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I ectures

e Multiferroic and magnetoelectric materials:
Phenomenology and microscopic
mechanisms of magnetoelectric coupling.

e Ferroelectric properties of magnetic defects.
Toroidal magnetoelectrics. Electromagnons.
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Transformation properties

polar vectors axial vectors
E=—-V¢o P=-Vp H=VXA L=xXp

inversion 7 (X, ya Z) — (_xa_ya_z)
E--E P-—>-P H-H M->M

timereversal 7 [ —> —f
E—->FE PP H—--H M->-M
mirror m, =m, (x,y,7) —> (—x,V,2)
(P.P.P)=(-P.P.P) (M M .M )>M M M)
180°-rotation 2, (x,y,z) — (x,—y,—2)
(P2 ) > P p) (0 ) 01, b1, )



Time-reversal symmetry breaking in
magnets

<S>#0
S(—#)=-S(r)

Ferromagnets Antiferromagnets

M=0
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Inversion symmetry breaking in
ferroelectrics

Centrosymmetric

Noncentrosymmetric
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Electric dipole moment of

neutron
inversion time reversal
X —> —X S [ — —1
d— —d n d — +d
S —+S S — -5

doS

Electric dipole moment is only nonzero if both
spatial parity and time reversal symmetry are broken
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MAGNETOELECTRIC SUSCEPTIBILITY (Arbitrary Units

Linear magnetoelectric effect

Cr.0O L. E. Dzyaloshinskii JETP 10 628 (1959),
rU; D. N, Astrov, JETP 11 708 (1960)

P=y E +oH

M= qoF+y H

O SM induced by

/s P induced by

G.T. Rado PRL 13 335 (1964)
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Multiferroics

e Both ferroelectric and magnetic
e Coupling between P and M

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

Pb(Fe,,Ta,,)0;  BiMnOs

NizB->O31 YMHO3

G. A. Smolenskii

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



No chemistry between
magnetism and ferroelectricity

multiferroics

N. A. Hill, J. Phys. Chem. B 104, 6694 (2000)



Orthorombic RMnO,
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Dielectric constant anomaly
at the transition to spiral state
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7. Kimura et al , Nature 426, 55 (2003)



Polarization P, (uC m?)

Polarization P (uC m3)
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Polarization switching
by magnetic field

TbMnO4
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; Polarization P

Dielectric constant &

Magnetic control of dielectric
properties

DyMnO, (H//b)
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Giant magnetocapacitance effect
in DyMnO,
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Electric polarization reversals

in TbMn,Ox
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CoCr,0,

PXxM is conserved

A site Co?t 4 , ¥[110]
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Linear magnetoelectric effect

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

P = oP =o.H.
! aE y - J
¢ . =—a,EH.
0P
Mi :—aﬁzajiEj

Time-reversal symmetry T (t - - t)
and inversion I (r —» - r) are broken

Symmetric under time reversal
combined with inversion, IT: (t > -t, r - - 1),
or mirror, e.g. (t- -t, x - - X)



C O magnetic_ point group
r2 3 B/m/

Symmetries of low-T phase: 1,3(2,), £3_, 1/, 3(mi ), §Z/

Invariants:

Fm

e_

Inversion combined
with time reversal

["=1IT

_1[—1 J3

aEH. —a EH +EH)

J



Crystal structure of Cr,0O,




Cr,0,
32+ AFM order parameter T, = 306K
L=M,-M,+M,-M, L #0

i :
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1

symmetries of paramagnetic phase
point group

3m
1, 3(2,), £3,

1,3(m,), £3,

2_

4 ALEH. =aFEH.

Invariants: a0, o< L
L. (ExHx+EyHy) 1> &L =



Ferroelectrics

Mechanism of inversion
symmetry breaking

Materials

structural transition K,SeO,, Cs,Cdl,

‘Geometric ferroelectrics’ h-RMn03

charge ordering
_ _ LuFe, O,
‘Electronic ferroelectrics’

magnetic ordering 0-RMnO,, RMn, O,
‘Magnetic ferroelectrics’ CoCr,O4, MNWO,

S.-W. Cheong & M. M. Nature Materials 6, 13 (2007)

Improper




Novel Multiferroics

material Trr (K) Ty (K) P(uC m2)
TbMnO, 08 41 600
TbMn,Og 38 43 400
NiV,04 6.3 9.1 100
MnWO, 3 13.5 60
CoCr,0, 26 93 >
CuFeO, 11 14 300
LiCu,O, 23 23 5
CuO 230 230 100




Breaking of inversion symmetry
by spin ordering
Cycloidal spiral !

S5
Inversion I: (x,v,z) — (-x,-y,-2)
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Induced Polarization

Energy (cubic lattice)

F,= P AP (M- VM-M(V-M)
2,

Induced electric polarization

P=/4z, [M-VIM-M(V-M)

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



Sinusoidal SDW
M = Asin Ox

P=0

At )
|

center of inversion



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

P o< [e, xQ]
1

%“WQ

€3




BiFeO,

Ferroelectric Tee = 1100 K

Antiferromagnetic T =640 K

Free energy
F=¢(L)+(0L) — A PLOL

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

Low-pitch spiral ) = 620 A




BikFeO;
2 w3

.
R27r/3
9, )|Lo —flo —1)j\o0 1

L ! — | +1 +1

O ~ invariant
(%, 9,2) = (—x, v, 2 +1/2) P(LOo.L.+L,0,L.)




Geometrical Frustration
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Competing interactions

Frustrated Heisenberg chain  £=%'[JS,-S,,,+J’S,"S,..]

M 14 d J
J >t ( ........................ COSQ= -
J>0 J<0 N \ I 4

Frustrated Ising chain E=Y[ic,0,,+] 0,0,.,]

J->() 5 41

S0t

J<()



Magnetic frustration in RMnO,

K <1 Ferromagnetic

K >1 Incommensurate SDW COS -



Why T 1s lower than T,,?

ToMnO,4 Ni,V,O4
L B Teale 6.3K < T <9.1K
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M. Kenzelmann et al PRL 95, G. Lawes et al PRL 95,
087206 (2005) 087205 (2005)



Sinusoidal-helicoidal transition

Ginzburg-Landau expansion

2
® =a (M) +ay(My)2+aZ(MZ)2+gM4 +cM(j—22+Q2j M
X

Anisotropy: a. < ay =a, t A< a,

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

2nd transition: Helicoidal SDW M = M "XcosQx+ M "y sin Ox

a 3A
a, =—* 7. =T. 22 P
y SP sow "5 ||y




Dielectric constant anomaly
at the transition to spiral state
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T. Kimura et al , Nature 426, 55 (2003)



Polarization Flop in Eu,_ Y MnO,

H=0 Hlla
¢ e, f P
ey
) Q

Poce, xQ

Spin flops Polarization flops



Magnetic phase diagrams
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Non-spiral multiferroics

Frustrated Ising chain (ANNNI model)

|l
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Devil’s flower

(2%3) = (2,2,3) =””'”J¢”'¢L”¢H“'

TA
K(T) K,(T)
(3,3) Antiph ()
. ntiphase 2
( (23) (2°3) o !:4(T)
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Ferro
2
(@) &
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O-- S

K= + K= — JE/J,
M.E. Fisher & W. Selke (1980)



Effect of magnetic field
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Ca,Co, Mn O,

100 — T T 1 T
/ Ca,Co,  Mn, O,
- — - % s
3 1 P OT
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# — | PTT
; [ ]
i s Hilc
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0 A M | A i FidY sl
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Y.J. Choi et al PRL 100 047601 (2008)



Ferroelectricity induced by
magnetostriction

® =-Ap(L>-L1}) L & L

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

Poe<L' —L°
L,=S,-S,-S,+8S, L=k

1 2 3

QA QB Ca3C02 an 06






Two-dimensional representation and
induced polarization

A. B. Sushkov et al. J. Phys. Cond. Mat. (2008)
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Spin exchange in Hubbard model

o~ jo jo~io
.,j>o_

H=-t (c.+c. +cc, )+UZ:niTnii
(i i

‘ l> Effective spin
Hamiltonian:

intermediate state




Spin exchange in Hubbard model

Total B oct :
spin S=S, +8S, projector operators
{—3/4, S=0 PS:O:1/4_(Sl'Sz)
S-S, =
+1/4, S=1 P, =(S,-S,)+3/4
S =1 spin functions symmetric S =0 antisymmetric
‘1+1>:T1T \00>=%(N—¢T)
\1o>:f(m+w) S,[157) =+15°) 2
5,100) =00}
1-n=ll 1
Spin-exchange operator S, =FP;_ —P,_, = 2(51 'Sz)+§
Effective Hamiltonian exchange
constan’r




d-orbitals

€

&
%

octahedral tetrahedral
crystal field crystal field
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Exchange along the z-axis

e

(a) (b) (c) (d)

FM

No hopping between ‘322 — r2> and ‘xz — y2> orbitals

Exchange does not change orbital occupation



AFM 1nteraction




FM 1nteraction

(b) +(c)
<2

p &
'S

H=- 3
U—Jd(+sl-szj
Pl 4

Hund’s rule coupling

t°J, (3
Hpy =- Uzd (Z"‘Sl 'Szj\




Superexchange

2

L
Effective dd-hoping =
d A

3z2—r2

Intermediate state
with 2 oxygen holes

correction to
exchange constant

_ 8,
AN QA+U )

oJ

d

3722 charge transfer
energy A
gy d



90° superexchange )

37—
P, <

Spin exchange is always ferromagnetic
Spin exchange is weaker than orbital exchange



Exchange striction

E = J(S,S)
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



Dzyaloshinskii-Moriya interaction

(1 -s)
Hg, =All-s) W, o) — +)“Z ﬂgﬂ_g o)
a B _
B O — — — —
a - 0-) — -0 — 00 00— —O-
1. - 1 .-
(1) S12 t;ﬁtayﬂ(,ﬁa Sl) (2) 1(0{,8 SI)S12 tﬂytm
U E,—Ep E,—Ep U
B e
o - -] — 0 * e e
7 real wave functions
l=rx—V 1,6’0{:_10(,3 ta;/:tya

1
oc[Slz,sl]=[2s1 ‘S, +§,sl} o< §, XS,



Moriya rules

Inversion center mirror xz plane
® O O <], —
S| s, Poeli-L D, Lz
D,=0
z S, S,
mirror yz plane ‘ Y
X
® D,eyz
S 1’ 9 ,




Effects of Dzyaloshinskii-Moriya

Interaction
0>
\ ? , EDM :Dlz '[Slxsz]
X
S, r S, D,, o< xXT;,

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



Polarization of electronic orbitals

Ground state TL 02~




Higher-order terms 1n effective spin

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

Hubbard model + coupling to external fields

7o sze QPWSIX XATCJJ—F Z”f?@—l

17#7,0

— e E Y N E clH-0u5¢,.

Xe76;
Effective spin Hamiltonian (2"9 order)

Heo =4 (si.sj—lj
U <i,j> 4



Effective spin Hamiltonian

(34 order) ;

Interaction with magnetic field

3

(3a) t
Heff — —487Tm Z
<%"j"k>

scalar spin chirality

Persistent electric current

8[{(3‘1 24e t3
[ = — S1-1SoxS
8(13123 h U? ! [ 2% 3]




Effective spin Hamiltonian
(34 order)

Interaction with electric field

3
: t
HEY = 8¢ (E) D @i[Si-(S;+Sk) — 28, - Sy

(2,7,k)

Spin-induced charge 1 T TL _

virtual states
(3b)
— aI{eff

% 29,

. se(é)g[sl (S, +8,)-28,-8.]



