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Abstract 

Room-temperature electric-field control of magnetism is actively sought to realize electric-field 

assisted changes in perpendicular magnetic anisotropy (PMA), which is important to magnetic 

random access memories (MRAMs) and future spin-orbit based logic technologies. Traditional 

routes to achieve such control rely on heterostructures of ferromagnets and/or ferroelectrics, 

exploiting interfacial effects, including strain generated by the substrate, or electric-field induced 

changes in the interfacial electronic structures. Here we present design rules based on d-orbital 

splitting in an octahedral field and crystallographic symmetries for electric-field control of PMA 

utilizing hybrid improper ferroelectricity by scaffolding simple perovskite oxides into ultrashort 

period superlattices, (ABO3)1/(A′ BO3)1, and in multiferroic AA′ BB′ O6 double perovskites. We 

validate the strategy using first-principles calculations and a single-ion anisotropic model. We find 

a change in the magnetic anisotropy from the in-plane to out-of-plane direction in 

(BiFeO3)1/(LaFeO3)1 and a 50% decrease of the magnetization along the out-of-plane direction in 

LaYNiMnO6, when a polar-to-nonpolar phase transition occurs with strain. The origin of the PMA 

control is due to the structural-tunable competitions among the t2g and eg orbital interactions on 

the magnetic ions arising from relativistic spin-orbital interactions that are susceptible to changes 

in the oxygen octahedral tilts across the field-tunable transition. Our results allow us to search 

rapidly for other promising multiferroics materials with voltage-controlled magnetic anisotropy 

for applications in low-energy information storage and logic devices. 

1. Introduction 

Electric-field controllable magnetism (EFCM) offers a route towards low-energy information 
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storage and new forms of logic devices [1,2]. Several strategies were reported in ferromagnetic 

films or semiconductors [3-6], magnetoelectric multiferroics [7-9], heterostructures or 

superlattices consisting of ferromagnets and/or ferroelectrics [10-17], multidomain and domain 

wall structures [18-26], perovskites thin films [27-29], and hybrid improper ferroelectrics [30-33]. 

The aspirational goal of these materials platforms is to realize tunable perpendicular magnetic 

anisotropy (PMA) [34,35], with most realizations of electric-field assisted changes in PMA 

occurring in ferromagnetic films on semiconductors [3-6] or in ferromagnets and/or ferroelectrics 

heterostructures [12-15,34]. Materials and mechanisms to realize electric-field controllable PMA 

in multiferroics with large ferroelectricity (e.g., > 1 C/m2) and strong ferromagnetism (e.g., >1𝜇𝐵 

per transition-metal ion) at room temperature, however, remains a challenge [35], despite 

experimentally demonstrated electric-field control of in-plane magnetic anisotropy in BiFeO3 

[19,20,22] and predicted control in LiNbO3-type Zn2FeOsO6 [36] and double perovskite 

LaSrMnOsO6 [37]. From a processing perspective, it is desirable to realize PMA control from 

single phase (multiferroic) components rather than requiring complex multi-component 

heterostructures.  

 

In 2011, Benedek and Fennie proposed hybrid improper ferroelectricity (HIF) is active in 

Ruddlesden–Popper Ca3B2O7 (B=Mn,Ti) materials [30], which was experimentally demonstrated 

later [38-41]. In these compounds, the polar mode (𝑄Γ5
−), oxygen octahedral rotation (OOR) (𝑄𝛸2

+), 

and oxygen octahedral tilt (OOT) (𝑄𝛸3
−) modes couple through a trilinear interaction, 𝑄Γ5

−𝑄𝛸2
+𝑄𝛸3

−, 

to stabilize the polar ground state structure with Cmc21 symmetry. The functional electric 
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polarization 𝑃 is proportional to 𝑄𝛸2
+𝑄𝛸3

− owing to the HIF mechanism. Moreover, the direction 

of weak ferromagnetism (wFM), which is due to the antisymmetric Dzyaloshinskii-Moriya (DM) 

exchange interaction, is controlled by the tilt 𝑄𝛸3
−  mode (OOT) that occurs about the short 

crystallographic axes in the magnetic members of this family. Here, the direction of the wFM can 

be switched by an in-plane electric field through coupling to the polarization, which in turn 

reverses the 𝑄𝛸3
−   mode. Later, the HIF mechanism was extended to 1/1 period A-site cation 

ordered perovskite superlattices [33], which led to the theoretical prediction of ultrashort period 

BiFeO3/LaFeO3 superlattices exhibiting room-temperature EFCM [42]. To the best of our 

knowledge, reported EFCM mechanisms rely on the aforementioned DM-induced wFM controlled 

by the OOT mode [30]. The tunable wFM induced by the DM interactions is also key to other 

promising candidates for the EFCM in multiferroics at room temperature [43,44]. Remarkably, 

there are no assessments concerning the viability of electric-field tunable magnetic anisotropy in 

HIF materials despite the potential of HIF to serve as a novel mechanism from which to design 

multiferroics exhibiting simultaneously large ferroelectricity, strong ferromagnetism, and strong 

magnetoelectricity. 

 

Here, we propose design rules to tune the magnetic anisotropy, which may be used to explore 

electric field control of perpendicular magnetic anisotropy, utilizing a combination of density 

functional theory (DFT) calculations and single-ion anisotropic models, in (ABO3)1/(A′BO3)1 

superlattices and AA′BB′O6 double perovskites exhibiting HIF. We first show a change of the 

magnetic anisotropy from an in-plane to out-of-plane direction in experimentally synthesizable 
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BiFeO3/LaFeO3 superlattices across an electric-field driven polar-to-nonpolar (P-to-NP) phase 

transition. Next, we find a 50% decrease of the magnetization along the out-of-plane direction in 

double perovskite LaYNiMnO6 across an analogous P-to-NP phase transition. The tunable 

magnetic anisotropy is due to the changes in the oxide ligand fields about the magnetic ions 

induced by changes in the character of the oxygen octahedral tilts across the transition. This tilt-

anisotropy sensitivity arises from the spin-orbital interactions (SOI) among the t2g and eg orbitals 

on the magnetic ions, which can either produce easy-plane or easy-axis anisotropies, because SOI 

are controlled by the oxygen octahedral tilt symmetry. From this understanding, we formulate two 

design principles for ferroelectric control of the magnetic anisotropy: 1) orbital splitting criterion: 

selecting dn magnetic ions with the highest-occupied or lowest-unoccupied orbitals of xy symmetry 

to be nearly degenerate with at least one of the other two t2g orbitals (such as, Mn4+ with d3 and 

Fe3+ d5 configurations); and 2) polymorphism criterion: a ferroelectric phase with a low-energy 

metastable state exhibiting either an abrupt change in magnitude or distinct change in pattern of 

the oxygen octahedral tilts (such as in the P-to-NP transition). Our study calls for careful 

examination on the magnetic anisotropy changes that occur along with structural phase transitions 

in other multiferroics materials. 

 

2. Tunable magnetic anisotropy 

2.1 Polar-to-nonpolar phase transitions in 1:1 BiFeO3/LaFeO3 superlattice 

We showed previously that the P-to-NP transition is a general feature in (ABO3)1/(A ′BO3)1 

superlattices and AA′BB′O6 double perovskites exhibiting HIF [45], because the hidden nonpolar 
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phase originates from the competition between the anharmonic (trilinear) octahedral-derived mode 

interactions that stabilize HIF in the polar phase and hybrid improper antiferroelectricity in the 

nonpolar phase. Figure 1a shows a similar P-to-NP (Pmc21-to-P21/m symmetry) transition occurs 

at ≈0.5% strain in the BiFeO3/LaFeO3 superlattice, and that tensile strain favors the polar Pmc21 

phase whereas compressive strain favors the nonpolar P21/m phase. This ferrate strain-phase 

diagram is consistent with other (ABO3)1/(A′BO3)1 superlattices [45]. At the Pmc21-to-P21/m 

transition there is a sudden decrease in electric polarization from 4μC/cm2 to zero at 0.5% strain. 

Because of the trilinear couplings among P, OOT, and OOR modes in Pmc21, the transition also 

changes the character of the OOT and OOR modes. The OOT mode along [110] transforms into 

two unique and independent OOT along [100] and along [010], while the OOR become out-of-

phase in the P21/m phase (see inset of Figure 1a and details below). The corresponding changes in 

the magnitudes of the OOT and OOR modes are very small. Although previous reports showed the 

polar Pmc21 phase remains stable at -1% strain (corresponding to -1.1% in our definition) [42], 

this quantitative value for the critical strain may be due to the different exchange-correlation 

functional used. Ref. [42] uses the local spin density approximation with the plus Hubbard U 

correction (LSDA+U) whereas we use the revised Perdew-Becke-Erzenhof functional for solids 

with the plus U method (PBEsol+U) following Ref. [44] (see, also, references [45-48] therein). 

The existence of the nonpolar P21/m phase under strain is also supported by our Landau model 

and genetic algorithm (GA) structural search method [49,50]. 

 

2.2 Model analysis of the tunable magnetic anisotropy across the P-to-NP transition  
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Next we perform DFT+U+SOC (spin-orbital coupling) calculations and find that the in-plane 

magnetic anisotropy in the Pmc21 phase of the G-type antiferromagnetic (AFM) BiFeO3/LaFeO3 

superlattice is along the [11̅0] direction, which is perpendicular to the [110] electric polarization 

direction. This result is consistent with that in Ref. [42]. Interestingly, our calculations for the 

P21/m phase indicate that the magnetic anisotropy changes to be along the [011] direction (Figure 

1b). Thus, we expect that an in-plane electric field (𝑬) may control the magnetic anisotropy across 

a Pmc21-to-P21/m (P-to-NP) transition through its coupling to the polarization (𝑷) through the 

term ∝ 𝑷 ∙ 𝑬 in the free energy describing the compound.  

 

To further elucidate the origins of the different magnetic anisotropies in the two phases, we next 

employ a phenomenological model with the spin Hamiltonian expressed as [51,52]:  

𝐻̂𝑠𝑝𝑖𝑛 = ∑ 𝐽𝑖𝑗 𝑺⃗⃗ 𝑖 ∙ 𝑺⃗⃗ 𝑗𝑖<𝑗 + ∑ 𝑫⃗⃗ 𝑖𝑗 ∙ (𝑺⃗⃗ 𝑖 × 𝑺⃗⃗ 𝑗)𝑖<𝑗 + ∑ 𝐴𝑖,𝛼𝛽𝑆 𝑖𝛼𝑆 𝑖𝛽𝑖,𝛼𝛽                     (1) 

where 𝐽𝑖𝑗  and 𝑫⃗⃗ 𝑖𝑗  are the symmetric spin-exchange and antisymmetric DM-exchange 

interaction parameters, respectively, between magnetic ions i with spin 𝑺⃗⃗ 𝑖 and j with 𝑺⃗⃗ 𝑗. 𝐴𝑖,𝛼𝛽 

is the single-ion anisotropy parameter of ion i (𝛼, 𝛽 = 𝑥, 𝑦, 𝑧 ). Although the DM-exchange 

interaction induces spin canting and may affect the magnetic anisotropy direction [36], SIA usually 

governs the principal spin direction. In addition, the spin canting angle is usually very small; for 

example, 0.7° in BiFeO3/LaFeO3 with a calculated wFM of ≈0.05 𝜇𝐵/Fe and a remnant moment 

of 4 𝜇𝐵/Fe [42]. Therefore, we focus on changes in the SIA term across the P-to-NP transition on 

the magnetic anisotropy, which we express as: 
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𝐻̂𝑆𝐼𝐴 = 𝐴𝑖,𝑥𝑥𝑆𝑥
2 + 𝐴𝑖,𝑦𝑦𝑆𝑦

2 + 𝐴𝑖,𝑧𝑧𝑆𝑧
2 + 2𝐴𝑖,𝑥𝑦𝑆𝑥𝑆𝑦+2𝐴𝑖,𝑥𝑧𝑆𝑥𝑆𝑧+2𝐴𝑖,𝑦𝑧𝑆𝑦𝑆𝑧=𝐴𝑖,𝑥𝑥|𝑺⃗⃗ |

2
+ (𝐴𝑖,𝑦𝑦 −

𝐴𝑖,𝑥𝑥)𝑆𝑦
2 + (𝐴𝑖,𝑧𝑧 − 𝐴𝑖,𝑥𝑥)𝑆𝑧

2 + 2𝐴𝑖,𝑥𝑦𝑆𝑥𝑆𝑦+2𝐴𝑖,𝑥𝑧𝑆𝑥𝑆𝑧+2𝐴𝑖,𝑦𝑧𝑆𝑦𝑆𝑧.           (2) 

The effects of the DM-exchange interaction on the magnetic anisotropy can be found in 

Supplemental Material [53] (see, also, references [54, 55] therein). 

 

We then compute the effective parameters 𝐴𝑖,𝑦𝑦 − 𝐴𝑖,𝑥𝑥 , 𝐴𝑖,𝑧𝑧 − 𝐴𝑖,𝑥𝑥 , 𝐴𝑖,𝑥𝑦 , 𝐴𝑖,𝑥𝑧  and 𝐴𝑖,𝑦𝑧 

using a four-states mapping method with our DFT+U+SOC calculations with |𝑺⃗⃗ | = 1 for each 

phase at 0% strain. Next, we minimize 𝐻̂𝑆𝐼𝐴  to obtain the SIA direction 𝑺⃗⃗ =

(sin 𝜃cos𝜑 , sin𝜃sin𝜑, cos𝜃) given by the polar (𝜃) and azimuthal (𝜑) angles as described in Ref. 

[53] (see, also, reference [56] therein). We find that the SIA on the single symmetry-unique iron 

site in the Pmc21 phase is close to the in-plane [11̅ 0] direction ( 𝑺⃗⃗ = 0.62,−0.70,−0.36). In 

contrast, there are two symmetry-inequivalent Fe sites in the nonpolar P21/m phase with the SIA 

very close to the [010] and [001] directions (Figure S2 and S3 in [53]), respectively, 𝑺⃗⃗ 1 =

(−0.09,0.94,0.34) and 𝑺⃗⃗ 2 = (−0.19,−0.30,−0.94). For each phase, we next minimize the sum 

of 𝐻̂𝑆𝐼𝐴 over all iron sites in the unit cell to obtain the magnetic anisotropy and confirm the long-

range spin order is G-type with our model, which agrees with our direct DFT+U+SOC calculations 

(Figure 1b). Therefore, we conclude here that the change in magnetic anisotropy across the P-to-

NP transition originates from the dramatically different SIA on the iron sites, which the oxygen 

sublattice geometry imparts, i.e., the rotations, tilts, and other secondary distortions. 

 

2.3 Effects of the phonon modes on the magnetic anisotropy 
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Displacive atomic distortions are known to affect SIA in magnetic materials [57,58]. Therefore, 

we next decompose the atomic displacements that produce the Pmc21 and P21/m structures from 

the ideal P4/mmm high-symmetry structure into symmetry-adapted normal modes (Figure 2) to 

assess each modes contribution to the SIA. In the polar Pmc21 phase, there are three important 

modes: an in-plane ferroelectric (FE) mode along [110] transforming as the irreducible 

representation (irrep) 𝛤5
−, an oxygen octahedral rotation (OOR) mode about [001] (𝑀2

+), and an 

oxygen octahedral tilt (OOT) about [110] (𝑀5
−). For the nonpolar P21/m structure there are two in-

plane antiferroelectric (AFE) modes along [100] (𝛤5
+ and 𝑋3

−), two AFE modes along [001] (𝑀3
− 

and 𝑋2
−), an OOR about [001] (𝑀4

−), and two OOTs about [100] and [010] (𝑀5
− and 𝑋1

+). One 

key difference between the two phases is the decoupled [100] and [010] OOTs in P21/m, which 

will be important to achieve control of the magnetic anisotropy upon the phase transition.  

 

By computing the SIA in a hypothetical structure, obtained from adding each mode with an 

amplitude given by the equilibrium phases at 0% strain into the P4/mmm structure, we obtain that 

modes contribution to the SIA (Figure 3). For the polar Pmc21 structure, both the 𝛤5
− FE and 𝑀2

+ 

OOR modes favor SIA close to the film normal direction, whereas the 𝑀5
− OOT mode favors SIA 

close to the in-plane [11̅0] direction. Thus, the OOT mode dominates among the SIA contributions 

to give the overall in-plane [11̅ 0] magnetic anisotropy in the polar phase (Figure 1b). For the 

nonpolar P21/m phase, we find the mode-dependent SIA is more complex, because there are more 

distortions and more sites to consider: the 𝛤5
+ AFE mode favors SIA close to the [100] direction, 

the 𝑀3
− AFE mode favors SIA in the (001) plane and is close to the [010] direction, the 𝑀4

− OOR 
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mode favors out-of-plane SIA, the 𝑀5
−  OOT mode favors in-plane [010] SIA, the 𝑋1

+  OOT 

mode favors in-plane [100] SIA, the 𝑋2
− AFE mode favors SIA in the (010) plane and close to 

the [100] direction, and the 𝑋3
− AFE mode favors SIA close to the [100] direction. We find that 

the values for the SIA parameters given by the 𝛤5
+ and 𝑀3

− AFE modes are small compared with 

other modes active in the P21/m phase, suggesting that their effects on the SIA can be neglected 

(Figure 3a). Furthermore, the OOR (𝑀4
−) and OOT (𝑀5

− and 𝑋1
+) modes also lead to in-plane SIA, 

but close to the [110] direction, which indicates that the OOT modes also dominate the 

contributions from the OOR mode in the P21/m phase—similar to our finding in the polar Pmc21 

structure. The final magnetic anisotropy in the P21/m phase must include contributions from the 

𝑋2
−  and 𝑋3

−  AFE modes (Figure 3a). Because the OOR and OOT modes in both phases are 

primary modes stabilizing the nonpolar P21/m symmetry [49], this mode- and site-resolved SIA 

assessment allows us to conclude that the decoupling of the OOT modes across the polar-to-

nonpolar transition (𝑀5
− → 𝑀5

− + 𝑋1
+) sufficiently alters the Fe3+ coordination environments (inset 

of Figure 1a) so as to trigger a net change in the SIA direction from one phase to another. 

 

2.4 Origin of the tunable magnetic anisotropy across the polar-to-nonpolar transition 

The physical origin of SIA can be ascribed to SOC effects (i.e., λ𝑳̂ ∙ 𝑺̂) in perturbation theory 

[52,59], where λ > 0 if the orbital filling from unpaired electrons is less than half full for that 

manifold and λ < 0 otherwise. The λ𝑳̂ ∙ 𝑺̂ term can be further expanded as: 

𝜆𝑳̂ ∙ 𝑺̂ = 𝜆𝑆̂𝑧′ (𝐿̂𝑧cos𝜃 +
1

2
𝐿̂+𝑒−𝑖𝜑sin𝜃 +

1

2
𝐿̂−𝑒𝑖𝜑sin𝜃) +

𝜆

2
𝑆̂+′(−𝐿̂𝑧sin𝜃 − 𝐿̂+𝑒−𝑖𝜑sin2 𝜃

2
+
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𝐿̂−𝑒𝑖𝜑cos2 𝜃

2
)+

𝜆

2
𝑆̂−′ (−𝐿̂𝑧sin𝜃 + 𝐿̂+𝑒−𝑖𝜑cos2 𝜃

2
− 𝐿̂−𝑒𝑖𝜑sin2 𝜃

2
),                    (3) 

where the orbital angular momentum operator 𝑳̂ and spin angular momentum operator 𝑺̂ are in 

(x, y, z) and (x’, y’, z’) Cartesian coordinates, respectively. 𝜃 and 𝜑 are the polar and azimuthal 

angles, respectively, of the spin direction (i.e., z’ direction) with respect to the (x, y, z) coordinates. 

𝐿̂+ = 𝐿̂𝑥 + 𝑖𝐿̂𝑦  and 𝐿̂− = 𝐿̂𝑥 − 𝑖𝐿̂𝑦  are ladder operators, and 𝑆̂+  and 𝑆̂−  are specified in the 

same manner as 𝐿̂+ and 𝐿̂−, respectively. As shown from the electronic density of states (DOS) 

in Figure 4a, (additional details can be found in Ref. [53]), the Fe3+ d5 orbital configurations in the 

two phases are similar and the energetic ordering and filling of the orbitals is approximately 

described as ( |xy ↑〉 , |xz ↑〉 , |yz ↑〉 )1<(|x2 − y2 ↑〉 , |z2 ↑〉 )1<( |xy ↓〉 , |xz ↓〉 , |yz ↓〉 )0<(|x2 − y2 ↓

〉,|z2 ↓〉)0, where ↑ and ↓ represent spin-up and spin-down states, respectively. It should be noted 

that none of the orbitals are energetically degenerate owing to the reduced C2v and C2h Fe-site 

symmetries respectively, in the Pmc21 and P21/m structures.  

 

We focus on the SOC interactions between the (|x2 − y2 ↑〉,|z2 ↑〉)1 and (|xy ↓〉, |xz ↓〉, |yz ↓〉)0 

states that occur due to the spin-non-conserving terms: 𝐻̂𝑆𝑂
′ =

𝜆

2
𝑆̂+′(−𝐿̂𝑧sin𝜃 − 𝐿̂+𝑒−𝑖𝜑sin2 𝜃

2
+

𝐿̂−𝑒𝑖𝜑cos2 𝜃

2
)+

𝜆

2
𝑆̂−′(−𝐿̂𝑧sin𝜃 + 𝐿̂+𝑒−𝑖𝜑cos2 𝜃

2
− 𝐿̂−𝑒𝑖𝜑sin2 𝜃

2
), with an energy gain from matrix 

elements of the form −
|⟨𝑖|𝐻̂𝑆𝑂

′
|𝑗⟩|

2

|𝑒𝑖−𝑒𝑗|
  where 𝑖 = |x2 − y2 ↑〉 ,|z2 ↑〉  and 𝑗 = |xy ↓〉 , |xz ↓〉 , |yz ↓〉 

and 𝑒𝑖 and 𝑒𝑗 represent the corresponding orbital energies. These spin-orbit interactions occur 

between only occupied and unoccupied orbitals and those terms with small energy differences (i.e., 

|𝑒𝑖 − 𝑒𝑗|) significantly contribute to the SIA energy determining the spin direction. As can be seen 
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in Table 1, |x2 − y2 ↑〉 can interact with |xy ↓〉 through 𝐿̂𝑧, leading to an in-plane SIA; |x2 −

y2 ↑〉 /|z2 ↑〉  can interact with |xz ↓>  through 𝐿̂+ /𝐿̂− , leading to SIA in the (010) plane; and 

|x2 − y2 ↑〉/|z2 ↑〉 can interact with |yz ↓〉 through 𝐿̂+/𝐿̂−, leading to the SIA in (100) plane.   

 

The competitions among pairwise orbital interactions |x2 − y2 ↑〉 and |xy ↓〉, |x2 − y2 ↑〉/|z2 ↑

〉 , and  |xz ↓〉/|yz ↓〉  will be sensitive to any perturbations to the ligand-imposed crystal filed 

about the Fe site, because the nominal eg symmetry orbitals |x2 − y2 ↑〉,|z2 ↑〉 and the t2g orbitals 

|xy ↓〉 ,  |xz ↓〉 ,  |yz ↓〉  are nearly degenerate, respectively. We then expect macroscopically 

different SIA directions due to the different displacive modes (see Figure 3). For this reason, SIA 

arising from such competitions can be tuned through a structural phase transition, manifesting as 

changes to the active modes that describe the equilibrium structures on either side of the transition. 

Even in the same structure, if the environments of the magnetic ions exhibit different symmtries, 

the SIA should be considerably different for those sites, such as those in the P21/m phase. Therefore, 

we attribute the physical origins to the easily structure-tunable competitions among the interactions 

between the t2g and eg orbitals on the Fe3+ site through SOC effects. This effect leads to an easy-

plane perpendicular to x, y, and z through |x2 − y2 ↑〉/|z2 ↑〉 and |yz ↓〉, |x2 − y2 ↑〉/|z2 ↑〉 and 

|xz ↓〉, and |x2 − y2 ↑〉 and |xy ↓〉 interactions, respectively. 

 

2.5 Tunable magnetic anisotropy in AA′BB′O6 double perovskites  

Although we predict the ferroelectric control of the magnetic anisotropy in HIF (ABO3)1/(A’BO3)1 

superlattices with BiFeO3/LaFeO3 as a representative compound, the magnetic state is usually 
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antiferromagnetic (G-type spin order in BiFeO3/LaFeO3), despite weak ferromagnetism arising 

from the DM interactions [i.e., the second term in eq. (1)]. Here, we are more interested in applying 

the above mechanism to ferromagnetic or ferrimagnetic materials, which is technologically 

preferable. We next examine the recently proposed HIF AA′BB′O6 double perovskites [60], i.e., 

LaRNiMnO6 (R is the rare-earth ion), in which both ferroelectricity in the polar-chiral P21 structure 

and strong ferromagnetism (1.54 𝜇𝐵  for Ni2+ and 3.13 𝜇𝐵  for Mn4+ [60]) were predicted but 

without apparent strong magnetoelectric coupling. We first confirm that the P-to-NP transition 

occurs in HIF AA′BB′O6 double perovskites, using LaYNiMnO6 as an experimentally accessible 

member of the LaRNiMnO6 (R is the rare-earth ion) family by considering that the 

Bi2NiMnO6/La2NiMnO6 superlattices were experimentally synthesized [61]. Figure 1c shows that 

the polar-to-nonpolar (P21-to-𝑃1̅) transition occurs at ≈0% strain along with a sudden change of 

the polarization from 9 μC/cm2 to zero. We next investigate whether the structure- and orbital-

based magnetocrystalline anisotropy theory previously described for HIF (ABO3)1/(A ′ BO3)1 

superlattices also applies to HIF AA′BB′O6 double perovskites. 

 

Our DFT+U+SOC calculations on LaYNiMnO6 show that the magnetic anisotropy in polar P21 

with FM spin order is along the out-of-plane direction, whereas it switches to be mostly in the 

(11̅0) plane with a 50% decrease in the out-of-plane component in 𝑃1̅. The SIA model also reveals 

a large difference in the magnetic anisotropy between the two phases as displayed in Figure 1d, 

although the magnetic anisotropy slightly deviates away from the out-of-plane direction predicted 

by SIA model in P21 compared with our direct DFT calculations. Our symmetry-mode analysis of 
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the SIA shows [53], as in the ferrate superlattice, that the in-phase and out-of-phase OOR modes 

exert the same effect on the SIA. In addition, the OOT mode dominates the OOR contribution in 

determining the SIA direction. The magnetic anisotropy in the nonpolar 𝑃1̅ phase is ultimately 

determined by further including the AFE modes induced by the OOT modes. Therefore, the 

decoupling of the OOT modes also results in the different SIA on the magnetic ions, thus leading 

to very different magnetic anisotropies between the two AA′BB′O6 double perovskites phases.  

 

Next, we assess whether it is the same physical orbital interactions as in the HIF (ABO3)1/(A′BO3)1 

superlattices that permit the change of the magnetic anisotropy across the P-to-NP transition. First, 

we identify the orbital configurations of Mn4+ and Ni2+ in LaYNiMnO6 from Figure 4b and 4c (see 

also Ref. [53]). In the polar P21 phase, we find ( |xy ↑〉 ,  |xz ↑〉 , | yz ↑〉 )1<( |x2 − y2 ↑〉 , |z2 ↑

〉)0<(|xy ↓〉, |xz ↓〉, |yz ↓〉)0<(|x2 − y2 ↓〉,|z2 ↓〉)0 and in the nonpolar 𝑃1̅ structure we find (|xy ↑

〉 , |xz ↑〉 , |yz ↑〉 )1<(|x2 − y2 ↑〉 ,|z2 ↑〉 )1<(|xy ↓〉 , |xz ↓〉 , |yz ↓〉 )1<(|x2 − y2 ↓〉 ,|z2 ↓〉 )0 for Mn4+ 

and Ni2+ ions, respectively. It should be noted that neither the xy, xz, yz orbitals in either the spin-

up or spin-down manifolds are degenerate nor are the |x2 − y2〉,|z2〉 orbitals. From perturbation 

theory, we find that the SOC interactions will mix (|xy ↑〉, |xz ↑〉, |yz ↑〉)1 and (|x2 − y2 ↑〉,|z2 ↑

〉 )0 on Mn4+ and (|xy ↓〉 ,  |xz ↓〉 , |yz ↓〉 )1 and (|x2 − y2 ↓〉 ,|z2 ↓〉 )0 on Ni2+ through the spin-

conserving terms: 𝐻̂𝑆𝑂
0 = 𝜆𝑆̂𝑧′ (𝐿̂𝑧cos𝜃 +

1

2
𝐿̂+𝑒−𝑖𝜑sin𝜃 +

1

2
𝐿̂−𝑒𝑖𝜑sin𝜃). As can be seen in Table 

1, for Mn4+, |x2 − y2 ↑〉  can interact with |xy ↑〉  through 𝐿̂𝑧 , leading to out-of-plane SIA; 

|x2 − y2 ↑〉/|z2 ↑〉 can interact with |xz ↑〉 through 𝐿̂+/𝐿̂−, leading to in-plane SIA along the y 

direction; and |x2 − y2 ↑〉 /|z2 ↑〉  can interact with |yz ↑〉  through 𝐿̂+ /𝐿̂− , leading to in-plane 
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SIA along the x direction. Because the energy levels of the  |x2 − y2 ↑〉,|z2 ↑〉 states and |xy ↑

〉 , |xz ↑〉 , |yz ↑〉  are nearly degenerate, the competitions among the interactions between |x2 −

y2 ↑〉  and |xy ↑〉  and between |x2 − y2 ↑〉 /|z2 ↑〉  and |xz ↑〉/|yz ↑〉  are highly susceptible to 

changes in the coordination geometry of the magnetic ions, which enables structure-based control 

over the orbital interactions and SIA. We deduce similar conclusions for Ni2+ between (|xy ↓

〉, |xz ↓〉, |yz ↓〉)1 and (|x2 − y2 ↓〉,|z2 ↓〉)0. Therefore, the structural-tunable competitions among 

the interactions between the t2g and eg orbitals on the magnetic ions through SOC effects is also 

the origin of the ferroelectric control of the magnetic anisotropy in HIF AA ′BB ′O6 double 

perovskites. The most striking phenomenon here is the ferroelectric control of strong out-of-plane 

ferromagnetism in LaYNiMnO6 through the P-to-NP transition. Even with antiferromagnetic spin 

order in AA ′ BB ′ O6 double perovskites, the ferroelectric control of large out-of-plane 

magnetization (i.e., ferrimagnetism) may also be realized by chemical selection of magnetic 

moments of the B and B′ cations, such as in Ca2FeOsO6 and Ca2FeMoO6 compounds with G-type 

spin orders in the P21/n structure [62,63]. This centrosymmetric P21/n structure is a potential 

candidate for realizing the P21 polar structure in the AA′BB′O6 chemistry if A-site substitution 

can achieve [001] layered cation order, for example, in a thin film along the crystal-growth 

direction [64,65].  

 

We finally compute the energy barriers corresponding to viable transition paths between Pmc21 

and P21/m in BiFeO3/LaFeO3 and between P21 and 𝑃1̅ in LaYNiMnO6 [66]. We find that the 

energy barrier in BiFeO3/LaFeO3 can be as low as 77 meV/f.u. [53], which is much smaller than 
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completely switching the polarization in Pmc21 to its opposite direction (136 meV/f.u.) [42]. There 

are two reasons for the low energy barrier for the Pmc21 to P21/m transition: first, we consider a 

“two-step” transition process. The polar-to-nonpolar transition is part of the polarization reversal 

process, which is energetically more favorable than a one-step process through a higher energy 

intermediate [67,68]. Second, our nonpolar phase, which serves as the intermediate state for the 

polarization reversal [67,68], is also low in energy. The energy barrier is 242 meV/f.u in 

LaYNiMnO6 [53]. A previous study indicated that the energy barrier can be reduced either by 

using compressive strain or by chemical substitution to achieve smaller OOR and OOT angles 

[42,69], which may be helpful for finding other compounds exhibiting ferroelectric control of 

strong out-of-plane ferromagnetism in LaRNiMnO6 (R is the rare-earth ion) [60] near room 

temperature through the ferroelectric (P21)-to-antiferroelectric (𝑃1̅) phase transition. 

 

3. Discussion on the possible ferroelectric control of the perpendicular magnetic anisotropy 

Although there are many efforts at delivering ferroelectric control of the perpendicular magnetic 

anisotropy, these strategies are based on interfacial effects and leverage the strain generated by the 

substrate or changes of the electronic structures at the interfaces under an applied electric field 

[12-15,34,70]. Intrinsic ferroelectric control of the perpendicular magnetic anisotropy in 

multiferroics without strain mediation remains rare. Our study delivers microscopic insight into 

the application of recent magnetic anisotropy control by oxygen octahedral tilt in the field of 

ferroelectric control of the perpendicular magnetic anisotropy [71,72], where the out-of-plane 

magnetization can be changed in our studies, due to the changes of the magnetic anisotropy. 
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Moreover, ferroelectric control of the perpendicular magnetic anisotropy offers advantages over 

electric control of the transition between antiferromagnetic and ferromagnetic spin orders [27-29]. 

The former case relies on the change of SIA energy, which is much weaker than changing the spin-

exchange interactions among the magnetic ions [see the first term in eq. (1)] in the latter case. The 

lower magnetic transition barrier may facilitate the simultaneous change of the electric and 

magnetic signals in an application. Although there are other routes to control the magnetic 

anisotropy, such as strain effects [73], ions substitution [74], film reorientation [75] and varying 

thickness of the film with the changes of the oxygen octahedral tilt [71,72], they cannot be 

dynamically reversible.  

 

Experimentally in thin films [12-15,34,73], consideration of shape anisotropy is another 

importance factor which usually leads to in-plane magnetic anisotropy in FM thin films, but 

disappears in bulk samples. The influence of this effect can be minimized or overcome by judicious 

choice of operating temperature or strain [76-78]. If the magnetic anisotropy is strong as in Fe, Os 

and Mo compounds [36,62,63,65], the effects of the shape anisotropy can be negligible. There are 

also magnetic domains and domain walls in thin films. Compared with the ferroelectric domain 

walls, there frequently exists common 180° and 90° magnetic domain walls, with which the 

magnetization will be sensitive. For example, the polarization can be significantly weakened in 

180° domain-wall structures and changes direction in 90° domain-walls [18-26], which is also 

the cases for the magnetization in the magnetic domain walls. Although the magnetic anisotropy 

can be switched through the P-to-NP transition, the macroscopic magnetization may be null in 
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180° domain-walls structure. If the polar and magnetic domains can be coupled to each other, 

such as in the coupling between polar and antiferromagnetic domains in BiFeO3 [22], then the 90° 

domain-walls structure can be expected to realize switchable magnetic anisotropy macroscopically. 

 

We further consider the effects of the temperature on the changes of the magnetic anisotropy across 

the phase transition. As shown in Figures 5(a) and 5(b), the Néel temperature in BiFeO3/LaFeO3 

is around 500 K and the Curie temperature in LaYNiMnO6 is around 116 K at 0% strain. In 

BiFeO3/LaFeO3 the magnetic anisotropy in the Pmc21 phase is in plane along the x direction 

approach 0 K, while the spins point away from the in-plane direction in the P21/m phase, oriented 

about 45° and in the yz plane [Figure 5(c)]. These results are consistent with the results from the 

model analysis based on the coefficients obtained from our DFT calculations. These differences 

in the magnetic anisotropies between the polar and nonpolar phases remain discernible up to 150K, 

where we find that most of the spins still lie in plane in the polar phase and many spins in the 

nonpolar phase are oriented 45° away from the in-plane orientation and close to the yz plane. We 

also find that the width of the peak, indicating the out-of-plane spin direction (𝜑), becomes broader 

at higher temperature, which indicates that thermal effects effectively reduce the magnetic 

anisotropy term in the spin Hamiltonian. As a result, the spin orientations are more broadly 

distributed.  

 

In LaYNiMnO6 upon approaching 0 K, the magnetic anisotropy in the P21 phase is close to the z 

axis (around 75°) and the yz plane. In contrast in the 𝑃1̅ phase, the spins are oriented close to the 
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in-plane direction around 30°  and lie close to the y axis (around -120° ). These temperature-

dependent anisotropies are consistent with the results from the model analysis coefficients obtained 

from our DFT calculations. This difference in the magnetic anisotropies between the polar and 

nonpolar phases remains discernible up to 40 K. We can also see that the position of magnetic 

anisotropy varies more widely at higher temperature in LaYNiMnO6. For example, at 40 K the 

magnetic anisotropy in the polar phase approaches the in-plane direction and spins aligned along 

the in-plane spin direction tend towards the x direction, which is oppose to the behavior observed 

at lower temperatures. In contrast, the spin alignment in BiFeO3/LaFeO3 evolves smoothly with 

temperature. The reason for the stronger temperature-dependent loss in spin orientational 

preferences in LaYNiMnO6 may be attributed to its weaker magnetic anisotropy compared to 

BiFeO3/LaFeO3. 

 

Our study also provides an alternative route to find materials with large voltage control of magnetic 

anisotropy (VCMA) coefficient (Figure 6 and refs. [53,80-82]). The VCMA coefficient in the 

single-component multiferroics, resulting from the ferroic phase transition induced changes in the 

perpendicular magnetic anisotropy (i.e., the out-of-plane magnetization in our case), can be as 

large as ~105 in Bi2MnReO6. Thus, we show in theory that the VCMA coefficient in Bi2MnReO6 

can be two orders larger than those found in magnetic tunnel junctions (MTJs), which indicates 

strong modulation of Hr (resonance field) and Hc (magnetic coercive field) under an applied 

electric field. Even in LaYNiMnO6 with its weak magnetic anisotropy, we predict the VCMA 

coefficient can be comparable to the VCMA coefficients in MTJs (Figure 6).  
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4. Conclusions 

Our theory is neither limited to the compounds presented in this work nor limited to HIF materials 

(see Table 2), because the basic approach for the magnetic anisotropy control are based on two 

principles: First, how the d orbitals split under an octahedral field: selecting magnetic ions in the 

compound having d orbital configurations with the highest-occupied or lowest-unoccupied orbitals 

including a xy orbital nearly degenerate with at least one of the other two t2g orbitals. For example, 

this criterion is satisfied by choosing ions with d3, d5 or d8 electron fillings on at least one magnetic 

octahedral site in the crystal. Note that our theory does not apply to magnetic ions with orbital 

degeneracies such that the highest occupied orbital is degenerate with the lowest unoccupied 

orbital so as to yield a first-order Jahn-Teller instability [52,59]. The Jahn-Teller distortion would 

lift the degeneracy and result in a dominate SOC interaction between the highest occupied orbital 

degenerate with the lowest unoccupied orbital. In this case, the SIA is solely determined by this 

SOC interaction and there are no competing (comparable in energy) interactions available for 

modulation. Next, a polymorphism criterion: ferroelectric-ferroelectric or ferroelectric-

antiferroelectric phase competitions between two structures having significantly different 

magnetic ion coordination environments. Examples of transitions involving these changes in the 

BO6 octahedral geometry include HIF with changes in the OOT pattern and competitive ferroic 

phases in thin films with different symmetries. The transitions between the two states involved in 

the polymorphism can be realized by carefully investigating potential metastable structures and 

assessing their different coupling to an electric field through a 𝑷 ∙ 𝑬 term [83,84]. Our theory is 
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quite flexible in realization and may pave a way to find the ideal multiferroics for the application 

of so-called four-state memory devices [9]. 
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Table 1. Values of (𝜃,𝜑) computed by minimizing −|⟨𝑖|𝜆𝑳̂ ∙ 𝑺̂|𝑗⟩|
2
, where i, j= |xy〉,  |xz〉,  |yz〉, |x2 −

y2〉 or |z2〉. The definition of (𝜃,𝜑) is shown in the main text and ‘⋅’ indicates the values are not available. 

 

 |xy〉 |xz〉 |yz〉 |x2-y2〉 |z2〉 

𝜆𝑳̂ ∙ 𝑺̂=𝐻̂𝑆𝑂
0  for SOC between spins with same directions 

〈xy| ⋅ (
𝜋

2
,0) (

𝜋

2
, 

𝜋

2
) (0, ⋅) ⋅ 

〈xz| (
𝜋

2
,0) ⋅ (0,⋅) (

𝜋

2
, 

𝜋

2
) (

𝜋

2
, 

𝜋

2
) 

〈yz| (
𝜋

2
, 

𝜋

2
) (0,⋅) ⋅ (

𝜋

2
,0) (

𝜋

2
,0) 

〈x2-y2| (0,⋅) (
𝜋

2
, 

𝜋

2
) (

𝜋

2
,0) ⋅ ⋅ 

〈z2| ⋅ (
𝜋

2
, 

𝜋

2
) (

𝜋

2
,0) ⋅ ⋅ 

𝜆𝑳̂ ∙ 𝑺̂=𝐻̂𝑆𝑂
′  for SOC between spins with opposite directions 

〈xy| ⋅ (⋅,
𝜋

2
) (⋅,0) (

𝜋

2
,⋅) ⋅ 

〈xz| (⋅,
𝜋

2
) ⋅ (
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2
,⋅) (⋅,0) (⋅,0) 
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2
) (⋅,

𝜋

2
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〈x2-y2| (
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2
,⋅) (⋅,0) (⋅,

𝜋

2
) ⋅ ⋅ 

〈z2| ⋅ (⋅,0) (⋅,
𝜋

2
) ⋅ ⋅ 
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Table 2. Compounds identified fulfilling the proposed Orbital Configuration and Ferroic Transition criteria 

to achieve changes in magnetic anisotropy (MA).  

 

Compounds 
d orbital 

configuration 
Magnetism 

Ferroic 

transition 
MA changes 

BiFeO3/LaFeO3 d5 Weak FM Pmc21-to-P21/m [11̅0] to [011] 

LaYNiMnO6 d3 and d8 FM P21-to-𝑃1̅ 
[001] to [-0.44,-

0.73,0.52] 

Bi2MnReO6 d3 and d8 Ferrimagnetism R3-to-P2/n 
[0.49,0.64,0.60] 

to [001] 
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Figure 1. (a) Computed energies (left axis) and polarizations (right axis) with respect to the biaxial strain 

for BiFeO3/LaFeO3. The energy difference is between P21/m and Pmc21. (b) The magnetic anisotropies in 

the Pmc21 and P21/m phases. High-symmetry P4/mmm structure of BiFeO3/LaFeO3 is also shown on the 

left. The blue and pink arrows indicate the spins directions in Pmc21 and P21/m phases, respectively. Only 

the iron sublattice is shown for clarity. (c) energies (left axis) and polarizations (right axis) with respect to 

the biaxial strain for LaYNiMnO6. The energy difference is between 𝑃1̅  and P21. (d) The magnetic 

anisotropies in the P21 and 𝑃1̅ phases. High-symmetry P4/nmm structure of LaYNiMnO6 is also shown 

on the left. The blue and pink arrows indicate the spins directions in P21 and 𝑃1̅ phases, respectively. Only 

the manganese and nickel sublattice is shown. Insets in (a) and (c) show the comparison of the Fe-site 

coordination between Pmc21 (right) and P21/m (left) phases and comparison of Mn- and Ni-site 

coordinations for the P21 (right) and 𝑃1̅ (left) phases, respectively. Bond lengths are in unit of Å. The 

crystallographic axes are shown for the local environment. 
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Figure 2. The modes in the Pmc21 and P21/m structures are obtained by decomposing the ion displacements 

in each structure with respect to P4/mmm of BiFeO3/LaFeO3. Mode naming conventions follow that in 

Figure 2. The black arrows indicate the direction and magnitude of the ion displacements.  
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Figure 3. The single-ion anisotropy (SIA) obtained in BiFeO3/LaFeO3 with (a) multiple modes, (b) single 

(anti-)ferroelectric mode, and (c) single oxygen octahedral modes included in the P4/mmm structure. Each 

mode is represented by its irrep and corresponding symmetry. Pmc21 and P21/m indicate that all the 

correlated modes leading to the specified symmetries are included. The light blue arrow indicates the 

direction of the single-ion anisotropy and only the iron sublattice and the local octahedron are shown for 

clarity. The crystallographic axes are shown for the two phases.  
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Figure 4. (a) Orbital project iron density of states (DOS) in Pmc21 and P21/m and the schematic illustration 

of the orbital configuration in BiFeO3/LaFeO3. (b) and (c) show the density of states of manganese and 

nickel in P21 and 𝑃1̅  and the schematic illustration of the corresponding orbital configurations in 

LaYNiMnO6. There are two symmetry-inequivalent iron sites in P21/m and two symmetry-inequivalent 

manganese and nickels, respectively, in 𝑃1̅ and the density of states for the other iron in P21/m and 

manganese and nickel in 𝑃1̅ are shown in the SI. SOC is not included in these calculations. 
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Figure 5. Magnetic transition temperatures for (a) BiFeO3/LaFeO3 and (b) LaYNiMnO6 and temperature 

dependencies of the magnetic anisotropies in (c) BiFeO3/LaFeO3 and (d) LaYNiMnO6, which are obtained 

by carrying out Monte Carlo simulations [53, 79]. Here, an 8×12×12 supercell of the 20-atoms unit cell in 

Pmc21 and P21 phases was used and an 8×8×8 supercell of the 40-atoms unit cell in P21/m and 𝑃1̅ phases 

was used in the Monte Carlo simulations. In the simulations, only symmetric spin exchange interactions in 

Eq. (1) were included for (a) and (b). In (c) and (d), we collected the spin directions in identically sized 

supercells, but both symmetric spin exchange interactions and single ion anisotropic terms in Eq. (1) were 

included. Percentage = (number of spin sites having the spin directions with the angles around 𝜃 and 

𝜑)/(number of all spin sites). Angles 𝜃 and 𝜑 are defined in the coordinate system as shown. They 

correspond to the in-plane angle about the x direction and the out-of-plane angle about the in-plane 

projection of the spin, respectively. It should be noted that there are two peaks in BiFeO3/LaFeO3, because 

its magnetic structure is antiferromagnetic and comprises two magnetic sublattices.  
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Figure 6. VCMA coefficient 𝛽 in MTJ and multiferroic heterostructures. The opened circle represents the 

result from our work. 𝛽 =
∆𝑀𝐴

∆𝐸𝐼
 where ∆𝑀𝐴 is the change of the perpendicular magnetic anisotropy (i.e., 

the changes of the out-of-plane magnetization in our study) induced by the change internal electric field 

∆𝐸𝐼 . ∆𝐸𝐼  can be related to the external field (∆𝐸𝑒𝑥𝑡) given the dielectric constant 𝜀 of the material: ∆𝐸𝐼 =

∆𝐸𝑒𝑥𝑡/𝜀. See [53] for references for reported β values. 

 

 

 

 

 

 


