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MULTIFERROICS

Materials combining ferroelectricity, (ferro)magnetism and
(ferro)elasticity

If successful — a lot of possible applications (e.g. electrically
controlling magnetic memory, etc)

Field active in 60-th — 70-th, mostly in the Soviet Union

Revival of the interest starting from ~2000

D.Kh. IMMM 306, 1 (2006)
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 Introduction
e Perovskites: either — or; why?
* The ways out:
Independent FE and magnetic subsystems
1) “Mixed” systems
2) Lone pairs
3) “Geometric” FE
4) FE due to charge ordering
FE due to magnetic ordering
1) Magnetic spirals (spin-orbit interaction)
2) Exchange striction mechanism
3) Electronic mechanism
* Conclusions



Degrees of freedom

1 \

Charge ordering Ferroelectricity
p(r) (monopole) P or D (dipole) (quadrupole) |

Spin

' ‘ ital ‘
Magnetic ordering Orbital ordering




Two general sets of problems:

Phenomenological treatment of coupling of M and P;
symmetry requirements, etc.

Microscopic conditions of coexistence of magnetism and
ferroelectricity;

types of multiferroic systems;

mechanisms of coupling

Two different groups:

Type-I: Magnetism and FE exist independently, with certain
coupling; different sources; different groups of electrons

Type-1I: FE due to certain type of magnetic ordering; only in
magnetic state



material

Te (K)

Ty (K)

P(uC cm)




Magnetism:

In principle clear: spins; exchange interaction; partially filled
d-shells

Ferroelectricity:

Microscopic origin much less clear. Many different types,
mechanisms s> several different mechanism, types of
multiferroics

1) Perovskites: d” vs d®

2) “Geometric” multiferroics (YMnQO?3)
3) Lone pairs (Bi1; Pb, ....)

4) FE due to charge ordering

5) FE due to magnetic ordering



Perovskites: d° vs d»

Empirical rule:FE for perovskites with empty d-shell
(BaTi103, PbZrO3; KNbO3)

contain Ti*", Zr*"; Nb>*, Ta>"; Mo®", W' etc.
Magnetism — partially filled d-shells, d®, n>o0

Why such mutual exclusion?

Not quite clear. Important what 1s the mechanism of FE 1n perovskites
like BaTi103

Classically: polarization catastrophy; Clausius-Mossotti relations, etc.

Real microscopic reason: chemical bonds



Ti*": establishes covalent bond with oxygens (which “donate” back
the electrons), using empty d-levels

Better to have one strong bond with one oxygen that two weak ones
with oxygens on the left and on the right

Two possible reasons
d’ configurations: only bonding \
orbitals are occupied

Other localized d-electrons break singlet chemical bond by Hund’s

rule pair-breaking (a la pair-breaking of Cooper pairs by magnetic
Impurities)



Ti*": establishes covalent bond with oxygens (which “donate” back
the electrons), using empty d-levels

Better to have one strong bond with one oxygen that two weak ones
with oxygens on the left and on the right

Two possible reasons:

4
dY configurations: only bonding \ \ * |
4

orbitals are occupied

Other localized d-electrons break singlet chemical bond by Hund’s
rule pair-breaking (a la pair-breaking of Cooper pairs by magnetic
Impurities)
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The ways out:

(x) “Mixed” systems, with both d° and d" ion
(PbFe, ,Nb,,0;; PbCo,,W,,0;, ....)

(x) Independent magnetic and FE subsystems, different subgroups
responsible for FE and magnetism.
E.g. Ni-J boracite N1;,B,0,;J

(x) “Geometric” FE: YMnO;, etc

(x) Lone pairs: Bi*" (BiFeO;; BiMnO,); Pb** (PbVO,) ;
Aurivillius phases with magnetic 1ons?

(x) Charge ordering (organics; LuFe,O,; Fe;O,; (PrCa)MnO,?
RNi10,?)
| > coupling usually weak!




(x) FE due to magnetic ordering

1) Magnetics with spiral magnetic structure (TbMnO;, N1;V,0Oy;
MnWOQO,, CuFeO,; LiCuV,0,)

2) Magnetics with FE due to magnetostriction (TbMn,O; ? ;
RbFe(MoO,),

3) Purely electronic mechanism (in frustrated magnets)

Usually T, are low; polarization small; but coupling strong

(x) Composite systems: multilayers of magnetic and FE materials;
“mixtures’’, etc.
= > possibly the most realistic route for practical
applications




“Geometric” multiferroics: hexagonal manganites RMnO3

YMnO3: Tp~900 K; T~70 K

The origin (T.Palstra, N. Spaldin): tilting of MnO35 trigonal
bipiramids — a la tilting of MO6 octahedra in the usual perovskites
leading to orthorombic distortion.

In perovskites one AMO3 one A-O distance becomes short, but no
total dipole moment — dipole moments of neighbouring cells
compensate.

In YMnO3 — total dipole moment, between Y and O; Mn plays no
role!
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Lone pairs and ferroelectricity

Bi**; Pb?". Classically — large polarizability. Microscopically — easy
orientation of the lone pairs

Many nonmagnetic ferroelectrics with Bi**; Pb*". —e.g. PZT
[Pb(ZrTi)O3]

Some magnetic:

Aurivillius phases: good ferroelectrics, layered systems with
perovskite slabs/B1,0, layers (StB1,Nb,O,; StB1,T1,0,s, etc). Exist
with magnetic 1ons, but not really studied.

PbVO3 — a novel compound. Distortion so strong that probably
1mpossible to reverse polarization — 1.e. 1t 1s probably not
ferroelectric, but rather pyroelectric
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Problems with Bi perovskites:

BiMnO;: ferromagnetic insulator; Jahn-Teller distorted perovskite;
ferroelectric?

BiFeO,: rombohedral; good ferroelectric; spiral magnetic structure

BiCoO;: very strong tetragonal distortion! a 1a PbVO; (pyroelectric)

BiNiO,: Ni’", Bi*" == charge segregates into Bi’" + Bi>*
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Other similar systems with ferroelectricity due to charge ordering

Some quasi-one-dimensional organic materials (Nad’, Brazovski &
Monceau)

Fe304: ferroelectric below Verwey transition at 119 K ! Also
ferrimagnetic with large magnetization and high Tc

RN1O3 ?
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Ferroelectricity due to magnetic ordering

Coupling of electric polarization to magnetism

Time reversal symmetry f — —f

P—-

M—->-M

Inversion symmetry I — —T

P

E ocPMOM

P—>-P

M -

M



Polarization induced by SDW

Certain magnetic structures violate inversion

symmetry —what
1s needed for FE
Typically — magnetic spirals

Sinusoidal SDW: | M = AsinQOx

Ty

Mirror plane, no FE! P = ()



Helicoidal SDW :

M = Ae, cosOx + A,e, sin Ox + A4,e,

P x [e3><Q]
|

N~ ©

e3 - Katsura, Nagaosa and Balatsky, 2005
Mostovoy 2006
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Magnetic ordering

12} (a) in TanO3
28K < T < 41K

2 oq N B Sinusoidal SDW
D spins along b axis

T < 28K

Helicoidal SDW
spins rotating

N T .
in bc plane
M. Kenzelmann et al (2005)



Kagome staircase material N1,V,Oq

G. Lawes et al
(2005)
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Diopside:
CaMgSi,0,

Spodumene: §

LiAlSi,O

Aegirine:
NaFeSi,O,

Minerals

® Jade:
NaAlS1,0,

o ©
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Magnetostriction mechanism
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Ca,;Co, Mn O,

100 —/—7——7F——7—1—

Ca3CO 1.04MHU.9606
Y |
1 0T
75} ‘11 AT -
—~ 7T
Ns: . ‘ d
> ' Hllc
= 50 F -
CL‘U

:\ (A AR R RN RN NN RN AN NN XERDNRDRNR.)

25 ‘

0 X fidl faids 70
O 5 10 15 20 25
Mn4+ Co2+ .
Y.J. Choi et al PRL 100 047601 (2008)




Electronic mechanism of ferroelectricity

in magnetic systems

L.Bulaevskii, Ch.Batista, M.Mostovoy and D.Khomskii,
Phys.Rev.B 78, 024402 (2008)
s
d

I d = Cea(t/UY[S,(S,+S,) — 2S,S;]




Neel domain walls:
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100 pm

Violet — ferromagnetic rhombohedral (LaSr)MnO3, Tc=370 K
Green — ferroelectric hexagonal LuMnO3, Tc=900 K
( Park et al (2005) )



Steve Pearton, Materials Today 10, 6 (2007)

-The Florida Law of Original Prognostication maps the shifting tide of
expectations in materials science -




CONCLUSIONS

@ Multiferroics — very interesting physics; potentially very important applications
@ Two big groups:

Materials with independent magnetism and ferroelectricity, with some coupling of
them (type-I multiferroics)

1. Different structural groups giving magnetism and FE (e.g. boracites)
2. Mixed perovskites with d° and d" ions
3. “Geometric” ferroelectrics (YMnO,)
4. Lone pairs (systems with Bi**, Pb?" etc)
5. FE due to coexistence of site- and bond-centered charge ordering
O. I
Multiferroics with FE due to magnetic ordering (type-II multiferroics)
1. Spiral magnets; FE due to spin-orbit interaction (TbMnO;, MnWO,, ....)
2. FE due to magnetostriction (TbMn,O;?; RbFe(MoO,), )

3. Electronic mechanism of FE in frustrated systems



Problems
1)Type-I multiferroics: Tc’s, P— OK  but:
how to increase the coupling?
2) Type-II multiferroics: coupling OK; but
how to increase Tc and P ?

3) Composite MF

Novel physical effects? (toroics; ....)

Novel manifestations; functionality
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