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Outline

Multiferroics:

▶ Definition

▶ Multiferroic types and mechanisms

▶ J, DMI, SIA in multiferroic type I (cubic perovskites)

▶ Spin driven multiferroics (type II) (cubic perovskites)
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Ferroic orders
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Multiferroics
Multiferroics:

more than one ferroic order in the same material

(name coined by Hans Schmidt in 1993 but 1st works by
Smolenskii et al. 50’s who called them ferroelectromagnets)

... Well, actually hard to find! (FM metals vs insulating FE)
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Smolenskii et al. 50’s who called them ferroelectromagnets)

... Well, actually hard to find! (FM metals vs insulating FE)
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Multiferroics

Multiferroics: more than one ferroic order in the same material ...

Lets do a hack!

Multiferroics: Usual definition plus ... Ferroelectricity + whatever magnetic order!
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Multiferroics

Multiferroics: more than one ferroic order in the same material!



7

Multiferroics

Multiferroics: Usual definition plus ... Ferroelectricity + whatever magnetic order!

But ... still not very common?

Hack further: Extension to multi-antiferroics!
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Multiferroics

The d0-ness problem (N. Spaldin 2000)

FE conditions (BaTiO3-type):

▶ Displacive FE transition (soft polar mode)
▶ Driven by charge transfer through O-p/Ti-d0 hybridization
▶ d0 is key −→ in contradiction with magnetic systems that need dn ̸=0

Solution: The BaTiO3-type mechanism for FE is actually not the most common:

▶ Lone pair mechanism (Pb2+, Bi3+, etc)
▶ Geometric FE: P is not the primary order parameter (improper, triggered, etc)
▶ Geometric FE: steric effects (as in “polar metals”)
▶ Spin-driven FE: magnetic order induces FE (P is not the primary OP)
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Multiferroics: Type I vs Type II classification

Tentative to classify multiferroics (Khomskii 2009)

Type I multiferroics:

▶ Ferroelectric and magnetic orders appear independently (T FE
C ̸= T FM

C , TN )
▶ Polarization can be large
▶ Weak coupling between FE and magnetic properties

Type II multiferroics:

▶ Magnetism causes ferroelectricity (T FE
C = T FM

C , TN )
▶ Polarization is small
▶ Strong coupling between polarization and magnetic properties
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Multiferroic Type I mechanisms
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Multiferroic Type II mechanisms
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Multiferroic Type I: Focus on cubic perovskites ABO3

FE distortion
Octahedra rotation

a0a0a+
Octahedra rotation

a0a0a−
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Multiferroic Type I: Focus on cubic perovskites ABO3

Complex pattern of distortions: how magnetism behaves?
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Magnetic interactions in cubic perovskites

Can be decomposed into 3 parts:

Si Φij Sj = JijSi .Sj +Dij(Si ×Sj)+Si Aij Sj

▶ Exchange: J

▶ DM: D

▶ The rest: A 99K SIA

Evaluation of J, D and A vs distortions: DFT analysis in AFeO3

From PRB 86, 094413 (2012), see also PRB 99, 104420 (2019)

https://doi.org/10.1103/PhysRevB.86.094413
https://doi.org/10.1103/PhysRevB.99.104420
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Effect of distortions on SIA

Cubic structure: small anisotropy (4th and 6th order)

ESIA = K1(S2
x S2

y +S2
y S2

z +S2
z S2

x )+K2(S2
x S2

y S2
z )

(µeV) K1 K2

BiFeO3 -3.66 0.06
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Effect of distortions on SIA

Octahedra rotation: a0a0c+/−

a0a0a− a0a0a+ top view
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Effect of distortions on SIA
a0a0c+/− structures: 2nd and 4th orders

ESIA(θ ,φ) = K1 sin
2(θ)+K ′

1 sin
2(θ)cos(2φ)

+K2 sin
4(θ)+K ′′

2 sin4(θ)cos(4φ)

BiFeO3 (µeV) K1 K ′
1 K2 K ′′

2

000010+ 264.0 0 3.5 0.7

000010− 235.3 0 4.3 0.8

K1 > 0 =⇒ easy axis shape
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Effect of distortions on SIA
a0a0c+/− structures: 2nd and 4th orders

ESIA(θ ,φ) = K1 sin
2(θ)+K ′

1 sin
2(θ)cos(2φ)

+K2 sin
4(θ)+K ′′

2 sin4(θ)cos(4φ)

BiFeO3 (µeV) K1 K ′
1 K2 K ′′

2

000010+ 264.0 0 3.5 0.7
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K1 > 0 =⇒ easy axis shape
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Effect of distortions on SIA

a0a0c+/− structures: SIA shape and amplitude
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Effect of distortions on SIA

a0a0c+/− structures: SIA shape and amplitude
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Effect of distortions on SIA

a0a0c+/− structures: SIA shape and amplitude
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Effect of distortions on SIA

a0a0c+/− structures: SIA shape and amplitude
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Effect of distortions on SIA

a0a0c+/− structures: SIA shape and amplitude
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Effect of distortions on SIA

a−b+a− (Pnma) and a−a−a− (R3̄c) structures: easy-plane

BiFeO3 K1 (µeV)

Pnma (7−8+7−) -402

R3̄c (9−9−9−) -400
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Effect of distortions on SIA

a−b+a− (Pnma) structure:

Two different easy planes locally but a global easy axis!
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Effect of FE distortions on SIA

K1 (µeV)

9−9−9− BFO -400

9−9−9−+0.5FE BFO -281

9−9−9−+1.0FE BFO -1.3

9−9−9−+1.5FE BFO 139

1.0 FE BFO 217

1.5 FE BFO 349

↓

↓

Competition between FE and OR’s SIA!
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Effect of FE distortions on SIA
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Effect of FE distortions on SIA
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Effects on J

Jac Jb (meV)

BiFeO3 cubic (000000) 7.36 –

Pnma (7−8+7−) 6.52 6.68

R3̄c (9−9−9−) 5.96 –

R3c (9−9−9−+ FE) 5.36 –

J decreases with OR distortions because Fe–O–Fe bond angle < 180◦
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Effects on DM

Dx Dy Dz (µeV)

BiFeO3 cubic (000000) 0 0 0

Pnma (7−8+7−) 454 208 124

R3̄c (9−9−9−) 170 170 170

R3c (9−9−9− FE) 146 146 146

DMI increases with OR distortions because Fe–O–Fe bond angle goes away from
180◦
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Effect of distortions on wFM
J, DM and SIA vs OR amplitude in R3̄c:
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Effect of distortions on wFM

wFM vs AFD amplitude in R3̄c:
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Effect of distortions on wFM
wFM vs AFD amplitude in R3̄c:
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Effect of distortions on wFM

Microscopic model: PRL 109, 037207 (2012)

Coupling with the octahedra rotations ω:

DwFM ∝ (ωi −ωj) · (Si ×Sj)

Coupling with the polar distortions u (“Spin-Current”):

DSC ∝ (ui −eij) · (Si ×Sj)

https://doi.org/10.1103/PhysRevLett.109.037207
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Multiferroic perovskites: BiFeO3
BiFeO3 (R3c)

Fe3+ 7−→ 3d5

G-type AFM + ferroelectricity

7−→ multiferroic at room tempera-
ture (TFE = 1100 K, TN = 640 K)

+ Spin cycloid!

from Spin-current driven DMI
PRB 108, 024403 (2023)

https://doi.org/10.1103/PhysRevB.103.214423


31

Multiferroic type II perovskites

From exchange striction
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Rare Earth perovskites: RFeO3

R = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb and Lu

G-type AFM + weak FM of the TM cation

Interaction between R f electron spins
and TM d electron spins

Spin reorientation and compensation
point of the wFM
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Rare Earth perovskites: RFeO3

Multiferroicity due to the presence of both R and Fe magnetic atoms
(exchange-striction):
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Rare Earth perovskites: RFeO3

Strong magnetoelectric coupling (GdFeO3):
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Rare Earth perovskites: RMnO3

Rich magnetic phase diagram:MASAHITO MOCHIZUKI, NOBUO FURUKAWA, AND NAOTO NAGAOSA PHYSICAL REVIEW B 84, 144409 (2011)

b

a

c

b

a

c

PAS//c

(SixSj)//a

PAS//a

ab-plane spin spiral⇒PAS//a

bc-plane spin spiral⇒PAS//c(a)

(b)

eij//b

eij//b
(SixSj)//c

FIG. 1. (Color online) (a) Relationship between the spiral-plane
orientation and the spontaneous ferroelectric polarization PAS in the
bc-plane spiral spin structure predicted by the spin-current model.26–28

(b) That in the ab-plane spiral spin structure.

smaller R ions such as Y, Ho, Tm, . . . , Lu as well. These
compounds exhibit the E-type antiferromagnetic ground state
where the Mn spins form an up-up-down-down structure. In
this state, the symmetric magnetostriction associated with the
inner product of the spins (Si · Sj ) induces a ferroelectric
polarization PS parallel to the a axis,31,42 which is given by

PS =
∑

⟨ij⟩
π ij (Si · Sj ). (2)

Here π ij is a form factor that reflects the zigzag MnO
chains and is nonzero because of the absence of inversion
symmetry at the center of Mn-O-Mn bond. It is worth
mentioning that PS in the E-type phase is much larger in
magnitude than PAS in the spiral spin phases because the
symmetric-magnetostriction mechanism is associated only
with the spin-exchange interaction J but not with the spin-
orbit interaction or the Dzyaloshinskii-Moriya interaction in
contrast to the antisymmetric-magnetostriction mechanism.
Typically the magnitude of PS in the E-type phase is
∼4600 µC/m2, whereas that of PAS in the spiral spin phases
takes ∼500 µC/m2 at most in RMnO3.

The perovskite structure of RMnO3 is orthorhombically
distorted with alternately tilted MnO6 octahedra. Magnitude
of this GdFeO3-type distortion varies depending on the size of
the R ion. With a smaller R ion, the lattice is more significantly
distorted, and the Mn-O-Mn bond angle is reduced more from
180◦. The magnetoelectric phase diagram of RMnO3 as a
function of the magnitude of the GdFeO3-type distortion or the
ionic R-site radius (rR) has been studied experimentally.38,43–47

It has been revealed that following four magnetoelectric phases
successively emerge at low temperatures with decreasing
rR

38 [see Figs. 2(a) and 2(b)]; (i) nonferroelectric A-type
phase where the Mn spins align ferromagnetically in the ab
plane, (ii) ferroelectric ab-plane spiral spin phase with P∥a,
(iii) ferroelectric bc-plane spiral spin phase with P∥c, and
(iv) ferroelectric E-type phase with very large P∥a. In all
these phases, the Mn spins are stacked in a (nearly) staggered
manner along the c axis because of the strong interplane
antiferromagnetic coupling.

On top of these four phases, there exists a paraelectric
sinusoidal collinear spin phase in the intermediate temperature
regime where the collinear Mn spins parallel to the b axis are

TbGd
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FIG. 2. (Color online) (a) Experimentally obtained magnetoelec-
tric phase diagram of RMnO3 and solid solutions Gd1-xTbxMnO3 and
(b) that of solid-solution systems Eu1-xYxMnO3 and Y1-yLuyMnO3

in the plane of temperature and (effective) ionic radius of the R ion.38

sinusoidally modulated in amplitude. A theoretical model for
RMnO3 that thoroughly describes severe competitions among
these magnetoelectric phases has long been desired.

Here we briefly introduce previous theoretical studies on
this issue. In the canonical two-dimensional J1-J2 classi-
cal Heisenberg model with ferromagnetic nearest-neighbor
interaction J1(<0) and antiferromagnetic second-neighbor
interaction J2(>0) (see Fig. 18 of Ref. 34), the ferromagnetic
order is realized for |J2/J1| < 0.5, while the spiral order is
stabilized for |J2/J1| > 0.5. In RMnO3, the second-neighbor
exchange J2 originates from an indirect overlap of the Mn
3d orbitals via the inbetween two O 2p orbitals enhanced by
the orthorhombic lattice distortion and thus is rR dependent.48

This can explain the observed phase evolution from the A-type
phase (i.e., staggered stacking of the ferromagnetic planes)
to the spiral phase with decreasing rR . Within this model,
however, following experimental observations in RMnO3
cannot be reproduced: (i) Stabilities of the specific spin-spiral
planes (ab- or bc-cycloidal spin structures), which depend
on rR , temperature, and magnetic field. (ii) Emergence of the
E-type phase accompanied by ferroelectricity.

In order to reproduce the parameter-dependent spiral-plane
directions, magnetic anisotropies are essentially important.
Taking into account the orthorhombic lattice structure of
RMnO3, it is quite natural to examine the single-ion anisotropy
and the Dzyaloshinskii-Moriya interaction reflecting the local
lattice distortion. By introducing such interactions to the
frustrated classical Heisenberg model,22,33,34 the authors have
successfully reproduced the rR-T and T -H phase diagrams of
RMnO3 with respect to the spin structures. It is noteworthy that

144409-2



36

Rare Earth perovskites: RMnO3

Spiral orders induces ferroelectricity (spin-current & exchange-striction):

bc cycloidalsinusoidal ab cycloidal
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Rare Earth perovskites: RMnO3

TbMnO3:
(spin-current model)

TN2$ TN1$
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Conclusion

▶ Multiferroics, in the extended definition, can exhibit numerous possibilities

▶ Magnetoelectric multiferroics

Going beyond:

▶ Strain and interface engineering of new multiferroics

▶ Skyrmions (both magnetic and electric)

▶ Composites (mixing FE and FM materials)

▶ 2D materials

▶ Type III Multiferroics?
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