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Perpendicular magnetic anisotropy (PMA) has recently been shown to emerge at 

interfaces of 3d and 5d transition metal oxides (TMOs). However, strategies to systematically 

stabilize such interface-driven PMA still remains elusive, hindering further applications of this 

design approach. Here, tuning crystal symmetry is shown to be an effective means to engineer 

this interfacial phenomenon. The evolution of PMA strength as a function of ferromagnetic oxide 

thickness quantitatively reveals the competition between volume- and interface-specific 

contributions that determine the magnetic anisotropy. By applying different degrees of epitaxial 

strain, the relative contributions to PMA are modulated, clearly revealing their correlations with 

crystal symmetries. To be more specific, the volume anisotropy energy is found to be correlated 
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with the tetragonal distortion of the ferromagnetic layer, while the interface anisotropy energy is 

mainly modulated by the octahedral tilting at the interface. With these insights, superlattices 

with enhanced interface-driven PMA and higher Curie temperature are realized. These findings 

reveal a route to engineering interface-driven PMA and associated magnetic phenomena in 

TMOs heterostructures for future spintronic applications.  

�. Introduction 

Ferromagnetic thin films that show perpendicular magnetic anisotropy (PMA), where the 

magnetic moments preferentially point perpendicular to the film plane, have been of both fundamental 

and technological interests [1]. Due to demagnetization effects, ferromagnetic thin films tend to exhibit 

magnetic moments pointing in the plane of the film and thereby an in-plane magnetic anisotropy. 

Extensive research effort has been devoted to finding ways to overcome this in-plane magnetic 

anisotropy and to stabilize PMA. 

Transition metal oxides (TMOs) comprise a promising family of magnetic materials with regard 

to the strong interplay of spin, charge, orbital and lattice degrees of freedom [2-4]. Recent research 

efforts have been devoted to exploring chiral magnetic structures in oxides heterostructures, governed 

by the delicate balance between PMA and other energy contributions [5,6]. So far, most studies have 

been focused on SrRuO3 [7-12] but its low Curie temperature (Tc ~ 150 K) motivates the need to 

identify and tune PMA in other oxides. Previous studies have shown that tuning tetragonal distortion 

can change the strength of PMA [13-16]. However, this approach is limited in that large tetragonal 

distortions could suppress ferromagnetic coupling in many TMOs. For instance, in ferromagnetic 

La0.7Sr0.3MnO3 (LSMO, Tc ~ 350 K), compressive strain that is required to induce PMA also leads to 

the splitting of eg orbitals. The orbital splitting suppresses ferromagnetism, especially in ultrathin films 

where thickness confinement becomes important [17,18]. Recent advances have shown that 3d/5d 

TMOs interfaces can induce PMA even if the tetragonal distortion of the 3d ferromagnetic oxide favors 
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the in-plane easy direction [19], showing the potential to explore exotic magnetic states and spintronic 

applications at the nanometer scale near interfaces [20-22]. However, this interfacial PMA has so far 

only been shown in superlattices comprised of alternating one unit-cell La1-xSrxMnO3 and SrIrO3 (SIO), 

leading to a low Tc [19,23,24]. While crystal distortions have been shown to affect PMA, the 

distortions associated with specific crystalline symmetries and their interplay in determining PMA are 

not well understood yet. 

Here, we show that tuning the crystal symmetry provides an effective means to optimize 

interface-driven PMA. By systematically varying the LSMO thickness and epitaxial strain in the 

superlattices of LSMO and SIO, we quantitatively show that the effective uniaxial anisotropy energy 

along the out-of-plane direction is determined by the competition between volume (in-plane) and 

interface (perpendicular) contributions. Their strain dependence reveals the correlations between each 

contribution and the corresponding crystalline symmetry. To be more specific, the volume anisotropy 

energy is correlated with the anisotropy of ferromagnetic LSMO layers and can be modulated by tuning 

the tetragonal distortion. Moreover, strains imposed by underlying substrates also lead to different 

magnitudes of interface anisotropy energy, revealing the importance of local symmetry at the interface 

such as octahedral tilting. By tuning these structural variables, we are able to realize an enhanced 

interfacial PMA in superlattices with thicker LSMO and higher Tc. 

�. Growth and structure characterization  

Epitaxial [(LSMO)m(SIO)n]N superlattices, with N repeats of m (n) unit-cells of LSMO (SIO) in 

a period, have been grown on (001) oriented SrTiO3 (STO, as=3.905 Å) and (LaAlO3)0.3(Sr2TaAlO6)0.7 

(LSAT, as =3.868 Å) substrates by using pulsed laser deposition (see the Supplemental Material [25]). 

Before growth, STO substrates were chemically etched and subsequently annealed to generate 

atomically flat surfaces. As-received LSAT substrates were used due to the difficulties in obtaining 

atomically flat surfaces [26,27]. The thickness of each oxide layer was in-situ controlled by using 
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reflection high-energy electron diffraction. Here, we focus on the superlattices with one unit-cell of 

SIO (n=1) in each period (Fig. 1(a)), as the strength of PMA decreases as n increases (see the 

Supplemental Material [25]). The thickness of LSMO in one period ranges from one (m=1) to ten 

(m=10) unit-cells. The total thickness is approximately 20 nm for all samples. We have also grown 

single-layer LSMO films on the two substrates as references. 

Fig. 1(b) shows the scanning transmission electron microcopy (STEM) image of a 

representative superlattice (m=4) on STO. The result shows that one unit-cell of SIO (bright contrast 

due to the large atomic number of Ir) is sandwiched between four unit-cells of LSMO, consistent with 

the design. Fig. 1(c) shows the XRD spectra of the [(LSMO)m(SIO)1]N superlattices with m=1, 2 and 4 

on STO (top) and LSAT (bottom). The satellite peaks corresponding to the superlattice structure and 

the finite-size oscillations arising from the thickness are clearly observed, showing the high degree of 

crystallinity and the precise control of periodicity. The superlattices on LSAT show a larger 

compressive strain. For instance, the c/a ratio is about 1.035 for the m =1 superlattices on LSAT and is 

about 1.015 for those on STO. It is noted that even the superlattice with the largest c/a ratio is still 

coherently strained by the underlying substrate, as shown by reciprocal space mapping. Further 

structural characterization is included in the Supplemental Material [25]. 

�. Ferromagnetism and orbital polarization  

We first examined ferromagnetic properties of the [(LSMO)m(SIO)1]N superlattices when the 

thickness of LSMO is reduced from m=10 (4 nm) to m=1 (0.4 nm). Fig. 2 shows the summary of Tc and 

saturation magnetization Ms (where the total magnetic signal is averaged over the volume of LSMO) of 

the superlattices grown on STO (green) and LSAT (red). The values of Tc are determined to be the 

point where there is a change in curvature of the temperature dependent magnetization and Ms is 

obtained from the magnetic hysteresis loop at 10 K in fields of up to 7 T. The magnitudes of Ms are 

also confirmed by x-ray magnetic circular dichroism (XMCD) to rule out contributions from the 
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substrates (see the Supplemental Material [25]). As shown in Fig. 2, for superlattices with m>4, Tc is 

close to 300 K and Ms is approximately 450 emu cm-3 on both substrates. By reducing m, superlattices 

on LSAT show a quick deterioration of ferromagnetic properties, manifest as a fast decline of both Tc 

and Ms. It is noted that ferromagnetic behavior is observed for all superlattices grown on STO. The 

m=1 superlattices on STO exhibit Tc around 150 K and Ms about 340 emu cm-3. By contrast, no clear 

ferromagnetic transition is observed for the m=1 superlattices on LSAT. 

To gain insight into the evolution of ferromagnetic properties, we carried out x-ray linear 

dichroism (XLD) measurements at the Mn L-edges. The XLD measurements were performed above the 

Curie temperature of those superlattices. Therefore, the magnitude is proportional to the energy 

splitting of two eg orbitals, i.e. d(3z2-r2) and d(x2-y2) [28-30]. Fig. 3 shows the XLD spectra of the 

superlattices with different values of m on LSAT, superlattices with m=1 on STO and reference LSMO 

films on LSAT. First, the magnitude of the XLD signal for the m=1 superlattices on LSAT is 

significantly larger than that of the LSMO films on LSAT, indicating that the orbital splitting is 

affected by the interfacial orbital reconstruction. This is further supported by the thickness dependence 

of XLD signal for the superlattices on LSAT, which decreases as m increases as shown in Fig. 3. 

Moreover, we observe that the magnitude of the XLD signal for the m=1 superlattices on LSAT is also 

larger than that of the m=1 superlattices on STO, revealing an additional contribution from the strain-

induced tetragonal distortion. It is noted that the orbital splitting decreases the kinetic energy of eg 

electrons and the double-exchange interactions [31]. In addition, we do not observe a clear valence 

change of Mn cations as revealed by the x-ray absorption spectra [32] (see the Supplemental Material 

[25]). Therefore, the suppression of ferromagnetism in the m=1 superlattices on LSAT is likely due to 

this large eg orbital splitting. 

�. Perpendicular magnetic anisotropy 
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Having established the ferromagnetic properties, we then studied the PMA of superlattices. 

Magnetic hysteresis loops were measured along both in-plane ([100]) and out-of-plane ([001]) 

directions for all samples except the superlattices that show very small Ms (i.e. m=1 and 2 superlattices 

on LSAT). First, for single-layer LSMO films, we find that the magnetic easy axis is within the film 

plane on both substrates (see the Supplemental Material [25]). This is expected by considering shape 

anisotropy and strain effect [14]. Secondly, interface-driven PMA is observed in superlattices on both 

substrates. Fig. 4(a) shows the hysteresis loops along out-of-plane (red) and in-plane (blue) directions 

for the m=3 superlattices on LSAT at 10K. The distinct differences clearly reveal the emergence of 

PMA. Fig. 4(b) shows the temperature dependence of magnetization, measured with a magnetic field of 

0.1 T along both directions. The difference in magnetization is observed up to 200K (Tc  ~ 230 K), 

revealing the robustness of PMA. The temperature dependence of PMA is further revealed by 

measuring magnetic hysteresis loops at elevated temperatures with an easy axis along the out-of-plane 

direction (see Fig. 4(c) and the Supplemental Material [25]). 

Intriguingly, the interface-driven PMA is strongly modulated by the epitaxial strain. Fig. 4(d) 

and 4(e) show the hysteresis loops along both directions for the m=4 superlattices on LSAT and STO. 

The m=4 superlattices on LSAT still show magnetic easy axis close to the out-of-plane direction, 

although the strength of PMA decreases as compared to the m=3 counterparts. By contrast, the 

magnetic easy axis of the m=4 superlattices on STO is within the film plane, manifest as the nearly zero 

remnant magnetization and high saturation field along the out-of-plane direction. Results on 

superlattices with other m values are presented in the Supplemental Material [25]. To quantify the 

strength of PMA, we estimate an effective uniaxial anisotropy energy (Ku) associated with the PMA by 

the area enclosed between magnetization curves along the two directions [33]. By this definition, the 

positive (negative) Ku corresponds to the easy axis along out-of-plane (in-plane) direction and its 

magnitude reflects the strength of anisotropy energy. Fig. 4(f) summarizes the change of Ku as a 
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function of m in [(LSMO)m(SIO)1]N on two substrates. First, the superlattices with the same m exhibit a 

much stronger PMA on LSAT. It is noted that the Ku of the m=3 superlattices on LSAT (Ku  ~ 6×105 

erg cm-3) is already larger than that of the m=1 superlattices on STO, in which the Ku should be 

dominated by the interface contribution [19]. Moreover, the magnitude of Ku decreases by increasing m 

on both substrates, consistent with the fact that PMA is induced by the interface. We also find that the 

superlattices on STO exhibit a faster decay of Ku as m increases. 

�. Correlation between anisotropy energy and symmetry   

Phenomenologically, the effective uniaxial anisotropy energy Ku can be separated into two 

contributions, i.e. the volume anisotropy energy Kv (erg cm-3) and the interface anisotropy energy Ks 

(erg cm-2), which approximately follow the correlation [33-35]: 

Ku = Kv + 2 Ks/t                                                                        (1) 

The term Ks/t represents the decay of the interface contribution in the inner region of a ferromagnetic 

layer, bound by two interfaces that lead to the prefactor of two. To quantitatively analyze different 

anisotropy contributions, we plot the uniaxial anisotropy energy times LSMO thickness in a period (Kut) 

as a function of t in Fig. 5(a). The dependence of Kut on t approximately follows the linear correlation, 

as shown by the solid lines in Fig. 5(a). Similar evolution of PMA with ferromagnetic layer thickness 

has been reported in other systems that show interface-driven PMA, including heterostructures 

comprised of ferromagnetic metals and 5d transition metals [33,34] or binary oxides [35,36] as well as 

heterostructures comprised of TMOs with oxygen octahedra and tetrahedra [37]. According to 

Equation (1), the slope of the linear function corresponds the volume anisotropy energy Kv while the 

intercept at zero thickness reveals the interface anisotropy energy 2Ks. This quantitative analysis 

provides insights into the correlations between PMA and crystalline symmetries. 

First, we find that the superlattices on two substrates show different magnitudes of volume 

anisotropy energy Kv. The magnitude of Kv is found to be about -1.8×106 erg cm-3 for the superlattices 
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on STO and about -1.0×106 erg cm-3 for those on LSAT. It is noted that the magnitudes of Kv are very 

close to the effective uniaxial anisotropy energies of single-layer LSMO films on corresponding 

substrates, which are found to be roughly -2.0×106 erg cm-3 and -1.1×106 erg cm-3 at 10 K for LSMO 

films on STO and LSAT (see the Supplemental Material [25]). These results suggest that the Kv is 

mainly correlated to the inner regions of LSMO layer in the superlattices, governed by the shape 

anisotropy (negative) and strain-induced anisotropy (positive for compressively strained LSMO) [13-

16]. Therefore, as shown in Fig. 5(b), the magnitude of Kv, which dictates how fast PMA decays as the 

thickness of ferromagnetic layer increases, can be tuned by epitaxial strain that modifies the tetragonal 

distortion (c/a ratio).   

Intriguingly, the superlattices on two substrates also show different magnitudes of interface 

anisotropy energy Ks. As revealed in Fig. 5(a), the magnitude of Ks in the superlattices on LSAT (about 

0.1 erg cm-2) is roughly twice as large as that of the superlattices on STO. Given that the constituent 

materials are identical, the difference in Ks should arise from the local symmetry at the interface, which 

affects the coupling between Ir and Mn cations. Our previous study has shown that the strength of 

PMA in the m=1 superlattice is mainly correlated with the octahedral tilting across the interface and 

that straight Ir-O-Mn bonds lead to a strong PMA [19]. It is noted that the results here are consistent 

with this conclusion. It has been shown both theoretically and experimentally that an increase in 

compressive strain will suppress the octahedral tilting (rotation along the in-plane [100] direction, Fig. 

5(b)) [38-41]. Therefore, the magnitude of octahedral tilting (ωa) decreases in superlattices on LSAT as 

compared to the counterparts on STO [42], leading to straight bonds (larger θ) and therefore an 

enhancement of Ks. It is noted that the interfacial layers of superlattices on LSAT would also show a 

larger tetragonal distortion, which might contribute to the enhancement of Ks [43,44]. As demonstrated 

in our previous results, octahedral tilting appears to play the dominant role in determining the strength 

of PMA induced at this 3d/5d interface [19]. 
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The correlations between different contributions to PMA and corresponding crystalline 

symmetries (Fig. 5(b)) provide a useful guide to design oxides heterostructures with PMA and 

associated emergent magnetic phenomena. First, to sustain PMA in thicker ferromagnetic oxide with 

higher Tc, one should tune the oxide for an optimal c/a ratio that can enhance Kv without suppressing 

ferromagnetic exchange coupling. This is exemplified by the m=3 superlattices on LSAT that show 

PMA up to 200 K (Fig. 4(b)), much higher than that of the m=1 superlattices on STO in previous 

reports [19]. Moreover, the strength of Ks is correlated with the octahedral tilting; therefore oxides with 

a cubic structure, and without tilting, might enhance Ks. Taking all of this into account, it is worthwhile 

to study ferromagnetic manganates that have a large lattice constant and a cubic structure, such as La1-

xBaxMnO3 [45,46], in heterostructures with 5d TMOs. Furthermore, strain-tunable anisotropy energies 

suggest that piezoelectric oxides may be integrated to realize the active control of exotic magnetic 

states [47,48]. 

�. Conclusion 

In conclusion, we have systematically studied the interface-driven PMA in 3d/5d TMOs 

heterostructures as a function of ferromagnetic layer thickness and epitaxial strain. Our data show that 

the emergent PMA is determined by the competition between volume- and interface-specific 

contributions in the superlattices. More importantly, the correlations between the two contributions and 

the corresponding crystalline symmetries have been established. The volume contribution is mainly 

correlated with the tetragonal distortion of the ferromagnetic oxide. The interface contribution is found 

to be governed by octahedral tilting. By optimizing these energy contributions, we are able to realize 

superlattices with improved performances. Our results provide strategies for engineering correlated 

oxides heterostructures with emergent magnetic phenomena in potential memory applications. 
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Figures 

 

Figure 1 (a) Schematic of [(LSMO)m(SIO)n]N superlattices (SLs) on STO and LSAT substrates. (b) 

High-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) image of 

a [(LSMO)4(SIO)1]10 on STO. Ir cations show the brightest contrast. (c) Representative θ-2θ x-ray 

diffraction spectra of the SLs with different LSMO thickness (m) on STO (top) and LSAT (bottom). 
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Figure 2 Ferromagnetic Curie temperature (Tc, top) and saturation magnetization (Ms, bottom) as a 

function of LSMO thickness (m) for the [(LSMO)m(SIO)1]N superlattices on STO (green) and LSAT 

(red) substrates. 
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Figure 3 X-ray linear dichroism (XLD) spectra of [(LSMO)m(SIO)1]N superlattices on LSAT with m=1 

(red), m=2 (blue) and m=4 (green), superlattices on STO with m=1 (black) and LSMO films on LSAT 

(grey). These spectra were measured at 300K.  
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Figure 4 (a) Magnetic hysteresis loops at 10 K and (b) temperature dependence of magnetization along 

in-plane (IP [100]) and out-of-plane (OOP [001]) directions of an m=3 superlattice (SL) on LSAT. (c) 

Magnetic hysteresis loops along OOP direction (m=3) at different temperatures. (d)-(e) Magnetic 

hysteresis loops of SLs with m=4 on (d) LSAT and (e) STO. (f) Evolution of uniaxial magnetic 

anisotropy energy (Ku) as a function of LSMO thickness (m) on the two substrates. 
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Figure 5 (a) Uniaxial magnetic anisotropy energy (Ku) times the LSMO thickness (t) versus t for the 

superlattices on two substrates at 10 K. The solid lines show the linear fitting by using the formula Kut 

= Kvt + 2Ks, where Kv and Ks refer to the volume and interface anisotropy energy. (b) Schematic of 

correlation between the two anisotropy energies (Kv and Ks) and the corresponding crystalline 

symmetries (tetragonal distortion and octahedral tilting). 

 

 

 

 

 

 


