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Ferroic

Generic name given to (anti-)ferromagnets, ferroelectrics and
ferroelastics.

Ferromagnetism: spontaneous magnetization M # 0 T1T 11
Antiferromagnetism: spontaneous magnetization L =M, - M, # 0 T 171
Ferroelectricity: spontaneous electric polarization P # 0 -+ -+

Ferroelasticity: spontaneous strain u; # 0 | |



Multiferroics

Materials that exhibit more than one ferroic property...
...and preferably a strong coupling!

Ferromagnetism: spontaneous magnetization M # 0 T1T 11
Antiferromagnetism: spontaneous magnetization L =M, - M, #0 T 171
Ferroelectricity: spontaneous electric polarization P # 0 -+ -+

Ferroelasticity: spontaneous strain u; # 0 | |



Maxwell's equations (electromagnetism)

V-D=p;, V-B=0,

VXxE=-0:B, VxH=J;+0D.

Constitutive equations (matter)

D=¢cE+P H ﬁB—M

Standard dielectrics & paramagnets

L p—F L M

€0Xe Xm

H

Ferroelectrics & ferromagnets — multiferroics

(-~ 4+ B.P*+...)P=E

€0Xe

(v + BnM?+ ... )M =H

Magnetoelectric multiferroics

(=2 +B.P*+...)P+augM = E

€0Xe

(v + B M? + .. )M + anpP = H




output

Multiferroic RAM

AFM

electric-field writing of magnetic information:
faster and more energy-efficient




Types of multiferroics

Type |

cherroelectrlaty ?é Tc(antl)—ferromagnetlsm

Independent phenomena that just superpose each other (weak coupling)

Type Il

cherroelectrlclty _ Tc(antl)—ferroma,gnetlsm

Interrelated & interacting phenomena (strong coupling)
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Smolenski & Chupis, Sov. Phys. Usp. 25 475 (82)

Type-l multiferroics (alias ferroelectromagnets before 1993)

WFM I

Type of [Type of .
Compound ele]cju-ic magetic 6g, K @y, K | Magnetoelectric mea-
order order surements
1. Ph(FearyWis) O, FE AFM 178 363 Measurement of in-
ternal magnetic field
at the FE transition
FE AFM’ 387 143 | M (&)
AFE? | AFM 11?23 = 650 | g(@)), induction of
FE P in spin-flop
4. Eu,/yBa,/,Ti04 FE FM 165136 4,2156
5. Pb'(Mny,yW,/5) Oy AFE? | AFM 473141 20812 g (@4
6. Pb (Mn,s,Re,/,) Oy AFE? | FIM 303 103 )
7. Pb (Mn,/,W,;,) Oy AFE? | AFM 423 100
8. Pb (Fe,/,Ta, ;) Oy FE AFM 233 180137
9, Pb (Fey/sRe,/q) Oy AFE? | FIM 433 > 203
10. PB (Co,/5Re; s) Of AFE? | AFM 403 <17
11. Ph (Niy,Re,/2) 0, AFE? | FIM 343 < 77
12. Ph (CO,;,W,/2) O AFE 305
FE WFM 68 9
13. BiMnO, AFE FM 773 103, 110
14. Cd (Fe, /yNb,/y) Oy AFE? | AFM 753 48
15. Bi,Bi Fe,Ti,0,, FE FM? | 01174
6511_1025159 7227 158 | XME) 158
16. Bi TigF;0,, FE | WFM | 1103, 1073 | 363, 403 | Induction of an
electric signal by
a magnetic field
. YMnOQ, EFE AFM 913, 933 == 80
. YBMniy FE | AFM | 983, 993 87,3
WEM 3.8
. HoMnQOy FE AFM 873 76
| wrM 5
. ErMnG, FE | AFM 833 79
. TmMoly FE | AFM | >3573 86
. LuMnO, FE | AFM i)
. SeAlnD, FE | AFM 120
Cr,P.0 FE AFM = 260 25
N, L) FE 4 50
26, Cryhs;C,l FE :;: 4 95
27, AMlngH;ti,Cl FE | AFM 680 A g2l
28. Mn.B.0,,Br FE AFM 566 = (41
Mgl gy FE 412 2600 | m ()

30.

3i.

32.

33.
34.
35.
36.

37.
38.

39.

40

41,
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. Cu(HCOU),-4H,O
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FE WFM
FE WFM
FE WFM
FE WFM
FE AFM
WM
FE WFM
FE AFM
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m(E), & (@)
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XME
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at T=9M160

€ (By)
Induction of an

electric current by
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m {E)
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Notes: The data marked with a question mark require more
Fe—ferroelectric, AFE—

precise determination.
antiferroelectric, PE—pyroelectric, FM—{ferromagnet,
AFM-—antiferromagnet, WFM—antiferromagnet with weak
ferromagnetism, FIM~—ferrimagnet, X¥E—gtatic ME suscepti-
bility, M —spontaneous magnetization, E—amplitude of the
alternating electric field, £—dielectric permittivity.

Notation:




Type-l multiferroics: perovskites

Strategy

Proper ferroelectricity
due to the relative A-O (or B-0) displacements

+

Long-range order of B-atom magnetic moments

SIS

F-type A-type C-type G-type



Type-l multiferroics: perovskites
BiFeO, (T, = 1083 K, T),= 643 K)

G-type Fe-spin order

L= SFel — SFe2

electric polarization

Spontaneous polarization P — spiral modulation of the primordial antiferromagnetic order

H; = —KL? + A(VL)? +9P[L(V L) —(L-V)L].

ME coupling

Kadomtseva et al., JETP Lett. 79, 571 (04)



Type-l multiferroics: perovskites
BiFeO, (T.= 1083 K, Tyy= 643 K)

H;, = -KL?> + A(VL)? + gPIL(V-L) - (L-V)L].

ME coupling

L= Lo(cosgbsin(q -1), sin¢sin(q - r), cos(q - r))
4= (¢, ¢y, 0) & = arctan(gy/q.)

H

Hy, ~ Li[~5 + Aq® — gPq] | | /3 "

qo = gP/(24) ~ (63 nm) ™~

...but otherwise ferroelectricity and antiferromagnetism
emerge in BiFeO, as independent phenomena




Type-l multiferroics: perovskites
BiFeO, (T.= 1083 K, Tyy= 643 K)

Generalization to other ABO, perovskites?

Bi** — 652 lone pair (not involved in the sp hybridization) — A-site ferroelectricity

But in general ferroelectricity is B-site with empty 3d° shells (e.g. BaTiO;,)...

... while 3d electrons are necessary for the magnetic ordering of transition-metal elements

No-Go Theorem

Hill, J. Phys. Chem. B 104, 6694 (00)



Type-l multiferroics (alias ferroelectromagnets before 1993)

.\“13;)!7(’13{

WFM I

Type of [Type of .
Compound ele]cju-ic magetic 6g, K @y, K | Magnetoelectric mea-
order ord; er surements
1. Ph(FearyWis) O, FE AFM 178 363 Measurement of in-
ternal magnetic field
at the FE transition
Z. Pb (Fe,;,Nb,JihOs FE AFM’ 387 143 | Mo (&)
| 3. BiFeO, AFE? | AFM 1123 = 650 | g(@)), induction of
FE ? P in spin-flop
4. Eu,/yBa,/,Ti04 FE FM 165136 4,2156
5. Pb'(Mny,yW,/5) Oy AFE? | AFM 473141 20812 g (@4
6. Pb (MnI/,Bel/,) 0, AFE? | FIM 303 103 )
7. Ph(Mn,,ﬂ,WIh) AFE? | AFM 423 100
8. Pb (Fe,,Ta, ) O FE AFM 233 180137
9. Pb (FEI/,BeI/,) AFE? | FIM 433 = 203
10. PB (Cn‘l/2 el,,) AFE? | AFM 403 <77
11. Ph (Niy.BRe,/s) 0a AFE? | FIM 343 < 77
12 Ph(COI W) O, AFE 305
FE WFM 68 9
13. BiMnO, AFE FM 773 103, 110
14. Cd (PEII,NhI/Z) Oy AFE? | AFM 753 48
15. Bi.Bi,;Fe,Tiz0,, FE FM? | Og,-1174
eE" -1025158 | 7237 13 | XMEp 138
16. Bi TigF;0., FE | WFM | 1103, 1073 | 363, 403 | Induction of an
electric signal by
a magnetic field
. YMnO, FE | AFM | 913, 933 | =280
. YBMni)g FE AFM 983, 993 87,3
WFM 3.8
. HoMnQy FE | AFM 873 6
i WPM 5
. ErMnG, FE | AFM 833 79
. TmMoly FE | AFM | >3573 86
. LuMnO, FE | AFM i)
. SeAlnD, FE | AFM 120
1,0 E‘E AFM '-::262 2(-:;
C 1 o
26, u;,b.(ul FE :;: 4 95
27. MnyH,th,,Cl FE AFM 680 ~ g2t
28. Mnf; R.0,,Br FE AFM 566 = (41
FE 412 2600 | m ()

30.
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32.
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Smolenski & Chupis, Sov. Phys. Usp. 25 475 (82)
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bility,

Notation:

M, —gpontaneous magnetization, E—amplitude of the

alternating electric field, £—dielectric permittivity.




Type-l multiferroics: hexagonal manganites

Improper ferroelecticity
P, o (Qf = 3Q3)Q1 = Q° cos 3P

® ®
R O O O u(r,) = Qrcos(q-ry,) + Qasin(q-r,) = Qcos(q-r, — D)
o q=(1/3,1/3,0)

Ferroelectricity is the by-product of the unit-cell trimerization (not a primary order parameter)

Non-collinear Mn-spin order




Type-l multiferroics: hexagonal manganites

Improper ferroelecticity
P, o (QF — 3Q3)Q1 = Qcos 3P

® ®
R O O O u(r,) = Qrcos(q-ry,) + Qasin(q-r,) = Qcos(q-r, — D)
®

q=(1/3,1/3,0)

Ferroelectricity is the by-product of the unit-cell trimerization (not a primary order parameter)

Non-collinear Mn-spin order

I P6ac'm (e)

... but even more decoupled from the ferroelectric order!
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Types of multiferroics

Type |

ferroelectricity (anti)-ferromagnetism
T. 7 1,

Independent phenomena that just superpose each other (weak coupling)

Type Il

ferroelectricity __ ~p(anti)-ferromagnetism
Tc o Tc

Interrelated & interacting phenomena (strong coupling)




Type-1l multiferroics: ToMnO,

Simultaneous ferroelectric & magnetic transition

o
o
(&)
iy
1

0.050 [

Magnetization
(ug per formula unit)

!

800 -
600

400

Polarization, P (uC m)

200

0 10 20 30 40 50
Temperattire (K)

Kimura et al., Nature 426, 55 (03)

o
©

o
o

o
~

C/T (J mol-1 K2



Type-1l multiferroics: ToMnO,

Can magnetic order be the direct consequence of ferroelectricity?

No

(P preserves time-reversal symmetry)

Can ferroelectricity be the direct consequence of magnetic order?




Type-ll multiferroics

Can ferroelectricity be the direct consequence of magnetic order?

polar vector

axial vector




Type-ll multiferroics

Can ferroelectricity be the direct consequence of magnetic order?

Néel wall T T T /A — N\ l l l clockwise
.

T T T N — l l l anti-clockwise

Néel walls are not invariant under inversion symmetry — local polar axis
Idem for Bloch walls in e.g. D,,, systems

Bar'yakhtar et al. JETP Lett. 37, 673 (83




Type-ll multiferroics

Can ferroelectricity be the direct consequence of magnetic order? YES!

How?
Fyp=—gP - (M- V)M - M(V - M)
Inhomogeneous magnetoelectric effect (universal)
Néel wall
M = My (gL 0. — tanb (/) t1r7—=N11]
P

Fyep=—gP- [(anx)M - M(@me)]

_ _ Mg

= —gP.[(My0.) M, — M, (0. M,)] = ig&m

The direction of the (local) polarization is linked to the chirality of the wall

Bloch walls: It does not work in this simple form

Bar'yakhtar et al. JETP Lett. 37, 673 (83)



Type-ll multiferroics

Can ferroelectricity be the direct consequence of magnetic order? YES!

Can the magnetically-induced polarization be global?

Fyp=—gP - (M- V)M - M(V - M)

Néel wall

Tt 72—=nN01]11]

Long-range cycloidal order

17=N | N1 2N ]| V=NT1"—>)\|

M = Myl[sin(q - r)é; + cos(q - r)és]

Ferroelectricity in spiral magnets

Fyg

— PO((é1><é2)><q

Mostovoy, PRL 96, 067601 (06




Type-ll multiferroics

Can ferroelectricity be the direct consequence of magnetic order? YES!

Can the magnetically-induced polarization be global? YES!

Does TbMnO, display cycloidal order? YES!

+— = ==
Q o Q o Q °
= = =
= = [+ °. o °. o °
S 5 0.051 & - = ==
o i TN N
NE 2 (P o G0 ¢
%g > \i ° o ° o °
T @ = >a
= < 0.050 O
e
e [ ° o o o o
£
o 8% OO/H OO%O o%%/“’o O‘% =
a B 4 O
a 600 ‘
g s (&) (&) (&) (&) (&)
= 400 ‘
g c O%OOA ol @% o
$ 200 AO O O 0
oL P . : o (<) o (-] o
0 10 20 30 40 50
Temperature (K) »b
Kimura et al., Nature 426, 55 (03) Kenzelmann et al., PRL 95, 087206 (05)

The spontaneous electric polarization in ToMnO; has a magnetic origin
previous example: Cr,BeO,, Newnham et al., J. Appl. Phys. 49, 6088 (78)




Type-ll multiferroics

Can ferroelectricity be the direct consequence of magnetic order? YES!

Can the magnetically-induced polarization be global? YES!
Does TbMnO, display cycloidal order? YES!

- Why does TbMnO; display cycloidal order?

- What is the microscopic version of Fy gz =—gP-[(M-V)M - M(V-M)|?



Type-ll multiferroics
Why does TbMnO; display cycloidal order?

RMnO,

Temperature (K)

Eu1-xYx
40

sinusoidal collinear
30

20

Temperature (K)

ICS

10 s

: 1 ] :
1.06 1.04 1.02 1.00 0.98

lonic radius of Rion (A)



Type-ll multiferroics
Why does TbMnO; display cycloidal order?

FM nearest- vs. AFM next-nearest—neighbor exchange interactions in the ab plane

H=—J™Y "8 (Si—a + Site + Si—y + Sity)

FM state
Epyn = —45%J1(1 — Jo ) Jh)

Cycloidal state
Eeycloidal = 25%[=Jicos & + (1 +cosvV2Q)] = —25°J7/ )

Jo >2J; — Thecycloidal wins

Q- %010
S; = Scos(Q - rl)x + Ssin(Q - 1;)y

TT1L




Type-ll multiferroics

What is the microscopic version of Fiz=—gP-[(M:-V)M - M(V-M)]?

If P is mostly due to:

lonic displacements (P ~Z"u)
Dzyaloshinskii-Moriya interaction

HDM = Dij . (Sz X Sj) = d(u X éij) . (Sz X Sj)
————

Inverse Dzyaloshinskii-Moriya mechanism
PO(U.O(éZ'j X (Sz XSj)

Sergienko & Dagotto, PRB 73, 094434 (06

Electrons

Spin-current mechanism
P x €i; X Js

Katsura, Nagaosa, & Balatsky, PRL 95, 057205 (05




Type-ll multiferroics

Is spin-spiral magnetism the only type of magnetism that induces ferroelectricity?

HoMnO,

E-type AFM order > <

two different

inversion (r = -r) magnetic domains




Type-ll multiferroics

Is spin-spiral magnetism the only type of magnetism that induces ferroelectricity?

HoMnO,

E-type AFM order

E{=S1+S5s—S35—S4
Eo =S; —Sg —S3+ 854

(2,13 30) (2,10073), (1/000) (1010, (1]000)

E, -10 01 -10
E, 01 10 0-1
P 1 -1 1

Fyg = —gP.(E} — E3)

=—P, Y J}; S-S,
(ird)

Exchange striction

= —4gPa(Sl 'SQ—Sl °S4—SQ'83—|—83'S4)

Sergienko, Sen & Dagotto, PRL 97, 227204 (2006

L.
1 3
> L.
E = (E17 0)
>
E = (0, Es)




Type-ll multiferroics

H:Z‘Jij S¢°Sj—|—D¢j-(SiXSj)

2]

in a dielectric (= polarizable lattice):

Jz'j :Jij(PZj> J(O)—I—J/ Pzg+
D;;j =D;j(Pi;) = D(O) +D;; - Pij +.

Mechanisms for multiferroicity
Symmetric exchange striction (J;j): works for collinear orders but requires special symmetry
Antisymmetric exchange striction (D;j): works for any symmetry but needs non-collinearity

+ single-site mechanisms

= — Z K(S; - ;)2
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Spin-waves

magnon
PT

electro-active magnon

= electromagnon
P+ SP(t)X

In BiFeO,

Huyp = gP[L(V-L)— (L-V)Ll, — g¢oP(1)-[SL({t)(V - L) + L(V - 6L(1)) — (6L(¢) - V)L — (L - V)0L(1)]

Cazayous et al. PRL 101, 037601 (2008




Spin-waves

magnon

electro-active magnon
= electromagnon

P + 3P(7)

In RMnO,

Hyp=gP-[M(V-M)— (M-V)M] —  g6P(t) - [§M(t)(V - M) + M(V - §M(¢)) — (SM(t) - V)M — (M - V)6M(#)]

Pimenov et al. Nature Phys. 2, 97 (06
Katsura et al., PRL 98, 027203 (07); Cano & Kats, PRB 78, 012104 (08




Spin-waves

10———

=1 / 2 \ ¢ - 2
ab-cycloidal I TbMnO;4 v
- Gd,;Tby ;MnO, —
/ E-type order
O L | L | 1 | L | 1
0 02 04 06 08 1
Wavenumber
In RMnO,

The spectrum displays two types of electromagnons

Valdes-Aguilar et al. PRL 102, 047203 (09




Dynamical ME effect

H = Z[Jij(P) S;-S; +D;;(P)-(S; xS;)] + 2>1<6P2 ~—E-P-H-M
— spin + striction ’
Equations of motion — constitutive equations
P Xelw) apyp(w) E
M), \ofs@) () ) \H

The dynamical magnetoelectric coupling &y g(w) can emerge even if:

- there is no static counterpart

- there is no multiferroicity

The propagation of light is affected by phonon, magnon, and electromagnon excitations
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Dynamical ME effect & directional dichroism

4 M

+P —_—

Eug 55Y0.45sMN0O;

=

rees LS

@ l .l .l

conical cycloidal
(Plla&M [ c)

ab-cycloidal (P // q)
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%
“M k® )

k@

o

The propagation of light depends on P x M via the dynamical ME effect




