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Based on density functional theory calculations, we show how symmetry mismatch at interface induces
perpendicular magnetic anisotropy (PMA) for the perovskite/brownmillerite-typed La, /,Sr;,MnO3/LaCoO; 5
superlattices in different strain states. We found strong interfacial reconstructions, which result in considerable
orbital hybridization due to distortion/tilting of the MnOg octahedron and CoO, tetrahedron. We identified the
orbital pairs that strongly affect magnetic anisotropy, showing that tuning the degree of orbital hybridization by
lattice strain is an effective approach to tune magnetic anisotropy. Remarkably, not only octahedron-coordinated
Mn ions but also tetrahedron-coordinated Co ions contribute to PMA. This work presents a guidance for tuning

spin orientation by interface engineering.
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I. INTRODUCTION

Perpendicular magnetic anisotropy (PMA) plays an impor-
tant role in spintronics. It is highly desired by data storage
and logical operation with high density, high stability and low
energy consumption [1—4]. It is well known that the magnetic
anisotropy stems from spin orbit coupling (SOC) that links
the electron orbital with electron spin, i.e., crystallographic
symmetry with magnetic moment [5,6]. Therefore, enhanced
SOC and reduced crystal symmetry are two effective tactics
to obtain strong PMA [7-9].

Perovskite oxides are promising spintronic materials since
their electronic, magnetic, and structural properties are sus-
ceptible to the tilting/distortion of oxygen octahedra. Among
them, (La, Sr)MnO3; (LSMO), a double exchange ferromag-
net when the content of Sr situates between 0.2 and 0.5 [10],
is an intriguing system with tunable magnetic anisotropy. An
ordinary way to amend the magnetic easy axis is to tune
the epitaxial strain of the LSMO film. Accompanying the
compressive to tensile strain transition, the magnetic easy
axis changes from the out-of-plane to the in-plane direction,
with a PMA constant of 10*-10° erg/cm® [11,12]. It is a
magnetoelastic effect. For perovskite oxide, tilting oxy-
gen octahedron is also an effective way to tune magnetic
anisotropy. As reported, by transferring octahedron rotation
from NdGaOj; to LSMO, an in-plane switching of the mag-
netic easy axis by an angle of 90° has been achieved for
ultrathin films [13]. In this vein, anisotropic double exchange
along two in-plane directions results in magnetic anisotropy.
A third approach to obtain magnetic anisotropy is interlayer
coupling. It has been recently shown that sandwiching the
LSMO layer between two brownmillerite LaCoQO,s (LCO)
layers can cause a PMA even if the LSMO layer is in a tensile
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state that disfavors PMA [14]. The PMA constant achieved
in this way is larger by two orders of magnitude than that
resulted by compressive lattice strains or oxygen octahedron
tilting [13]. This work demonstrates the great potential of
interface engineering using oxides with different symmetries.
However, it remains elusive how symmetry mismatch at per-
ovskite/brownmillerite (P/B) interface induces the PMA and
what are the key factors that determine the PMA. A thorough
understanding of these issues will give us the capability to
gain a distinct effect through interface engineering. In this
paper, we present a systematic investigation of the magnetic
anisotropy of the P/B superlattice in different strained states,
adopting ab initio electronic structure calculations and second
order perturbation theory. It was found that, due to symmetry
mismatch, interfacial reconstructions marked by an elongation
of MnOg octahedron and a deviation of CoQO4 from stan-
dard tetrahedron take place, resulting in orbital reconstruction
inducing PMA. The element and orbital resolved magnetic
anisotropy energy (MAE) were determined. Remarkably, not
only octahedron-coordinated Mn ions but also tetrahedron-
coordinated Co ions contribute to PMA. Combining the d
electron configuration and the crystal field, a conceptual pic-
ture of PMA induced at the P/B interface is given.

II. COMPUTATIONAL DETAILS

We used density functional theory (DFT) calculations
within the projected augmented-wave (PAW) method [15]
as implemented in the Vienna ab initio simulation pack-
age (VASP) [16,17] code to investigate the P/B interface.
The generalized gradient approximation of the Perdew-
Burke-Ernzernhof modified for solids formalism [18,19] was
adopted for exchange-correlation energy. A 500-eV kinetic
energy cutoff was found to achieve numerical convergence.
We adopted a k-point set generated by the 9 x 9 x 3 I'-
centered Monkhorst-Pack mesh. More information about the
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FIG. 1. Atomic structures of LSMO/LCO (a) (1,1) and (b) (3,3) superlattices for DFT calculations. La/Sr, Co, Mn, and O atoms are
depicted as yellow, light-blue, magenta, and red spheres, respectively. For the (3,3) model, the Sr content in LSMO was set to the optimal
level of 1/3, and different La/Sr configurations do not affect the main results. The results of the (3,3) superlattice are shown in Supplemental
Material Fig. S2 [20]. (c) Possible in-plane spin orders in (1,1) superlattices.

k-point set convergence test can be seen in Fig. S1 of the
Supplemental Material [20]. To study the effect of electron
correlation, the DFT+U approach within the rotationally in-
variant formalism and the double-counting formula was per-
formed with Uy = 3.0 and 3.3 eV for Mn and Co 3d orbitals,
respectively [21-23]. Atomic positions were optimized until
the Hellman-Feynman force on each atom was smaller than
0.01 eV/A and the electronic iteration was performed until
the total energy change was smaller than 10~°eV. Addi-
tionally, the SOC calculation was implemented in VASP in
a noncollinear mode [24,25], which allows a self-consistent
calculation of orbital moments and magnetic anisotropy en-
ergy. MAE was the energy gained by rotating the direction
of magnetic moment from the x—y plane (E)) to the z axis
(E1), i.e., MAE is the magnetic anisotropic energy. To get
an accurate determination of the MAE, a self-consistency
convergence within 1078 eV and a dense k-point mesh of 13
x 13 x 5 has been achieved in our calculations. In addition,
the element and orbital resolved MAE are obtained from the
difference between the SOC energies along the in-plane and
out-of-plane directions, AEs, = Esocy — Esoc, - Here Egoc =

(2’52262 %’fi—‘r/ﬁ - 8), where V(r) is the spherical part of the ef-
fective potential within the PAW sphere, and L and S are
the orbital and spin angular momentums, respectively. Eq, is
twice the actual value of the total energy correction associated
with SOC to second order, i.e., MAE =~ %AESOC [26,27]. The
other half of the SOC energy translates into the crystal-field
energy and the formation energy of the unquenched orbital

moments [28].

III. RESULTS AND DISCUSSION

A. Atomic and magnetic structure of superlattice

To highlight the effect of MnOg-CoOy interlayer coupling
on magnetic anisotropy for the P/B interface and to save
computing time, the system was modeled by a brownmillerite-
structured superlattice consisting of (CoOy);/(MnOg);

without vacuum layer as shown in Fig. 1(a) [29]. In our
(1,1) superlattice, the A site atom is La for the CoO,4 layer
and half La and half Sr for the MnOg layer. This yields the
smallest supercell, which captures the main feature of the
effect of interlayer coupling for the P/B-typed superlattice.
We also investigated a (LCO)3;/(LSMO);3 supercell model
without vacuum layer as shown in Fig. 1(b) to further verify
interfacial effect and obtained the same conclusion that the
P/B interface played a key role in determining PMA as for the
(1,1) system (Supplemental Material Fig. S2 [20]). Therefore,
the results below were obtained mainly for the (1,1) model.
During the DFT calculations, the equilibrium bulk lattice
constant of LSMO was set to the experimental value of
ap = 3.865 A [30], and the in-plane lattice constant of the
superlattice (@) was set to that of the substrate. In this case,
the biaxial strain was defined by & = (aj-ap)/ap x 100%.
The magnetic ground states of bulk LCO and LSMO are
A-type antiferromagnetic (A-AFM) and ferromagnetic (FM),
respectively [14]. To identify the most stable magnetic phase
in superlattice, we considered a FM and three AFM con-
figurations [Fig. 1(c)]. The calculated total energies under
different strains are presented in Table I, with respect to that
of the AFM3 configuration. Evidently, the AFM3 state with

TABLE I. Calculated total energies for the magnetic configura-
tions in (1,1) superlattice (in the unit of meV per 1 x 1 supercell).
The total energies of AFM3 are set to zero. —2% and 4% correspond
to the lattice strains of LSMO on LaAlO; and BaTiOs, respectively.

€ AFM1 AFM2 AFM3 FM
—2% 47.5 86.8 0.0 48.4
—1% 529 93.7 0.0 45.7
0% 55.3 96.0 0.0 45.3
+1% 56.9 96.6 0.0 43.6
+2% 58.3 96.8 0.0 41.8
+3% 59.4 96.2 0.0 39.6
+4% 60.8 95.7 0.0 37.3
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FIG. 2. Strain dependence of (a) total MAE, (b) element resolved MAE per Co atom, and (c) element resolved MAE per Mn atom.

antiparallel spins in neighboring MnOg and CoOy4 is most
stable. In contrast, FM, AFM1, and AFM2 have much higher
energies than AFM3. Model AFM3 is consistent with the
experimental results for LSMO/LCO superlattice for which
signatures of antiparallel spin alignment between LSMO and
LCO have been observed [14]. The magnetic moments of Mn
and Co converge to ~3.9 and ~2.6 up, respectively, which
agrees well with the previous report [29,31]. The latter value is
close to the magnetic moment of a high spin Co** ion with d’
configuration (S = 3/2) that has an expected local magnetic
moment of 3up. Lattice strains only cause a slight variation in
magnetic moment (< 1%), which rules out spin state transition
in Co ions suffering from lattice strains (not shown). For the
(3,3) superlattice, we find that the coupling between Co™
(Co ion caged by a CoQy tetrahedron) and Mn®t (Mn ion
in a MnOg octahedron) is also AFM [29], indicating that
the (1,1) model indeed captures the main features of the P/B
superlattice.

B. Magnetic anisotropy energy

Now we turn to the discussion about the MAE in different
strain states. The total MAE and element resolved MAE cal-
culated within the noncollinear self-consistent calculations are
shown in Figs. 2(a)-2(c) for the (1,1) superlattice with the bi-
axial strains ranging from —2% to 4%. As shown in Fig. 2(a),
the maximal MAE is 1.4 meV/fu. (1.9 x 107 erg/cm?),
gained under a compressive strain of —2%. As lattice strain
grows from —2% to 4%, MAE smoothly decreases to 0.8
meV/f.u. (1.0 x 107 erg/cm?). Positive MAE implies PMA.
For the superlattice on STO (& & 1%), the corresponding PMA
constant is 1.3 x 107 erg/cm?, close to the experimental value
reported for the LSMO/LCO superlattice [14]. Fascinatingly,
PMA remains strong even if under a tensile strain as large as
44%. This is in sharp contrast to the bare LSMO film which
shows an in-plane magnetic anisotropy in tensile strain state.

To learn more about the contribution from different atoms,
element resolved MAE was further calculated. As illustrated
in Fig. 2(b), the MAE per Co atom is 0.94 meV, gained
under the strain of —2%. As lattice strain grows from —2%
to 4%, it decreases from 0.94 to 0.26 meV. For Mn, the
element resolved MAE varies from 0.46 to 0.63 meV/Mn
[Fig. 2(c)], slightly growing with lattice strain. These results
are striking. They show that not only LSMO but also LCO
layer contributes to PMA; the PMA comes mainly from Co

ions under strong compressive strains and Mn ions under
tensile strains. The magnetically easy z axis and hard xy plane
for CoOy, tetrahedra are consistent with previous reports on
SrCo0, 5 [32]. Notably, the obtained MAE per Co atom is
one order of magnitude greater than that previously observed
in CoQOy tetrahedra [33]. We also calculated the magnetic
anisotropy for a bare LSMO layer and obtained the MAEs of
0.019, —0.036, and —0.141 meV /Mn, corresponding to the
lattice strains of —2%, +1%, and +4%. The calculated MAE
for the compressive strain of —2% is close to the reported
value for the LSMO film grown on LaAlOj3 [34]. Notably, the
MAE here is not only much smaller in magnitude than that of
the LSMO layer in the P/B superlattice but also negative when
tensely strained. Obviously, the PMA of the P/B superlattice
is not a simple sum of that of the bare LCO and LSMO layers,
and symmetry mismatch and interlayer coupling have greatly
enhanced magnetic anisotropy.

We also calculated the anisotropy energy between two in-
plane directions, [100] and [110] and found that the difference
for Mn is nearly zero, suggesting the in-plane tetragonal
symmetry of MnOQg. In contrast, the MAE difference is nearly
10% for Co between [100] and [110], indicating an in-plane
anisotropy for CoOy.

In addition to SOC, the anisotropy caused by dipole-dipole
interaction also will contribute to MAE, resulting in shape
anisotropy. We used Ey, = —2mM? to get a simplified expres-
sion for shape anisotropy energy in magnetic superlattice [35]
and found that Ej, is about —10° erg/cm?® (—0.01 meV/Mn).
This is a reasonable value consistent with that derived from
the dipole-dipole interaction [36] but much smaller than elec-
tronic contributions. Therefore, the magnetic anisotropy is
mainly determined by SOC, i.e., MAE ~ MCA, where MCA
is magnetocrystalline anisotropy energy.

MAE can also be derived from the force theorem [37],
a second order perturbation theory-based method. Adopting
the torque method, we obtained similar strain dependence
of the MAE on lattice strain, which confirms the strong PMA
of the P/B interface. The value of MAE calculated by the force
theorem is half the result of self-consistent calculations. This
is an intrinsic difference between these two approaches. The
MAE values as a function of strain using the force theorem
is shown in Fig. S3 of the Supplemental Material [20]. We
also calculated the strain dependence of MAE for the (3,3)
superlattice adopting the force theorem and obtained results
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FIG. 3. Contributions to MAE from the SOC interaction between different d orbital spin channels for (a) Mn, (b) Co atoms at the P/B
interface, and (c) Mn in a bare LSMO film under selected lattice strains of —2% and +4%.

similar to those of the (1,1) superlattice. A detailed overview
of the comparison between different superlattice can be found
in Supplemental Material Fig. S2 [20].

C. Orbital resolved magnetic anisotropy energy

Usually, the strongest effect comes from the lift of de-
generacy of two orbital states by SOC with respect to the
magnetization directions, i.e., the “hot spots” in the band
structure [38,39]. The band structures for the (1,1) the P/B
interface with in-plane and out-of-plane magnetization direc-
tions are shown in Fig. S4 of the Supplemental Material [20].
It is obvious that band structures in these two cases are very
similar, implying the absence of “hot spots” that determine
magnetic anisotropy. Since the orbitals close to the Fermi
level are highly hybrid at the asymmetric the P/B interface,
we believe that many minor differences in band structure
contribute to the overall magnetic anisotropy rather than the
“hot spots”. We therefore adopted the orbital resolved MAE
method to analyze the source of magnetic anisotropy at the
P/B interface.

To find out the key factors that affect magnetic anisotropy,
we calculated the d-orbital-projected contributions to MAE
for the Mn and Co atoms. For this purpose, we translated
Hsoc = &L - § into Hsoc = Hdye + Hipe [40,41], with the
spin-conserving term

Hoe = £8(L.cos® + 1L e sinf + 1L_e"sinf), (1)

and the spin-non-conserving term

§

! o oo F =i 29 7 ip 26
Hyoe = §S+r —L,sinf — L e "¥sin 3 + L_e'Ycos 5

+

b |y

& A A . e . . 0
S_ (—Lz sin6 + L+e_""cos2§ - L_e""sin2§> ,
@)

where & is the SOC coefficient, 6 and ¢ are the azimuthal
and polar angles of the spin orientation with respect to the
local coordinate environment, and ix(z) is the x(z) component
of the orbital angular momentum operator. By treating the
SOC Hamiltonian as a perturbation, we can get the associated
energy correction by SOC, i.e., the quantitative value of MAE,

N 2 PN 2
[uo“ LoJu”) " = (07 | Lo lu”) | }

o _ g0’
&y &

MAE — %-2 Z (_1)1_500’

u,0,0,0’

3

where u° (0°") and &y (sg/) stand for the eigenstate and eigen-
value of unoccupied (occupied) orbital state d,y, d;, d,2, d,.,
or d>_y, respectively (here s and p orbitals have been omitted
because of their neglibigle contributions), o(c’) represent
spin state, and § is the kronecker function.

On the basis of Eq. (3), we are able to analyze the con-
tributions of all possible orbit combinations of Mn and Co.
Fig. 3(a) shows the MAE corresponding to all orbital pairs for
the Mn in the P/B superlattice. From first glance, the MAE is
mainly determined by two matrix elements, i.e., (dzzlﬁzldyz)
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orbital pairs.

and (dy>_y |ﬁzldxy>. The former orbital pair yields a positive
MAE, which means that the occupation of the d,» state always
supports PMA. In contrast, the latter term is negative, i.e., the
occupied d,2_,. orbit favors an in-plane magnetic anisotropy.
Since the contribution from the first term is considerably
larger than that from the second one in magnitude, the total
MAE is positive, i.e., Mn exhibits a PMA. Moreover, the
MAEs from these two orbital pairs display different depen-
dence on lattice strain. Accompanying the compressive to ten-
sile transition, the first term slightly increases whereas the sec-
ond term considerably decreases in magnitude. Consequently,
MAE grows sizably with lattice strain [Fig. 2(c)]. This kind of
strain dependence is unusual. In general, the contribution from
(dp L, |d,z) or {dy>_y2 L, |dyy) should be depressed or enhanced
by tensile strains, which will cause a compression of the
MnOg octahedron along the z axis. This is exactly what we ob-
served in the LSMO monolayer. Corresponding to the increase
of lattice strain from —2% to +4%, as shown in Fig. 3(c),
the contribution from (dzz|ﬁz|dyz) decreases by a factor of
1.8 whereas that from (dxz,yz|f,z|dxy) grows from —0.110
to —0.154 meV/Mn. As a result, the LSMO monolayer
transits from PMA to easy plane anisotropy, in agreement
with experimental results. As will be seen later, interfacial
reconstruction marked by atomic reconfiguration and orbital
hybridization is responsible for the unusual PMA of the P/B
superlattice.

To get a deeper insight into the abnormal MAE of the
P/B superlattice, we analyzed the spin decomposed projected
density of states (PDOS) of the d orbitals of Mn in the
P/B superlattice and LSMO monolayer. As shown in Fig. 4,
both the d»_,» and d, orbtials are occupied. This feature
is observed not only in LSMO film but also in the P/B
superlattice. It is indicative of strong lattice distortion of the
MnOg octahedra, which causes a mixing of the two e, orbital
states. As a consequence of orbital mixing, the d> and d>_

bands are conductive for the LSMO film [(Fig. 4(a)]. This
is consistent with the observation that the LSMO film is
metallic. As expected, the #,, orbitals locate well below Fermi
level, without any signatures of orbital hybridization between
Mn 1, and O 2p orbitals. Accompanying the transition from
compressive to tensile strains, #,, and e, orbitals (mainly the
latter orbital) redistribute. Through integrating the density of
states below Fermi level in Fig. 4(a), we find the electron
occupancy ratio of d to d2_» varies from 1.042 to 0.920 as
lattice strain grows from —2% to 4% (Details about electron
occupation ratio are shown in Table SI of the Supplemental
Material [20]). The electron population of the d,>_,» band
increases at the compensation of that of the d,» band. This
is understandable since tensile strain will increase the space
between in-plane Mn and O atoms, thus lowering the d,>_,»
orbitals via reducing the Coulomb repulsion among electrons.
Compared with LSMO, however, the P/B superlattice owns a
different band structure. As shown in Fig. 4(b), a finite energy
gap develops between the occupied spin-up d,» band and the
unoccupied spin-down d,. band around Fermi level. Con-
sequently, the d,» orbital becomes strongly localized. More
than that, orbital mixing is significantly modified, especially
unoccupied states: The spin-up unoccupied e, states have only
the d,>_,» composition now [Fig. 4(b)] whereas they are d,>_,»
and d mixed states for a bare LSMO film [Fig. 4(a)]. These
results suggest the difference of the MnOg distortions in the
P/B superlattice and LSMO film. As will be seen later, an
enhanced elongation along the z axis emerges for the MnOg
of the P/B superlattice, causing a large splitting of the two e,
orbitals.

Obviously, the strong PMA must have a close relation-
ship with the distinct band structure of the P/B superlat-
tice. According to Eq. (3), orbital resolved MAE is mainly
determined by the energy difference between occupied and
uoccupied orbital pairs. Take the d,» — d,, orbital pair as an
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Fig. S5 [20].

example. For LSMO, a positive term ( d ¢|[:z|dyz ¢> and a
negative term (dy, N |I:Z|deT) emerge simultaneously since the
the unoccupied spin-up states are the d> and d,»_,» mixed
states, and their counteraction makes the (dzz|i,z|dyz) term
considerably low. For the P/B superlattice, in contrast, the
unoccupied spin-up states are simply d\>_,» in nature due to
the presence of an energy gap in the d,. band. In this case,
only the positive term (d,» N L. |dy, ¢) survives, contributing to
(dzz|£z|dyz). As a result, the matrix element d ¢|ﬁz|d_VZ f is
considerably large. This explains the large change in magnetic
anisotropy from the P/B interface to LSMO monolayer (The
(dxy|ﬁz|dxz,yz) term does not change obviously from LSMO
to the P/B superlattice as the d,>_,» band stay metallic).

For an ideal CoO, tetrahedron for which the Co?* ion
shows the eéTtggT ef,%% orbital states only two matrix ele-
ments are expected, a positive (d,>_,» ¢|I:z|dxy 1) and a neg-
ative (d, ¢|I:,C|dxz 1) (refer to Sec. IIID for details). Accord-
ing to Fig. 3(b), however, there are three matrix elements
that contfibute to MAEAfor the Co ions inAsuperlattice, ie.,
(dioypy\Lelduyy). (dyey Leldyy), and (dyy, |Lsldy:, ). The for-
mer two terms are positive while the last one is negative.
A further analysis of the band structure indicates that the
additional term could be ascribed to lattice distortion-induced
orbital hybridization. As will be shown later, the CoQy tetra-
hedra are strongly distorted, deviating by a large angle away
from the custom z direction. This in turn causes a strong Co
3d - O 2p hybridization due to the charge transfer between
Co and in-plane surrounding oxygen atoms [29]. As a con-
sequence, the occupied spin-down d,>_,» and d states are
mixed with the unoccupied spin-down d,; and d,. states via
SOC, then the spin-down states are all partially occupied as
shown in Fig. S5 of the Supplemental Material [20]. This
gives rise to a positive (dy; |ﬁz|dyZ ,) term that contributes to
the magnetic anisotropy of Co. Since the orbital hybridization
depends strongly on the degree of the CoOy4 distortion, the
(dy; ¢|I:z|dyz ;) matrix element thus MAE vary significantly
with lattice strains [shown in Fig. 2(b)].

For a comparison investigation, we also calculated the
MAE with the SOC constant. According to Bruno formula,
MAE = — ﬁAML [42], MAE values of 0.18 ~ 0.23 meV
are obtained as the strain grows from —2% to +4%, adopt-

ing the DFT calculated Ap;, = 0.016 ~ 0.021 up and the
extrapolated &), = 0.044eV as reported by Francisco et al.
[43]. They are different from the results obtained by DFT
calculations [Fig. 2(c)]. Since the Bruno formula gives the
MAE based on the orbital anisotropy in atomic spheres, this
difference indicates that the magnetic anisotropy of the Mn
ions at the P/B interface has implications more than orbital
moment anisotropy. Probably, the strong orbital hybridization
and the spin orbit coupling with Co (§¢, = 0.07eV [43])
cannot be ignored. In other words, the off-site spin orbit
coupling related spin-flip term may considerably affect the
MAE at interface [44,45]. For Co™ ion, we also calculate the
MAE with the SOC constant based on the Bruno formula, and
the MAE turns out to be 0.9 ~ 0.3 meV, consistent with the
results in Fig. 2(b).

D. A conceputal picture for enhanced PMA

From the above results, the MAE of the P/B superlattice
is much stronger than that of either of its components. This
means that something takes place at the interface. Accord-
ing to our calculation, the MnOg elongation along interface
normal, defined by the c/a ratio, varies from 14% to 6% as
lattice strain ascends from —2% to 4% [Fig. 5(a)]. In contrast,
it changes from 6% to -—4% for a bare LSMO film across the
same strain range [46,47]. The enhanced MnQOg elongation
could be ascribed to the appearance of spared space in the
CoOy layer that loses two oxygen ions for each tetrahedron
compared with CoOg. More than that, the CoQy, tetrahedra are
distorted and tilted by adjacent MnOg octahedra via shared
oxygen atoms, deviating by an angle from 21° to 37° (de-
pending on lattice strains) away from the custom z direction.
This indicates the occurrence of interfacial reconstruction, i.e.,
atomic and orbital rearrangement at interface. In Figs. 5(b)
and 5(c) we show the distorted MnOg and CoQO,4 and the
corresponding energy level of different orbitals.

By analyzing Eq. (3), we can get the selection rules for
preferred spin orientation of transion element ions. As well
established, the d states can be represented in terms of d,, =
dyy, dy;, dp, dy;, do_yp standing for the d orbital states
with the magnetic quantum number m = —2,—1,0, 1,2
respectively. Hence, the preferred spin orientation can be
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depicted using the minimum difference | ALy| in the magnetic
quantum numbers. For example, for two states with identical
spin, if |[ALz| = 2, these two d states cannot interact under
SOC; if |ALz| = 1, preferred spin orientation would be per-
pendicular to the z direction; if [ALz| = 0, the preferred spin
orientation is parallel to the z direction [48].

As depicted in Fig. 5(b), Mn** ion in a z-
elongated MnOg octahedron has the spin configuration
(dxz/_m)l(dxyT)l(dzzT)l(dxz,sz)O. The lowest energy
difference occurs between the d2y and d_y24 levels.
However, this orbital pair cannot interact through SOC
because |ALz| =2. The next lowest energy difference
occurs between dyyy and d,>_y24, and the corresponding spin
orientation will be parallel to the z axis since |ALz| = 0.
Similarly, the interaction between d.; and unoccupied
dyz/y,, also gives rise to a positive contribution to MAE
since |ALyz| = 1. After direction calculations, we can get a
quantitative expression of MAE for Mn ions without orbital
mixing,

o 1 1

MAE = § (A1+4A2>’ 4)
where A; and A, are the energy difference between the
occupied and unoccupied orbitals of dy>_y»4 and d,,4 and
dpy and dy;), respectively. According to Eq. (4), either
component of the MAE will be positive, in sharp contrast
to the results of Fig. 3. This inconsistence reveals the im-
portant role of orbital hybridization in determining magnetic
anisotropy. In fact, if the occupied/unoccupied e, orbitals are
mixed states of the dy>_y» and d orbtials, negative terms such
as (dy_y ¢|I:z|dxy¢) and (dsz|[:z|dz2 1) could be introduced
into Eq. (4). Take the d,>_,2-d,, orbital pair as an example.
The energy difference between occupied d,»_>4 and unoc-
cupied d,y, is smaller than that between occupied d,y4 and
unoccupied d,>_,24 (shown by AlM and AIN, respectively, in
Fig. 4), i.e., the former negative term is larger in magnitude
than the latter, positive one. As a result, the (dxy|ﬁz|dxz,yz)
term is negative. Therefore, the symmetry mismatch of the
heterostructure provides a feasible approach towards or-
bital mixing, giving rise to an effective tuning to magnetic
anisotropy.

Although the MnOg octahedron tilted away from the global
z direction with an angle about 5° to 9° as strain grows from
—2% to +4%, this small tilt does not change our main results
about PMA as its error is smaller by two orders of magnitude
than the MAE value. It is therefore plausible to ascribe the
anomalous PMA of the Mn ion in superlattice to the z-axis
elongation of MnOg.

In contrast, the Mn?" ion in a z-contracted
MnOg octahedron owns a spin configuration of
(diyt) (dyzpyer) (d2—y24)' (d24)°. In this case, |ALz|=1
occurs between d,;/y.+ and d24 levels which have the next
lowest energy difference. Hence the preferred spin orientation
is perpendicular to the z direction, i.e., the ion will show an
easy-plane anisotropy. This is consistent with our calculations
for the bare LSMO film at the +-4% strain state and also the
previous experiments [12].

Different from Mn, a Co?" ion in an ideal CoQy tetrahe-
dron has the (dy2_y2)*(d.2)*(dxy)" (dxz/y2)" spin configuration

[Fig. 5(c)]. It is easy to see that the two orbitals with lowest
energy difference are d,2_,»| and dy (d2, and d,,, cannot
interact via SOC as their L, values differ by 2). Since these
two levels have the same |m| value, their interaction leads to
a maximal energy gain when the spin aligns in parallel to
the z direction, i.e., a positive SOC term (d,>_, ¢|ﬁz|dxy 1)-
Because of the hybridization between the Co 3d and O
2p orbitals both the spin-down e, and 1, orbtials are par-
tially occupied, yielding a positive (d,; ¢|lA,Z|dyZ 1) term. This
term is closely related to orbital hybridization. It is there-
fore very sensitive to lattice strains, nearly halved from & =
—2% to +4%. Based on the selection rule mentioned above,
we can get three additional smaller terms (d>_ ¢|I:z|dyz 1)
(da, L, |dyz,), and d,y L. |d\. 1- These matrix elements are all
negative as |ALz| = 1 and less susceptable to lattice strains.

Similarly, we can conclude that the spin of octahedron-
coordinated Co?* is perpendicular to the z direction, i.e.,
easy-plane anisotropy. Thus, the magnetic anisotropy in LCO
is the competition between the octahedron-coordinated and
tetrahedron-coordinated Co®*. This result tells us the prob-
ability of modulating magnetic anisotropy [32,49] through
modifying the chemical environment of a Co atom in tetra-
hedral and octahedral coordination.

IV. SUMMARY

Based on density functional theory calculations, we per-
formed a systematic investigation on magnetic anisotropy for
a perovskite/brownmillerite-type Laj/,Sri,2MnO3;/LaCoO; s
interface, which is modeled by a brownmillerite-structured
superlattice consisting of (CoQOy4);/(MnQOg); with the A-site
atom of La for the CoO,4 layer and half La and half Sr for
the MnOg layer. A PMA up to 1.9 x 107 erg/cm? is obtained
under the compressive strain of —2%. As lattice strains transit
from the compressive to the tensile state, PMA displays a
smooth decrease but remains as large as 1 x 107 erg/cm?
under a tensile strain of +4%. The most remarkable result
is that the MnQOg layer and the CoOy layer have comparable
contributions to PMA and, moreover, the PMA is much larger
than that of either component of the superlattice, due to inter-
face reconstruction that leads to strong orbital hybridization.
We identified the orbital pairs that strongly affect magnetic
anisotropy and show that adjusting orbital mixing is an effec-
tive approach to tune magnetic anisotropy. The present work
may inspire further experimental and theoretical explorations
to manipulate magnetic anisotropy, which is highly desired by
highly efficient spintronic applications.
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