSCO and (b) LSCMO/LSMO/LSCMO (x = 0.7) trilayers. The data were acquired
in field-cooling mode with in-plane or out-of-plane applied fields. Blue and orange areas highlight the difference of the magnetic moments
along two measuring directions. The moment as a function of applied fields for the (c) LSCO/LSMO/LSCO and (d) LSCMO/LSMO/LSCMO
(x = 0.7) trilayers, extracted from the thermomagnetic data at 7 = 10 K. The shaded area corresponds to the energy required to orientate the

magnetic moment of trilayer from the hard axis to the easy axis.
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To obtain the quantitative description of MA, the
anisotropy constant (Kp) is calculated. Figure 3(c) presents
the magnetic moment as a function of the magnetic
field (M-H curves), extracted from the M-T curves of
LSCO/LSMO/LSCO trilayer along IP and OP directions at
10 K. Along the OP direction, the magnetic moment increases
rapidly with the applied field and saturates in a field about
0.2 T. In contrast, the magnetic moment exhibits a smooth
growth with applied field along the IP direction. The energy
required to force IP magnetic moment to align with the OP di-
rection equals the shaded area encircled by the M—H curves.
The calculation gives ~ 3.385 x 10°% erg/cm® of the K for
LSCO/LSMO/LSCO trilayer at 10 K, which is more than one
order of magnitude larger than that of bare LSMO film with
magnetoelastic coupling interaction (~ 10* erg/cm?).[16:25-27]
Here, the positive value of K stands for the PMA of tri-
layers. Following the same procedure, the M—H curve of
LSCMO/LSMO/LSCMO (x = 0.7) trilayer at 10 K is obtained
as shown in Fig. 3(d). The IP magnetic moment increases
rapidly with the applied field and saturates in a field about
0.2 T along the IP direction, while the OP magnetic moment
quickly increases with the applied field and almost saturates
in a field about 1.5 T. The K5 of LSCMO/LSMO/LSCMO
(x =0.7) trilayer at 10 K is ~ —3.501 x 100 erg/cm3. Fol-
lowing the same calculation procedure, the Ko values of the
LSCO/LSMO/LSCO and LSCMO/LSMO/LSCMO (x = 0.7)
trilayers at other temperatures are obtained and the results will
discuss later.

To explore the MA variation of the tensile-strained
LSCMO/LSMO/LSCMO (x = 0-0.7) trilayers on the gradu-
ally changed interface structure from P/BM to P/P-type, a se-
ries of M-T curves of other LSCMO/LSMO/LSCMO (x = 0-

(a)

, LSCMO/LSMO/LSCMO

0.7) trilayers are measured at different applied fields (Fig. S3).
To show the changing tendency of the magnetic behavior of
the trilayers, figure 4(a) presents the typical M-T curves of
the LSCMO/LSMO/LSCMO (x = 0-0.7) trilayers under the
applied field of 0.05 T. When x < 0.3, the magnetic moment
of IP direction is below that of OP direction at low temper-
ature, and the magnetic moments of two directions gradually
approach as x increases from 0 to 0.3, indicating the tendency
of PMA to decrease as x increases. When x > 0.5, the easy
axis of the trilayers is turned to the IP direction, i.e., the
magnetic moment of the IP direction is bigger than that of
the OP one. The Kj values as a function of temperature for
the LSCMO/LSMO/LSCMO (x = 0-0.7) trilayers are summa-
rized, as shown in Fig. 4(b); the absolute value of K decreases
gradually as the temperature increases. To clearly display the
LSCMO layers effect MA of the trilayers, figure 4(c) shows
the K5 of the LSCMO/LSMO/LSCMO (x = 0-0.7) trilayers
at 10 K. The K of trilayers displays a strong dependence on
Mn concentration, and it monotonously decreases and changes
from 3.385 x 10° erg/cm? to —3.501 x 10° erg/cm>. The K of
trilayers is positive as x < 0.3 and it becomes negative as x >
0.5, indicating that the easy axis of the trilayers prefers OP di-
rection as x < 0.3 and it reverses to the IP direction as x > 0.5.
The easy axes of the LSCMO/LSMO/LSCMO (x = 0-0.7) tri-
layers are further confirmed by directly measuring hysteresis
loops with IP and OP applied fields (Fig. S4), and the value
of K from hysteresis loops of the trilayers is also calculated
(Fig. 4(c)). Two calculation methods agree well with each
other, indicating that the value of K4 is reliable. As demon-
strated above, the easy axis of the trilayers changes from OP
direction to IP direction as the interface structure ranges from
P/BM to P/P-type.
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Fig. 4. (a) Thermomagnetic curves of the LSCMO/LSMO/LSCMO (x = 0-0.7) trilayers along the in-plane and out-of plane directions under
an applied field of 0.05 T. (b) The K, as a function of temperature for the LSCMO/LSMO/LSCMO (x = 0-0.7) trilayers. Here, the positive
value of K4 indicates the perpendicular magnetic anisotropy. (c) The K as a function of Mn concentration for the LSCMO/LSMO/LSCMO
(x = 0-0.7) trilayers at 10 K. The blue curve and light green curve are the results extracted from thermomagnetic curves and hysteresis

curves, respectively.

It is already known that the electron filling of 3d-
orbitals of transition metal oxides plays a crucial role

to determine the electric and magnetic properties of ox-

BI1-35]1 In order to obtain the in-

ide heterostructures.
formation on electron occupancy of Mn-3d orbital of

the trilayers, the technique of XAS is adopted. Fig-
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ures 5(a) and 5(b) present the the normalized XAS spec-
tra for the samples of [LSCO(4 uc)/LSMO(4 uc)]s and
[LSCMO(4 uc)/LSMO(4 uc)]s (x = 0.7) multilayers, respec-
tively. Here, the multilayers with an ultrathin layer thickness
(4 uc) were chosen to highlight the interface effect. The sketch
of XAS measurement with two optical polarizations (0° and
60° from the sample normal) is shown at the upper right posi-
tion in Fig. 5(a), corresponding to the in-plane (E||a, lip) and
out-of-plane (E||c, Iop) directions. The Mn-L, 3 edges spec-
tra consist of two main peaks, which are due to the excited
electron from the spin—orbit split 2p; /, and 2ps , core levels
to empty 3d orbital states, and the Mn-L, peak contains im-
portant information about electron occupancy of eg-orbitals: a
high (low) peak implies a low (high) orbital occupancy.2¢0]
To intuitively present the electron occupancy of eg-orbitals in
the multilayers, XLD spectra, defined by Iip—Iop, are obtained.

(a) [LSCO/LSMO]s

The positive (negative) value means that electron preferen-
tially occupies d3>_,2> (d,2_2) orbital of the Mn ions. For
[LSCO/LSMO]5 multilayer, the XLD spectrum exhibits pos-
itive value around the Mn-L, spectrum, indicating that more
electron preferentially occupy d; 2,2 orbital. This is under-
standable because the BM/P interface of the [LSCO/LSMO]5
will elongate MnOg octahedron along [001] axis, thus lower-
ing the energy level of d;2_,2, which is consistent with the
previous report.?>%7] In contrast, the orbital occupancy is dif-
ferent in [LSCMO/LSMO]s (x = 0.7) multilayer with P/P-type
interface, and the preferred orbital is d,>_» as implied by the
negative value of XLD spectra around Mn;Lz spectra. This re-
sult is interesting since it reveals interface orbital reconstruc-
tion by interfacial engineering in LSCMO/LSMO/LSCMO tri-

layers.
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Fig. 5. Normalized Mn-XAS spectra for the (a) [LSCO(4 uc)/LSMO(4 uc)]s and (b) [LSCMO(4 uc)/LSMO(4 uc)]s (x = 0.7) multilayers,
measured with the optical polarization parallel (E||a, fip) or perpendicular (E||c, Iop) to the film plane. The sketch shows the experimental
setup. Bottom panels are the corresponding XLD spectra and the shaded areas provide the information on orbital occupancy. The arrow marks

the spin orientation of the LSMO layer.

The above results strongly suggest that the MA and the
orbital reconstruction are closely related to the interfacial cou-
pling effect in the LSCMO/LSMO/LSCMO trilayers. As al-
ready demonstrated, the interface type changes from P/BM to
P/P as the content of Mn increases. For the P/BM type inter-
face, the interfacial MnOg octahedra share the apical oxygen
with neighboring CoOy, tetrahedra at the interface (Fig. 2(a)).
This would cause the interfacial MnOg octahedra to elongate
along the [001] axis and tilt around the [110] axis to accom-
modate the symmetry mismatch between the CoO4 layer and
the MnOg layers.[*?! In this case, the d;»_,» orbital will be

preferentially occupied, thus leading to the PMA of the trilay-
ers according to the Bruno model (this will be discussed later).
In contrast, for the P/P-type interface with oxygen octahedra
on both sides, the interface-induced tilt of oxygen octahedra

16,181 and the magnetoelastic coupling

is expected to be small,!
is the major factor to determine orbital occupation. Gener-
ally, the tensile strain would cause a preferential occupation of
de_y
anisotropy. 33438 By increasing the Mn doping concentra-
tion in the LSCMO layer, the CoO4—MnOg pairs at the inter-

face are reduced, which results in the monotonic decrease of

» orbital in LSMO films, thus causing in-plane magnetic
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K of the trilayers and finally, an in-plane anisotropy appears.

A further issue to be addressed is how the orbital recon-
struction modifies the MA of the manganite oxide heterojunc-
tions. The LSMO film owns strongly coupled spin, charge,
and orbital degrees of freedom, and the MA stems from the
strong spin—orbital interaction. According to the Bruno model,
the anisotropy of the spin—orbit energy is directly related to the

anisotropy of the orbital moment3!:41]

£ g mY, ()

AEso = ¢ [(L-8§);p —(L-8)p] = dug

where { is a parameter for spin-orbit coupling, () represents
the thermodynamic average, and mg is the d-orbital moment
along OP or IP directions (Note 1 for detailed calculations of
mg). For the LSCO/LSMO/LSCO trilayer, the electron prefer-
entially fills d; » 2 orbital of the Mn ions, and a direct calcu-
lation gives that the d-orbital moment is 4§ /A2 2, along
the OP direction and (ug{/A2_y2 ) along the IP direction.
According to Eq. (1), the easy axis has a larger orbital mo-
ment than that of the hard axis. It is obvious that m3" > m{,
which means that the easy axis of LSCO/LSMO/LSCO tri-
layer is OP direction. For the LSCMO/LSMO/LSCMO (x =
0.7) trilayer, the electron preferentially occupies d_» or-
bital, and the corresponding mo values of d-orbital are 0 and
(Bupl/As2_ ,xz) for OP and IP directions, respectively. The
m3P < mf¥, so the easy axis is reversed along the IP direc-
tion for the LSCMO/LSMO/LSCMO (x = 0.7) trilayer. Due
to the strong spin—orbit coupling effect, the orbital reconstruc-
tion occurs at the interface of LSCMO/LSMO/LSCMO trilay-
ers by interfacial engineering, resulting in tuning MA of the
trilayers.

4. Conclusion

In summary, we systemically research the MA of tensile-
strained LSCMO/LSMO/LSCMO (x = 0-0.7) trilayers with
the interface structure changing from P/BM to P/P-type. The
initial LSCO/LSMO/LSCO with typical P/BM structure ex-
hibits huge PMA and the maximal value of Kp is ~ 3.385 x
10% erg/cm® at 10 K, which is more than one order of mag-
nitude larger than that of tensile-strained LSMO film. Us-
ing Mn ions to substitute Co ions of LSCO layer to reduce
the CoOy tetrahedra concentration of the LSCMO layers, the
value of K, of trilayers changes from 3.385 x 10° erg/cm? to
—3.501 x 10° erg/cm3. When x < 0.3, PMA dominates and the
value of Kx monotonously decreases as Mn concentration in-
creases. However, in-plane MA dominates as x > 0.5, i.e., the
easy magnetic axis of trilayers changes from OP to IP direc-
tions. The orbital reconstruction occurs at the interface of the
LSCMO/LSMO/LSCMO trilayers by interfacial engineering,
resulting in the change of MA due to the strong spin—orbit cou-
pling effect. Thus, this work demonstrates the great potential

to tune the electromagnetism properties of oxide heterostruc-
ture by interfacial engineering.

References

[1] Okamoto S and Millis A J 2004 Nature 428 630
[2] Chakhalian J, Freeland J W, Habermeier H U, Cristiani G, Khaliullin
G, van Veenendaal M and Keimer B 2007 Science 318 1114
[3] Zubko P, Gariglio S, Gabay M, Ghosez P and Triscone J M 2011 Annu.
Rev. Condens. Matter Phys. 2 141
[4] Hwang H Y, Iwasa Y, Kawasaki M, Keimer B, Nagaosa N and Tokura
Y 2012 Nat. Mater. 11 103
[5] Cui B, Song C, Li F, Wang G Y, Mao H J, Peng J J, Zeng F and Pan F
2015 Sci. Rep. 4 4206
[6] Bhattacharya A and May S J 2014 Annu. Rev. Mater. Res. 44 65
[7]1 Hellman F, Hoffmann A, Tserkovnyak Y et al. 2017 Rev. Mod. Phys.
89 025006
[8] Dieny B and Chshiev M 2017 Rev. Mod. Phys. 89 025008
[9] Chappert C, Fert A and Van Dau F N 2007 Nat. Mater. 6 813
[10] NgaiJ H, Walker F J and Ahn C H 2014 Annu. Rev. Mater. Res. 44 1
[11] Kent A D and Worledge D C 2015 Nat. Nanotechnol. 10 187
[12] He J, Borisevich A, Kalinin S V, Pennycook S J and Pantelides S T
2010 Phys. Rev. Lett. 105 227203
[13] Rondinelli J M, May S J and Freeland J W 2012 MRS Bull. 37 261
[14] Aso R, Kan D, Shimakawa Y and Kurata H 2013 Sci. Rep. 3 2214
[15] AsoR, Kan D, Shimakawa Y and Kurata H 2014 Adv. Funct. Mater. 24
5177
[16] Liao Z, Huijben M, Zhong Z, Gauquelin N, Macke S, Green R J, Van
Aert S, Verbeeck J, Van Tendeloo G, Held K, Sawatzky G A, Koster G
and Rijnders G 2016 Nat. Mater. 15 425
[17] Kan D, Aso R, Sato R, Haruta M, Kurata H and Shimakawa Y 2016
Nat. Mater. 15 432
[18] Yi D, Flint C L, Balakrishnan P P, Mahalingam K, Urwin B, Vailionis
A, N’Diaye A T, Shafer P, Arenholz E, Choi Y, Stone K H, Chu J H,
Howe B M, Liu J, Fisher I R and Suzuki Y 2017 Phys. Rev. Lett. 119
077201
[19] Ismail-Beigi S, Walker F J, Disa A S, Rabe K M and Ahn C H 2017
Nat. Rev. Mater. 2 17060
[20] Wang L F, Feng Q Y, Kim Y, Kim R, Lee K H, Pollard S D, Shin Y J,
Zhou H B, Peng W, Lee D, Meng W J, Yang H, Han J H, Kim M, Lu
QY and Noh T W 2018 Nat. Mater. 17 1087
[21] Ding J F, Cossu F, Lebedev O I, Zhang Y Q, Zhang Z D, Schwingen-
schlogl U and Wu T 2016 Adv. Mater. Interfaces 3 1500676
[22] Zhang J, Zhong Z, Guan X, Shen X, Zhang J, Han F, Zhang H, Zhang
H, Yan X, Zhang Q, Gu L, Hu F, Yu R, Shen B and Sun J 2018 Nat.
Commun. 9 04304
[23] Zhang J E, Han F R, Wang W, Shen X, Zhang J, Zhang H, Huang HL,
Zhang HR, Chen X B, Qi SJ, Chen Y S, Hu F X, Yan S S, Shen B G,
Yu R C and Sun J R 2019 Phys. Rev. B 100 094432
[24] Behera B C, Jana S, Bhat S G, Gauquelin N, Tripathy G, Anil Kumar
P S and Samal D 2019 Phys. Rev. B 99 024425
[25] Liu B, Wang Y Q, Liu GJ, Feng HL, Yang H W, Xue X Y and Sun J
R 2016 Phys. Rev. B 93 094421
[26] LiJ, Wang J, Kuang H, Zhang H R, Zhao Y Y, Qiao K M, Wang F, Liu
W, Wang W, Peng L C, Zhang Y, Yu R C, Hu F X, Sun J R and Shen B
G 2017 Nanoscale 9 13214
[27] Zhang J E, Chen X X, Zhang Q H, Han F R, Zhang J, Zhang H, Zhang
HR,Huang HL, Qi SJ, Yan X, GuL, Chen Y S, Hu F X, Yan S S,
Liu B G, Shen B G and Sun J R 2018 ACS Appl. Mater. Interfaces 10
40951
[28] Steenbeck K and Hiergeist R 1999 Appl. Phys. Lett. 75 1778
[29] Steenbeck K, Habisreuther T, Dubourdieu C and Sénateur J P 2002
Appl. Phys. Lett. 80 3361
[30] Yang HW, Zhang HR, Li Y, Wang S F, Shen X, Lan Q Q, Meng S, Yu
R C, Shen B G and Sun J R 2015 Sci. Rep. 4 06206
[31] Bruno P 1989 Phys. Rev. B 39 865
[32] Huang H B, Shishidou T and Jo T 2000 J. Phys. Soc. Jpn. 69 2399
[33] Huijben M, Martin L W, Chu Y H, Holcomb M B, Yu P, Rijnders G,
Blank D H A and Ramesh R 2008 Phys. Rev. B 78 094413

097402-7


https://doi.org/10.1038/nature02450
https://doi.org/10.1126/science.1149338
https://doi.org/10.1146/annurev-conmatphys-062910-140445
https://doi.org/10.1146/annurev-conmatphys-062910-140445
https://doi.org/10.1038/nmat3223
https://doi.org/10.1038/srep04206
https://doi.org/10.1146/annurev-matsci-070813-113447
https://doi.org/10.1103/RevModPhys.89.025006
https://doi.org/10.1103/RevModPhys.89.025006
https://doi.org/10.1103/RevModPhys.89.025008
https://doi.org/10.1038/nmat2024
https://doi.org/10.1146/annurev-matsci-070813-113248
https://doi.org/10.1038/nnano.2015.24
https://doi.org/10.1103/PhysRevLett.105.227203
https://doi.org/10.1557/mrs.2012.49
https://doi.org/10.1038/srep02214
https://doi.org/10.1002/adfm.201303521
https://doi.org/10.1002/adfm.201303521
https://doi.org/10.1038/nmat4579
https://doi.org/10.1038/nmat4580
https://doi.org/10.1038/nmat4580
https://doi.org/10.1103/PhysRevLett.119.077201
https://doi.org/10.1103/PhysRevLett.119.077201
https://doi.org/10.1038/natrevmats.2017.60
https://doi.org/10.1038/natrevmats.2017.60
https://doi.org/10.1038/s41563-018-0204-4
https://doi.org/10.1002/admi.201500676
https://doi.org/10.1038/s41467-018-06769-y
https://doi.org/10.1038/s41467-018-06769-y
https://doi.org/10.1103/PhysRevB.100.094432
https://doi.org/10.1103/PhysRevB.99.024425
https://doi.org/10.1103/PhysRevB.93.094421
https://doi.org/10.1039/C7NR03162A
https://doi.org/10.1021/acsami.8b14981
https://doi.org/10.1021/acsami.8b14981
https://doi.org/10.1063/1.124817
https://doi.org/10.1063/1.1473870
https://doi.org/10.1063/1.1473870
https://doi.org/10.1038/srep06206
https://doi.org/10.1103/PhysRevB.39.865
https://doi.org/10.1143/JPSJ.69.2399
https://doi.org/10.1103/PhysRevB.78.094413

Chin. Phys. B Vol. 29, No. 9 (2020) 097402

[34]

[35]

[36]

[37]

Tebano A, Aruta C, Sanna S, Medaglia P G, Balestrino G, Sidorenko A
A, De Renzi R, Ghiringhelli G, Braicovich L, Bisogni V and Brookes
N B 2008 Phys. Rev. Lett. 100 137401

Yi D, Lu N P, Chen X G, Shen S C and Yu P 2017 J. Phys.: Condens.
Matter 29 443004

Huang D J, Wu W B, Guo G Y, Lin HJ, Hou T Y, Chang C F, Chen C
T, Fujimori A, Kimura T, Huang H B, Tanaka A and Jo T 2004 Phys.
Rev. Lett. 92 087202

Aruta C, Ghiringhelli G, Tebano A, Boggio N G, Brookes N B,
Medaglia P G and Balestrino G 2006 Phys. Rev. B 73 235121

[38]

[39]

[40]

[41]

097402-8

Pesquera D, Herranz G, Barla A, Pellegrin E, Bondino F, Magnano E,
Sanchez F and Fontcuberta J 2012 Nat. Commun. 3 1189

Peng J, Song C, Li F, Cui B, Mao H, Wang Y, Wang G and Pan F 2015
ACS Appl. Mat. Interfaces 7 17700

Cui B, Li F, Song C, Peng J J, Saleem M S, Gu Y D, Li S N, Wang K
L and Pan F 2016 Phys. Rev. B 94 134403

Bruno P, Magnetismus Von Festkorpern und Grenzflichen 1993 KFA:
Jiilich Germany, Chapter 24 1-p


https://doi.org/10.1103/PhysRevLett.100.137401
https://doi.org/10.1088/1361-648X/aa824d
https://doi.org/10.1088/1361-648X/aa824d
https://doi.org/10.1103/PhysRevLett.92.087202
https://doi.org/10.1103/PhysRevLett.92.087202
https://doi.org/10.1103/PhysRevB.73.235121
https://doi.org/10.1038/ncomms2189
https://doi.org/10.1021/acsami.5b04994
https://doi.org/10.1021/acsami.5b04994
https://doi.org/10.1103/PhysRevB.94.134403

	1. Introduction
	2. Experiment
	3. Results and discussion
	4. Conclusion
	References

