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Summary

Introduction and definitions

The example of YMnO,

Origin of the coupling term Dzyaloshinskii-Moriya
Importance of symmetry

Applications

Some examples

Landau theory and symmetries

The example of MN\WO,

Examples are taken in work of Natalia Bellido, Damien
Saurel, Kiran Singh and Bohdan Kundys
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What 1s a multiferroic?

Definitions are various: For me in this lecture:

A ferromagnetic and ferroelectric compound. (Spontaneous magnetization
in zero field and spontaneous polarization in zero field)

It was predicted by P. Curie in 1894 “Les conditions de symétrie nous
permettent d’'imaginer qu’un corps se polarise magnétiguement
lorsqu’on lui applique un champ électrique”

Debye in 1926: magnetoélectric
Landau in 1957

Dzyaloshinskii in 1959 predicts that Cr,O,
magnetoelectric
Astrov et al. 1960 E induces M, Folen, Rado Stalker 1961, B induces P.
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One example: YMnOj,

Hexagonal : P6;,cm

./(' ferroelectric

Y3+
Mn3+t S=2
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Why this example

e Because is it quite simple iIn symmetry and
Interactions

 However, this Is rather complex, and if you
find it difficult, this iIs normal, | find it
complex.
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Pc

5.5uC/cm?2

900K T

Experimental difficulty

P

=gyeS/t

P=11(t)dt
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Antiferromagnetism
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Pc

5.5uC/cm?2

900K T
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M(emu)

5.5uC/cm?2
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Small ferromagnetic component along ¢
induced by the ferroelectric component

L order parameter

P non zero everywhere, secondary

M third order
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They don’t vary in the
same way.
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Pailhes et al., 2009
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Hybrid modes
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guestions

 YMnO, Is ferromagnetic (?) below T/!
— This was already published by Bertaut

PROPRIETES MAGNETIQUES ET STRUCTURES
DU MANGANITE D'YTTRIUM

E.F. BERTAUT, R. PAUTHENET et M. MERCIER
Labovaloive d"Electvostatique of de Physique du Mdtal,
Centrve d'Elndes Nucliaires de Grenoble

Recu le 18 septembre 1963

Dans une lettre précédente 1), deux modeles de
structures magnétiques "en triangles" également
compatibles avec les donnfes de diffraction neu-
tronique ont & proposés pour MnY03,

Dans la présente lettre, nous &tudions ses pro-
prif¢tés magnétiques. En particulier un faible fer-
romagnétisme parasite observé nous permetira de
préciser le modile de structure.

Propriéldés magndligues

La variation de 1'almantation spécifique o en
fonction du champ magnétique interne M) est me-
gurée entre 4.20K et 'ambiante par la méthode
dextraction axiale.

Aux températures T > 1309K. l'inverse de la

Aux températures T inlérieures & environ 509K,
'aimantation déerit un eycle d'hystérdse dont la
branche descendante peut #re représentée par:

7 =0g +Xm # -

Des courbes expérimentales, on déduit en fonc-
tion de T, la susceptibilité xp,, le falble ferromag-
nétisme 04; 1"aimantation rémanente op, le champ
coercitif H,. AT = 469K, 0q, oy et He disparais-
sent; en méme temps 1y g, présente un minimum
d'ailleurs peu prononcé. Ty = 469K présente donc
la température de Néel au-dessous de laguelle les
spins s'ordonnent "en triangles” 1), He croft rapi-
dement lorsque 1a température déeroit [H o(20.49K)
= 1000 Oel: [H-(4.20K) = 3640 Oel. AT = 4.20K,
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guestions

* YMNnO, Is ferromagnetic (?) below T/

 \What is the origin of the coupling? Why
there Is an effect on polarization?
— Two steps

* The microscopic coupling (exchange, LS coupling)
* The long range ordering (symmetry)

— Both are difficult
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Origin of the coupling term

Mn

Mn
1 Displacement of oxygen is

responsible to the polarization

2 Origin of the antiferromagnetism?
- superexchange by oxygen

3 antiferromagnetism by superexchange
changes the energy and the polarization

4 It induces a ferromagnetic component.
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Superexchange explanation?

* Does superexchange enough to
understand the coupling?

— No, because of the symmetry. If you add the
three contributions, they cancel by symmetry.
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Cancel by symmetry

ﬁHL'.:". = E [— l.lﬂ-l-l[jil-]'-"_'l'[‘;l‘.'r + *'FIIJ_{.TEI ﬂhr + ':I:I'E‘;:.'r]']{ H.I': ) :l"r".'r+l]I

n

+ H,_.|,, '[—“

where the elastic energy

- o I \
Hey =~ Eim,r+ Sv. + O77) (5)
After I. A. Sergienko and E. Dagotto
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On the contrary, the Dzyaloshinskii-Moriya
Interaction— l.e., anisotropic exchange
interaction S, x S,.,;,— changes its sign under
Inversion.

| I rﬂ'l = (). — T V) A r )= .:R,'[:I',— _l'ﬂ'l (7)

for the Mn-O-Mn bonds along the x and v axes, respectively.
The form of Egs. {(7) can also be obtained®® by perturbative

calculations  within the Anderson-Moriva theory of

a7 . . . .
superexchange .= For the Mn chain in the x direction, the

porticn of the Hamiltonian depending on ér,,

ﬁHD]'-rI = E ]]'h'[ ﬁl’ﬂ-l . [H.Ir b H::+l:| + H,_.|,. {Si

"
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Dzyaloshinskii-Moriya interaction

e Of course, this expansion in term of LS
coupling does not mean that this term in
the dominant one, but an least, this Is the
first one you can think about.

. g 1 007 I:.ﬁl = o
H_g.:. — o .|i|_-. . .-r:'
fimeecsr Or
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-
e e*Zn = &
Hirioecs 2 i
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Sn x Sn+1 M
Sn x Sn+1
Sn+1

Sn+1

v

Sn

v

Sn

5

Effect of iInversion
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ne problem is the symmetry
ne solution Is the symmetry

ne method in Landau theory
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YMnO,; symmetry

* Non ferroelectric P63/mmc (194)

Digp, (—6m2)|Num 1 me 3 -6 25 m. Drhlt 'I-l'Eb
Al rh 11111 1 x4y
Agy I 1111-1-1 J.
A" 's= 1-11-11 -1
A" ry 1-11-1-1 1 z _
E’ Ig 22 -1-10 0 [{zu). (= -y, zy)
E” I's 2-2-11 0 0] (zz,yz), (Jz, Jy)
» ferroelectric P63cm (185).
C's (me) [Num 1 m Dlhlt&l&:b
A’ v 1 1 |e, gy, o, y°, 27, ay, J.
A” a1 -1 ¥, oz, yz, Jz, J
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1 identity

2 symmetry by a plane

polzfa,y/b, z/c) —pio(—xfa,—y/b,z/e+¢e/2)
pelz/a,y/bz/e) — & —ppl—x/a,—y/b,z/c+¢c/2)
olenfa,yfb, 2fc) pe(—/a,~y/b,z e+ c/2)

No in plane components

3 rotation axis 2 with translation

tglxfa,y/b, z/e) —pplyfa, x/b = /c)
pplxfa,y/b = /) — —paly/a, x/b 2 /)
pielxfa,y /b, = /e tely/a,x/b, = /e)

C axis component possible

4 combinations of two
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YMnO3 symmetry

tizz

. B
A, = .= (fl-ﬁzif ___1___
; L {I-_.{?_}-?
' - d,. :
dyy
t {
., dy,
Non ferro
ferro
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e Symmetry analysis shows that the
experimental observation was the only
possible one.

models in magnetism timisoara
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gt

Magnetic crystal class

Matrix representation
of the property tensor

Schoenflies Hermann-Mauguin a,
c, ! -ﬂ"u Oy, Oy i
lecl } 1 Gy Oy O
| Cfy Oy Ofys |

C. 2(=121) [, 0w,
c.(c,) m' (= 1m'1) 0w, 0
C,iC,) 2fm (= 12/m' 1) Loy, 0 oy |

(unique axis v)
C, mi= 1lml) T 0w 0

12

c.(C)) 2 (=121) w0
C,C,) 2/m(=12 m1) L 0wy, 0

(unique axis y)
i, 222 -ﬂ!u 0 0l
C,0C,) w2 [2m'm’ ' 2m) o,y 0
0, (D) mm'm L0 0 oy,
[ mni2 0 o il

1z

nic,) 222 w, 0 0
C,iC) i’ [m2m’) 0o
D, icC.) i’
C.8,0C,) Cuicy) 4, ‘:1 4fm o, o, 0
C.. 5.1C,) 3.3 Oy ]
C,. C,(C;5), C,lc,) 6, 6, 6/m' 1] 0 o,
5, 4 (e, w, O
C.;{C}} 4 -ﬂ‘!l, —E!'” ﬂ
C,(5,) &S L0 1] g
D, C,iC,) 422 dm'm’ M 0 0]

-, - 1
(), Dy () 42m [4m2], 4/m'm w, 0
D, C,C,), DD, 32, 3m', A’ L0 0 oy

n.C.c.)
D, (0.). D, (D)

622, Gm'm’
62 [6 2m’], 6/mmm
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Symmetry restrictions

“There are 31 point groups that allow a spontaneous electric polarization, P, and 31 that allow a spontaneous
magnetic polarization, M.

Thirteen point groups (1, 2. 2", m, m ', 3, 3m', 4, 4m'm', m'm2', m'm'2', 6, and 6m'm")

are found in both sets, allowing both properties to exist in the same phase.”

models in magnetism timisoara 29



e This is very limited
e Solution: iIncommensurabllity

— An Incommensurate modulation of the
magnetism with a ferromagnetic component
suppresses the corresponding symmetry
elements

models in magnetism timisoara
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12

aa
0s
0.4

C axis

0.3f

-0.2

C axis

TbMnO,

(a) Phase |
- o e

Pseudo-proper ferroelectric

R s s, 1RuiE UG Electric polarisation along y in phase |l
Space group Pnma
SRS ST e oner: Propagation vector k=(,0,0)
A 05 o 0.5 3 Mn in (_1.-"'{2,0,0,}
b axis
by Phase Il

Kenzelmann, PRL 95, 087206 (2005)

models in magnetism timisoara

31



Applications

Magnetic memories that you can write with electric field

RAM (random acces memory) FRAM (ferroélectric, no battery), MRAM
(magnétic, no battery, difficult to write).

Multiferro: write with electric field, read with magnetic sensor.

models in magnetism timisoara
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Transistor dsolation

models in magnetism timisoara 33



Write multiferro

Pl | —

|
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One historical example: Boracites

M3 013X
M?*=Mg, Cr, Mn, Fe, Co, N1, Cu, Zn, Cd
X=F, Cl, Br, I, OH, NO,

HT cubicPE  F'43c ~RT orthorhombic FE P ca21
a~12A, Z=8,n.a=192 a~8.5A, c=12A, 7Z=4, n.a=96

35



FA43cl'& m' => 12 domaines FE et 24 domaines FM

120+ w 3
= |
| =

=
=
-

- - —— . - -. creshr e
) 6 3 & & 4 & B
I'.uﬂuErTr-.: FIELD | (RQe] MAGNETIC fFIELD {&De]
# lhie] § [nal

H
i1 1201
o ",

Fra. 4. Example of a Lliﬂ-l‘i.lil:; magnetoelectric hysteresia loop
with i along == 110] and F along [001] at 46°K. Afier annealing

as in Fig. 3,
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Other materials

Structure: perovskite: BiFeO,; PrMnO,
Structure: hexagonal: MMnO,; M=Y, Ho, etc...
Boracites

Spiral magnetic order: ToMnO; MNWO,

Fe Langasites.

models in magnetism timisoara
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do g e
car O ACOT OUTOHT O 40X
. .

Lawes, PRL 95, 087205 (2005)
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Tenurite CuO

e —— Poled
AF1 (commensurale collinear) AF2 (incommensurate spiral) 150 \ at+117 kv m-!
&
AF AF2 , i 100
- icounr:saa} (spiral) Paramagnoe 5
;E 3} —_— = 50 -
g
% 8 0
= (1]
§ 2 & 50
L=
=
S -100 -
= 1 I
-150 - 2 = Poled
' L"’“‘- at-117kVm-1
50~ 184 - 100 Hz ; ' : : '
s 210 220 230
Temperature (K)

Kimura, Nature Materials 7, 291 - 294 (2008)

Temperature (K)
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Kagome staircase - Co,V,0Oq

Ni,V,Og [1]:  S=1
Co,V,04 [1]: S=3/2
B-Cu,V,0Oq4 [2]: S=1/2

0.6—mm—m

osl ... Y2 —— ] 7.74
0.4

ol | £
0.3 _ 7.73-

0.2+

0.1+

1 8=0 1 7.72-
00—




EUg 75Y0.25sMNO,
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coe,

ieeeie i iy -3 timiSOara
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21

20|
19
18
17
16

Polarization, P(uC/m?)

13

Transversal magnetostriction, AL/L*10°

Time(Sec)

154
14

T T T T T T T T T T
<10 8 -6 -4 -2 0 2 4 6 8 10
H(T)

CuCro,

F=F,,(L)+aP’>—EP+gLP

> =(-a(T -T,)+dH?)/2b

E

Pou(ON) (uCim®)

Temperature (K)

Bohdan Kundys, Maria Poienar, Antoine Maignan, Christine Martin, Charles Simon
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6 Fe3* 5/2 in a triclinic structure 1
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FeVO,

TK)

l_:l 1]:' E.G 3.[] -4]:] E:El

= 27 ]
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g 17]
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A ferroic material

Macroscopic strain

Applied stress

T T T >

[bar]
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Free energy from “Landau’

Ferromagnet

F=F +¢cM+c,M*+c,M°+¢c,M* +....— MH

M T 4
C _ CEVERLIYE
LC>C>FFMFFMO+2M -|-4|\/| MR

Température

Ferroelectric
F=F+cP+c,P°+c,P°+c,P*+...—PE

P T
\/ +Q -Q
/ P—»I P_] FFE :FFE0+ZP2+§P4_PE
+Q

-Q

Température



T>Tc

a

Fev = Fen, + - M7+

T<Tc

2

aislinearin T-Tc

M2 =

alb |

b

M*—MH
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Interactions and symmetries

* This example Is too simple: the symmetry
IS hidden and the role of the interactions Is
not clear
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 \We have already discussed Iin this school
the possible origins of ferromagnetism

e Let us discuss briefly the possible origin of
ferroelectricity:

— A shift of one of the atoms from the
symmetrical position due electron electron
repulsion
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Free energy from “Landau’

Ferromagnet

F=F+cM+c,M?+c,M°+c,M*+....— MH

M T 4
C _ CEVERLIYE
LC>C>FFMFFMO+2M -|-4|\/| MR

Température

Ferroelectric
F=F+cP+c,P°+c,P°+c,P*+...—PE

P T
\/ +Q -Q
/ P—»I P_] FFE :FFE0+ZP2+§P4_PE
+Q

-Q

Température



A little more about Landau

e Paraelectric | 4/mmm to
ferroelectric Il at Tc.

 Fisformed by
successive invariants

=S
4/”1'1“‘7“(:,1( C_g 1.':5.: 6-;;, c’"L&,G’x%Gmg;‘g’ fﬁ:’rg‘:{ UIU%U u
P-x_ f:m }%#E -'ng ?1 Pe }"‘!r 5)‘3. '-El’ﬂ ?‘t Eﬁ_ Px- f’tgﬂl
EL& 9 l)‘if Hﬂ Et’ Pqﬁ ITH —Pa F Prg P‘E E‘i Px l’;ﬁf}ﬂg
Py - PP, -Pr
Dol By By Dy By By 1?%,r E}ET P} Py Py Pl byl

N

From P. Toledano models in magnetism timisoara
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e Quadratic invariants Px2+Py?, Pz

e Quartic invariants (Px2+Py?) 2, Pz4,
Px*+Py4, (PxPy)?

o F=F,+a/2(Px?+Py?)+a’/2 Pz*+...

 Minimization of F with respect to Px,Py,Pz
e a or a’ changes sign first (assume a, a’>0)
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 Then, Pz? = -a/b
Pz Is the order parameter.

Ferroelectric
F=F+cP+c,P°+c,P°+c,P*+...—PE

1\ 1

-Q

Température
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 Two possibllities:

Pz 4mm dimension 1
Pxy 2mm dimension 2

Subgroups of 4/mmm

models in magnetism timisoara
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Secondary order parameter

Let us call e the strain tensor

) 1 2
FET'P“P:'E:::I :F(I'P‘R}_{ﬂj:;{?:: _TCHE:—:

s

Minimization with respect to e_ yields the equilibrium value:
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Magnetic energy

M = i + fiy + fiy + fi,

L= g+ f — i, — i, Example 4 atoms in Pca2,

L, = fh — pi, + ji; — [,

ﬁz = My =y =+
Taking into account the transformation properties of the atoms by the symmetry operations of Pca2,
1’ one can verify that the M and L vectors

form a basis for the I’ corepresentations. Table I'V shows the distribution of these vectors and of

their components M .L_.(u =x.v.z)among thel . The Table allows building the Landau free-
energy. separating the exchange energy from the magnetic anisotropy energy:

F(T.P.M.L.M,.L,)=F,(T.P)+> a,L; +> bL} +cM* +dM"

- Z aa’ar‘[';_}u - Z ﬁu‘n‘f:;—} + a}zllel’lx + r;zll'l:‘['i-_‘; + }ZELE:[L3J + rV-l-LE_‘;LE-x + }/:_‘L-..'I L3:
i

o

+yely Ly, + M _ Ly +8,M Ly +3,M L, +8,M L, +5M L, +3,M L,

The first line represents the exchange energy truncated at the fourth degree and formed from the

scalar products ﬁ,. L,and M M.The two following lines correspond to the magnetic anisotropy
energy restricted to the second degree.
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* This Is rather complex, because spins
don’t transform with the same symmetry
operations than the “real” vectors,

e S XS iIs also different.

models in magnetism timisoara
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 One example: in a mirror

Real vector Axial vector

models in magnetism timisoara

S x S vector
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In addition

* Incommensurate modulations suppresses
Symmetry elements.

| have no time to explain details

models in magnetism timisoara
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P(uC/m?)

MnWQO,

ferroelectric
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sensitive to magnetic field

MnWQO,

40 -

20 -

(a) eensd

. /ﬁ&-—.ﬁ.l

0T
)-0-0-0-0-00-0-0-00-90-09-0000
S Y S e

e 10T
‘
Aooo000011T

Ve E}«f

P(uC/m?)
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lﬁ/dg

a0l o0o° jﬁ
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-40 Ld om&. 00-00-000-00-0000-0%
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models in magnetism timisoara

“w

12.282

12.276

12.270 1

350
{300
{250
{200~
{ E
{150
{100

450

63



AF1l, AF2, AF3

P along a
H || easy axis

e "ﬂ% |

L AF3

= L a
= AF?2 P=0
% el Pk [

| -0.241.1/2,0.457 LR
1] .
| AFI
_— T P=0 =i

4 & & l!D 1!2 14
Collinear 1/4,,1/2,1/2 T(KE)

Ju
1
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 The symmetry analysis was made by P.

Toledano, and we find all the observed
phases as possible sub groups

Swtﬁéz, o

Su“%sﬁ‘ ”*4' s,éa 8320
fi‘% ~ 'Wm
e ;
gﬂ #0, S‘#y . :“?a, B ' # ° fcl 40
w—@wﬁiﬁi"l‘ﬂ 2 uf 4- ¢ lgann

. +)
/F;ﬁﬁ\ 7 5.#0 Sedo (¢ #@n m

A
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No centrosymmetry

From Khomskii et al.
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YMnO, —magnétodiélectric effect ¢(H) in H?
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Ca;Co,0, — magnetization plateaux
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Conclusion

Spin orbit coupling is necessary to create coupling between ferromagnetism
and ferroelectricity

Incommensurability is very useful to help with symmetry
There is no ab initio calculation of the intensity of the coupling
There is more to understand in the coupling terms

Magnetic group theory is needed.
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