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Electric < Magnetic
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Multiferroics

e Both ferroelectric and magnetic
e Coupling between P and M

Pb(Fe,;W,;)0;  BiFeO;

NizB>O 3l YMHO;;

G. A. Smolenskii

G.A. Smolenskii & I.E. Chupis, Sov. Phys. Usp. 25, 475 (1982)



Time-reversal symmetry breaking in
magnets
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| Inversion symmetry breaking in
ferroelectrics

Centrosymmetric

Noncentrosymmetric
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No chemistry between
magnetism and ferroelectricity

multiferroics

N. A. Hill, J. Phys. Chem. B 104, 6694 (2000)
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MAGNETOELECTRIC SUSCEPTIBILITY (Arbitrary Units

Linear magnetoelectric effect

Cr.0 /. E. Dzyaloshinskii JETP 10 628 (1959),
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G.T. Rado PRL 13 335 (1964)



Anomalies of magnetoelectric
constant 1n boracites
M = Co?*, Ni¢*
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FIGURE | Temperature dependences of the components sz and a3 of the magnetoelectric
tensor in C phase of Ca—Brl" (1), Co-1? (2), and Ni-CI®l (3) boracites.

D. G. Sannikov, Ferroelectrics
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Orthorombic RMnO,

T. Kimura et al

100+ | PRB68,060403 (2003)
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Dielectric constant anomaly
at the transition to spiral state
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Polarization switching
by magnetic field
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; Polarization P

Dielectric constant &

Magnetic control of dielectric

properties
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Giant magnetocapacitance effect

in DyMnO;,
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Electric polarization reversals
in TbMn,O.
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CoCr,0,

PxM is conserved

A site Co?t 4
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Linear magnetoelectric effect

Cr,0; /£ Dzyaloshinskii (1959), D.N. Astrov (1960)

o O . =—o;EH,

Time-reversal symmetry T (t - - 1)
and inversion | (x - - X) are broken

IT symmetry (t - - t, X > - X) IS conserved



space group

Symmetries of low-T phase

Inversion combined
with time reversal
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R3C Cr,0;

3 AFM order parameter T, = 306K
A L=M,-M,+M,-M,
1 ‘ symmetries of paramagnetic phase
2,
t ALEMH, =aEH,
Invariants:

L,(E,H, +EH,)



Ferroelectrics

Mechanism of inversion
symmetry breaking

Materials

structural transition K,SeO,, Cs,Cdl,
‘Geometric ferroelectrics’ h-RMnQ,
@ charge ordering
=) | | LuFe,O,
o | ‘Electronic ferroelectrics’
&
— magnetic ordering 0-RMnO,, RMn, O,

‘Magnetic ferroelectrics’ CoCr,0,4, MNWO,
S.-W. Cheong & M. M. Nature Materials 6, 13 (2007)




Novel Multiferroics

material Trp (K) Ty (K) P(uC m)
TbMnO, 28 41 600
TbMn,O, 38 13 400
Ni,V,0, 6.3 9.1 100
MNWO, 3 3.5 60
CoCr,0O, 26 93 2
CuFeO, 11 14 300
LiCu,0, 23 23 5

CuO 230 230 100




breaking of mversion symmetry
by spin ordering
Cycloidal spiral !

€3
Inversion I: (x,y,z2) — (-X,-Y,-2)
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Induced Polarization

Energy (cubic lattice)

Fo = > AP-[(M-VM-M(V-M)|
22

Induced electric polarization

P=Ay.[(M-VIM-M(V-M)]

Bary'akhtar et al, JETP Lett 37, 673 (1983), Stefanovskii et al, Sov. J. Low Temp.
Phys. 12, 478(1986), M.M. PRL 96, 067601 (2006)



Sinusoidal SDW
M = A sin QX

P =0

At ;
|

center of inversion



Spiral SDW
M =M, (e, cos Qx +e, sin Qx)

ﬁoc[e3><Q]
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BiFeO,

Ferroelectric Tee = 1100 K

Antiferromagnetic T =640 K

Free energy
F=op(L)+(6L) — A PLAL

A.M. Kadomtseva et al. JETP Lett. 79, 571 (2004)
Periodic modulation of AFM ordering: Qo AP

Low-pitch spiral ) = 620 A
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Competing interactions

Frustrated Heisenberg chain  E=Y'[JS,S,,+J'S,-S,..]

L AV, )
J' > (\ ................ cosQ =1
’ J'>0 J<0 \ \ I
Frustrated Ising chain E = Z[J co. +dco]
o, =zl
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Magnetic frustration in RMnO,

K <1 Ferromagnetic

K >1 Incommensurate SDW COS -



Why T 1s lower than T,,?
TbMnO, Ni,V,Op

28K < T <41K
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Sinusoidal-helicoidal transition

Ginzburg-Landau expansion

2
®, =a,(M*f+a (M) +a,(M?) +g|\/|4 +cM(;722+Q2] M

Anisotropy: |d, < a, =a, + A<a,

1st transition: Sinusoidal SDW M =M "X cos Qx
ax:a(T_TSDW):O P=0

2nd transition: Helicoidal SDW M = M *X cos QX+ M Yy sin QX

a, 3 A
ay:? Tep = Tspuw 5, Plly




Dielectric constant anomaly
at the transition to spiral state
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Polarization Flop in Eu,_ Y ,MnO,
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Magnetic phase diagrams

7. Kimura et al
PRB 71,224425
(2005)
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~ Effects of Dzyaloshinskii-Moriya

Interaction
0>
\ ? , EDM :D12'[81XS2]
S. e Og D, c A XxT,,

H. Katsura et al PRL 95 057205 (2005),
Sergienko & Dagotto PRB 73 094434 (2006)



Dzyaloshinskii-Moriya interaction
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Moriya rules

Inbersion center
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Ferroelectricity induced by
magnetostriction

D = _/“D(le — Lzz) L oL,

L, =S +S,-S,-8S,
L, =S -S,-S,+S,

q A q B P - Ca3C02_xM I1x05







Two-dimensional representation and
induced polarization

A. B. Sushkov et al. J. Phys. Cond. Mat. (2008)



Exchange striction

E = J(5:S)y)
0=180° J>0
0= 90° J<O




Role of frustration

Néel ordering: Inversion symmetry not broken

To induce P spin ordering must break inversion symmetry



Higher-order terms in effective spin

Hamiltonian
L.N. Bulaevskii, C.D. Batista, M. M., and D. Khomskii, arXiv:0709.0575

Hubbard model + coupling to external fields

H = Zte_?g(ffx - A ¢l i+ — Z (n; — 1)°

17#9,0

— € Z ;N + 1B Z CZQH-O‘@@QW

o3

Effective spin Hamiltonian (2"? order)
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Effective spin Hamiltonian

(34 order) ;

Interaction with magnetic field

r(3a) _ —487T£ Z D, ik
o U &=
1,7,k

. . scalar spin chiralit
Persistent electric current P Y

OHSY 246 43
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Effective spin Hamiltonian
(34 order)

Interaction with electric field

3
s t
Hégfb) = 8¢ (E> Z pi [Si - (Sj + Si) — 2S5, - Sy

(2,7,k)
Spin-induced charge 1 T ‘IL —

virtual states

OH tY
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1 n




Polarization of electronic orbitals

Ground state TL 02~
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Polarization of domain walls

Bloch wall P=0 e, || X
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Néel wall P H [e3XX] €, 1 X




Electric charge of magnetic vortex

Charge in the
vortex core



Electrostatics of magnetic defects
Easy plane spins: M=M [e1 COs@+€, sin gp]
Polarization: P=-yy.M?c,0,0

Total polarization of domain wall:

[ dxP, =y 7.M*[p(+ 00) - p(~o)]
Charge density: p =—divP =27zyy .M TS (2)(X L)

Vortex charge: Qocl = —§dx V@ winding number



Magnetic vortex in magnetic field

{ 0 pseudoscalar a 4 9
moment

P=0 A« s, | BLx



Magnetic vortex in magnetic field
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Array of magnetic vortices
1s magnetoelectric

020508
e,



Magnetoelectric effect
1n spin triangle
Sl




KITPITE

layered
Kagome lattice

0 1
C. Delaney, M. M. and N. A. Spaldin, o=« _
to be published



Conclusions

e Magnetic frustration gives rise to
unusual spin orders that break inversion
symmetry and give rise to multiferroic
behavior and linear magnetoelectric

effect
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