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ABSTRACT 

Perpendicular magnetic anisotropy (PMA) in multilayer thin films promotes the 

development of spintronic and magnonic research fields. The origin of the PMA 

deserves a thorough investigation since it contains rich physics related to multiple 

factors in the heterostructure system. Here, we study the origin of PMA in 

La2/3Sr1/3MnO3 (LSMO) thin films sandwiched by La1-xSrxCoO3-δ (LSCO) layers 

grown on SrTiO3 substrate, using aberration-corrected scanning transmission electron 

microscopy. Our findings indicate that the lattice and electronic structures of LSMO 

can be modified through the inhomogeneous strains induced by nanodomains in 

LSCO layers. Moreover, we infer that the lattice distortion in LSCO at low 
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temperatures is a driving force to reorient the spin moment from in-plane direction to 

out-of-plane direction in LSMO, which could be the nature of the PMA formation. 

The symmetry breaking in the LSMO layer induced by the domains from LSCO 

enhances magnetic anisotropy energy in LSMO. 

 

I. INTRODUCTION 

The novel physical properties of strongly electron correlated oxides are thought 

to be a consequence of the intricate interplay among charge, spin and orbital degrees 

of freedom, for example, Mott insulators, metal-insulator transitions, multiferroics, 

superconductivity, etc. [1]. In recent years, there has been a burst of activity to 

manipulate these phenomena using oxide heterostructures by tuning the interactions 

between charge, spin, orbital, and lattice [2-4].  

Manganites have been accepted to be a popular system for the study of strongly 

correlated electron system oxides for their abundant electronic phases [5, 6]. For 

example, bulk La2/3Sr1/3MnO3 (LSMO) with half-metallic character has nearly 100% 

spin polarization of the conduction electron [7], which makes LSMO a promising 

material candidate for the fabrication of magnetic tunnel junctions, sensors and 

spintronic devices [8-10]. For LSMO thin films, interface strain, film thickness, and 

chemical doping are shown to have important effects on tailoring the physical 

properties, specifically the magnetic properties, such as magnetic anisotropy [11-14]. 

Furthermore, perpendicular magnetic anisotropy (PMA) in the multilayers films is 

currently of great technological interest, for example, in the magnetic and 
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magneto-optical storage media [15, 16]. Therefore, the ability to stabilize the PMA 

and understanding the PMA mechanisms are important both experimentally and 

theoretically [17-19]. 

In a two-dimensional thin-film system, PMA originating from an intrinsic 

anisotropy mechanism is strong enough to overcome the extrinsic macroscopic shape 

anisotropy, which prefers in-plane magnetic orientation [20]. The underlying physics 

of the PMA is still far from being fully understood, despite intensive experimental and 

theoretical studies, which have proposed different explanations for the PMA in some 

ultrathin films and multilayers. One possible interpretation of the PMA mechanism is 

based on lattice symmetry breaking and the asymmetric bonding at the surface and 

interfaces due to the lattice mismatch strains [21, 22]. Some studies have suggested 

that the interfacial hybridization via enhanced orbital moment causes the PMA in 

multilayers. Therefore, it is believed that the magnetocrystalline anisotropy (MCA) is 

based on the preferred direction of the orbital moment [23, 24]. In addition, it is also 

suggested that spin reorientation transition is linked to the change in MCA [16]. 

To further explore the physical origin of PMA, we demonstrate a PMA 

enhancement in a LSMO layer sandwiched by two La1-xSrxCoO3-δ (LSCO) films. Due 

to the interface effects, a relatively low Curie temperature (Tc) and the degradation of 

magnetic properties would be induced in LSMO thin films [25-27]. In order to 

eliminate these degraded effects and avoid structure defects, we prepared LSMO thin 

films with trilayer structures instead of a multiple layers structure. We found that the 

magnetic anisotropy energy (MAE) is increased by two orders of magnitude 
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compared with that in the LSMO bulk and the Tc is at room temperature (RT).  

Different from LSMO, LSCO thin films have attracted much attention due to 

modulated dark stripes in the lattice structures, the origin of which is still in heated 

debate [28-31]. Using aberration-corrected scanning transmission electron microscopy 

(STEM), we observed that there are modulated stripes in LSCO grown on SrTiO3 

(STO) substrate. The dark-stripe superstructures are highly oxygen deficient and the 

dark stripes with different orientations can be treated as nanodomains. These 

nanodomains play a critical role in providing inhomogeneous external strains to the 

LSMO film, which possibly results in tuning the magnetic properties of the LSMO 

film. However, when the trilayer is grown on LaAlO3 substrate, the dark stripe 

structure is absent [32]. These experimental observations demonstrate that the dark 

stripe formation in LSCO probably depends on external strains. In addition, we 

observed the changes of electronic structures of LSCO and LSMO at low 

temperatures using electron energy-loss spectroscopy (EELS). Based on the 

experimental observation reported by Rui and Klie. [33], we infer that there is more 

MnO6 octahedra elongation along the c axis in LSMO induced by the reduced lattice 

spacing of LSCO at low temperatures. The crystal structure distortion in LSMO gives 

rise to a d3z2-r2  orbital preferential occupancy. Considering the spin-orbit interaction 

in transition metals [23], the “out-of-plane” orbitals redirect spin moment from 

in-plane to out-of-plane direction and further generates PMA in the LSMO film. 

 

II. EXPERIMENTAL DEAILS 
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Two thin films with a LSCO/LSMO/LSCO (x = 0.2 and 0.5) sandwiched 

structure were grown on (001)-orientated STO substrate by the pulsed laser ablation 

technique. The layer thicknesses of LSCO (nominal 7 nm) and LSMO (nominal 5 nm) 

were fixed in the two samples. The samples for the TEM experiments were prepared 

in two methods: by mechanical polishing followed by an Ar ion milling in the 

temperature of liquid nitrogen and by focused ion beam. STEM and EELS studies 

were carried out on a JEOL-ARM 200F with double Cs correctors. The lattice 

structures of the sample were acquired in atomic resolution high-angle annular 

dark-field (HAADF) images and annular bright-field (ABF) images. 

 

III. RESULTS AND DISCUSSION 

A. Microstructures of the thin films 

Figures 1(a) and 1(c) show cross-sectional HAADF images of the two thin films. 

There are some ordered dark stripes presented in the La0.8Sr0.2CoO3-δ and 

La0.5Sr0.5CoO3-δ layers. According to the occurrence of dark stripes in the 

La0.8Sr0.2CoO3-δ layers in Fig. 1(a), the periodicities in dark stripes are close to 3ap and 

2ap, whereas only the 2ap -modulated dark stripes are found in the La0.5Sr0.5CoO3-δ 

layers (Fig. 1(c)), where ap is the pseudocubic lattice constant of STO. The directions 

of the dark stripes are either parallel (horizontal) or perpendicular (vertical) to the 

interface. The strong diffraction spots in the electron diffraction patterns in Figs. 1(b) 

and (d) come from STO substrate. The split diffraction spots marked by two circles in 

the rectangle in Fig. 1(b) indicate that the lattice parameters of the film are larger than 
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those of STO substrate. Considering that the lattice parameter of bulk LSMO (3.87 Å) 

is smaller than that of bulk STO (3.905 Å) [34, 35], this result seems to be 

unreasonable without the consideration of the LSCO film, the structures of which are 

characterized in the next section. Surprisingly, these mixed modulated structures (2ap 

and 3ap) in LSCO/LSMO/LSCO with the Sr doping level x = 0.2 result in weak 

streaks in the selected area electron diffraction pattern in Fig. 1(b). In contrast, 

discrete reflections that are corresponding to an approximate periodicity of 2ap in the 

LSCO/LSMO/LSCO with x = 0.5 film can be seen in Fig. 1(d). 

 

FIG. 1. (a) and (c) Cross sectional HAADF images of LSCO/LSMO/LSCO-STO thin 

films (doping level of Sr (x) = 0.2 and 0.5, respectively). The yellow dashed lines are 
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the LSCO/LSMO interfaces. (b) and (d) Corresponding SAED patterns including the 

contributions of both the film and substrate along the [100] zone axis. The inset in (b) 

is an enlarged view from the region marked by the yellow rectangle. It can be seen 

that there are two sets of reflections from the STO substrate (red arrow) and from the 

LSMO/LSCO film (green arrow). The reflections marked by red arrows in (d) are the 

superlattice reflections from LSCO (x = 0.5) with a 2ap periodicity (dark stripes). 

B. Crystal structures of La0.8Sr0.2CoO3-δ and La0.5Sr0.5CoO3-δ 

Since the magnetic anisotropy of LSMO can be tuned by adjacent LSCO layers, 

it is necessary to figure out the microstructures of the modulated structures in LSCO 

films. The HAADF-STEM images with 3ap and 2ap periodicities for the dark stripes 

along the [110]p and [110]p orientations are shown in Figs. 2(a)-2(d), respectively. In 

the HAADF images, the intensity of the atomic column is approximately proportional 

to Z1.7, where Z is the atomic number [36]. The dark stripes with lower intensity 

compared with that of the bright stripes contribute to an increase of La-La distance 

around the dimmer plane of Co. Through the intensities of line profiles for Co atomic 

layers, the Co ion arrangement in the dark stripes can be seen. From the images along 

the [110]p zone axis in Figs. 2(a) and 2(c), it is visible that in the dark stripes every 

two Co ions form a pair (blue line profiles), which is called the breathing mode [37, 

38]. This mode is present only in the [110]p direction, while along the [110]p zone 

axis, the breathing mode is absent in the dark stripes, that is, the distance between Co 

ions is equal in the dark stripes. (See the yellow line profiles in Figs. 2(b) and (d)). 

These crystal structures mentioned above are consistent with the fingerprint of a 
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well-known brownmillerite structure (see Ref. [34] and crystal models in Figs. 2(e) 

and (f)). 

To further identify the modulated structure in LSCO, we simulated HAADF 

images using crystal structure models of La2Co2O5 and La3Co3O8. The crystal 

structure of La2Co2O5 is a typical brownmillerite structure composed of alternatively 

stacked CoO6 octahedra and CoO4 tetrahedra along the c axis [39, 40]. Meanwhile, 

La3Co3O8 is an intermediate state between the brownmillerite and the perovskite 

structures. In our case, the structural characteristics in LSCO with 2ap and 3ap 

periodicities coincide with La2Co2O5 and La3Co3O8 crystal structures, respectively. 

Hence, the structure models for the HAADF image simulations in Figs. 2(a)-(d), are 

based on the La2Co2O5 and La3Co3O8 crystal structures. 

The well-matched simulated images and the corresponding crystal structure 

models are inserted in Figs. 2(a)-(d). Figs. 2(a) and 2(b) are the intermediate structure 

in the La0.8Sr0.2CoO3-δ thin films, and Figs. 2(c) and 2(d) are the brownmillerite 

structure in the La0.5Sr0.5CoO3-δ thin films. Since ABF images are very sensitive to the 

light atoms (such as oxygen) compared with HAADF images, we observed the 

oxygen positions along the [110]p zone axis in Fig. 3(a). The oxygen atom 

arrangement coincides with the brownmillerite structure. According to the La2Co2O5 

crystal structure in Ref. [33], we find that the lattice parameter of the La2Co2O5 is 

larger than that of STO. This may be the reason why the lattice parameter of the 

LSCO/LSMO/LSCO film is larger than that of STO substrate, as we have mentioned 

in Fig. 1(b). 
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FIG. 2. (a) and (b) HAADF images with 3ap periodic structure in LSCO along the 

[110]p and [110]p zone axes. (c) and (d) HAADF images with 2ap periodic structure 

in LSCO along the [110]p and [110]p zone axes. The corresponding simulated 

HAADF images and crystal structure models are inserted. The scale bar in (a)-(d) is 1 

nm. The inserted plots colored by blue and yellow lines are the line profiles of Co 

atoms in dark stripes. The blue one indicates every two Co atoms make pairs, the 

Co-Co distance in the yellow one is equally distributed. (e) A typical brownmillerite 

crystal structure. The blue sphere and red sphere are La/Sr and oxygen atoms, 

respectively, the orange and green spheres present Co ions in tetrahedron and 

octahedron, respectively. (f) An extracted CoO4 tetrahedra layers in the dark stripes. 

The arrangements of Co ions along [110]p and [110]p zone axes are shown. They are 

breathing mode and non-breathing mode, respectively. 
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C. Electronic structure of the dark stripe in LSCO 

To shed light on the electronic structure of LSCO, EELS linescan was performed 

in the dark stripe and bright stripe in LSCO. Figs. 3(b) and 3(c) show the results of 

EELS Co L3, 2 and O K peaks in the dark stripe and the bright stripe, respectively. The 

Co L near-edge structure is very sensitive to the valence state of Co ions, the prepeak 

of the O K edge (peak a) is associated with the hybridization of O 2p with Co 3d 

orbitals, whereas peaks b and c can be attributed to the bonding strength of O 2p with 

La 5d and Co 4sp [41], respectively. In our experiments, the Co L3, 2 peaks in the dark 

stripe shift about 0.4 eV toward the lower energy side in the spectrum and the L3/L2 

ratio in the dark stripe is higher than that in bright stripe. These results suggest that 

the valence of the Co ion in the dark stripe is lower than that in the bright stripe [42]. 

The corresponding fitting spectra of Co-L3, 2 peaks are presented in Supplemental 

Material Fig. S1 [43]. Moreover, the intensities of O K prepeak a and peak c in the 

dark stripe are also decreased compared with that in the bright stripe. Based on the 

EELS measurements, we conclude that the formation of the dark stripe is induced by 

oxygen deficiency. Furthermore, the existence of oxygen vacancy in the LSCO 

provides much more space for the atom displacements. Under external strains, the 

crystal structure of LSCO can be more easily modified via the formation of 

nanodomains, which will be explained in detail below. 
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FIG. 3. (a) HAADF (up panel) and ABF (bottom panel) images with breathing mode 

in LSCO layer along the [110]p zone axis. Insert is the brownmillerite structure model, 

which is consistent with the extracted ABF image. The dashed lines in the HAADF 

image present the EELS linescan positions. (b) and (c) EELS spectra of Co-L2,3 and 

O-K edges taken from the dark and bright stripes in LSCO in (a), respectively. The 

peak intensities in these spectra are normalized with L3 peak and peak b in (b) and (c), 

respectively. The enlarged peaks in (b) show the energy loss for Co L3,2 peaks in dark 

stripes shifts about 0.4 eV to the left side. 

 

D. Nanodomains in the LSCO film due to brownmillerite structure 

As shown in Fig. 4(a), horizontal and vertical dark stripes (in areas marked by 

the blue and red frames) coexist in LSCO along the [100] zone axis. According to the 
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characteristic of brownmillerite structure, these dark stripes with different orientations 

can be ascribed to different nanodomains with orthogonal brownmillerite structure in 

LSCO films: vertical dark stripes (left panel in Fig. 4(a) with the cp axis parallel to the 

interface plane) and horizontal dark stripes (right panel in Fig. 4(a) with the cp axis 

perpendicular to the interface plane). These two types of nanodomains can be formed 

through a 90° rotation around the bp axis. Besides the changes in the orientation of the 

dark stripes, the breathing mode and nonbreathing mode in the dark stripes can be 

observed simultaneously along one zone axis ([110]p or/and [110]p), which is shown 

in Fig. 4(b). It indicates that the nanodomains of the LSCO layers can also rotate 

around the cp axis. These different types of nanodomains in LSCO will cause 

inhomogeneous strains and thus different orbital orderings in LSMO. 

 

FIG. 4. (a) HAADF image with horizontal and vertical dark stripes marked by red and 

blue dashed rectangles in LSCO layer. Top half is structure models of domains: two 

90° nanodomains with vertical and horizontal dark stripes around bp axis of LSCO. 

Blue planes inserted in the models show the directions of dark stripes. (b) HAADF 

images with dark stripes resulted from breathing mode (marked by the yellow frame) 
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and without seeing breathing mode (non-breathing mode) in dark stripes (marked by 

the yellow frame) along one zone axis. Top half is structure models of domains: two 

90° nanodomains around cp axis of LSCO. The shadow planes indicate (110) and 

(110) planes of LSCO. The inserted plots colored by yellow and blue lines are the line 

profiles of Co atoms in dark stripes. 

 

IV. Magnetic properties 

The previous report in Ref. 11 pointed out that MAC of LSMO is closely related 

to the external strains. When LSMO thin film grows on LAO substrate, which 

provides in-plane compressive strain, the magnetic easy axis of LSMO is along the 

out-of-plane direction. Meanwhile, when LSMO grows on STO substrate with 

in-plane tensile strain, the corresponding magnetic easy axis is in the in-plane 

direction. 

To further confirm the strain effects from LSCO to LSMO, we measured the 

lattice spacing along a and c axes in LSMO based on the HAADF images when either 

horizontal or vertical dark stripes are present in LSCO (Figs. 5(a) and 5(b)) as a 

comparison between the two areas (nanodomains). The measured results manifest that 

the horizontal dark stripes existing in the LSCO could provide an in-plane 

compressive stain to LSMO. Consequently, the c/a ratio >1 is partially present in 

LSMO layers, which indicates that the d3z2-r2  orbital is preferentially occupied. 

However, the LSMO layer is in an in-plane tensile strained state when it is 

sandwiched by the LSCO with vertical dark stripes. In this case, the c/a ratio is less 
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than 1 (see Fig. 5(b)), i.e., eg electrons are more likely to occupy the dx2-y2 orbital 

[44-46]. Our measurement indicates that nanodomains in LSCO provide tensile or 

compressive strains in different regions at RT. Therefore, these mixed strains result in 

different lattice distortions, disordered orbital occupancy and different MAC in the 

different local regions of LSMO at RT.  

Figure 5(c) shows the field cooling (FC) M-T curves of the film at x = 0.5. The 

film at x = 0.2 exhibits a similar magnetic behavior (see Supplemental Material Fig. 

S2 [43]). From the M-T curves, it can be concluded that the magnetic phase in LSMO 

is the FM phase and the magnetic easy axis is in the out-of-plane direction at low 

temperatures [47]. To figure out the mechanism of the PMA, we performed 

STEM-EELS measurements of O K edge at low temperature and compared with the 

EELS results at RT (shown in Fig. 5(d)). In the spectra at different temperatures, the 

changes from the intensities and the shapes of these peaks (marked by numbers 1 and 

2) are evident in both LSCO and LSMO layers. As we have mentioned above, these 

peaks in O K edge correspond to Co-O/Mn-O bonding states. The changes in the O K 

edge may be related to the lattice distortions in LSCO/LSMO at low temperatures. 

Moreover, Rui and Klie reported that the lattice spacings in the stripe phase of 

LSCO at low temperature are different from that at 300K [33]. The lattice spacing of 

the bright layer (i.e., La-La distance in the bright stripes) is reduced from 3.61Å 

(300K) to 3.51 Å (95K). The lattice spacing of the dark layer (i.e., La-La distance in 

the dark stripes) is enlarged from 4.29 Å (300K) to 4.33 Å (95K). The variation of 

lattice spacing may be the reason for the peak changes in EELS spectra in Fig. 5(d). 



15 

 

Though both expansion and contraction of the lattice spacing occur in the same dark 

stripe phase, considering that the reduced lattice spacing (~0.1 Å) in the bright stripes 

is larger than the enlarged lattice spacing (~0.04 Å) in the dark stripes, the total effect 

is a contraction of the in-plane lattice parameters at low temperatures. That is, LSCO 

layers with vertical stripes gradually provide compressive strain, instead of tensile 

strain, to the LSMO layer as the temperature decreases. Under the in-plane 

compressive strain at low temperatures, more MnO6 octahedra are elongated along the 

c axis, and the d3z2-r2 orbital is preferentially occupied in LSMO. Due to the bonding 

anisotropy in the lattice, the orbital moment will redirect the spin moment into a 

favorable lattice direction, i.e. c axis, given the spin-orbit coupling in transition metals 

[48, 49]. Hence, the total magnetic moment is in the out-of-plane direction at low 

temperature in our samples [50-52].  

 

FIG. 5. (a) and (b) HAADF images with horizontal and vertical dark stripes in LSCO 
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layer as well as c/a ratios in LSMO along the c direction. The measurements started 

from LSCO/LSMO interface to the top of LSMO layer. The yellow arrows indicate 

the directions of the dark stripe. The corresponding schematic diagrams are inserted to 

show the strain effect from LSCO to LSMO, respectively. Red spheres are the c/a 

ratios in LSMO layer with the horizontal stripes in LSCO, blue spheres are the c/a 

ratios in LSMO layer with the vertical stripes in LSCO. The scale bar in (a) and (b) is 

1 nm. (c) Thermomagnetic FC in-plane and out-of-plane curves of the 

LSCO/LSMO/LSCO, Sr = 0.5. The data were acquired with in-plane and out-of-plane 

applied field of 500 Oe, respectively. (d) EELS spectra of O K edge were taken from 

the LSCO/LSMO/LSCO sample at 300K and 90K, respectively. Top panel: O-K edge 

in LSCO; bottom panel: O-K edge in LSMO. 

 

In addition, the MAE of the LSCO/LSMO/LSCO film is enhanced by two orders 

of magnitude compared with that in the bulk LSMO (see details in Supplementary 

Materials Fig. S3). To reveal the origin of the increase of MAE, we consider the 

phenomenological theory proposed by Bruno [53]. The general form of MAE (G) for 

a given crystalline structure can be expressed by spherical harmonics: 

              𝐺𝑐𝑟𝑦𝑠𝑡.(𝜴𝑴) = ∑ ∑ 𝑘𝑙
𝑚(𝐻𝑀)𝑌𝑙

𝑚(𝜴𝑴)𝑚=𝑙
𝑚=−𝑙𝑙 𝑒𝑣𝑒𝑛              (1) 

Where ΩM is the magnetization direction, HM is the projection of the external field 

along the magnetization direction ΩM; α1, α2, α3 describe ΩM in the space coordinates 

system with 𝛼1
2+𝛼2

2+𝛼3
2 = 1. Considering the crystalline symmetry, the anisotropy 

energy can be understood from an expansion in terms of the magnetization direction 
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(ΩM) relative to the crystalline axes: 

𝐺𝑐𝑟𝑦𝑠𝑡.(𝜴𝑴) = 𝑏0(𝐻𝑀) +  ∑ 𝑏𝑖𝑗(𝐻𝑀)𝛼𝑖𝑖,𝑗 𝛼𝑗 + ∑ 𝑏𝑖𝑗𝑘𝑙 (𝐻𝑀)𝛼𝑖𝛼𝑗𝑖,𝑗,𝑘,𝑙 𝛼𝑘𝛼𝑙 + ⋯   (2) 

Where b0, i, j, k, l are coefficients. The crystalline symmetry imposes some relationships 

between the coefficients of given order in the expansion. For instance, in a cubic 

system, the terms of order 2 are forbidden and the first nonvanishing contribution to 

the crystalline anisotropy is the order 4. The usual expression for the anisotropy of the 

cubic system is shown in equation (3): 

𝐺𝑐𝑟𝑦𝑠𝑡.(𝜴𝑴) = 𝐾0 + 𝐾1(𝛼1
2𝛼2

2 + 𝛼2
2𝛼3

2 + 𝛼3
2𝛼1

2) + 𝐾2𝛼1
2𝛼2

2𝛼3
2 + 𝐾3(𝛼1

2𝛼2
2 +

                                     𝛼2
2𝛼3

2 + 𝛼3
2𝛼1

2)2 + ⋯                              (3) 

Where K0, K1, K2… are anisotropy coefficients. According to the MAE calculation 

equations (1-3), it is clearly pointed out that the lower symmetry of the system the 

higher the MAE. 

In LSMO film, considering the inhomogeneous strains from nanodomains in 

LSCO, the in-plane lattice parameters of LSMO should be unequal in both orthogonal 

directions. This lattice anisotropy effect on the thin film reduces the symmetry of 

LSMO. The EELS mapping result also indicates the symmetry breaking at the 

interface (see Supplemental Material Fig. S4 [43]). Based on the equations (1-3), for 

the lower symmetry system, the forbidden anisotropy coefficients in the equations 

will be present. Then they give additional contributions to the magnetic anisotropy, 

and result in a MAE enhancement. 

 

V. CONCLUSIONS 
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We have explored the physical mechanism of a perpendicular magnetic 

anisotropy in the LSMO perovskite layer via nanostructure engineering of oxygen 

deficiency in LSCO. Our TEM results reveal that the nanodomains in LSCO layers 

provide different strains to LSMO layers at RT. These inhomogeneous strains lead to a 

disordered orbital occupancy state on Mn3+ ions at RT. The lattice spacing shrinking 

in LSCO at low temperature supplies a more in-plane compressive strain to LSMO, 

which causes d3z2-r2  orbitals to be highly occupied. The out-of-plane orbital 

anisotropy reorients spin moment to the c axis via spin-orbit interaction in LSMO. 

Consequently, the magnetic easy axis is perpendicular to the interface. Due to the 

symmetry breaking induced by the nanodomains in LSCO through the interface, the 

magnetic anisotropy energy in LSMO is enhanced by orders of magnitude. 

The present paper provides a strong experimental support for a picture for the 

microscopic origin of the out-of-plane MCA in the LSCO/LSMO/LSCO-STO thin 

films, which is of technological interest in the context of magnetic and 

magneto-optical data storage media. This paper may expand the controllable magnetic 

engineering in atomic-scale and artificial confinement in oxide spintronics. 
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