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Magnetoelectric Effect: The early days.

 applied uniform electric field E induces a uniform magnetization M

 applied uniform magnetic field H induces a uniform electric polarization P
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Early measurements
found only a very small
effect: ~ 103 V/(cmOQe)
~ 5/10° of AF spins
reverse.

o = response function




Multiferroics: Everything’s related to everything else

Variables: P M. & (b)
Fields: E, H, o

Response functions:
XE! d1 X,M1 81 a

£
E};::::rq::::; M
G Magnetoelasticity

L.W. Martin et al J.Phys. CM
20, 434220 (2008).



“Revival of the Magnetoelectric Effect”
M. Fiebig, J. Phys. D 38, R123 (2005)
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Modern Magnetoelectric Multiferroics
Courtesy of M. Fiebig
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Magnetic Phase Diagram of Cr,0..

« Spin-Flop transition in an unfrustrated uniaxial AF.

o
Period-2 spin structure: Q=2G Bo t
C =0
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Simple H-T phase diagram of an
axial antiferromagnet.
Critical field is proportional to D>0" axial

anisotropy strength —D(S,)?
D<O0: planar



CuFeO, and HoMnO;: Frustrated Triangular Antiferromagnets

CuFeO,: P induced by non- HOMnNOs: P coexists with magnetic order :

collinear spin state at H+0 P+0, T,=900K. S # 0 T,=75K. H modifies P.
(Ty=14K). 4
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phase diagrams: More later !
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Microscopic Origins of Magnetoelectric Coupling.

Electric field induces magnetic ion displacements r =
modifies crystal field and overlapping wave functions.

Interaction between the lattice and magnetism is
crucial (magnetoelastic coupling).

« Single-ion anisotropy ~ r,(S?)?

« Symmetric exchange ~ r;(S*SP + SFS%)
» Antisymmetric exchange ~ (S¢S - SPS) —

*Dipolar interactions ~ S;-S/r;® — 3(S;r;)(S;ry).r;®

« Zeeman energy ~ Heg(r;)*PS

M. Fiebig, J. Phys. D 38, R123 (2005)
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ME Coupling from Anti-symmetric Exchange: Spin Structures.

Pocr. x (S- xS ) Magnetoelec_;trlc effect by
d : J antisymmetric exchange
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Schematic illuseradons of types of magnetic scrueture with a long wavelength. (#) Sinuscidal,
(B) screw, (¢) cycloidal, and (d,e) conical structures. Geometric configurations of the unit vector
connecting the neighboring magnetic moments at/ and ; sites ¢;; and the vector spin chirality
(5 % Sy) are also shown for the respective sauctures.

T. Kimura, Ann. Rev. Mater. Res. 37, 387 (2007).



Landau Theory of Magnetic Phase Transitions.

« Description of long-range ordered spin configurations near a phase transition T:

S0 L= FrandsSE0 SE<N

S » EXxpress free energy as a Taylor expansion in powers of
S near Ty.
« Variational principle. F[S] is a minimum atthe oJF 0
equilibrium spin configuration: S
TN
Free energy must be invariant with respect to e.g., time reversal symmetry S—-S
all symmetries, including crystal symmetry. and H--H
Only even T R Minimization gives:
_ -

A=a(T-T,), B=constant, C=constant,... S2= (a/B)(Ty\-T) , T<Ty



Crystal Symmetry: Example Cubic

N
m Free energy must be invariant w.r.t. the Generators
\ of point group: C;,, C,,

\ Point Group Symmetry operations:

‘ e.g. C;; = 3-fold rotation about diagonal: S,-S,-S,

C,, = 2-fold about x-axis: S,-S,, S,~-S,, S,~-S,

Example: General term at second order:

e Z AsSaSs = AuS, S+ A S, S, +A,S,S, +A,SS, +A,S,S, +A,S,S,
afp

Ca > ASS, +A,S5,S, +A, 55, +A,S,S, +A,S,S +A,S,S,

TGS A Ie — AR e AN



Cubic Crystal Symmetry

 C,, leads to A'=0, giving: F2 = A(S °S) = Isotropic (like exchange)

- Demanding that the most general 4"-order term > B_, S,S,S S, be invariant w.r.t.
point-group generators leads to:

F, =,B(S-S)* +E(S; +S; +S,) Cubic

Anisotropy

E>0: S || <111> (Ni)

E<0: S || <100> (Fe)

 Crystals with cubic symmetry have moments in either <111> or <100> directions.



Impact of Symmetry

o If a term in the free energy is allowed by symmetry, it must
exist (may be very small).

 All terms which are independently invariant have
Independent coefficients.



230 Space Groups and their Generators
Bradley and Cracknell:
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Spin Density description of magnetic states

. . * i
s(r)=) S =m+8e " +Se™ +..

o/ N\

uniform Order

magnetization ~ H parameters
Define real vectors S, and S,:

SQ = S1 + iSz Triangular Lattice 1200 spin
structure:
s(r) =m + 2S;cos(Q-r) — 2S,sin(Q-r) + ... Helical with S in plane of Q:
Q==x(4n/3a)x=G/3
Helical with S_1Q: S,=SX, S,=Sy
Square lattice simple AF: Q=Qz [incommensurate Q=(n/m)G] N - Ny
Q=(rla)x+ (r/a)y = G/2 S1=5X, S;=Sy - ~, chirality
S,=Sy, S,=0 (a) /\:’\ Y +0
S,1S,, S;=S, - -~
A A | — N e N p

Frustrated

Antiferromagnets <> g

PR
SRV
b) "”@ﬁ-chirality

fN g O

-




Non-Local Formulation of the Free Energy

Consider a general expression of the free energy:

FIS(r)]= [ drdr A, (r —1)s, (1)s,(r) + [ drdrdrdr,B,, (5,1 5,18, (58, ()8, (1), (1) +...

Apply symmetry requirements for system of interest:

F = Feoonc + F

isotropic anisotropic

F..[S(r)]= jdrdr' A(r—r')s(r)-s(r') +jdr1dr2dr3dr4B(r1, r,; 0, 10, )s(n) - s(r,)s(r,)-s(r,) +...

Isotropic terms to 4" order
A(r) = aTo(r) + J(r)

temperatur
Usual spin-spin Exchange integral



Second-order isotropic terms

s(r) =S % =m+8,e® +See ™ +..  F=FQ, m,S)
q
Fy = Agm? + A,S? AgmaT+lg  j =13 j(R)eeR
N ‘R
A,=aT+J,

R = lattice vector

First order state as T Is lowered has wave
vector Q which maximizes Ty=-J/a.

Example: near-neighbor sites on a simple hexagonal lattice

R =+cz;zax+ axt.zay '

Jo =2J,c0s(q,)+2J,f,| |f, =cos(q,)+2cos(q,/2)cos(q,)

U= a‘Qx’qy 3 (ﬁ/Z)aQy,qz = CQz

« v For J, antiferromagnetic, J, Is maximized by

dy=4n/3, q,=0: 120° spin structure.



Fourth-order isotropic terms

—i{d4) |nni2

F¥=B,(S-8*)+1B,|S-S
+4B3[(S-8Y+(8*-8**]A4q,6,<— Umklapp terms
+B4(S'S* )[S'S+S"s‘]A2Q’G1 !

1 : B,=B
: 1 y T NO\E T ? .
— E e'QR = AQ G @-2Q-Q Four independent 4t-order
N R ' B;=Bq,q,-q-q » coefficients of isotropic terms.
R = lattice vector B3 =BQ Q,Q,Q _
G = reciprocal lattice vector i *Usually taken to be independent

B,=B 2% q0qq » cCONstants.

3

v i(q;"R;+q,R,+q;'R;)
Bql’qZ’QB'q4=AQ|+qz+q3+q4,G 7\7 2 B(Rlsz,R3)e TR 2 T !
RR,R,
S=S,+i1S,
Example: B,|S-S|? = B,{(S,2-S,2)2 + 4(S;-S,)?} is minimized by

for B,>0, S;°=S,2 and S, 1S,: Helical spin polarization.

for B,<0, S,||S,: Linear spin polarization.



Molecular Field Theory Derivation of the Landau Free Energy

Use Mean-Field Theory:  Hyr = 'Z h*(S*)  with h” = Z J “ﬂ<8ﬁ)

a him/kgT
v Yme

(Si") = h S e m=-J, -J+1, ....J-1,J where J is the total angular momentum
* Formulate free energy from variational principle:
e IkeT
F<Fo+ (F-FHy) and Fo=triwyeHye] + (kg Tir[wyeln(wyg] Wir = tr (e %o kT
« Expand in powers of (S;: F=E-TS
a a a2 a2 2
F=> J#(S XSOy +T{ad (S")* +bD (S,")*(SF)* +...
All isotropic
= As Non-local Landau Free Energy, but with B; = B, = B;=...= bT (= bT, = constant)
375
J+1
1 (3+1)" 1
45 (23)°

P. Bak and J. von Boehm, Phys. Rev. B 21, 5297 1980.



Magnetoelastic Coupling
» Consider dependence of exchange integral on inter-ion separation:
J(r'—r)=J(ry—ry)+[ulry) —ulry) ]-VJ(ry)+ - - -

* Define t=r-r’ and introduce strain tensor e ;=€; (i=1-6, Voigt notation)

aJ oJ
_|_
or, i org Ta

J(T)gJ(To)+eiKi(To) Kﬂﬁ(Tﬁ)x%

0

» Add elastic energy to this exchange-striction term:

F,=(1j2/V? [dr [ dr'K (T)e;s(r)s(r )+ LoCyese,
quadratic in s(r)
Elastic constants

* OF[s(r),e]/6e;=0 yields impact of magnetic phase changes on elastic properties:

e,-ﬁ(-~—;mjz/aVz)fdrfdr's,-jKj(T)s(r)-s(r')

s;=[C1]; compliance matrix



Biquadratic Exchange (Symmetric)
» Insert this e; back into F[s(r),e;] to get F[s(r)]:

FK=(*"%j“/aV“)fdrlfdrgfdrgfdrﬁ;(ri“rz)sijj(r3~r4)[s(r.l)-s(r2)1[s(r3)-s(r4)]

a4k i |

Biquadratic exchange from magnetoelastic coupling

*Magnetoelastic coupling is one mechanism for B;#B,#B;#...

*Also from higher-order (usual) exchange and overlap of atomic wave functions.

Typically favors collinear S; || S; and Q=G/4 (period-4) spin configurations.

Pure Ho ¥ lock-in Holmium: IC wavevector due to competition between NN and

%28 transition NNN exchange
0.27;
026] =

i Ji cosQ=-J,/(4J
0.25 | {@ J, Q=-1,/(4J,)
024} .-/

85 100  15_ 130

TK) o



Phase Diagram of a Simple AF: Spin-Flop

Example: rhombohedral symmetry giving axial anisotropy along z (Cr,0O,).

* Applied magnetic field H||z induces m||z||c. B A

B
* NN AF exchange interactions along z give Q=%G. ¢

S=Sq
F(Q, m, S) =%A;m? + A,S? + -DIS,|> + B;S*

Bsr

+15B,|S-S|2 + ¥aB,m? + B,|m-S|? + %B,m2S2 - m-H

it Slc] AF
T Tn

«Competition between crystal-field and magnetic-field

induced anisotropy: (B,m?-D)S,?

First-order spin-flop transition

*Phase diagram is determined by minimizing when B.m2=D
4 - .

F(Q, m,S)



Phase Diagram of a Geometrically Frustrated AF: CsNiCl,

* Ni%*(S=1, L=3) on simple hexagonal lattice with NN AF interactions

21 Joand Jj;—> Q=G /2 +G,/3 ———> S,sIn(Q-r)=0
» Space group P6;/mmc: 6-fold rotations about c-axis.
*Anisotropy is weakly axial. S(r) = m + 2S,cos(Q-r) — 2S,sin(Q-r)
Jo
x { //
e J; \Y) 6 H /e //

Points = Experimental Data
Lines = Fitted Landau Theory. He

Free energy is the same as with simple AF

F(Q, m, S) = 1/2A0m2 + AQS2 + 'DlSz|2

H(Tesla)

+ B,;S* + ¥B,|S-S|? + ¥aB;m* + B,|m-S|?

+ %B;m?S2 - m-H

T(K/
Linear S || c

Transition at T, due to competition between D-term
(collinear) and B,-term (non-collinear).



R

CuFeO,

Cu* — nonmagnetic
Fe3* (°S state) -» S =5/2

Space Group R3m
3-fold rotation c-axis.

rhombohedral

ABC stacked
triangular layers.

a=3.03A c=17.09A

L = 0. No spin-orbit coupling.
Usual source of anisotropy is absent.

If anisotropy is weak, why no spin-flop ?

H along c axis

L L] 1 1 L 1 L ' 1 L 1
[ CuFe0;  S=0  0vI<Es
B Cu—* — g
L B//c paramagnetic F:m;é; .
15+ O e |
E L . B
l—"—‘l—ﬂ—m_“‘ﬂ—ww. e R3m
i N,
X [ IC Sllc cinearicm e
q) b : i
%10 > U0 0o gg 4 %‘
5 ]
- b C 1
g‘ | collinear collinjear _CZ/m
|9 -CM(1/4) -CM(1/5)
5} 119> | noncollinear 1
L ® C -ICM
i <001>
MW
1 1 L l l I

Magnetic Field (T)
Phase diagram exhibits spin states:
* IC collinear (H=0 and H=0)
* P4 collinear (H=0 and H=0)
¢ |C non-collinear (H=0)
* P5 collinear (H=0)
» P3 collinear (H#0) ,...



CuFeO,: Super Frustration

S ‘-' "

) « Early Ising model with up to 3™ neighbor
T«f/l:} iy 1 7*/ exchange interactions (J,, J,, J;) ona 2D
= triangular lattice reveals a multitude of

@l ooz
: mllH‘ i W 127101 e

il

i

[
f
A §
=Y A
\\-f-r:;-,y g I S SO
g 1=~ Mekata et al JPSJ 62, 474
S e RN AN
= b——4 (1993).

Yé et al PRL 99, 157201

! (2po7).
8‘: 3—sub.
f'elda— » * More recent models include inter-layer interactions (weak) as
5 ] well as biquadratic exchange (Wang and Vishwanath, PRL (2008)).
4_: 1/3
2] * None of these predict the noncollinear (field-
] induced) phase that yields spin-induced P =0.
0 T T T T T T T

c=biquadratic exchange



CuFeO,: Magnetoelectricity and Noncollinearity

Why does noncollinear state exist and why is P=0 only in that phase ?

» Consider coupling between spin, electric polarization and position vectors: S, P, r.

* Inversion symmetry r — -r, r <> r’, P— -P and other R3m crystal symmetry requirements
(space group generators {S4*|000}, {5,4,|000}) leads to:

= %J drdr' C(7)[P(7) X 7] [s(r) X s(x)], T=r—="r

\

Z component

* Add polarization energy ~ P2 F, = (7)

e Integrate out P (minimize wrt P ):

VZAP - J drdr' {C(+)7*[s(r) x s(r')]- Z}%,

Biquadratic anti-symmetric exchange.



Non-local Landau Free Energy for CuFeO,

F=FK+F+F+F+F.+F, -m-H

\ J

. ! _ : Biquadratic
Isotropic (includes biquadratic anti-symmetric
symmetric exchange). exchange Trigonal anisotropy
K(?’_fOld rotation axis)
2 2
Ax_ial & -uands Fie LJ drdr'J,(r—1')s,(r)s.(r'). - v Baib et Sy(r)]'
anisotropy: A% ‘ e Favors canted spin structures

c ! ia- iQ- *em i)
- Insert spin density and evaluate. S(I) = Zsjqi"qr =m+S.e™ +S,e"" +...
iq

*Three triangular layers: j= A, B, C. | . e
SA:SQW, SB:SC'= Sez(y_@ S :S1+|82
r=R+w,

1 1 1 1 1 1 Ansatz: phase difference only.
w, =0,w, :gax+§by+§cz,wC :gax—gby—gcz



Second-order Isotropic Terms

Fo=YaAgm? + AyS?

J,-J; phase diagram

Js

(0,9,9")

CuFeO,

_______

=

L] L] 1 L
02 04 08 08 1

,'o

Wave vector is determined by
minimizing Jo and Umklapp
terms (later).

fstpnog3idfiaighber
In-plane exchange
gouplmg gy J -

J, ~ 0.3/, on) plus inter-plane
J; ~ 0.3/, omzm o exchange J'. J.=2f(q,)
BIG | J; fla, ) = J1f1(qQ) + Laofolq) + Jafslq) + %J’f’ (q)(1+2 cos ¢),

FIG. 1. Sketch of the J,—J5 phase diagram based on minimiza-
tion of the exchange integral Jy with Jy=1. Broken curves corre-

spond to the case J'=0 and solid curves to J'=0.4. Solid circle where?’
indicates values used in the present model; J,=/3=0.3 and J'
=04,

Q4 =an1qy :be’qz =C(gz
b= (va/2)a

(20)

fi=cos g, +2 cosqu COS gy,

3
Jfo=cos 2q,+72 cosqu COS gy,

f3=cos 2¢,+ 2 cos g, cos 2q,,

, 2 1 1 11
' =cos 395~ 34 +2 c0s=qx cos| 24y +74; |, (21)

A



Fourth- and Sixth-order Isotropic Terms

Fourth Order

{ i ‘Regular’ terms: B,<0 : magnetoelastic coupling
Fip=BiS'+ B[S - SP+ ZBym' +2B,m- S+ By, € (?)favors S || H || c.

(23)

Field-induced Umklapp term: Q- 1 G
Fus=Bysl(m- 8)(S-8)e +c.0.]Asgc, K(M)/ Stabilizes P3 structures. 3
1 - Zero field Umklapp term: 1
Fyu==B,,[(8-82* " +cc]hipe <«—1(25) PP )
M4 106 Stabilizes P4 structures Q= A G

Umklapp terms favor collinear structures (e.g., S||H).
» Odd-order Umklapp terms are generated by an applied field and favor S || H.

Sixth Order

* more Regular and Umklapp terms (3Q=G, 40Q=G, 50Q=G, 6Q=0G)



Magnetoelectic Coupling
Fe=i(C,Pi+C,Py)z- (8 X §7), szl/zApPZ

4 I 1, .1 2
Cx:—gb C| cos—g, smqy—gC sin| —¢,— =

) 3
- sin(

2 1
C.= Ea{Cl(sin g+ sinqu cos qy)

1 1
g+ gqy cosqu {1+2cos &),

| —

*\Wave-vector dependent coefficients
C,and C, favor IC structures

3 3

+C’sinl xcosly+lz(1+2cos¢)}. i -
ol P, =i/ A)C,(Sx8Y), (6080, 61555,

Pt x(8,x5)) P =—(i/A))C, (SxS%),

P=0 for proper helix P+0 for canted helix

09e00 00000 ..en.

Trigonal Anisotropy

Fr=K{[3(S3)*54S, = S:S,(S,)7 + 28,8, (BIS,*> = 18,2 ] + c.c.}.



Magnetic Phase Diagram of CuFeO,

» Numerical minimization of Free Energy F=F(m,S,Q) .

e Lots of fitting parameters: J,, J,, J5, J', B, B,, ...C,, C,, ... Not a simple model

Qualitative and quantitative features of the phase diagram are reproduced.
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» Multitude of phases very close in energy due to many competing interactions.

« Small changes in T or H can induce phase changes.



Magnetoelastic Coupling in CuFeC)2 (H=0)

G. Quirion et al (2008).
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» Simultaneous magnetic and
structural transitions at
Ty=14K.

» Landau free energy including
magnetoelastic coupling (red)
gives better fit to ultrasound
data, especially Cgs.
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HoMn 03 with Stephen Condran (MSc 2009)

Mn form P3 120° in- .
P6’;,c’'m HT2 : T 5% *Mn AB stacking of
plane spin structure. S .
N PM  (P6.cm)] triangular layers.
S.. |c T, (Mn) - - :
e 7o w11 sHo(1) and Ho(2) AA
1oL AFM(@B) | AFM@B,) ] ] : i
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' 60r - 1 layers.
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Fiebig et al, J. App. Phys., 91 8867 (2002)
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HoMnO;: Mn Spins Only. LLG.
H = Z‘JUS S DZ(S ) +EZ[(SX+|Sy) +(SX ISy) ]—I—OOO

(i) Hexagonal symmetry
D<0: Slc
* J = NN AF exchange in triangular 6.
planes. ES”sin 6¢ y
T
« J’= NN AF (or F) exchange between * E>0,4=(2n +1)E Sy, L) | 0

triangular planes (Mn,-Mnj;)
Fatan « E<O0, ¢=n% (S, //8)

*Determine equilibrium spin structures using the Landau Lifshitz Gilbert equation:
dS(t) _
dt 1+ a® 1+« e S5

L (SxHy)-—2L (Sx(SxH.y)) oE
68

[ o o Ferromagnetic between planes and S || a



Ho-Mn Trigonal Coupling

«Transitions between the four Mn spin states do not occur without coupling to S,,..

* Usual exchange interaction S;S; =0 since Sy, L Sy,

e Consider Trigonal anisotropy

K SioSinl383 —Sim 1 = 2KSE S3, sin 3¢

K>0, ¢=(2n+1)% Sin =S COS ¢
K<O0, ¢=n2§

» P6;mc symmetry allows for this interaction if either (but not both) Mn or Ho have an
AF interlayer configuration (screw axis {C;*|00%4}).

e Provides a competition with Ecos6gto drive re-orientation transitions involving ¢
- with simultaneous coupling to Holmium ions.



A Simple Landau Model with Ho-Mn Coupling: H=0

F=AS A.’:r——B

Ay=a(T-Ty)
A=a(T-Ty)

H=0 only (so far).

Canted Phase:
Sy, oriented

1 2 1
—§Bﬂ5:1—s3 15252+ E{fbg—h.‘; S3cos3¢p+ ES coshid
S=S,,., S;=S \‘
Mn» =0 = Ho S, ~ S3c0s3¢

Ho order is incipient to Mn order.
This is observed experimentally.

Phase transition: Simultaneous Mn-moment
reorientation and Ho-moment long range ordering.

between x and y
T =0.00 T=0.45 T=/0.65 T=1.00
0<¢<mn/2 »=0 d=m/2 S=0
Sy#0 Sy#0 Sy=0 S,=0 .
gTZ Disorder

P6’,




HoMnO;: Experimental evidence for new canted phase
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Yen et. Al, J. Mat. Res., 22 8 2163 (2007)



Conclusions

« CuFeO, magnetic phase diagram : ABC stacked triangular layers
- biguadratic symmetric exchange (magnetoelastic coupling) stabilizes collinear states

- biguadratic antisymmetric exchange (magnetoelectric coupling) stabilizes non-collinear state

- trigonal anisotropy leads to canting and P=0

« HOMnO, magnetic phase diagram : AB stacked triangular layers
- only commensurate P3 phases

- four main Mn states determined by 6™-order anisotropy and inter-layer coupling

- trigonal anisotropy gives interaction between Mn and Ho and drives a series of transitions

sUnderstanding the complex spin ordering in magnetoelectric antiferromagnetics is
key to revealing the relationship between spin and electric degrees of freedom.

* Non-local Landau-type free energy constructed from rigorous symmetry
requirements provides a useful foundation for the marriage of microscopic and
phenomenological descriptions of multi-phase systems resulting from lots of
frustration.
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SN

LLG: Finite-Temperature Effects

Add stochastic field term via Langevin dynamics.

o n=+48KT
St + Aty = S(t) — HZQ (% Ha+ 08 x (8 x Ha)| - VALS x 7 €
1+a”

Euler algorithm
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Magnetoelectric and Multiferroic Device Applications

*Magnetic vector field sensor using magnetoelectric thin-film composites,
E. Quandt et al, IEEE Trans. Magn. 41, 3667 (2005).

*Magnetoelectric switching of exchange bias,
P. Borisov et al, PRL 94, 117203 (2005).

*Room temperature exchange bias and spin valves based on BiFeO; /SrRuO,

ISrTiO,4/Si (001) heterostructures,
L.W. Martin et al. APL 91, 172513 (2007).

«Spintronics with multiferroics,
H. Bea et al., JPCM 20, 434221 (2008).

Demonstration of magnetoelectric read head of multiferroic heterojunctions,
Y. Zhang et al. APL 92, 152510 (2008).

*Multiferroics and magnetolectrics: thin films and nanostructures,
L.W. Martin et al, JPCM 20, 434220 (2008).



“Revival of the Magnetoelectric Effect”

M. Fiebig, J. Phys. D 38, R123 (2005)

1894 — First discussion of an intrinsic correlation between magnetic and electric properties
P. Curie, J. de Physique (3rd Series) 3, 393 (1894)
"Les conditions de symétrie nos permettons d'imaginer qu'un corps a molécule dissymétrique se polarise peut-
étre magnétiquement lorsqu'on le place dans un champ électrique.

1926 — Introduction of the term "magnetoelectric” for these correlations
P. Debye, Z. Phys. 36, 300 (1926)
Title: Bemerkung zu einigen neuen Versuchen tiber einen magneto-elektrischen Richteffekt

Publications / year

1957 — Magnetoelectric effect only in time-asymmetric (i.e. magnetically ordered) media!
L. D. Landau and E. M. Lifshitz, Electrodynamics of Continuous Media (Pergamon, Oxford, 1960)
"The magnetoelectric effect is odd with respect to time reversal and vanishes in materials
without magnetic structure"

1959 — Magnetoelectric effect predicted for antiferromagnetic Cr,O;
I. E. Dzyaloshinskii, J. Exptl. Teor. Fiz. 37,881 (1959); Sov. Phys.—JETP 10,628 (1959)
"We should like to show here that among the well known antiferromagnetic substances there is one,
namely Cr,O5, where the magnetoelectric effect should occur from symmetry considerations."

1960/61 — First observation in Cr,0,

E—>M: D.N.Astrov,J. Exptl. Teor. Fiz. 38,984 (1960); Sov. Phys.—JETP 11, 708 (1960)
H—>P: V.J.Folen,G.T. Rado,and E. W. Stalder, Phys. Rev. Lett. 6, 607 (1961)
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