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“There is still much progress to be made towards an improved understanding of the 
fundamentals governing multiferroics, as well as in the fabrication of thin films.” 

Trends for the rationalized quest of materials 
                                                     Decrease in size, increase in modularity 

interfaces 
driven 
approach 

molecular 
approach 

lamellar 
approach 

bulk 
approach 



Multiferroics / Magnetoelectric Who are they ? 

Coexistence of at least 2 orders 
[Schmid, Ferroelectrics 162 (1994) 317] 

Magnetoelectrics Existence of a coupling between the magnetic and 
electric properties 

Multiferroics 

d’après [Van Aken et al. Nature 449 (2007) 702] 

some conditions 
on the symmetry 
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If  simple coexistence – No coupling between orders 

Multistate memories 

Higher density 

J.F. Scott, Nature Materials 6 (4), 256 (2007) 

R
es

is
ta

n
ce

  

4 state multiferroic memories 

Magnetic field 
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Multiferroics / Magnetoelectrics What for ? 
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If there is a coupling between electric and magnetic orders 

control of magnetization 
through an electric field 
low power consumption 
spintronics 

Magnetoelectric memories 

M. Bibes et al., Nature Materials 7 (6), 425 (2008) 

Voltage 
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Multiferroics / Magnetoelectrics What for ? 



Cooperative magnetic properties : dn electrons (n≠0) 

Cooperative electric properties : d0 electrons  

The d electrons issue : 

Multiferroic materials 



Rationalizing the quest for multiferroics              the bulk approach 

perovskites with Bi, Pb on A sites,  
dn cations on B sites 

Bi Fe O3 

Mechanisms for ferroelectricity - inversion symmetry breaking 

- polarisation of 6 s2 lone-pair 

- structural transition ‘Geometric ferroelectrics’ 

Distorsion stabilised by size and electrostatic effects 
(and not hybridization) 

The mechanism for ferroelectricity is 
not related to a d0 configuration 
Possibility of coexisting ferromagn. / 
ferroelec.   

The tilt of the MnO5 polyhedra allows a 
more compact stacking. 
The oxygens get closer to the A 
cations. This leads to the formation of 
an electric dipole. 

Proper 

Improper 



Rationalizing the quest for multiferroics              the bulk approach 

Mechanisms for ferroelectricity - inversion symmetry breaking 

- Charge ordering ‘Electronic ferroelectrics’ Improper 

- Magnetic ordering ‘Magnetic ferroelectrics’ 

magnetic 
frustration 



Rationalizing the quest for multiferroics              the issues 

the known single-phase multiferroics are limited by 
- antiferromagnetic or weak ferromagnetic alignments 
- lack of coupling between the order parameters 
- low temperature properties 

The quest has become interface-driven 



Ferroelectric ferromagnetic created by spin-lattice coupling Theoretical input : 

however, EuTiO3 could not be deposited 
under compressive strain... 

spin-lattice coupling through substrate induced strain 

Rationalizing the quest for multiferroics        the interface approach 



PLD growth from Bi2FeMnO6 onto LAO substrate   yields  Bi:Fe:Mn  3:2:2, different from 2:1:1 of the target 

Bi2O2 and FeMnO4 infinite layers 
stacked regularly along the 
growth direction of the film 

formation of a partial octahedral plane similar 
to the FeMnO4 layers 

Other studies : [M1-xM’x]O6 edge-sharing 
octahedral planes (M, M’= Fe, Co, Ni, Mn, Cr) 
with the Bilayer 
as the building block 

magnetic properties : OK 
ferroelectric properties : only seen by PFM, due to biaxial compressive strain 

Interfacial strain Experimental approach :  spin-lattice coupling through substrate induced strain 

Rationalizing the quest for multiferroics       the interface approach 

The substrate-induced biaxial strain promotes asymmetric lattice 
distortion and interface reconstruction in the initial interlayers, and 
subsequently facilitates the self-assembled layer stacking of the 
following atomic crystals 

room-temperature ferromagnetism  
and ferroelectricity 



Theoretical suggestion that superlattices with very short periods may give 
rise to a new form of interface coupling, based on rotational distortions, 
which gives rise to improper ferroelectricity. 
Therefore suggestion to produce multilayered artificial materials 
 
Experimental demonstration that PbTiO3/SrTiO3 multilayer system behaves 
like an improper ferrolectrics  

Theoretical input : rotational distortions to give rise to improper ferroelectricity 

Rationalizing the quest for multiferroics       the interface approach 



Crystal chemistry design approach 

rotation of octahedra may lift the inversion 
center on the A-site, not on the B-site 
hence necessary to have A/A’ layered cation 
ordering (+ rotations) 

Complete rationalization 

Rationalizing the quest for multiferroics       the interface approach 

A/A’ layered cation ordering + rotations may lift the inversion center  

rotational distortions to give rise to improper ferroelectricity 



first-principles-based prediction of a specific class of materials— namely, 
R2NiMnO6/La2NiMnO6 superlattices where R is a rare-earth ion—that exhibit an 
electrical polarization and strong ferromagnetic order near room temperature 

R2NiMnO6 are not ferroelectric but 
do show anipolar displacement 
resulting from their oxygen 
octahedral tilting pattern a-a-c+ 
theyr therefore constitute good 
candidates for the hybrid improper 
ferroelectricity strategy 

Rationalizing the quest for multiferroics       the interface approach 

Good candidates : 
RE2NiMnO6/La2NiMnO6  

The RE2NiMnO6 show the oxygen 
octahedral tilting pattern a-a-c+ 
and therefore constitute good 
candidates for the hybrid improper 
ferroelectricity strategy 

rotational distortions to give rise to improper ferroelectricity 



(AO)(ABO3)n Ruddlesden-Popper (RP) 

The objective of this study is to combine both 
polarization and magnetization at RT in a bulk 
n = 2 RP oxide through control of composition to 
generate the required octahedral tilts in a system 
with a strongly magnetic B-site sublattice. 

The Fe3+ n = 2 RP phases BaLa2Fe2O7 and 
SrLa2Fe2O7 are untilted and adopt the nonpolar 
space group I4/mmm (Fig. 1). 

Introduction of a smaller lanthanide (Ln) cation  
induces rotation of the octahedral network 
to reduce the A-site coordination number; 
for instance, SrTb2Fe2O7 was reported as a highly 
distorted n = 2RP phase (23) that exhibits a Néel 
temperature (TN) of 542 K (24), but reinvestigation 
of this compound by density functional theory (DFT) 
calculations predicts a conventional single octahedral 
rotation in the nonpolar (a–b0c0)/(b0a–c0) 
tilt scheme (Fig. 1). Tilting in perovskites is driven by the need to 

compensate for underbonding caused by 
reduction 
of the A-site cation size, so we performed 
DFT calculations to evaluate the potential 
effect 
of substituting Ca2+ for Sr2+ in SrTb2Fe2O7 to 
afford CaTb2Fe2O7. 

Study the possibilities offered by the 
Ruddlesden-Popper (RP) (AO)(ABO3)n 
compounds in bulk with n=2  
through the control of composition  
to generate the required octahedral tilts in 
a system already presenting a strongly 
magnetic B-site sublattice. 

Fe3+ in the n = 2 RP phases BaLa2Fe2O7 and 
SrLa2Fe2O7 are untilted 

Introduction of a smaller lanthanide (Ln) cation  
induces rotation of the octahedral network 
SrTb2Fe2O7, but not with the desired rotations 

reduction of the A-site cation size,  
substituting Ca2+ for Sr2+ in SrTb2Fe2O7 to 
afford CaTb2Fe2O7. 

it works : ! 

Rationalizing the quest for multiferroics       the interface approach 

rotational distortions to give rise to improper ferroelectricity 



Advances in thin-film deposition have 
enabled materials to be rationally 
designed at the atomic-scale where 
the local chemistry, bonding and 
electronic environment can be tailored 
to stabilize emergent phenomena.  
Here : perturbation of the structural 
environment of the frustrated 
hexagonal ferrimagnet LuFe2O4 at the 
sub-ångström scale, tuning the 
magnetic order to construct a new 
magnetoelectric multiferroic. 

Rationalizing the quest for multiferroics       the interface approach 

distortions to enhance the magnetic properties 

increase of TC thanks to distortions imposed by 
the ferroelectric LuFeO3 



Rationalizing the quest for multiferroics       the interface approach 

distortions to enhance the magnetic properties 



Rationalizing the quest for multiferroics       the interface approach 



Rationalizing the quest for multiferroics       the chemical approach 

layered materials : functionalization - exfoliation 

15 years ago but few realizations since then ... 



Rationalizing the quest for multiferroics       the chemical approach 

layered materials : functionalization - exfoliation 



Rationalizing the quest for multiferroics       the chemical approach 

layered materials : functionalization - exfoliation 



Ti0.8Co0.2O2 

derived from the 
exfoliation of a 
layered titanate 
(K0.8Ti1.6Co0.4O4) 

RT ferromagnetic nanosheet 

Langmuir−Blodgett 

high-k dielectric 
perovskite block 
derived from a layered 
perovskite 
(KCa2Nb3O10) by 
exfoliation 



modularity : chemistry ! 



Insertion chemistry 

[Inorg. Chem. 55, 2016, 9790-9797] 
[Inorg. Chem. 55, 2016 4039-4046] 

H+ H+

H+ H+

HCl (4 M)

Bi2SrTa2O9

Various types
of amines

Paramagnetic
cations

Cu2+

Cu2+

Fonctionnalization of a potentially ferroelectric lamellar compound 
Aurivillius phases 

Microwave activation 
adjonction of 

magnetic 

properties 

G. Rogez, E. Delahaye, P. Rabu  
(IPCMS) 

Fonctionalisation de réseaux lamellaires 

Rationalizing the quest for multiferroics       the chemical approach 

layered materials : functionalization - exfoliation 



Co2(OH)3(OAc)H2O 

organic design strategy 

Ferromagnétisme (TC ca.17 K) 
Effet magnétoélectrique 

Caractérisations 
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Rationalizing the quest for multiferroics       the chemical approach 

layered materials : functionalization - exfoliation 

Fonctionnalization of a magnetic lamellar compound 
Hybrid organics/transition metal hydroxides compounds 

G. Rogez, E. Delahaye, P. Rabu  
(IPCMS) 



Rationalizing the quest for multiferroics       the chemical approach 

the molecular approach 

Rationalizing the quest for multiferroics       the chemical approach 



orders, yes, but weak... 

Still the ABX3 perovskite structure... 

with A = [(CH3)2NH2]+,  
B = M2+(M=Fe, Mn, Ni Co), 
X = HCOO-. 

Antiferroelectric phase below 160-185 K thanks 
to H-bonding driven DMA cations ordering  
Weak ferromagnetic order below 8-36 K 

the dimethylammonium cation is dynamically disordered in the rhombohedral 
paraelectric phase, and the transition to the monoclinic 
antiferroelectric phase involves hydrogen bonded ordering of 
the DMA cations at temperatures in the range 160-185 K. On 
further cooling, these materials become magnetically ordered 
(8-36 K), and below these temperatures the antiferroelectric 
order coexists with weakly ferromagnetic order. 

Rationalizing the quest for multiferroics       the chemical approach 

the molecular approach 



T. T. M. Palstra et al., Chem. Mater., 2011, 24, 133 

CuCl4(C6H5CH2CH2NH3)2  
H-bond driven ferroelectric order below 340 K  
ferromagnetic order below 13 K  
(ferromagnetic superexchange via a 180° Cu−Cl−Cu pathway) 

Rationalizing the quest for multiferroics       the chemical approach 

the molecular approach 

Rationalizing the quest for multiferroics       the chemical approach 



Angew. Chem. Int. Ed., 2012, 51, 8356 

C[MnCr(ox)3(CH3CH2OH)]  
(C+=1-(hydroxyethyl)-4-(N,N-dimethylamino)pyridinium; ox2-=C2O4 2-) 

Electric order for T<350 K 
Magnetic order for T<4K 

Rationalizing the quest for multiferroics       the chemical approach 

the molecular approach 



(L)-ethyl lactate (Lig-Et) 

Use of polar ligands 

Rationalizing the quest for multiferroics       the chemical approach 

the molecular approach 

!!! 



asymmetric cations from the solvent 

solvent  (and structure directing agent): 1-ethyl-3-methyl imidazolium bromide ([EMI]Br) 

the asymmetric structure of EMI+ favors the 
formation of helical chains leading to a non 
centrosymmetric arrangement of the 
network in the non centrosymmetric group 
Fdd2 

Rationalizing the quest for multiferroics       the chemical approach 

the molecular approach 

!!! 



transition metal salts 
or  

rare earth elements 

Hybrid multiferroic network 
imidazolium salts  

R = H, CH3,…. 

+ 

[Gd2(C9H11N2O4)2(C2O4)2(H2O)2] 
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Rationalizing the quest for multiferroics       the chemical approach 

the molecular approach 

metal organic frameworks 

E. Delahaye, G. Rogez, P. Rabu  
coll S. Cherifi-Hertel 

(IPCMS) 

Strategy 

crystal engineering 



Conclusions 

Important synthesis efforts on funtionalization and exfoliation 

Advances in thin-film deposition now allow the fabrication of structures suggested by 
theory 

Still some imortant issues for the next 10 years ! 

Versatile and tunable metal-organic framework strategy 


