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Calculated phonon modes  in P4/mmm structure 

Heisenberg spin Hamiltonian:  E= E0 – Σij Jij (Si � Sj) 
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125i Γ3
- FE       Pz 

157i Γ5
- FE       Pxy 

252i  M2
+ a0a0c+       ϕz

+
 

278i M4
- a0a0c-       ϕz

-  

277i  M5
- a-a-c0       Ψxy

- 

 

Material	   Computed	  	   Experimental	  	   Experimental:	  	  
TN	  (LaFeO3)/TN	  (YFeO3)	  	  =	  	  

1.13	  
LaFeO3	  (Pnma)	  	   1089	   740	  

YFeO3	  (Pnma)	   968	   655	   Computed:	  
TN	  (LaFeO3)/TN	  (YFeO3)=	  	  

1.13	  	  
Computed	  TN	  (LaYFe2O6)/TN	  (LaFeO3)=	  1.044	  

TN within mean filed:  TN = 1/3kB (2J1+4J2+8J3+2J4) 

Present study with GGA+U: Hybrid improper ferroelectricity and  weak 
ferromagnetism above room temperature by design       

LaFeO3/YFeO3: 

Ø  Where more than one ferroic properties are present in a single phase and coupled to each other. 

Multiferroic materials 

One promising class of materials : ABO3 perovskites 
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Coupling of octahedral rotation to material properties  
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Ø  Through substitution on the 
A-site with cations of 
different radii, it is possible 
to control the degree of 
rotation of BO6 octahedra 
and hence the TM–O–TM 
bond angle that have a 
profound effect on the 
magnetic interaction 
between magnetic ions. 

Strong coupling with magnetic properties 

T. Kimura et. al. Phys. Rev. B 68, 060403 (R) (2003) 

Ø  SrTiO3/PbTiO3 superlattice: polarization 
had an additional contribution due 
combination of two different octahedral 
rotations 

Rotation driven ferroelectricity 

E. Bousquet et. al., Nature 452, 732 (2008)  

Recent proposed design rules of octahedral rotation driven ferroelectricity   

1/1 superlattice 

J. M. Rondinelli and C. J. Fennie, Adv. Mat. 24, 1961 (2012) 
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are commonly incompatible with one another, if any two are 
unstable. [  38  ]  

  Energetic Criterion : The ground state structure of the  AB O 3  
and the  A  !  B O 3  building blocks must each contain the corre-
sponding  Q  1  and  Q  2  rotation patterns. This requirement pro-
vides an optimal condition for hybrid improper ferroelectricity: 
It ensures the two octahedral rotations in the synthetic super-
lattice dominate the energy landscape over other competing 
instabilities, indicating they drive the transition to the polar 
structure. Said another way, the ground state structure of both 
bulk chemical units should possess the rotation pattern which 
results from the specifi c combination of octahedral rotations 
modes,  Q  1  and  Q  2 , that are desired to be present in the 1/1 
 AB O 3 / A  !  B O 3  superlattice. 

 This criterion stems from the fact that the rotation patterns 
are fully coherent in the synthetic  A / A  !  structures. A rota-
tional instability that appears in only one of the constituents, 
although likely capable of inducing the same rotation pattern in 
the second chemical unit, [  39  ]  would produce a tilt pattern with 
overall smaller octahedral rotations and modulated rotation 
angle amplitudes. Such compound tilt patterns are detrimental 
to cooperative ordering of local dipoles and could hinder octa-
hedral rotation-induced ferroelectricity. 

  First-Principles Guided Materials Design:  Here we apply our 
criteria in order to select bulk single phase perovskite oxides 
with suitable chemical compositions and rotational patterns 
for integration into the 1/1 ordered  AB O 3 / A ! B O 3  perovskites. 
The fi rst design criterion is necessarily satisfi ed by restricting 
our investigation to this composition. Next we apply group-
theoretic methods and consider all symmetry-adapted normal 
mode patterns (Table S5) that produce octahedral tilt patterns 
in the paraelectric ( AB O 3 ) 1 /( A ! B O 3 ) 1  structure. This analysis 
reveals many different possible invariants (Eq. S1) that permit 
the octahedral rotations to induce ferroelectric polarizations 
through the trilinear  PQ  1  Q  2  term in the free energy. To narrow 
the search, we focus on the lattice modes  Q  1   =   a  0  a  0  c   +   and 
 Q  2   =   a   "   a   "   c  0  ( Figure    3  ). These rotational modes are prime dis-
tortions to target because they are ubiquitous in single phase 

noncentrosymmetric structures.] We consider ( AB O 3 ) 1 /( A  !  B O 3 ) 1  
and ( AB O 3 ) 1 /( AB  ! O 3 ) 1  superlattices, corresponding to the bulk-
like compositions ( A , A  ! ) B  2 O 6  and  A  2 ( B , B  ! )O 6  (Supplemental 
Sec. SI) with layered cation-orderings ( Figure    2  ), as the sim-
plest structures that allow us to formulate materials selection 
rules in terms of the properties of the two bulk constituents: 
the chemical composition of the basic perovskite units consid-
ered, and the energetic or lattice dynamical properties of the 
fi ve-atom perovskite units.  

  Chemical Criterion:  The synthetic perovskites require an A/A !  
layered cation ordering for the octahedral rotations to induce 
ferroelectricity. The crystallographic rationale for this crite-
rion is as follows: In the  AB O 3  perovskite structure both the 
 A -site and the  B -site positions have local inversion symmetry 
(Figure  2 a). Rotations can lift the inversion center on the  A -site, 
but always preserve the centricity (inversion on the  B -site) of 
the octahedra.  A / A  !  ( B / B  ! ) layered cation ordering removes the 
inversion center on the  B -site ( A -site) as shown in Figure  2 b and 
c. Therefore the combination of  A / A  !  ( B / B  ! ) cation order and 
rotations allows for (forbids) hybrid improper ferroelectricity. 

 This heuristic understanding is verifi ed by our group theo-
retic methods. We fi nd seven unique tilts patterns obtained 
from pairs of centric  B O 6  octahedral rotations patterns in the 
paraelectric ( A/A !  ) B  2 O 6  structure. Each combination leads to a 
 P ( Q  1  Q  2 ) term in the free energy (Table S5) allowing for rota-
tion-induced ferroelectricity—neither SOJT cations nor polar 
cation displacements are required. Note that the form of the 
trilinear term indicates that the combined rotation pattern is 
effectively polar; once the two rotations are present, there is 
only one direction for the induced polarization, i.e., turning on 
the two rotations is analogous to turning on an electric fi eld. 
In contrast, we fi nd no trilinear invariants in the paraelectric 
 A  2 ( B/B !  )O 6  structure and therefore hybrid improper ferroelec-
tricity is forbidden. 

 The chemical criterion is insuffi cient to guarantee that the 
octahedral rotations induce a polarization, i.e., that  Q  1  Q  2   #   P . 
Rather, the form of the trilinear coupling,  P ( Q  1  Q  2 ), compels 
only the mutual coexistence of such lattice distortions, which 

     Figure  2 .     Illustration of the Chemical Criterion for rotation-induced ferroelectricity in layered perovskite superlattices constructed from two different 
 AB O 3  perovskite materials. In (a) bulk  AB O 3  perovskites inversion ( I   ) centers are found on both the  A - and  B -sites; the highest site-symmetry operator 
being a three-fold rotoinversion ( ̄3  ). Cation ordering in layered perovskites, however, lifts the inversion centers on the  B -site (leading to a 4-fold rota-
tion) in the  A / A  !  layered perovskites (b) and on the  A -site in the  B / B  !  (c) structures. Inversion remains through the  4m   operation found on the remaining 
 A -sites and  B -sites, respectively. Since rotations of octahedra preserve the inversion on  B -sites yet can remove it on the  A -sites, only  A / A  !  superlattices 
support this form of hybrid improper ferroelectricity.  

Ø When the inversion 
centers are situated only 
at A-sites, combination 
of rotation and tilt of 
BO6 octahedra breaks 
the inversion symmetry 
and leads to a non-
centrosymmetric 
structure. 

The hybrid origin of ferroelectricity:  “Hybrid improper ferroelectricity” : F  ~ QRQMP  

reference structure, both the A and B sites lie on an inversion
center and three mirror planes perpendicular to the coordinate
axes, as shown in Fig. 7(a). Because of the three-dimensional
connectivity of the octahedra in the perovskite, QM and QR

together preserve the inversion center I at each B-site (in fact,
octahedral rotations can never by themselves remove the inver-
sion center at the B-site, the consequences of which will be made
clear in the next section), and therefore the total polarization
must be zero by symmetry. However, QM and QR break the mirror
planes that would otherwise forbid a net displacement of the
A-cations against the oxygens in each A O layer. Hence, although

the total polarization must be zero in the Pnma structure, the
amplitude of QX can be significant. Note that the antipolar A-site
displacements need not be unstable to appear in the Pnma
structure. Indeed, most perovskites, including LaGaO3 and YGaO3,
do not favor this motion in the absence of the Pnma a!a!c"

rotation pattern. This can easily be seen from first-principles
calculations of the force constants within Pm3m (the X"5 phonon
is stable).

The appearance of a finite QX in the Pnma structure can be
accounted for phenomenologically by a trilinear coupling in the
free energy of Pm3m, F tri #QMQRQX . This invariant couples the

Fig. 6. The layer-resolved polarization in the Pnma ground state of (a) LaGaO3 and (b) YGaO3. To the right of each structure is shown a plot of the layer-resolved
polarization, Player $ %1=O&
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i , where O is the cell volume, ui is the displacement of ion i from its position in a higher-symmetry reference structure (Pmma for the
superlattice and Imma for the ABO3 perovskites) and Zn

i is the Born effective charge of ion i. The total polarization is the sum of the layer polarizations, P $
P

Player.
The axes shown refer to the cubic Pm3m cell. Symmetry-enforced cancellation of the dipole moments leads to P$0. (c) In the LaYGa2O6 superlattice, inequivalent A-site
displacements lead to imperfect cancellation of the layer polarizations. The polarization is parallel to [110]. Methods: VASP, PAW-PBE potentials, PBEsol functional, k-grid
equivalent to 8'8'8 in the cubic cell, 600 eV cutoff. Born effective charges calculated using DFPT in the ground state structure (Pmc21 for the superlattice, Pnma for the
ABO3 perovskites).

Fig. 7. Illustration of the chemical criterion for rotation-induced ferroelectricity in layered perovskite superlattices constructed from two different ABO3 perovskite
materials. In (a) bulk ABO3 perovskites inversion (I) centers are found on both the A- and B-sites; the highest site-symmetry operator being a threefold rotoinversion (3&.
Cation ordering in layered perovskites, however, lifts the inversion centers on the B-site (leading to a fourfold rotation) in the A=A0 layered perovskites (b) and on the A-site
in the B=B0 (c) structures. Inversion only remains through the 4=m operation found on the remaining A-site and B-site, respectively. Since rotations of octahedra preserve
the inversion on B-sites yet can remove it on the A-sites, only A=A0 support this form of hybrid improper ferroelectricity. From Ref. [41].
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in the B=B0 (c) structures. Inversion only remains through the 4=m operation found on the remaining A-site and B-site, respectively. Since rotations of octahedra preserve
the inversion on B-sites yet can remove it on the A-sites, only A=A0 support this form of hybrid improper ferroelectricity. From Ref. [41].
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Ø  The net polarization of two consecutive  AO layer along 
[001] direction is equal and opposite in direction, hence net 
polarization of the system is zero.  

Ø  Inequivalent A-site displacements 
lead to imperfect cancellation of 
the layer polarization, hence 
generate a net polarization in the 
system. 

	  N. A. Benedek et. al., J. Solid State Chem. (2012) (in press) 
 http://dx.doi.org/10.1016/j.jssc.2012.04.012  
A. T. Mulder, N. A. Benedek, J. M. Rondinelli, and C. J. Fennie, arXiv:1205.5526 (2012)  
 Rotation driven Weak ferromagnetism and Magnetoelectric effect 

Ø Choice of material as building block: LnFeO3 (Ln = Lanthanide, Y): (1) Crystallize in Pnma 
symmetry above room temperature . (2) Order magnetically above room temperature.   
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Ø  In Ruddlesden-Popper (CaMnO3)2 CaO, one rotational mode drives the weak 
ferromagnetism, another manetoeletronic effect and combination of them gives 
ferroelecticity.  

Ø  However magnetic ordering temperature  ~ 115 K, which is not ideal for practical 
applications.   N. A. Benedek and C. J. Fennie, Phys. Rev. Lett. 106, 107204 (2011) 

Mode Coupling: Energy Landscape    

Ø   Majority of perovskite systems adopt orthorhombic Pnma structure, combining octahedral 
rotations about different crystallographic axes of cubic Pm3m. − 

− Pm3m 

Building block 

Pnma rotations, QM and QR, to the antipolar motion of the A-site
cations, QX, ensuring that once QM and QR become non-zero, a
finite QX is induced [50] even when stable in Pm3m.

This trilinear coupling is reminiscent of that found in hybrid
improper ferroelectrics, Eq. (6). Is it related? Any perturbation to
the Pnma structure that breaks the inversion center at each B-site
would lead to inequivalent A-site layers, and hence to a small
noncancellation of the polarization induced by QX in the AO
layers. But since rotations alone cannot remove this symmetry,
some other ‘‘distortion’’ is required to create inequivalent A-site
environments. As we will now discuss, this noncancellation, or
ferri-electric mechanism, is the origin of hybrid improper ferroe-
lectricity in materials built from Pnma perovskites. Fig. 8 shows
two structural motifs that allow for the existence of hybrid
improper ferroelectricity: A-site ordered double perovskites and
Ruddlesden–Popper phases.

3.2.2. Hybrid improper ferroelectricity in AA0B2O6 double
perovskites

Perhaps the simplest way to create a perovskite with inequi-
valent A-sites is to replace alternating AO layers with A0O to form

a superlattice with formula AA0B2O6. This cation ordering strategy
for rotation-driven ferroelectricity was recently discussed by
Rondinelli and Fennie [41] who have demonstrated how ferro-
electric structures can be rationally designed from nonpolar Pnma
building blocks. Specifically, using group-theoretical methods
combined with ab initio density functional theory calculations
on gallate and aluminate-based ABO3 perovskites, they outlined a
universal set of material structure–property relationships for
realizing hybrid improper ferroelectricity in perovskites with
AA0B2O6 stoichiometry. The guidelines were separated into an
energetic criterion and a chemical criterion. The energetic criter-
ion requires that the bulk perovskite of one or more of the
constituents of the superlattice have a strong tendency towards
the Pnma structure (that is, Pnma should be the ground state
structure, preferably, or a metastable phase with a wide stability
window). This ensures that the a!a!c" rotation pattern survives
in the superlattice. The chemical criterion, summarized in Fig. 7,
recognizes that Glazer rotations in perovskites cannot break the
inversion center on the B-site, therefore some form of cation
ordering, e.g., A/A0 layered ordering, is required. A particularly
elegant aspect of the design criteria is that they relate the
properties of the AA0B2O6 superlattice back to the properties of
the parent single-phase ABO3 and A0BO3 perovskites. Hence, at
least in principle, it should be possible to predict whether a
particular AA0B2O6 material will be a hybrid improper ferro-
electric just by considering the properties of the constituent
ABO3 and A0BO3 phases.

As a specific example of creating a hybrid improper ferro-
electric according to the guidelines of Rondinelli and Fennie, one
could replace alternating LaO layers in LaGaO3 with YO to form a
LaYGa2O6 superlattice, as shown in Fig. 6(c). Given the strong
tendency of both LaGaO3 and YGaO3 to form in the Pnma
structure, the superlattice displays the same a!a!c" rotation
pattern. As we have discussed, these rotations favor an antipolar
displacement of the La and Y ions in the LaO and YO layers and
the lack of an inversion center on the B-site means that the
polarization induced by these displacements does not exactly
cancel, leading to a net polarization (Fig. 6(c)). Thus, the rotations
which drive the system to the polar space group, Pmc21, induce a
net ferri-electric polarization.

Fig. 8. Two alternative structure types that can be created by layering Pnma ABO3

perovskites in different ways: A-site ordered double perovskites (left) and
Ruddlesden–Popper phases (right). Hybrid improper ferroelectricity is allowed
by symmetry in both of the layered structures shown.

Fig. 9. The Ruddlesden–Popper An"1BnO3n"1 homologous series and an A-site ordered n#1 Ruddlesden–Popper phase (AA0BO4) built from two different A-site cations.
The inversion center at the B-site is broken for the n#2 and A-site ordered AA0BO4 phases but is retained for the perovskite end member and the A2B O4 n#1 phase.
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Ruddlesden-Popper 
Double perovskite 

N. A. Benedek et. al., J. Solid State 
Chem. (2012) (in press) 
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Estimated ordering temperature (TN) : 

Future direction:  By A-site cation mismatch in (AFeO3)1/(A’FeO3)1 superlattices can 
we gain more control over octahedral rotations and then multiferroic properties.     

Conclusion: Based on first principles ab-inito calculations we have predicted above 
room temperature polarization-magnetization coupling in (LaFeO3)1/(YFeO3)1 
superlattice. 
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