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ABSTRACT Control of magnetic anisotropy in low-dimen-
sional systems is of paramount importance in terms of their
fundamental and technological perspectives. La0.7Sr0.3MnO3
(LSMO) is a ferromagnetic half-metal with a high Curie
temperature and many efforts have been made to control its
magnetic anisotropy. However, the relationship between the
evolution of the magnetic anisotropy orientation and the
electronic structure of low-dimensional LSMO still remains
poorly understood. Here, the high-quality superlattices com-
prised of LSMO and SrMnO3 (SMO) layers are synthesized
with a compatible structure at the atomic scale. Their mag-
netic anisotropy is gradually varied from planar to perpendi-
cular by increasing the SMO thickness, and the special four-
fold magnetic anisotropy is also observed at the intermediate
superlattice thickness. The evolution of the magnetic aniso-
tropy in these systems is confirmed by the electronic transport
and magnetic measurements. Moreover, X-ray linear dichro-
ism measurements and first-principles calculations reveal the
interfacial orbital reconstruction with the in-plane to out-of-
plane magnetic reorientation transition. Therefore, a new
microscopic method for magnetic anisotropy manipulation is
developed in the present study, enabling discovery of novel
phenomena as well as control of the magnetic properties.

Keywords: perpendicular magnetic anisotropy, magnetic mea-
surement, transport measurement, interfacial engineering, orbi-
tal reconstruction

INTRODUCTION
Magnetic anisotropy, determining the preferred direction of the
magnetic moment in magnetic materials, is one of the most
important fundamental properties for various applications such
as magnetic memory and logic devices [1–3]. Particularly, per-
pendicular magnetic anisotropy (PMA) is essential for the
design of appliances with high density, high stability, and low
energy consumption [4,5]. In this respect, La0.7Sr0.3MnO3
(LSMO) with a high Curie temperature is known for its out-
standing properties including colossal magnetoresistance and

half metallic characteristics with nearly 100% spin polarization,
which are highly demanded in all-oxide spintronics [6–9].
However, LSMO possesses a preferred in-plane (IP) orientation
of the magnetic easy axis [10–13]. Until now, only three extrinsic
methods can slightly change the easy axis direction of LSMO
films from IP to out-of-plane (OOP) [14–20]. (1) Mechanical
strain: the fabrication of compressively strained LSMO films on
LaAlO3 substrate have resulted in the PMA behavior and the
formation of the unprecedented LaSrMnO4 impurity phase due
to large lattice mismatch [4,5,21]; (2) crystal structural evolution:
the tunable oxygen octahedral rotation induced by the mod-
ification of crystal structure results in the PMA state in doping
La1−xSrxMnO3/SrIrO3 superlattices [17]; (3) symmetry mis-
match: the symmetry mismatch induced the IP to OOP mag-
netic easy axis reorientation in LSMO/LaCoO2.5 (perovskite/
brownmillerite) [16]. However, in these three cases, the inter-
facial structure failure is inevitable because of the mechanical
strain, crystal structural evolution, or symmetry mismatch.
These characteristics make the ultrathin LSMO-based hetero-
structures unfavorable for spintronics applications. In addition,
the relationship between the evolution of magnetic easy axis and
the electronic structure in low-dimensional LSMO ultrathin
films remains elusive. Therefore, the detailed study of magnetic
anisotropy in ultrathin LSMO-based heterostructures is sig-
nificantly important for potential interfacial engineering pur-
poses.
Artificial oxide heterostructures with chemically abrupt

interfaces provide a platform for exploring emergent phenom-
ena [22–25]. The engineered interfacial interactions among the
lattice, spin, charge, and orbital degrees of freedom are found to
play a direct and crucial role in the properties of 3d transition
oxide materials [26–30]. In the present work, a series of struc-
ture compatible LSMO(4)/SrMnO3(n) superlattices were
deposited onto the (001)-oriented SrTiO3 (STO) substrates.
These two kinds of materials have a compatible spin-orbital
coupling (SOC), the same symmetry (both are perovskite
structure), and similar oxygen octahedral rotation. Compared
with LSMO/SrIrO3 superlattices, SrMnO3 (SMO) is an insulator.
Therefore, LSMO is electrically confined in a well and magne-
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tically decoupled between adjacent LSMO layers with increasing
SMO thickness. Therefore, the extrinsic influence factors, such
as mechanical strain, crystal structural evolution, and symmetry
mismatch, can be excluded, and the intrinsic interfacial inter-
actions between the degrees of freedom are found to play a
crucial role in the properties of 3d transition oxide materials.
The magnetic anisotropy is gradually varied from planar to
perpendicular by increasing the SMO thickness, and the special
four-fold magnetic anisotropy is also observed at the inter-
mediate superlattice thickness. The evolution of the magnetic
anisotropy in these systems is confirmed by both the electronic
transport and magnetic measurements. X-ray linear dichroism
(XLD) and density functional theory (DFT) calculations con-
firmed the interfacial orbital reconstruction from the IP to OOP
magnetic easy-axis changes, which was found to be consistent
with the Bruno’s model [31]. Therefore, the gradual control of
the magnetic easy axis reorientation is achieved in the present
study through a simple control of the SMO layer dimensionality.

EXPERIMENTAL SECTION

Sample preparation
Fully epitaxial [(LSMO)n/(SMO)n]t superlattices were deposited
on atomically flat STO (001) substrates pretreated with buffered
HF acid by pulsed laser deposition (PLD). Here n was an integer
unit cell (u.c.) varying from 1 to 9, and t (the thickness of the
whole sample in number of LSMO/SMO units) was set at 10.
The thickness of LSMO layer was fixed at 4 u.c. For convenience,
the LSMO/SMO superlattices were labeled as L4Sn. For com-
parison, the 40-u.c. single LSMO film and the LSMO/STO
superlattice with a similar thickness were grown as well. In
addition, the L4S3 superlattice was also deposited on the LaAlO3
substrate. During the deposition, all the high-quality samples
were controlled using the in-situ reflection high-energy electron
diffraction (RHEED). The distance between the target and the
substrate was kept at 75 mm. The samples were deposited at a
temperature of 725°C using a 248-nm KrF excimer laser with the
frequency of 2 Hz, and oxygen pressure was kept at 100 mTorr
(1 Torr = 1.333 × 102 Pa). In order to avoid the oxygen vacan-
cies, these samples were in-situ annealed for 1 h under an oxy-
gen pressure of 300 Torr.

Structural, magnetic, and transport measurement
The crystal structures of LSMO/SMO superlattices were char-
acterized by a conventional X-ray diffraction (XRD, Ultima IV)
technique and a high-resolution four-circle X-ray diffractometer.
The scanning transmission electron microscopy (STEM) was
performed on a Titan 80-300 microscope equipped with high-
angle annular dark field (HAADF) to characterize the interfacial
microstructure. The IP and OOP magnetic hysteresis loops were
measured with vibrating sample magnetometer in a physical
properties measurement system (PPMS-VSM). The π/4 degree
hysteresis loop and the temperature dependence of magnetic
moment curves were performed in a superconducting quantum
interference device (SQUID) in the temperature range of
5–360 K. The magnetic hysteresis loops were obtained after
subtracting the diamagnetic background of plastic tube and STO
substrate. The electrical transport measurements were per-
formed using a linear four-probe configuration with the
Quantum Design PPMS in the range of 5–300 K. The magnetic
field was kept to be perpendicular to the current. The magnetic

hysteresis loops and ADMR curves were reproduced on multiple
samples.

XAS and XLD measurement
The X-ray absorption spectroscopy (XAS) of Mn L-edge in
LSMO/SMO superlattices was measured at the Beamline BL12B-
a of the National Synchrotron Radiation Laboratory (NSRL).
The background vacuum level was kept as 5 × 10−7 Torr and the
absorption signal was detected by the total electron yield (TEY)
method. The XAS spectra were normalized in order that the L3
and L2 edges have coincident intensities for the two polarized
directions. After that, the pre-edge spectral region of L3 was
defined as zero and the peak at the L3 edge was defined as one.
The XLD is described as the difference in the XAS spectra with
vertical (E//c) and horizontal (E//a) polarizations.

DFT calculation
The first-principles calculations were performed using the
Vienna ab-initio simulation package (VASP) [32]. The gen-
eralized gradient approximation (GGA) of Perdew-Burke-Ern-
zerhof (PBE) type was used to deal with the exchange-related
interactions [33]. The cutoff energy was set to 520 eV. A 9 × 9 ×
1 gamma-center k-point mesh was adopted in the calculations.
The convergence criteria for energy and force were defined as
10−5 eV and 0.01 eV Å−1, respectively. To describe the strong
electron-electron interactions, the GGA+U method with U =
5.0 eV and J = 1.0 eV was considered for Mn 3d orbitals as well
[34].

RESULTS AND DISCUSSION

Crystal structure characterization of all manganite superlattices
In order to investigate the impact of interfacial engineering on
the transport and magnetic properties, the high-quality
LSMO(4)/SMO(n) (labeled as L4Sn) superlattices were deposited
onto STO (001) substrates, where n is the number of unit cells
varying from 1 to 9. The precise control of thickness was
achieved by in-situ monitoring of the intensity oscillations of the
RHEED patterns during the growth (Fig. S1a), revealing the
layer-by-layer growth of both LSMO and SMO constituents. The
high quality of the L4Sn superlattices with controllable thickness
at the atomic level was further confirmed by high-resolution
XRD and STEM. Fig. 1a displays the XRD profiles of L4Sn
superlattices acquired in Cu-Kα radiation in the (002) peak
range. The emergence of satellite peaks SL ± 1 in these super-
lattices indicates their smooth interfaces. The SL − 1 peak
position decreases with decreasing SMO layer thickness, which
follows the Bragg’s law and is known as Laue fringes [35]. The
obvious Laue fringes are further found to support the flatness of
these superlattices. The reciprocal space mapping (RSM) around
the (103) reflections was used to confirm the IP high-quality
epitaxial growth of L4Sn superlattices. The RSM is a powerful
technique for quantifying the strain state, which can be identi-
fied by the intensity distribution around the Bragg peak [36]. As
shown in Fig. 1b, the characteristic (103) diffraction peaks of
L4S1, L4S3, and L4S9 superlattices align vertically with the STO
substrates, indicating that these superlattices are under the
similar strain from substrates. Hence, these L4Sn superlattices
are coherent in both the IP and OOP directions because no
diffusion is observed in the transverse or longitudinal direction.
To further investigate the interfacial sharpness of L4Sn super-
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lattices, the atomic-resolved STEM measurements were carried
out, as shown in Fig. S1b. The STEM image of L4S3 superlattice
is shown in Fig. 1c. Since the image intensity is directly pro-
portional to the atomic number [37], the brighter areas corre-
spond to the LSMO layers, whereas the darker regions represent
the SMO layers. It is obvious that the interface is atomically flat.
According to the high quality of LSMO/SMO superlattices
proved by XRD, RSM, and STEM, the next step of the present
study was to elucidate the effect of interfacial engineering on
their magnetic and transport properties.

Thickness dependence of the electric transport anisotropy in
manganite superlattices
To monitor the evolution of the magnetic properties in L4Sn
superlattices, angular dependent magnetoresistance (ADMR)
measurements were carried out [38,39]. Fig. 2a–c display the
polar plots of ADMR of L4S1, L4S3, and L4S9 superlattices
measured at 7 T and the temperatures from 5 to 200 K. The
corresponding ADMR curves are also shown in Fig. S2. Here,
the ADMR ratio is defined as ADMR = [R(θ) − R(0°)] / R(0°),
where R is the resistance and θ is the angle between the magnetic
field and the [100] direction in the film plane [40]. The long-
itudinal resistance is measured along the [010] direction and the
magnetic field is rotated in the (001) plane (Fig. S3). The L4S1

superlattice shows a two-fold IP magnetic anisotropy at all
measured temperatures. The sign of MR is similar to that of a
single LSMO film grown on the STO substrate (Fig. S6). At the
same time, the L4S3 superlattice also demonstrates the two-fold
IP easy axis at the temperatures above 10 K, which transforms
into the fourfold magnetic anisotropy as the temperature
decreases to 5 K. The magnetic easy axes are oriented along the
[011], [011], [011], and [011] directions. In turn, the L4S9
superlattice undergoes the parallel-to-perpendicular magnetic
anisotropy transition as the temperature decreases from 200 to
5 K. In addition, the fourfold magnetic anisotropy is also
observed at the temperatures of 50 and 100 K (Fig. S2c). Fig. 2d
shows the ADMR curves measured at 5 K for three different
L4Sn superlattices. In particular, the ADMR spectrum at 5 K
under the magnetic field rotating in the (010) and (100) planes is
similar to that of the (001) plane (Fig. S3). These results further
confirm the existence of PMA in thicker L4Sn superlattices, and
the novel fourfold magnetic anisotropic axis (intermediate state)
is detected in L4S3 superlattice. In addition, the electric trans-
port anisotropy is also observed in these superlattices with
increasing SMO thickness (Fig. S4). The L4S1 superlattice
exhibits higher electrical conductivities along the IP direction no
matter the R-T is measured under zero field or 5 T magnetic
field. In contrast, for the L4S9 superlattice, the lower resistance

Figure 1 Structural characterization of the LSMO/SMO superlattices. (a) θ-2θ XRD patterns of L4S1, L4S3, and L4S9 superlattices grown on STO substrates.
Both the superlattice peaks and the satellite fringes reveal the high degree of interface abruptness. (b) X-ray reciprocal spacing mapping images of the L4S1,
L4S3, and L4S9 superlattices around the (103) peaks. The vertical alignment of the reflections suggests the same IP lattice constants of the superlattices as the
STO substrates. (c) The partial HAADF STEM image of L4S3 superlattice along the [001] zone axis. The bright and dark regions correspond to LSMO and
SMO layers, respectively.
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states are found along the OOP direction under 0 and 5 T
magnetic fields. For L4S3 superlattice, the highly conductive
states are undoubtedly along the π/4 direction. No thermal
hysteresis is found in the cooling down and warming up pro-
cesses in this experiment [15]. In addition, it is obvious the
resistance increases by over 6 orders of magnitude when the n
increases from 1 to 9, showing the thickness-associated metal-
insulator transition (Fig. S5). It is known that the SMO material
with Mn4+ ions is a band insulator with G-type anti-
ferromagnetic order, and the ferromagnetic and metallic beha-
viors of LSMO materials are attributed to the double-exchange
mechanism between Mn3+ and Mn4+ ions. However, a so-called
“dead-layer” thickness, defined as the thinnest layer for metallic
and ferromagnetic behaviors, is about 4 nm (10 u.c.) as LSMO
film is grown on the STO substrate [16]. Hence, the transport
property should manifest an insulator behavior in these L4Sn
superlattices. However, in the thinnest L4S1 superlattice, the
Mn4+ ions in the SMO layer can connect the neighbor LSMO
layer to form the long-range double exchange interaction. This is
the reason of the metallic behavior only present in the L4S1
superlattice.

Thickness dependence of the magnetic anisotropy in the
manganite superlattices
Fig. 3a–c display the magnetic hysteresis loops (M-H) along the
IP and OOP directions at 5 K for L4S1, L4S3, and L4S9 super-

lattices, respectively. In the L4S1 superlattice, the magnetic easy
axis is obviously in the film plane, as follows from the IP and
OOP magnetic curves, which is similar to a single LSMO film
(Fig. S6) [10]. While the magnetic easy axis of the L4S9 super-
lattice is along the OOP orientation with a strong contrast to the
observed IP easy axis in a thinner SMO layer, which is consistent
with the ADMR results. The microscopic magnetic domain
switching, corresponding to the hysteresis of L4S9 superlattice,
has also been characterized by using low-temperature magnetic
force microscopy (MFM) at 5 K (Fig. S7). It is obvious that the
magnetization is fully aligned in the negative field direction
under the saturation field of −4 T, showing a homogeneous
contrast. When the external field is turned towards positive
direction, the magnetization starts to reverse with a positive
contrast and the homogenous contrast appears at the positive
saturated field of 4 T [41,42]. Hence, the magnetic anisotropy
switch from the IP to the OOP direction is realized by increasing
the SMO layer thickness in the LSMO/SMO superlattices. Owing
to the structural compatibility in these L4Sn superlattices, the
symmetry mismatch can be effectively avoided in the experi-
ment. Therefore, the magnetic anisotropy tuning is achievable
through the intrinsic interfacial engineering of LSMO/SMO
superlattices. In addition, it is worth noting that the M-H loop
along the IP direction is similar to that in the OOP direction for
the L4S3 superlattice, implying the easy axis is along the tilted
direction. Fig. 3b shows the 45° M-H loop for the L4S3 super-

Figure 2 Transport anisotropy of the LSMO/SMO superlattices. The effect of the temperature on the ADMR of (a) L4S1, (b) L4S3, and (c) L4S9
superlattices. All curves are normalized to the resistance at zero degree. The measurement configuration is illustrated in Fig. S3a and the current is along the
[010] direction. (d) The ADMR spectra acquired at 5 K under a magnetic field of 7 T for the same superlattices.
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lattice. Compared with IP- and OOP-direction M-H loops, the
hysteresis loop of the L4S3 superlattice along the [101] direction
is more easily saturated than in the other directions. Therefore,
the intermediate state of the easy axis is present in L4Sn
superlattices with increasing thickness of SMO layer. This
emergent phenomenon is consistent with the above ADMR
results at low temperatures.
The influence of the SMO layer thickness on the magnetic

anisotropy is summarized in Fig. 3d, where the normalized
difference between the remnant magnetization along the IP and
OOP directions is used to represent the change of the magnetic
easy axis. The positive and negative signs indicate the IP and
OOP easy axes, respectively. It is found that the superlattices
with thinner SMO layers (n < 3) possess the [100] easy axis
consistent with that of the pure LSMO thin film. As the SMO
thickness increases (n > 3), the easy axis reorients to the [001]
direction. When the SMO thickness equals to 3 u.c., the easy axis
is at 45° away from the IP direction. Fig. 3e shows the schematic

diagrams of the Mn spin orientations with different thicknesses
of SMO layer for better visualization. The easy axis transferring
from the IP (L4S1) direction to 45° (L4S3) with respect to the
OOP (L4S9) direction coincides with the thickness variation of
transport anisotropy in the ADMR results. To get a quantitative
description of the PMA strength, the effective anisotropy con-
stant (Keff) was quantitatively estimated by the shadow area
between the OOP and IP magnetization curves as shown Fig. S8
[43]. The negative and positive values of Keff refer to the IP and
OOP magnetic anisotropy, respectively. The effective OOP
magnetic anisotropy constant of the L4S9 superlattice is as high
as 2.14 × 106 erg cm−3 (1 erg = 10−7 J).
The evolution of the magnetic easy-axis direction is further

characterized by the temperature dependence of the magnetic
moment (M-T) [44]. Fig. 4a, b show the M-T curves under the
applied magnetic field along the IP and OOP directions for the
L4S1 and L4S9 superlattices, respectively. A typical M-T
dependence is observed for the L4S1 superlattice when the

Figure 3 Magnetic anisotropy of the LSMO/SMO superlattices. Magnetic hysteresis loops at 5 K along the IP (black) and OOP (red) orientations for
(a) L4S1, (b) L4S3, and (c) L4S9 superlattices. The 45° ([101]) direction magnetic hysteresis loop is observed for the L4S3 superlattice in (b). (d) Magnetic
anisotropy as a function of SMO thickness (n) in a series of L4Sn superlattice. Here, MA is defined as the difference of remnant moment (MR) between two
crystallographic directions normalized by the saturation moment (MS). The positive signal corresponds to the IP easy axis, whereas the negative signal
indicates the OOP easy axis. The dot at n as zero shows the anisotropy of a single LSMO film. The magnetic easy axis is shown by the arrow in the oxygen
octahedral for the series of L4Sn superlattices. Error bars are derived from measurements on multiple samples. (e) The schematics of the corresponding
ground states of the Mn spin orientation with increasing SMO layer thickness.
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magnetic field is applied along the sample plane. The magnetic
moments reach their maxima at low temperatures, decrease
smoothly in the course of heating and rapidly tend to zero at the
Curie temperature. These characteristics are similar to those of
the LSMO single film (Fig. S6b). In contrast, the magnetic field
along the perpendicular direction can only induce substantially
low magnetic moments unless it is high enough. Therefore, the
easy axis of the L4S1 superlattice is oriented along the IP
direction. In sharp contrast to the IP magnetic state of the L4S1
superlattice, an anomalous PMA state is evident from the M-T
curves of the L4S9 superlattice. The data measured under the
magnetic field of 0.5 T were afterwards taken as an example.
Surprisingly, the IP magnetic moments are low at the low
temperature and glossily decrease upon the warming process.
On the contrary, the OOP magnetic moments at 5 K exceed the
values along the IP direction by a factor of 2.2. An increase in the
temperature causes a slow decrease of the magnetic moments
and this superiority remains pronounced up to 180 K.
It is obvious that L4S1 and L4S9 superlattices show the IP and

PMA. The magnetizations of these two samples measured at
different applied fields are summarized in Fig. 4c, d, respectively.
Along the IP orientation, the magnetization of the L4S1 super-
lattice increases rapidly with the magnetic field and reaches
saturation above 0.05 T. In contrast, the magnetization increases
gradually, when the field is applied along the OOP direction,
which is the typical magnetic moment rotation from the easy
axis to a hard axis. In the L4S9 superlattice, the magnetization
continuously increase with increasing magnetic field no matter
along the IP or the OOP directions until the applied field reaches
2.5 T. Apparently, the OOP direction matches the easy axis for

the L4S9 superlattice. Combining these results with the M-H and
M-T plots, it is clear that the easy axis varies from the IP to the
OOP directions with increasing SMO thickness, and the inter-
mediate state-related (45°) easy axis in L4S3 superlattice is also
evident.

Thickness dependence of the orbital reconstruction in the
manganite superlattices
The IP to OOP magnetic anisotropy transition with increasing
SMO thickness is comprehensively proved through the above
magnetic and transport measurements. Let us now turn to the
deeper mechanism for the above to reveal the unique nature of
PMA manipulation. It is known that interfacial oxygen octahe-
dral coupling may give rise to orbital reconstruction and thus
affect the magnetic anisotropy [45,46]. In order to gain more
insight into the interfacial coupling effect, the preferential orbital
occupation states in these superlattices were characterized by the
element selective XAS and XLD measurements [47]. As shown
in Fig. 5a, the different linearly polarized photons excite the core
electrons, making them occupy the d orbitals. The XLD signal is
represented by the intensity difference (Iab − Ic) between the
XAS spectra measured with photon polarizations IP (E//a) and
OOP (E//c). To minimize the impact of the spin momenta on
the orbital occupancy, the XLD spectra were recorded at room
temperature for all the L4Sn superlattices. The integrated area of
the L-edge of Mn ions (AXLD) was used to represent the differ-
ence between the relative occupancies of x2-y2 and 3z2-r2 orbitals.
It is worth noting that, in these LSMO/SMO superlattices, the
orbital contribution to the XLD signal is made by mainly the
LSMO layer. This is due to the Mn sites in the SMO layer, which

Figure 4 Temperature dependence of the magnetization of LSMO/SMO superlattices. (a, b) Temperature dependence of the magnetization for L4S1 and
L4S9 superlattices, respectively. The data were measured in the field-cooling process under IP (red) and OOP (blue) applied fields. (c, d) Magnetization as a
function of the applied field obtained from the M-T curves at 5 K. The shaded area corresponds to the energy required to make sure the film plane using
magnetic moment.
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are essentially 3d3 and cannot significantly influence the XLD
signal [48].
Fig. 5b–d show the XLD spectra around the Mn L2,3-edges

along with the IP and OOP XAS spectra for L4S1, L4S3, and
L4S9 superlattices, respectively. For the L4S1 superlattice, the
AXLD parameter takes a negative value, indicating that x2-y2
orbitals are favorable for occupation rather than the 3z2-r2
orbitals. In contrast, for the L4S9 superlattice, the AXLD value is
positive, which suggests a preferential occupancy of the 3z2-r2
orbitals. Therefore, the orbital reconstruction takes place in the
L4Sn superlattices with increasing SMO thickness. As shown in
Fig. 5e, the summary of the AXLD values for different L4Sn
superlattices is presented, revealing the orbital occupancy tran-
sition from x2-y2 to 3z2-r2 orbitals with n increasing from 1 to 9.
In addition, the less orbital occupational difference is found in
the L4S3 superlattice although the AXLD data are two times
magnified for better visualization. According to the Bruno’s
model, the easy axis prefers to be impacted by the direction of
orbital momentum [31]. Therefore, the change from IP to OOP
magnetic anisotropy in L4Sn superlattices with increasing
thickness of SMO layer can be well understood by the orbital

reconstruction.

DFT calculations
In order to further understand these experimental results, the
DFT calculation was performed. Fig. 6a displays the computa-
tional LSMO/SMO superlattices designed based on the above
experimental observations. It is worth mentioning that, in the
model construction, the IP lattice constant in the LSMO/SMO
superlattices varies with the SMO layer thickness. In particular,
the OOP lattice constant (c) changes with the IP lattice para-
meter while maintaining its original volume. Fig. 6b–e show the
spin-resolved projected density of states (PDOS) of x2-y2 and
3z2-r2 orbitals of the Mn atoms in LSMO/SMO superlattices. As
shown in PDOS, both the x2-y2 and 3z2-r2 orbitals are occupied
regardless of the value of n. It illustrates that strong lattice dis-
tortion of the MnO6 octahedra results in a mixing of the two eg
orbitals. Through integrating the DOS below the Fermi level, we
find the electron occupancy ratio of the Mn 3z2-r2 and x2-y2
orbitals below the Fermi level varies from >1 to <1 as the
thickness (n) of SMO changes from n = 1, 3 to n = 6, 9. These
results mean that, at the smaller SMO thickness, electrons tend

Figure 5 XLD spectra of the LSMO/SMO superlattices. (a) Schematic view of the correlation between XLD and oxygen octahedral deformation.
(b–d) Normalized room temperature XAS spectra of L4Sn superlattices at the Mn L-edge. The XLD curves are obtained from the difference between the XAS
curves recorded with vertical and horizontal polarizations. For better visualization, the XLD spectra are doubly amplified. (f) Integral area (AXLD) of the Mn
L2,3-edges dependence of L4Sn superlattices with the thickness of SMO layer varying from 1 to 9 u.c.
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to occupy x2-y2 orbitals, whereas the 3z2-r2 orbitals are pre-
ferentially filled when using the thicker SMO layers. The
aforementioned method of judging the priority order of orbital
occupancy by using the electron occupancy ratio was also
adopted in previous work [11,49]. Then we turn to the mag-
netocrystalline anisotropy energy (MAE). With the SOC
mechanism, MAE is defined as MAE = E// − E⊥, where E// and E⊥
denote the total energies corresponding to the integral magnetic
moments in the IP and OOP directions, respectively. According
to Fig. 6g, the magnetic easy-axis of the LSMO/SMO super-
lattices gradually shifts from the IP to OOP direction as the
thickness of SMO layer increases. Thus, the theoretical results
are found to be consistent with the experimental data.

CONCLUSIONS
In summary, the IP to OOP magnetic anisotropy transition was
successfully implemented in the LSMO/SMO superlattices. In
particular, the magnetic anisotropy control between the parallel
and perpendicular directions was achieved through an increase
in the SMO layer thickness. Moreover, the new fourfold mag-
netic anisotropy state was realized in the L4S3 superlattice.
Combining the XLD measurement and DFT calculation results,
the interfacial orbital reconstruction at the interface between the
LSMO and SMO layers was considered as the main factor of the
magnetic anisotropy variation. The transition of the easy axis of
magnetic anisotropy from IP in L4S1, the 45° in L4S3 to OOP in
L4S9 is attributed to the orbital reconstruction of Mn eg orbitals.

In L4S1, the electrons preferably occupy the d x y2 2 orbitals,
which leads to the IP anisotropy. In L4S9, the electrons pre-
ferably occupy the d z r3 2 2 orbitals, which leads to the OOP
anisotropy. While in L4S3, the electrons do not show preferable
occupations of d x y2 2 orbitals or the d z r3 2 2 orbitals. Therefore,
the L4S3 sample shows an effective easy axis of magnetic ani-
sotropy along 45°. Therefore, the findings of this study
demonstrate the potential of interfacial coupling in artificial
heterostructures, enabling one to discover new phenomena as
well as to effectively control the functionalities of such systems.
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界面工程对低维锰氧化物超晶格中磁各向异性的调
控
周国伟1,2†, 姬慧慧1†, 严志1, 蔡米铭4, 康鹏华1, 张军1, 鲁京迪4,
张金星4, 陈景升3*, 许小红1,2*

摘要 低维系统磁各向异性的调控无论对于基础研究领域还是对于器
件的工业化应用都有着重要的意义. La0.7Sr0.3MnO3 (LSMO)展现出的高
居里温度以及铁磁半金属特性, 吸引了大量的科研人员对其磁各向异
性进行研究. 但直到目前为止, 关于低维LSMO薄膜中磁各向异性与其
电子结构之间的关系尚不明确. 本文中, 我们利用脉冲激光沉积系统制
备了高质量、原子级平整的LSMO/SrMnO3 (SMO)超晶格. 磁性及电输
运实验结果表明, 随着SMO厚度的增加, 超晶格的磁性易轴由面内转向
面外方向, 并且在一定厚度时, 超晶格的磁各向异性显示出特殊的四重
对称性. X射线线性二色谱及第一性原理计算表明, 超晶格中磁各向异
性的变化与界面处轨道重构有关: 随着SMO厚度的增加, 超晶格中电子
将由择优占据面内轨道转变为择优占据面外轨道. 本实验提出了一种
调控磁各向异性的新方法, 为异质结中磁性质的控制及新现象的产生
提供了新的研究思路.
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