
21/09/15 

42 

HSC18, Grenoble, 2015 

This also holds for multiferroic compounds with several degrees of freedom (charge, 
spin, orbit, lattice…)  
They are often prone to magnetic frustration leading to complex (T, P, H, E) phase 
diagram and complex (chiral) magnetic orders that can sustain ferroelectricity 

Multiferroism: introduction 



� Casual -> Chirality is what distinguishes a 
phenomenon from its materialization in a 
mirror 
 

� Math. -> object whose symmetry group 
does not contain any negative isometries 
(inversion centers, mirrors) 
 

� Structural chirality :  
non-centrosymmetric crystal whose point 
group does not contain improper symmetry 
elements 
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This also holds for multiferroic compounds with several degrees of freedom (charge, 
spin, orbit, lattice…)  
They are often prone to magnetic frustration leading to complex (T, P, H, E) phase 
diagram and complex (chiral) magnetic orders that can sustain ferroelectricity 

Multiferroism: introduction 

Definitions of chirality 



? 

Des contraintes en compétition ne peuvent pas être satisfaites simultanément 

Géométrie :  
 

Polygones à nombre  
impair de côtés 
et interactions  

antiferromagnétiques 
Ex. triangles,  
pentagones 

 

Frustration magnétique 

6"

? 

≠ Interactions AFM 

Chiralité 
J2 J1 

? 

cycloidal 120° 

helical 

/ �Si ⇥ �Sj

� Magnetic chirality -> sense of rotation of non collinear spins along  
an orientated line, defined by a chirality vector or spin current 
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This also holds for multiferroic compounds with several degrees of freedom (charge, 
spin, orbit, lattice…)  
They are often prone to magnetic frustration leading to complex (T, P, H, E) phase 
diagram and complex (chiral) magnetic orders that can sustain ferroelectricity 

Multiferroism: introduction 

Simonet et al., EPJST 2012 

Definitions of chirality 
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breaks spatial inversion  

invariant upon both 
spatial inversion & time reversal 

breaks time reversal  

breaks spatial inversion  
& time reversal 

Hysteresis cycle, presence of switchable domains 

Contribution of Symmetries in Condensed Matter

Figure 1. The transformations of a polar vector (signs + and − at the base and tip of the arrow) and axial vector
(current loop) under inversion symmetry, time-reversal symmetry and mirror symmetry.

3.2 Magnetic point groups

Magnetic point groups, that is the combination of point group symmetry and the symmetry
transformation of axial vectors, can be constructed as follows. For each point group P of order n, one
can construct a new group of order 2n, say P ′, which contains all symmetry operations of P as such
and combined with 1′. This is a grey point group, noted P 1′. The complete set of magnetic point groups
can then be constructed considering P and all isomorphic subgroups of index 2 of P ′. For example,
considering the point group mmm. One can construct the double point group mmm1′ that contains all
elements of mmm and the same elements combined with 1′ (a total of 16 point symmetry operations).
The isomorphic subgroups of index 2 of mmm1′ are m′m′m′, m′m′m (and corresponding groups by
permutations of the axes m′mm′, mm′m′), mmm′ (and m′mm, mm′m), each containing 8 symmetry
operations. One can construct 122 magnetic point groups from the 32 crystallographic point groups.
They are listed in [5].

Magnetic point groups play a central role when studying physical phenomena related to magnetic
properties of matter, as found in magnetoelectrics and multiferroics. In virtue of Neuman’s principle,
the various macroscopic physical quantities, expressed by tensors, must be invariants with respect to all
symmetry operations of the magnetic point group.

In a very descriptive form, we can state that the rotational part r of a symmetry operator (r|t) of
the paramagnetic group belongs to the magnetic point group P of the crystal, if the application of (r|t)
leaves the magnetic structure M invariant, modulo a lattice translation. If applying (r|t) changes M

into −M (by −M I mean an identical state with all moments pointing in opposite directions), then r ′,
belongs to the magnetic point group.

In short notation:

r ∈ P ⇐⇒ ∀j , (r|t)mj = (1|t0)mj (3.1)

r ′ ∈ P ⇐⇒ ∀j , (r|t)′mj = (1|t0)mj or (r|t)mj = −(1|t0)mj

where t0 is a lattice translation. Both r and r ′ are valid operators in the case of grey point groups.
Is is often the very determination of point-group symmetries that represents a real challenge, in

particular when microscopic physical quantities such as electric charge or the expectation value of spin

00013-p.3

Multiferroics : coexistence of at least two (anti)ferroic orders 
among : ferroelasticity, ferromagnetism, ferroelectricity, and ferrotoroidicity 

Multiferroism: introduction 

ECNS, 2011 

 Introduction 

• Ferrotoroidicity : 4th state with a spontaneous alignment of toroidal moments, 
order parameter breaking both space inversion AND time reversal 

From Van Aken et al., Nature 2007 

Toroidal moment :  
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Multiferroics : coexistence of at least two (anti)ferroic orders 
among : ferroelasticity, ferromagnetism, ferroelectricity, and ferrotoroidicity 

Cross couplings, ex. Magnetoelectric coupling: M induced by E and P induced by H 

breaks spatial inversion  

invariant upon both 
spatial inversion & time reversal 

breaks time reversal  

breaks spatial inversion  
& time reversal 

Multiferroism: introduction 

Contribution of Symmetries in Condensed Matter

Figure 1. The transformations of a polar vector (signs + and − at the base and tip of the arrow) and axial vector
(current loop) under inversion symmetry, time-reversal symmetry and mirror symmetry.

3.2 Magnetic point groups

Magnetic point groups, that is the combination of point group symmetry and the symmetry
transformation of axial vectors, can be constructed as follows. For each point group P of order n, one
can construct a new group of order 2n, say P ′, which contains all symmetry operations of P as such
and combined with 1′. This is a grey point group, noted P 1′. The complete set of magnetic point groups
can then be constructed considering P and all isomorphic subgroups of index 2 of P ′. For example,
considering the point group mmm. One can construct the double point group mmm1′ that contains all
elements of mmm and the same elements combined with 1′ (a total of 16 point symmetry operations).
The isomorphic subgroups of index 2 of mmm1′ are m′m′m′, m′m′m (and corresponding groups by
permutations of the axes m′mm′, mm′m′), mmm′ (and m′mm, mm′m), each containing 8 symmetry
operations. One can construct 122 magnetic point groups from the 32 crystallographic point groups.
They are listed in [5].

Magnetic point groups play a central role when studying physical phenomena related to magnetic
properties of matter, as found in magnetoelectrics and multiferroics. In virtue of Neuman’s principle,
the various macroscopic physical quantities, expressed by tensors, must be invariants with respect to all
symmetry operations of the magnetic point group.

In a very descriptive form, we can state that the rotational part r of a symmetry operator (r|t) of
the paramagnetic group belongs to the magnetic point group P of the crystal, if the application of (r|t)
leaves the magnetic structure M invariant, modulo a lattice translation. If applying (r|t) changes M

into −M (by −M I mean an identical state with all moments pointing in opposite directions), then r ′,
belongs to the magnetic point group.

In short notation:

r ∈ P ⇐⇒ ∀j , (r|t)mj = (1|t0)mj (3.1)

r ′ ∈ P ⇐⇒ ∀j , (r|t)′mj = (1|t0)mj or (r|t)mj = −(1|t0)mj

where t0 is a lattice translation. Both r and r ′ are valid operators in the case of grey point groups.
Is is often the very determination of point-group symmetries that represents a real challenge, in

particular when microscopic physical quantities such as electric charge or the expectation value of spin
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Importance of the ME coupling for the applications (spintronics, magnonics) 

TbMn2O5 
Hur Nature 2004 

→Magnetoelectric switching  
Manipulation of domains M/P by E, H 

→Manipulation of hybrid excitations by E/H 

Electromagnon!:!excita6on)magné6que)habillée)de)charges)et)excitée)
par)la)composante)électrique)e)d’une)onde)électromagné6que)(OEM))

A.)Pimenov)et)al.,)Nature)Phys.)(2006))
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Type I multiferroics : TE ≠ TM Ex. BiMnO3, BiFeO3, Ni3B7O13I 
 

Type II multiferroics : TE=TM : Common origin 
  
magnetic frustration  
→complex magnetic orders  
→ loss of spatial inversion, small electric polarization 
→ strong ME coupling between the order parameters 

Ni3V2O8 
Lawes PRL 2005 

Ex. Ni3V2O8, TbMn2O5, MnWO4, TbMnO3, RbFe(MoO4)2   

Multiferroism: introduction 

Classification of multiferroics 
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Table 2. Classification of the 122 Heesch–Shubnikov point groups (‘the 122 reduced superfamilies of magnetic groups’, Opechowski 1986)
according to ‘magnetoelectric types’ (adapted from Schmid (1973); for a derived version see table 1.5.8.3 in Borovik-Romanov and Grimmer
(2003)). (Legend: ‘weak ferromagnetism’ permitted (Dzyaloshinsky 1957a,1957b), determined by Tavger (1958a, 1958b) for nearly uniaxial
antiferromagnets (dotted rectangles: ‘weak ferroelectricity’, not confirmed). Types of order: M = pyro-, ferro or ferrimagnetic; P = pyro-,
ferro, or ferrielectric; M̄ = antiferromagnetic; P̄ = antiferroelectric or orthoelectric, D = diamagnetic, or paramagnetic, or
antiferromagnetic; O = orthoelectric, or paraelectric, or antiferroelectric, Vs = invariant velocity vector (Ascher 1974); ‘Vs’ stands also for
‘T = toroidization’, H : spontaneous magnetization permitted; E : spontaneous polarization permitted; EH: linear magnetoelectric effect
permitted; EHH: bilinear magnetoelectric effect (I) (= ‘paramagnetoelectric effect’), Pockels effect (= linear electro-optic effect), etc
permitted; HEE: bilinear magnetoelectric effect (II), piezomagnetism, ‘Mockels’ effect (= linear magneto-optic effect Kharchenko 1994), etc,
permitted. The groups allowing the piezomagnetoelectric effect (Grimmer 1992, Rivera and Schmid 1994) are exactly those which in the
column ‘type of ordering’ have no ‘D’ in the sub-column ‘magnetic’ and no ‘O’ in the sub-column ‘electric’).

the same transformation properties as the toroidal moment,
can also act as a toroidal field. Moreover, whereas all
toroidal moments lead to an anti-symmetric magnetoelectric
contribution the reverse is not the case.

The function g is the free enthalpy g0, from which the
contributions of the electric and magnetic fields in the vacuum
have been subtracted (Schmid 1973):

g = g0 − (ε0/2)E2 − (µ0/2)H 2. (2)

Here ε0 and µ0 are the electric permittivity and magnetic
permeability of free space, respectively.

In equation (3) g is developed as a limited series and as a
function of Ei , Hi, Si and σi j :

−g = · · · P(s)i Ei + M(s)i Hi + T(s)i Si + ε(s)i jσi j

+ 1
2χ(e)i j Ei E j + 1

2χ(m)i j Hi H j + 1
2τi j Si S j + si jklσi jσkl

+ αi j Ei H j + θi j Ei S j + ζi j Hi S j

+ di jk Eiσ jk + qi jk Hiσ jk + gi jk Siσ jk

+ 1
2γi jk Hi E j Ek + 1

2βi jk Ei H j Hk + · · · . (3)

The first line of (3) represents the first order invariants
with P(s)i , M(s)i , T(s)i and ε(s)i j standing for spontaneous polar-
ization, spontaneous magnetization, spontaneous toroidization
and spontaneous strain, respectively. They describe the Pri-
mary ferroics. The 2nd order terms of the second line of (3)
represent the susceptibility terms allowed in every point group,
with χ(e)i j , χ(m)i j , τi j and si jkl standing for electric, magnetic,
toroidic susceptibility and elastic compliance, respectively. In
the third line we have from left to right the 2nd order invariants
of the linear magnetoelectric, linear ‘electrotoroidic’, linear
‘magnetotoroidic’, piezoelectric, piezomagnetic and ‘piezo-
toroidic’ effects. The 2nd order terms of line two and three
of (3) are named secondary ferroics and the magnetoelectric
invariants of 3rd order in line four of (3) belong to the tertiary
ferroics. In table 5 a more complete list of the invariants of
equation (3) and the corresponding nomenclature is given.

In an attempt to classify the terms of the free enthalpy
and their corresponding physical effects, a nomenclature
has been introduced (Newnham 1974, Newnham and Cross
1974a, 1974b), distinguishing between primary, secondary

4

Importance of symmetries 

Prediction of type and directions of ferroic orders and associated domains,  
and of the ME tensor symmetry    

Ex. classification of  
magnetic point groups  
H. Schmidt,  
Int. J. Magn. 1973 

Multiferroism: about symmetries and chirality 

Type II multiferroics: Magnetic order responsible for loss of inversion centre,  
necessary condition for ferroelectricity 
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Table 2. Classification of the 122 Heesch–Shubnikov point groups (‘the 122 reduced superfamilies of magnetic groups’, Opechowski 1986)
according to ‘magnetoelectric types’ (adapted from Schmid (1973); for a derived version see table 1.5.8.3 in Borovik-Romanov and Grimmer
(2003)). (Legend: ‘weak ferromagnetism’ permitted (Dzyaloshinsky 1957a,1957b), determined by Tavger (1958a, 1958b) for nearly uniaxial
antiferromagnets (dotted rectangles: ‘weak ferroelectricity’, not confirmed). Types of order: M = pyro-, ferro or ferrimagnetic; P = pyro-,
ferro, or ferrielectric; M̄ = antiferromagnetic; P̄ = antiferroelectric or orthoelectric, D = diamagnetic, or paramagnetic, or
antiferromagnetic; O = orthoelectric, or paraelectric, or antiferroelectric, Vs = invariant velocity vector (Ascher 1974); ‘Vs’ stands also for
‘T = toroidization’, H : spontaneous magnetization permitted; E : spontaneous polarization permitted; EH: linear magnetoelectric effect
permitted; EHH: bilinear magnetoelectric effect (I) (= ‘paramagnetoelectric effect’), Pockels effect (= linear electro-optic effect), etc
permitted; HEE: bilinear magnetoelectric effect (II), piezomagnetism, ‘Mockels’ effect (= linear magneto-optic effect Kharchenko 1994), etc,
permitted. The groups allowing the piezomagnetoelectric effect (Grimmer 1992, Rivera and Schmid 1994) are exactly those which in the
column ‘type of ordering’ have no ‘D’ in the sub-column ‘magnetic’ and no ‘O’ in the sub-column ‘electric’).

the same transformation properties as the toroidal moment,
can also act as a toroidal field. Moreover, whereas all
toroidal moments lead to an anti-symmetric magnetoelectric
contribution the reverse is not the case.

The function g is the free enthalpy g0, from which the
contributions of the electric and magnetic fields in the vacuum
have been subtracted (Schmid 1973):

g = g0 − (ε0/2)E2 − (µ0/2)H 2. (2)

Here ε0 and µ0 are the electric permittivity and magnetic
permeability of free space, respectively.

In equation (3) g is developed as a limited series and as a
function of Ei , Hi, Si and σi j :

−g = · · · P(s)i Ei + M(s)i Hi + T(s)i Si + ε(s)i jσi j

+ 1
2χ(e)i j Ei E j + 1

2χ(m)i j Hi H j + 1
2τi j Si S j + si jklσi jσkl

+ αi j Ei H j + θi j Ei S j + ζi j Hi S j

+ di jk Eiσ jk + qi jk Hiσ jk + gi jk Siσ jk

+ 1
2γi jk Hi E j Ek + 1

2βi jk Ei H j Hk + · · · . (3)

The first line of (3) represents the first order invariants
with P(s)i , M(s)i , T(s)i and ε(s)i j standing for spontaneous polar-
ization, spontaneous magnetization, spontaneous toroidization
and spontaneous strain, respectively. They describe the Pri-
mary ferroics. The 2nd order terms of the second line of (3)
represent the susceptibility terms allowed in every point group,
with χ(e)i j , χ(m)i j , τi j and si jkl standing for electric, magnetic,
toroidic susceptibility and elastic compliance, respectively. In
the third line we have from left to right the 2nd order invariants
of the linear magnetoelectric, linear ‘electrotoroidic’, linear
‘magnetotoroidic’, piezoelectric, piezomagnetic and ‘piezo-
toroidic’ effects. The 2nd order terms of line two and three
of (3) are named secondary ferroics and the magnetoelectric
invariants of 3rd order in line four of (3) belong to the tertiary
ferroics. In table 5 a more complete list of the invariants of
equation (3) and the corresponding nomenclature is given.

In an attempt to classify the terms of the free enthalpy
and their corresponding physical effects, a nomenclature
has been introduced (Newnham 1974, Newnham and Cross
1974a, 1974b), distinguishing between primary, secondary

4

Type of ordering Permitted terms of 
Stored free enthalpy 

Shubnikov point groups Magneto- 
electric  
type Magnetic Electric 

32 EH, HEE, EHH M          P 
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Importance of symmetries 

An example “with the hands”:  
32 (D3) point group (one 3-fold axis and three 2-fold axis)   

No macroscopic electric polarization 

Multiferroism: about symmetries and chirality 
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Importance of symmetries 

microscopic mechanisms of electronic and/or magnetostrictive origins 
è Electric polarization  

REVIEW ARTICLE

nature materials | VOL 6 | JANUARY 2007 | www.nature.com/naturematerials 17

presence of electric polarization, the sign of which is coupled to the 
direction of spin rotation. In contrast, a sinusoidal spin-density-
wave ordering, Sn = S cosQxn, cannot induce ferroelectricity, as it 
is invariant on inversion, xn → –xn. Because magnetic anisotropies 
are inevitably present in realistic materials, the sinusoidal ordering 
usually appears at a higher temperature than the spiral one, which 
is why in frustrated magnets the temperature of ferroelectric 
transition is typically somewhat lower than the temperature of the 
fi rst magnetic transition15,25,26.

Spiral states are characterized by two vectors: the wavevector Q 
and the axis e3 around which spins rotate. In the example considered 
above, Q is parallel to the chain direction, and the spin-rotation axis 
e3 = e1 × e2. Using equation (1), we fi nd that the induced electric 
dipole moment is orthogonal both to Q and e3:

 P || e3 × Q   (3)

A plausible microscopic mechanism inducing ferroelectricity 
in magnetic spirals was discussed in refs 24 and 27. It involves 
the antisymmetric Dzyaloshinskii–Moriya (DM) interaction, 
Dn,n+1 · Sn × Sn+1, where Dn,n+1 is the Dzyaloshinskii vector50,51. Th is 
interaction is a relativistic correction to the usual superexchange and its 
strength is proportional to the spin–orbit coupling constant. Th e DM 
interaction favours non-collinear spin ordering. For example, it gives 
rise to weak ferromagnetism in antiferromagnetic layers of La2CuO4, the 
parent compound of high-temperature superconductors52 (see Fig. 5). 
It also transforms the collinear Néel state in ferroelectric BiFeO3 into a 
magnetic spiral53. Ferroelectricity induced by spiral magnetic ordering 
is the inverse eff ect, resulting from exchange striction: that is, lattice 
relaxation in a magnetically ordered state. Th e exchange between spins 
of transition metal ions is usually mediated by ligands, for example 
oxygen ions, forming bonds between pairs of transition metals. Th e 
Dzyaloshinskii vector Dn,n+1 is proportional to x × rn,n+1, where rn,n+1 
is a unit vector along the line connecting the magnetic ions n and n+1, 
and x is the shift  of the oxygen ion from this line (see Fig. 5). Th us, the 
energy of the DM interaction increases with x, describing the degree of 
inversion symmetry breaking at the oxygen site. Because in the spiral 
state the vector product Sn × Sn+1 has the same sign for all pairs of 
neighbouring spins, the DM interaction pushes negative oxygen ions 
in one direction perpendicular to the spin chain formed by positive 

magnetic ions, thus inducing electric polarization perpendicular to the 
chain27 (see Fig. 5). Th is mechanism can also be expressed in terms of 
the spin current, jn,n+1 ∝ Sn × Sn+1, describing the precession of the spin 
Sn in the exchange fi eld created by the spin Sn+1. Th e induced electric 
dipole is then given by Pn,n+1 ∝ rn,n+1 × jn,n+1 (ref. 24).

Although equation (3) works for many multiferroics (see 
discussion below), the general expression for magnetically induced 
polarization is more complicated. In particular, when the spin 
rotation axis e3 is not oriented along a crystal axis, the orientation of 
P depends on strengths of magnetoelectric couplings along diff erent 
crystallographic directions (such a situation occurs in MnWO4; refs 
18,19). Furthermore, when the crystal unit cell contains more than 
one magnetic ion, the spin-density-wave state, strictly speaking, 
cannot be described by a single magnetization vector, as was assumed 
in equation (1). With additional magnetic vectors, one can construct 
other third-order terms that can induce electric polarization. In this 
case, one can classify all possible spin-density-wave confi gurations 
according to their symmetry properties with respect to transformations 
that leave the spin-density-wavevector intact15,25. According to the 
Landau theory of second-order phase transitions, close to transition 
temperatures the amplitudes of all spin confi gurations with the same 
symmetry should be proportional to a single order parameter. Th e 
sinusoidal phase is then described by one order parameter, whereas 
the ferroelectric state with additional broken symmetries is described 
by two order parameters, which are generalizations of the two 
orthogonal components of the simple spiral state.

SPIRAL MAGNETIC ORDER AND FERROELECTRICITY IN PEROVSKITE RMNO3

Th ese considerations explain the interplay between magnetic and 
electric phenomena observed in Tb(Dy)MnO3. Because of the orbital 
ordering of Mn3+ ions in orthorhombic RMnO3, the exchange between 

a 

b 
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J ʹ > 0
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Figure 4 Frustrated spin chains with the nearest-neighbour FM and next-
nearest-neighbour AFM interactions J and J ´ . a, The spin chain with isotropic 
(Heisenberg) HH = Σ

n
 [J Sn · Sn+1 + J ´Sn · Sn+2]. For J ´ /|J | > 1/4 its classical 

ground state is a magnetic spiral. b, The chain of Ising spins σn = ±1, with 
energy HI = Σ

n
 [J σnσn+1 + J ´σnσn+2] has the up–up–down–down ground state for 

J ´ /|J | > 1/2.

Effects of Dsyaloshinskii–Moriya interaction

Weak ferromagnetism (LaCu2O4)

O2– Cu2+

Mn3+O2–

Weak ferroelectricity (RMnO3)

Mweak

P ! e3 × Q

e3 Q

O2–

S1 S2r12

x

Figure 5 Effects of the antisymmetric Dzyaloshinskii–Moriya interaction. The interaction 
HDM = D12 · [S1 × S2]. The Dzyaloshinskii vector D12 is proportional to spin-orbit coupling 
constant λ, and depends on the position of the oxygen ion (open circle) between two 
magnetic transition metal ions (fi lled circles), D12 ∝ λx × r̂12. Weak ferromagnetism 
in antiferromagnets (for example, LaCu2O4 layers) results from the alternating 
Dzyaloshinskii vector, whereas (weak) ferroelectricity can be induced by the exchange 
striction in a magnetic spiral state, which pushes negative oxygen ions in one direction 
transverse to the spin chain formed by positive transition metal ions.
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Example ferroelectricity induced by magnetic cycloid 

Dzyaloshinskii-Moryia interaction 

~
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presence of electric polarization, the sign of which is coupled to the 
direction of spin rotation. In contrast, a sinusoidal spin-density-
wave ordering, Sn = S cosQxn, cannot induce ferroelectricity, as it 
is invariant on inversion, xn → –xn. Because magnetic anisotropies 
are inevitably present in realistic materials, the sinusoidal ordering 
usually appears at a higher temperature than the spiral one, which 
is why in frustrated magnets the temperature of ferroelectric 
transition is typically somewhat lower than the temperature of the 
fi rst magnetic transition15,25,26.

Spiral states are characterized by two vectors: the wavevector Q 
and the axis e3 around which spins rotate. In the example considered 
above, Q is parallel to the chain direction, and the spin-rotation axis 
e3 = e1 × e2. Using equation (1), we fi nd that the induced electric 
dipole moment is orthogonal both to Q and e3:

 P || e3 × Q   (3)

A plausible microscopic mechanism inducing ferroelectricity 
in magnetic spirals was discussed in refs 24 and 27. It involves 
the antisymmetric Dzyaloshinskii–Moriya (DM) interaction, 
Dn,n+1 · Sn × Sn+1, where Dn,n+1 is the Dzyaloshinskii vector50,51. Th is 
interaction is a relativistic correction to the usual superexchange and its 
strength is proportional to the spin–orbit coupling constant. Th e DM 
interaction favours non-collinear spin ordering. For example, it gives 
rise to weak ferromagnetism in antiferromagnetic layers of La2CuO4, the 
parent compound of high-temperature superconductors52 (see Fig. 5). 
It also transforms the collinear Néel state in ferroelectric BiFeO3 into a 
magnetic spiral53. Ferroelectricity induced by spiral magnetic ordering 
is the inverse eff ect, resulting from exchange striction: that is, lattice 
relaxation in a magnetically ordered state. Th e exchange between spins 
of transition metal ions is usually mediated by ligands, for example 
oxygen ions, forming bonds between pairs of transition metals. Th e 
Dzyaloshinskii vector Dn,n+1 is proportional to x × rn,n+1, where rn,n+1 
is a unit vector along the line connecting the magnetic ions n and n+1, 
and x is the shift  of the oxygen ion from this line (see Fig. 5). Th us, the 
energy of the DM interaction increases with x, describing the degree of 
inversion symmetry breaking at the oxygen site. Because in the spiral 
state the vector product Sn × Sn+1 has the same sign for all pairs of 
neighbouring spins, the DM interaction pushes negative oxygen ions 
in one direction perpendicular to the spin chain formed by positive 
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chain27 (see Fig. 5). Th is mechanism can also be expressed in terms of 
the spin current, jn,n+1 ∝ Sn × Sn+1, describing the precession of the spin 
Sn in the exchange fi eld created by the spin Sn+1. Th e induced electric 
dipole is then given by Pn,n+1 ∝ rn,n+1 × jn,n+1 (ref. 24).

Although equation (3) works for many multiferroics (see 
discussion below), the general expression for magnetically induced 
polarization is more complicated. In particular, when the spin 
rotation axis e3 is not oriented along a crystal axis, the orientation of 
P depends on strengths of magnetoelectric couplings along diff erent 
crystallographic directions (such a situation occurs in MnWO4; refs 
18,19). Furthermore, when the crystal unit cell contains more than 
one magnetic ion, the spin-density-wave state, strictly speaking, 
cannot be described by a single magnetization vector, as was assumed 
in equation (1). With additional magnetic vectors, one can construct 
other third-order terms that can induce electric polarization. In this 
case, one can classify all possible spin-density-wave confi gurations 
according to their symmetry properties with respect to transformations 
that leave the spin-density-wavevector intact15,25. According to the 
Landau theory of second-order phase transitions, close to transition 
temperatures the amplitudes of all spin confi gurations with the same 
symmetry should be proportional to a single order parameter. Th e 
sinusoidal phase is then described by one order parameter, whereas 
the ferroelectric state with additional broken symmetries is described 
by two order parameters, which are generalizations of the two 
orthogonal components of the simple spiral state.
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Th ese considerations explain the interplay between magnetic and 
electric phenomena observed in Tb(Dy)MnO3. Because of the orbital 
ordering of Mn3+ ions in orthorhombic RMnO3, the exchange between 
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presence of electric polarization, the sign of which is coupled to the 
direction of spin rotation. In contrast, a sinusoidal spin-density-
wave ordering, Sn = S cosQxn, cannot induce ferroelectricity, as it 
is invariant on inversion, xn → –xn. Because magnetic anisotropies 
are inevitably present in realistic materials, the sinusoidal ordering 
usually appears at a higher temperature than the spiral one, which 
is why in frustrated magnets the temperature of ferroelectric 
transition is typically somewhat lower than the temperature of the 
fi rst magnetic transition15,25,26.

Spiral states are characterized by two vectors: the wavevector Q 
and the axis e3 around which spins rotate. In the example considered 
above, Q is parallel to the chain direction, and the spin-rotation axis 
e3 = e1 × e2. Using equation (1), we fi nd that the induced electric 
dipole moment is orthogonal both to Q and e3:

 P || e3 × Q   (3)

A plausible microscopic mechanism inducing ferroelectricity 
in magnetic spirals was discussed in refs 24 and 27. It involves 
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interaction favours non-collinear spin ordering. For example, it gives 
rise to weak ferromagnetism in antiferromagnetic layers of La2CuO4, the 
parent compound of high-temperature superconductors52 (see Fig. 5). 
It also transforms the collinear Néel state in ferroelectric BiFeO3 into a 
magnetic spiral53. Ferroelectricity induced by spiral magnetic ordering 
is the inverse eff ect, resulting from exchange striction: that is, lattice 
relaxation in a magnetically ordered state. Th e exchange between spins 
of transition metal ions is usually mediated by ligands, for example 
oxygen ions, forming bonds between pairs of transition metals. Th e 
Dzyaloshinskii vector Dn,n+1 is proportional to x × rn,n+1, where rn,n+1 
is a unit vector along the line connecting the magnetic ions n and n+1, 
and x is the shift  of the oxygen ion from this line (see Fig. 5). Th us, the 
energy of the DM interaction increases with x, describing the degree of 
inversion symmetry breaking at the oxygen site. Because in the spiral 
state the vector product Sn × Sn+1 has the same sign for all pairs of 
neighbouring spins, the DM interaction pushes negative oxygen ions 
in one direction perpendicular to the spin chain formed by positive 
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18,19). Furthermore, when the crystal unit cell contains more than 
one magnetic ion, the spin-density-wave state, strictly speaking, 
cannot be described by a single magnetization vector, as was assumed 
in equation (1). With additional magnetic vectors, one can construct 
other third-order terms that can induce electric polarization. In this 
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that leave the spin-density-wavevector intact15,25. According to the 
Landau theory of second-order phase transitions, close to transition 
temperatures the amplitudes of all spin confi gurations with the same 
symmetry should be proportional to a single order parameter. Th e 
sinusoidal phase is then described by one order parameter, whereas 
the ferroelectric state with additional broken symmetries is described 
by two order parameters, which are generalizations of the two 
orthogonal components of the simple spiral state.
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presence of electric polarization, the sign of which is coupled to the 
direction of spin rotation. In contrast, a sinusoidal spin-density-
wave ordering, Sn = S cosQxn, cannot induce ferroelectricity, as it 
is invariant on inversion, xn → –xn. Because magnetic anisotropies 
are inevitably present in realistic materials, the sinusoidal ordering 
usually appears at a higher temperature than the spiral one, which 
is why in frustrated magnets the temperature of ferroelectric 
transition is typically somewhat lower than the temperature of the 
fi rst magnetic transition15,25,26.

Spiral states are characterized by two vectors: the wavevector Q 
and the axis e3 around which spins rotate. In the example considered 
above, Q is parallel to the chain direction, and the spin-rotation axis 
e3 = e1 × e2. Using equation (1), we fi nd that the induced electric 
dipole moment is orthogonal both to Q and e3:

 P || e3 × Q   (3)

A plausible microscopic mechanism inducing ferroelectricity 
in magnetic spirals was discussed in refs 24 and 27. It involves 
the antisymmetric Dzyaloshinskii–Moriya (DM) interaction, 
Dn,n+1 · Sn × Sn+1, where Dn,n+1 is the Dzyaloshinskii vector50,51. Th is 
interaction is a relativistic correction to the usual superexchange and its 
strength is proportional to the spin–orbit coupling constant. Th e DM 
interaction favours non-collinear spin ordering. For example, it gives 
rise to weak ferromagnetism in antiferromagnetic layers of La2CuO4, the 
parent compound of high-temperature superconductors52 (see Fig. 5). 
It also transforms the collinear Néel state in ferroelectric BiFeO3 into a 
magnetic spiral53. Ferroelectricity induced by spiral magnetic ordering 
is the inverse eff ect, resulting from exchange striction: that is, lattice 
relaxation in a magnetically ordered state. Th e exchange between spins 
of transition metal ions is usually mediated by ligands, for example 
oxygen ions, forming bonds between pairs of transition metals. Th e 
Dzyaloshinskii vector Dn,n+1 is proportional to x × rn,n+1, where rn,n+1 
is a unit vector along the line connecting the magnetic ions n and n+1, 
and x is the shift  of the oxygen ion from this line (see Fig. 5). Th us, the 
energy of the DM interaction increases with x, describing the degree of 
inversion symmetry breaking at the oxygen site. Because in the spiral 
state the vector product Sn × Sn+1 has the same sign for all pairs of 
neighbouring spins, the DM interaction pushes negative oxygen ions 
in one direction perpendicular to the spin chain formed by positive 

magnetic ions, thus inducing electric polarization perpendicular to the 
chain27 (see Fig. 5). Th is mechanism can also be expressed in terms of 
the spin current, jn,n+1 ∝ Sn × Sn+1, describing the precession of the spin 
Sn in the exchange fi eld created by the spin Sn+1. Th e induced electric 
dipole is then given by Pn,n+1 ∝ rn,n+1 × jn,n+1 (ref. 24).

Although equation (3) works for many multiferroics (see 
discussion below), the general expression for magnetically induced 
polarization is more complicated. In particular, when the spin 
rotation axis e3 is not oriented along a crystal axis, the orientation of 
P depends on strengths of magnetoelectric couplings along diff erent 
crystallographic directions (such a situation occurs in MnWO4; refs 
18,19). Furthermore, when the crystal unit cell contains more than 
one magnetic ion, the spin-density-wave state, strictly speaking, 
cannot be described by a single magnetization vector, as was assumed 
in equation (1). With additional magnetic vectors, one can construct 
other third-order terms that can induce electric polarization. In this 
case, one can classify all possible spin-density-wave confi gurations 
according to their symmetry properties with respect to transformations 
that leave the spin-density-wavevector intact15,25. According to the 
Landau theory of second-order phase transitions, close to transition 
temperatures the amplitudes of all spin confi gurations with the same 
symmetry should be proportional to a single order parameter. Th e 
sinusoidal phase is then described by one order parameter, whereas 
the ferroelectric state with additional broken symmetries is described 
by two order parameters, which are generalizations of the two 
orthogonal components of the simple spiral state.
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Th ese considerations explain the interplay between magnetic and 
electric phenomena observed in Tb(Dy)MnO3. Because of the orbital 
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presence of electric polarization, the sign of which is coupled to the 
direction of spin rotation. In contrast, a sinusoidal spin-density-
wave ordering, Sn = S cosQxn, cannot induce ferroelectricity, as it 
is invariant on inversion, xn → –xn. Because magnetic anisotropies 
are inevitably present in realistic materials, the sinusoidal ordering 
usually appears at a higher temperature than the spiral one, which 
is why in frustrated magnets the temperature of ferroelectric 
transition is typically somewhat lower than the temperature of the 
fi rst magnetic transition15,25,26.

Spiral states are characterized by two vectors: the wavevector Q 
and the axis e3 around which spins rotate. In the example considered 
above, Q is parallel to the chain direction, and the spin-rotation axis 
e3 = e1 × e2. Using equation (1), we fi nd that the induced electric 
dipole moment is orthogonal both to Q and e3:

 P || e3 × Q   (3)

A plausible microscopic mechanism inducing ferroelectricity 
in magnetic spirals was discussed in refs 24 and 27. It involves 
the antisymmetric Dzyaloshinskii–Moriya (DM) interaction, 
Dn,n+1 · Sn × Sn+1, where Dn,n+1 is the Dzyaloshinskii vector50,51. Th is 
interaction is a relativistic correction to the usual superexchange and its 
strength is proportional to the spin–orbit coupling constant. Th e DM 
interaction favours non-collinear spin ordering. For example, it gives 
rise to weak ferromagnetism in antiferromagnetic layers of La2CuO4, the 
parent compound of high-temperature superconductors52 (see Fig. 5). 
It also transforms the collinear Néel state in ferroelectric BiFeO3 into a 
magnetic spiral53. Ferroelectricity induced by spiral magnetic ordering 
is the inverse eff ect, resulting from exchange striction: that is, lattice 
relaxation in a magnetically ordered state. Th e exchange between spins 
of transition metal ions is usually mediated by ligands, for example 
oxygen ions, forming bonds between pairs of transition metals. Th e 
Dzyaloshinskii vector Dn,n+1 is proportional to x × rn,n+1, where rn,n+1 
is a unit vector along the line connecting the magnetic ions n and n+1, 
and x is the shift  of the oxygen ion from this line (see Fig. 5). Th us, the 
energy of the DM interaction increases with x, describing the degree of 
inversion symmetry breaking at the oxygen site. Because in the spiral 
state the vector product Sn × Sn+1 has the same sign for all pairs of 
neighbouring spins, the DM interaction pushes negative oxygen ions 
in one direction perpendicular to the spin chain formed by positive 

magnetic ions, thus inducing electric polarization perpendicular to the 
chain27 (see Fig. 5). Th is mechanism can also be expressed in terms of 
the spin current, jn,n+1 ∝ Sn × Sn+1, describing the precession of the spin 
Sn in the exchange fi eld created by the spin Sn+1. Th e induced electric 
dipole is then given by Pn,n+1 ∝ rn,n+1 × jn,n+1 (ref. 24).

Although equation (3) works for many multiferroics (see 
discussion below), the general expression for magnetically induced 
polarization is more complicated. In particular, when the spin 
rotation axis e3 is not oriented along a crystal axis, the orientation of 
P depends on strengths of magnetoelectric couplings along diff erent 
crystallographic directions (such a situation occurs in MnWO4; refs 
18,19). Furthermore, when the crystal unit cell contains more than 
one magnetic ion, the spin-density-wave state, strictly speaking, 
cannot be described by a single magnetization vector, as was assumed 
in equation (1). With additional magnetic vectors, one can construct 
other third-order terms that can induce electric polarization. In this 
case, one can classify all possible spin-density-wave confi gurations 
according to their symmetry properties with respect to transformations 
that leave the spin-density-wavevector intact15,25. According to the 
Landau theory of second-order phase transitions, close to transition 
temperatures the amplitudes of all spin confi gurations with the same 
symmetry should be proportional to a single order parameter. Th e 
sinusoidal phase is then described by one order parameter, whereas 
the ferroelectric state with additional broken symmetries is described 
by two order parameters, which are generalizations of the two 
orthogonal components of the simple spiral state.

SPIRAL MAGNETIC ORDER AND FERROELECTRICITY IN PEROVSKITE RMNO3

Th ese considerations explain the interplay between magnetic and 
electric phenomena observed in Tb(Dy)MnO3. Because of the orbital 
ordering of Mn3+ ions in orthorhombic RMnO3, the exchange between 
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presence of electric polarization, the sign of which is coupled to the 
direction of spin rotation. In contrast, a sinusoidal spin-density-
wave ordering, Sn = S cosQxn, cannot induce ferroelectricity, as it 
is invariant on inversion, xn → –xn. Because magnetic anisotropies 
are inevitably present in realistic materials, the sinusoidal ordering 
usually appears at a higher temperature than the spiral one, which 
is why in frustrated magnets the temperature of ferroelectric 
transition is typically somewhat lower than the temperature of the 
fi rst magnetic transition15,25,26.

Spiral states are characterized by two vectors: the wavevector Q 
and the axis e3 around which spins rotate. In the example considered 
above, Q is parallel to the chain direction, and the spin-rotation axis 
e3 = e1 × e2. Using equation (1), we fi nd that the induced electric 
dipole moment is orthogonal both to Q and e3:

 P || e3 × Q   (3)

A plausible microscopic mechanism inducing ferroelectricity 
in magnetic spirals was discussed in refs 24 and 27. It involves 
the antisymmetric Dzyaloshinskii–Moriya (DM) interaction, 
Dn,n+1 · Sn × Sn+1, where Dn,n+1 is the Dzyaloshinskii vector50,51. Th is 
interaction is a relativistic correction to the usual superexchange and its 
strength is proportional to the spin–orbit coupling constant. Th e DM 
interaction favours non-collinear spin ordering. For example, it gives 
rise to weak ferromagnetism in antiferromagnetic layers of La2CuO4, the 
parent compound of high-temperature superconductors52 (see Fig. 5). 
It also transforms the collinear Néel state in ferroelectric BiFeO3 into a 
magnetic spiral53. Ferroelectricity induced by spiral magnetic ordering 
is the inverse eff ect, resulting from exchange striction: that is, lattice 
relaxation in a magnetically ordered state. Th e exchange between spins 
of transition metal ions is usually mediated by ligands, for example 
oxygen ions, forming bonds between pairs of transition metals. Th e 
Dzyaloshinskii vector Dn,n+1 is proportional to x × rn,n+1, where rn,n+1 
is a unit vector along the line connecting the magnetic ions n and n+1, 
and x is the shift  of the oxygen ion from this line (see Fig. 5). Th us, the 
energy of the DM interaction increases with x, describing the degree of 
inversion symmetry breaking at the oxygen site. Because in the spiral 
state the vector product Sn × Sn+1 has the same sign for all pairs of 
neighbouring spins, the DM interaction pushes negative oxygen ions 
in one direction perpendicular to the spin chain formed by positive 

magnetic ions, thus inducing electric polarization perpendicular to the 
chain27 (see Fig. 5). Th is mechanism can also be expressed in terms of 
the spin current, jn,n+1 ∝ Sn × Sn+1, describing the precession of the spin 
Sn in the exchange fi eld created by the spin Sn+1. Th e induced electric 
dipole is then given by Pn,n+1 ∝ rn,n+1 × jn,n+1 (ref. 24).

Although equation (3) works for many multiferroics (see 
discussion below), the general expression for magnetically induced 
polarization is more complicated. In particular, when the spin 
rotation axis e3 is not oriented along a crystal axis, the orientation of 
P depends on strengths of magnetoelectric couplings along diff erent 
crystallographic directions (such a situation occurs in MnWO4; refs 
18,19). Furthermore, when the crystal unit cell contains more than 
one magnetic ion, the spin-density-wave state, strictly speaking, 
cannot be described by a single magnetization vector, as was assumed 
in equation (1). With additional magnetic vectors, one can construct 
other third-order terms that can induce electric polarization. In this 
case, one can classify all possible spin-density-wave confi gurations 
according to their symmetry properties with respect to transformations 
that leave the spin-density-wavevector intact15,25. According to the 
Landau theory of second-order phase transitions, close to transition 
temperatures the amplitudes of all spin confi gurations with the same 
symmetry should be proportional to a single order parameter. Th e 
sinusoidal phase is then described by one order parameter, whereas 
the ferroelectric state with additional broken symmetries is described 
by two order parameters, which are generalizations of the two 
orthogonal components of the simple spiral state.
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presence of electric polarization, the sign of which is coupled to the 
direction of spin rotation. In contrast, a sinusoidal spin-density-
wave ordering, Sn = S cosQxn, cannot induce ferroelectricity, as it 
is invariant on inversion, xn → –xn. Because magnetic anisotropies 
are inevitably present in realistic materials, the sinusoidal ordering 
usually appears at a higher temperature than the spiral one, which 
is why in frustrated magnets the temperature of ferroelectric 
transition is typically somewhat lower than the temperature of the 
fi rst magnetic transition15,25,26.

Spiral states are characterized by two vectors: the wavevector Q 
and the axis e3 around which spins rotate. In the example considered 
above, Q is parallel to the chain direction, and the spin-rotation axis 
e3 = e1 × e2. Using equation (1), we fi nd that the induced electric 
dipole moment is orthogonal both to Q and e3:

 P || e3 × Q   (3)

A plausible microscopic mechanism inducing ferroelectricity 
in magnetic spirals was discussed in refs 24 and 27. It involves 
the antisymmetric Dzyaloshinskii–Moriya (DM) interaction, 
Dn,n+1 · Sn × Sn+1, where Dn,n+1 is the Dzyaloshinskii vector50,51. Th is 
interaction is a relativistic correction to the usual superexchange and its 
strength is proportional to the spin–orbit coupling constant. Th e DM 
interaction favours non-collinear spin ordering. For example, it gives 
rise to weak ferromagnetism in antiferromagnetic layers of La2CuO4, the 
parent compound of high-temperature superconductors52 (see Fig. 5). 
It also transforms the collinear Néel state in ferroelectric BiFeO3 into a 
magnetic spiral53. Ferroelectricity induced by spiral magnetic ordering 
is the inverse eff ect, resulting from exchange striction: that is, lattice 
relaxation in a magnetically ordered state. Th e exchange between spins 
of transition metal ions is usually mediated by ligands, for example 
oxygen ions, forming bonds between pairs of transition metals. Th e 
Dzyaloshinskii vector Dn,n+1 is proportional to x × rn,n+1, where rn,n+1 
is a unit vector along the line connecting the magnetic ions n and n+1, 
and x is the shift  of the oxygen ion from this line (see Fig. 5). Th us, the 
energy of the DM interaction increases with x, describing the degree of 
inversion symmetry breaking at the oxygen site. Because in the spiral 
state the vector product Sn × Sn+1 has the same sign for all pairs of 
neighbouring spins, the DM interaction pushes negative oxygen ions 
in one direction perpendicular to the spin chain formed by positive 

magnetic ions, thus inducing electric polarization perpendicular to the 
chain27 (see Fig. 5). Th is mechanism can also be expressed in terms of 
the spin current, jn,n+1 ∝ Sn × Sn+1, describing the precession of the spin 
Sn in the exchange fi eld created by the spin Sn+1. Th e induced electric 
dipole is then given by Pn,n+1 ∝ rn,n+1 × jn,n+1 (ref. 24).

Although equation (3) works for many multiferroics (see 
discussion below), the general expression for magnetically induced 
polarization is more complicated. In particular, when the spin 
rotation axis e3 is not oriented along a crystal axis, the orientation of 
P depends on strengths of magnetoelectric couplings along diff erent 
crystallographic directions (such a situation occurs in MnWO4; refs 
18,19). Furthermore, when the crystal unit cell contains more than 
one magnetic ion, the spin-density-wave state, strictly speaking, 
cannot be described by a single magnetization vector, as was assumed 
in equation (1). With additional magnetic vectors, one can construct 
other third-order terms that can induce electric polarization. In this 
case, one can classify all possible spin-density-wave confi gurations 
according to their symmetry properties with respect to transformations 
that leave the spin-density-wavevector intact15,25. According to the 
Landau theory of second-order phase transitions, close to transition 
temperatures the amplitudes of all spin confi gurations with the same 
symmetry should be proportional to a single order parameter. Th e 
sinusoidal phase is then described by one order parameter, whereas 
the ferroelectric state with additional broken symmetries is described 
by two order parameters, which are generalizations of the two 
orthogonal components of the simple spiral state.

SPIRAL MAGNETIC ORDER AND FERROELECTRICITY IN PEROVSKITE RMNO3

Th ese considerations explain the interplay between magnetic and 
electric phenomena observed in Tb(Dy)MnO3. Because of the orbital 
ordering of Mn3+ ions in orthorhombic RMnO3, the exchange between 
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setting the polarization direction of the incoming beam and reorienting the selected
polarization direction for the outgoing beam along a given quantization axis where
the polarization amplitude is determined as

Pf =
I+ − I−
I+ + I−

from the counts I+ and I− of the neutrons in the spin states |+ > and |− >.
The polarization matrix, that can be derived from the Blume and Maleyev equa-

tions, is given by the following expression using the reduced notations:

P =

⎛

⎜⎝
Pxx Pxy Pxz

Pyx Pyy Pyz

Pzx Pzy Pzz
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The chiral scattering is present in the expression of the diagonal term Pxx. It con-
tributes also to the Pyx and Pzx matrix components. Note that the non-diagonal
matrix elements give access to the magnetic symmetric crossed correlation functions
(Myz) and to the antisymmetric nuclear-magnetic correlation functions (Iy and Iz),
that can not be determined by LPA. When the nuclear-magnetic interference con-
tributions can be ignored, Pyx and Pzx, which then are equal, provide directly the
sign of the chiral term and then allow determining the absolute vector chirality of
a magnetic structure. The chiral term can be fully determined from the sum of the
Pyx (or Pzx) quantities obtained with a given initial polarization along y (z) and the
initial polarization with opposite sign:

Mch = −
Pyx + Pȳx
2

σ0 = −
Pzx + Pz̄x
2

σ0.

3.4 Diffraction from crystals

It is customary to distinguish among the scattering processes of neutrons by a crystal
- the coherent scattering that arises from a perfectly periodic interaction potential,
which in concrete materials is merely the actual potential averaged over all the static
and dynamic crystal defects (it is worth emphasizing here, although this might go
without saying, that collective excitations such as phonons, magnons, · · · are evi-
dently not crystal defects but dynamics inherent to a perfect crystal),
- the intrinsic incoherent scattering due to random isotope distributions and random
nuclear spin orientations,
- the diffuse scattering associated with all other deviations of the interaction poten-
tial from the one of a perfect crystal (inherent for instance to nuclear or magnetic
impurities, interstitial or vacancy point defects, antisite pairs, clusters of defects, dis-
locations and disclinations, stacking faults, magnetic point, line and wall defects, · · · )
A distinction is also made according to whether a process occurs without energy

•   Analyze polarization of scattered beam in any direction:  
    spherical polarization analysis (CRYOPAD) 

Various way to probe the chiral scattering with polarized neutrons 



the vector chirality C. In the case of CCW spiral magnetic
structure (the a component of vector chirality; Ca > 0), the
intensities of (4, !q, 1) are calculated by using Eq. (2);
I" " I0#mc $mb%2 and I# " I0#mc !mb%2 for Sn being
parallel and antiparallel to Qs, respectively. Provided that
mc=mb " 0:7 and also taking the spin flipping ratio of the
incident neutron beam into account, these intensities are in
accordance with the observed relative satellite intensities at
(4, !q, 1) for the electric polarization Pc > 0. It is thus
confirmed that the CCW spiral magnetic structure corre-
sponds to the electric polarization Pc > 0 and the CW to
Pc < 0 in TbMnO3.

We show in Fig. 3(b) the temperature dependence of the
Q-integrated polarized-neutron-diffraction intensity of the
magnetic satellite (4, !q, 1) in the Pc > 0 state. Note that
the experimentally obtained intensities [plotted in
Fig. 3(b)] were corrected with taking into account the
imperfect spin polarization (about 92%) of the incident
neutron beam prior to the calculation of ellipticity. The
magnetic satellite shows up below TN , but there is no
difference between I# and I" because of the sinusoidally
modulated collinear spin structure. The difference between
I# and I" emerges upon the ferroelectric phase transition at
TC due to the CCW spiral magnetic structure. We show in
Fig. 3(a) the ellipticity of the spiral magnetic structure of
TbMnO3, defined as the ratio of amplitude of the c-axis
spin component to the b-axis spin component in antiferro-

magnetic modulation, mc=mb, is experimentally estimated
to the first approximation,

 

mc

mb
&

!!!!
I#

p $ !!!!
I"

p
!!!!
I#

p ! !!!!
I"

p : (3)

The small angle between the scattering vector and the
vector chirality of the ellipsoids (10.6') is neglected in
this estimate. The induced magnetic moments of Tb ions
were not taken into account because they are reported to be
aligned along the a axis and insensitive to the neutron
scattering with Qs approximately parallel to the a axis
[17]. The ellipticity remains zero in the paraelectric phase
and develops below the ferroelectric phase transition tem-
perature in accordance with the ellipsoidal spiral ordering.
The average intensity, corresponding to the intensity of
unpolarized neutron diffraction, almost continuously
changes even through the ferroelectric phase transition,
while the ellipticity mc=mb discontinuously changes
from zero to a finite value. The ellipticity at 15 K derived
from the present experiments, mc=mb " 0:63#2%, shows a
good agreement with the value (mc=mb " 0:72) deter-
mined by the magnetic structure analysis [17,24], consid-
ering the assumption adopted in the calculation.

The temperature dependence of the polarized neutron
magnetic scattering intensities provides additional clear
evidence that the ferroelectric polarization is inseparably

 

FIG. 2 (color online). (a) L scans of
magnetic satellites (4, (q, 1) with q"
0:27 in the present experiment as shown
by red arrows in the reciprocal (K,
L) plane. (b) The schematic illustration
of the apparatus. The spin of the neutron
beam (Sn) could be flipped by a spin-
flipper so as to be parallel (when the
flipper was off) or antiparallel (on) to
the scattering vector Qs. (c) Electric po-
larization dependence of intensity of
magnetic satellites (4, (q, 1) at 9 K.
L-scan profiles of magnetic satellites
(4, (q, 1) with Pc > 0 and Pc < 0.
(d) The relation between the spin rota-
tory direction (or helicity) and the direc-
tion of electric polarization in TbMnO3.
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Pyy ¼ 2M2
?y=M

2
? " 1; (3)

Pzz ¼ 2M2
?z=M

2
? " 1; (4)

Pyx ¼ Pzx ¼ 2=ðM?yM
$
?zÞ=M2

?; (5)

where M2
? ¼ M? &M$

? and M2
?i ¼ M?iM

$
?i. Thus, the

sign of the Pyx and Pzx elements, together with the position
of the satellites (' q1;2), uniquely determines the domain
population for each of the (!t;!h).

RFMO single crystals were grown by a flux technique
using high purity (> 99:9%) Rb2CO3, Fe2O3, and MoO3,
in a molar ratio of 2:1:6 according to the recipe described
in [14]. They were heated together in air using a platinum
crucible to 825 (C and kept at this temperature for 48 h.
The homogenized melt was slowly cooled to 600 (C at a
rate of 3 (C=h, followed by a faster rate of cooling to room
temperature. Single crystal thin platelets (up to 1 cm in
diameter) were separated from the flux, their quality and
orientation were checked using an Agilent Technologies
SuperNova diffractometer, and pyroelectric currents were

measured and integrated to give the ferroelectic polarization
(along c) as a function of temperature (see Fig. 2). Gold
contactswere evaporated onto the (0; 0;'1) surfaces and the
OrientExpress neutron back-reflection Laue diffractometer
[16] at the Institut Laue-Langevin (ILL), Grenoble, France
was used to mount the sample with a$ þ b$ in the scattering
plane (see the inset to Fig. 2). This allowed us to access peaks
of the form ðhhlÞ. The contacts were connected to gold
wires with silver epoxy to allow high voltage to be applied.
An ILL ‘‘orange’’ cryostat provided cooling during the neu-
tron scattering experiment (using a fixed neutron wavelength
of 0.825 Å), which was carried out using the CryoPad [17]
setup on beam line D3 at the ILL.
Initially, the sample was cooled below Tc, fixing the

population of axial structural domains for the rest of the
experiment. Figure 2 shows the temperature dependence of
the intensity of the (1=3; 1=3; 0:44) magnetic peak (corre-
sponding to the propagation vector q1), which fits the
pyroelectric data well and confirms the simultaneous onset
of magnetic ordering and ferroelectricity at TN * 4 K. The
same sample was cooled in an applied electric field of both
'7:5 kV=cm and zero field, and the polarimetry compo-
nents measured. The results for the ("1=3;"1=3; 0:56)
peak are shown in Fig. 3(a), together with the calculations
(which contain no free parameters) from Eqs. (3) to (5).
It is clear that the components Pyx and Pzx couple to the
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FIG. 2 (color online). c-axis polarization (obtained by integrat-
ing the pyroelectic current) and intensity of the (1=3; 1=3; qz)
magnetic reflection (measured without polarization analysis) as a
function of temperature. Inset: The experimental geometry
showing the crystal orientation, direction of the applied E field,
and scattering vector Q ¼ k0 " k.
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FIG. 3 (color online). (a) Polarimetry components following
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show the calculations. (b) Hysteresis loops in Pzx as a function
of the applied electric field for two magnetic reflections. The
chiralities ð!t;!hÞ ¼ ð';'Þ are indicated.

TABLE I. The eight possible contributions of the magnetic
structure to the scattered intensity. !t: the triangular chirality,
!h: the helical chirality, Q: the position of the peak in reciprocal
space, G: a reciprocal lattice vector, q1 ¼ ð1=3; 1=3; qzÞ, q2 ¼
ð"1=3;"1=3; qzÞ. The magnetic structure factor M is given in
terms of the orthonormal vectors û and v̂.

!t ¼ 1 !h ¼ 1 Q ¼ G' q1 M / ðû+ iv̂Þ
!h ¼ "1 Q ¼ G' q2 M / ðû' iv̂Þ

!t ¼ "1 !h ¼ 1 Q ¼ G' q2 M / ðû+ iv̂Þ
!h ¼ "1 Q ¼ G' q1 M / ðû' iv̂Þ

PRL 108, 237201 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
8 JUNE 2012

237201-3
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setting the polarization direction of the incoming beam and reorienting the selected
polarization direction for the outgoing beam along a given quantization axis where
the polarization amplitude is determined as

Pf =
I+ − I−
I+ + I−

from the counts I+ and I− of the neutrons in the spin states |+ > and |− >.
The polarization matrix, that can be derived from the Blume and Maleyev equa-

tions, is given by the following expression using the reduced notations:

P =
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The chiral scattering is present in the expression of the diagonal term Pxx. It con-
tributes also to the Pyx and Pzx matrix components. Note that the non-diagonal
matrix elements give access to the magnetic symmetric crossed correlation functions
(Myz) and to the antisymmetric nuclear-magnetic correlation functions (Iy and Iz),
that can not be determined by LPA. When the nuclear-magnetic interference con-
tributions can be ignored, Pyx and Pzx, which then are equal, provide directly the
sign of the chiral term and then allow determining the absolute vector chirality of
a magnetic structure. The chiral term can be fully determined from the sum of the
Pyx (or Pzx) quantities obtained with a given initial polarization along y (z) and the
initial polarization with opposite sign:

Mch = −
Pyx + Pȳx
2

σ0 = −
Pzx + Pz̄x
2

σ0.

3.4 Diffraction from crystals

It is customary to distinguish among the scattering processes of neutrons by a crystal
- the coherent scattering that arises from a perfectly periodic interaction potential,
which in concrete materials is merely the actual potential averaged over all the static
and dynamic crystal defects (it is worth emphasizing here, although this might go
without saying, that collective excitations such as phonons, magnons, · · · are evi-
dently not crystal defects but dynamics inherent to a perfect crystal),
- the intrinsic incoherent scattering due to random isotope distributions and random
nuclear spin orientations,
- the diffuse scattering associated with all other deviations of the interaction poten-
tial from the one of a perfect crystal (inherent for instance to nuclear or magnetic
impurities, interstitial or vacancy point defects, antisite pairs, clusters of defects, dis-
locations and disclinations, stacking faults, magnetic point, line and wall defects, · · · )
A distinction is also made according to whether a process occurs without energy
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120° moments on triangles 
in (a, b) plane 
 
Helices propagating  
along c with period ≈7c 
 

Single-crystal neutron diffraction:  
complex magnetic structure 

Marty et al., PRL 2008 

Neutrons, Sciences and Perspectives 29

Fig. 6. Top: magnetic structure of Ba3NbFe3Si2O14 with different colors for the three
Bravais lattices. Below: representation of the magnetic structures associated with the 4 pos-
sible chiral ground states (helical chirality=±1, triangular chirality=±1). The light colored
moments lie in one layer and the darker colored ones in the next layer along the c axis, a
black curved arrow defines the helical chirality. The red arrowed circle materializes the trian-
gular chirality. The structural chirality is related to the strongest diagonal exchange between
the two layers, which is shown as a purple/orange dashed arrow path for negative/positive
structural chirality.

A simple picture, considering the 120◦ spin arrangement on a trimer (J1) and the
strongest out-of-plane interaction (J5 or J3) that connect it to the superposed trimer,
allows to understand the relation between the structural and the magnetic chiralities.
Due to the out-of-plane interaction, one magnetic moment of a given trimer will be
anti-aligned with the magnetic moment of the upper trimer in the diagonal direction
(e.g., atoms 1 and 3’ in Fig. 6). This will result in a 60◦ rotation of the spins around
the c axis (e.g., from atom 1 to atom 1′ in Fig. 6) leading to a propagation vector
(0, 0, 1/6), and in the conservation of the triangular chirality on the upper trimer. If
the diagonal interaction is twisted in the other sense, i.e. for the opposite structural
chirality, the sense of rotation of the spins around the c axis will be opposite. The he-
lical chirality is thus related to the triangular chirality via the clockwise/anticlockwise
torsion of the exchange paths along the c axis resulting from the structural chirality.
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Spherical polarization analysis  with CRYOPAD 
èA single possibility is selected 

larized neutron’s single-crystal data refined for a left-
handed structural chirality (black circles in Fig. 3). An
additional experiment on single crystal using polarized
neutrons with spherical polarization analysis was per-
formed using the CRYOPAD device on the IN22 spec-
trometer at the ILL. This allows one to measure the three
orthogonal components of the polarization vector of the
neutron beam after scattering by the sample whatever the
polarization of the incoming neutron beam. It, however,
suffices to choose three orthogonal orientations of this
initial polarization to get all the accessible information at
a scattering vector (Qh;Qk;Ql). This leads to nine inde-
pendent data, giving the components !Pi;j (i; j ¼ X; Y; Z
with X k scattering vector and Z ? scattering plane) of
the so-called polarization matrix !P [23]. This was mea-
sured on 8 magnetic peaks of the type ("1; 2; l# !) and
(1;"2; l# !) with l 2 ½0; 3%. It is found out from the
formalism [24] that the polarization matrices !P are only
sensitive to the helicity "H, with the components !PY;X and
!PZ;X being proportional to the associated distribution of
helicity domains. A fit of our data with respect to domain
proportions systematically leads to a single helicity in the
crystal [see Fig. 3(b)]. This, in turn, indicates the selection
of one ("H; "H"T) pair, to agree with the unpolarized
diffraction data, thus the selection of the unique associated
triangular chirality.

A zero temperature mean-field analysis was undertaken
to get more insight about the magnetic structure and to
relate it to the crystal structure [25]. A set of five exchange
interaction parameters was considered in the Heisenberg

Hamiltonian H ¼ " 1
2

P
i;jJk ~Si & ~Sj, namely, J1, the intra-

triangle first neighbor interactions, J2, the intertriangle
second neighbor interactions in the (a; b) plane, and J3 to
J5 , the intertriangle interactions of adjacent planes (see
Fig. 1). These last three super-superexchange paths are
nonequivalent. As from the crystal geometry, it appears
that the strongest one (shorter bond lengths and bond
angles closer to 180' [26]) would be the diagonal J5
interaction. It links spins screwlike along the c axis, trig-
onometrically (antitrigonometrically) for right-handed
(left-handed) structural chirality. With antiferromagnetic
J1 and J2 and null interplane interactions (J3 to J5 ¼ 0),

the diagonalization of the Fourier transform of the inter-
action matrix yields three solutions with zero propagation
vector: a less favored ferromagnetic order and two degen-
erate 120' spin structures with opposite triangular chi-
rality. With additional weak interplane interactions where
one diagonal interaction prevails over the other two, a
helical modulation is generated along the c axis and the
degeneracy of the two 120' spin configurations is lifted.
The favored solution for left-handed structural chirality
then corresponds to the two ("H; "H"T) pairs found with
unpolarized neutron single-crystal diffraction. Inverting
the structural chirality we get the two other ("H; "H"T)
pairs [see Fig. 4(b)].
Additional understanding can be gained by simple geo-

metrical considerations. Given the 120' spin structure in
the triangles, if one considers only one predominant diago-
nal antiferromagnetic interaction between adjacent layers,
one atom of a given triangle will be antialigned with the
atom of the upper triangle in the diagonal direction [e.g.,
atoms 1 and 30 in Fig. 4(b)]. This will result in a rotation by
60' of the spins along the c axis (e.g., from atom 1 to
atom 10) leading to a propagation vector (0; 0; 1=6), close to
the value determined in Ba3NbFe3Si2O14. The departure

FIG. 3 (color online). (a) Single-crystal diffraction: calculated
versus observed integrated magnetic intensities for different
("H; "H"T) pairs (see text). (b) Spherical polarization analysis:
calculated versus observed final polarization for 8 magnetic
Bragg peaks. The calculated values are those obtained from a
refinement of the distribution of domains, which yields the best
agreement with the observed values for a single domain of
helicity.

FIG. 2 (color online). (a) Magneti-
zation versus magnetic field with the
field applied k or ? to the c axis.
Inset: Difference between k and ?
curves below TN . (b) High field suscep-
tibility versus temperature for both k and
? orientations.
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FIG. 1: Schematic illustration of the Ba3NbFe3Si2O14 crys-
tallographic structure. The five magnetic exchange paths J1

to J5 are shown.

(✏H = �1, ✏� = +1) [28]. In order to explain this unique
chiral magnetic ground state, a model based on the com-
bination between the structural chirality, five magnetic
exchange paths from J1 to J5 (see Fig. 1) with the anti-
symmetric Dzyaloshinskii-Moriya (DM) exchange inter-
action component along the ~c-axis [33, 34] was proposed
[25, 28, 35]. However, weak experimental evidence have
recently been observed on the Ba3NbFe3Si2O14 com-
pound showing that its magnetic structure is modulated
with a butterfly component along the ~c-axis and some
others weak experimental results could be explained by
the structural loss of the 3-fold axis [36, 37]. In this
paper, we will report new experimental evidence on the
Ba3NbFe3Si2O14 and Ba3TaFe3Si2O14 compounds (Nb-
compound and Ta-compound respectively), probed by
polarized and unpolarized neutron measurements, show-
ing that this previous picture is still incomplete.

In our study, we have performed two types of neutron
scattering measurements: unpolarized and polarized neu-
trons with longitudinal polarization analysis. The un-
polarized neutron experiments are realized on the IN5
time-of-flight spectrometer installed at the Institut Laue-
Langevin (ILL) high-flux reactor in Grenoble. The inci-
dent wavelength was fixed at 4 Å . The experiments are
carried out at 1.6 K for the Nb-compound and at 1.5 K
for the Ta-compound. We also performed polarized neu-
tron measurements with longitudinal polarization analy-
sis on the CRG-CEA IN22 triple-axis spectrometer at
ILL. Two di↵erent monochromater-analyser configura-
tions are used:

(1) The Heusler-Heusler (H-H) configuration, which al-
lows to discriminate the magnetic from nuclear contribu-
tions.

(2) The Graphite-Heusler (G-H) configuration, which
increases the incident neutron flux and enables to get rid
of the initial polarization of the incident neutron beam.

In both unpolarized and polarized neutrons experi-
ments, the Nb and Ta single-crystals were oriented with
the ~a-axis vertical in order to probe the (~b*, ~c*) scattering
plane.

From our results, the first experimental evidence show-
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FIG. 2: Magnetic satellites probed by neutron scattering on
the Nb-compound. (a) Bragg peaks (blue) and magnetic
satellites (red) positions in the reciprocal space predicted for
the known crystallographic and magnetic structures. (b) Zero
energy cut from unpolarized neutrons measurements (IN5) at
1.6 K, data were integrated from E = -0.1 meV to E = 0.1
meV. Dashed red and black lines show the additional satel-
lites. (c) and (d) correspond to !-scans from polarized neu-
trons measurements with longitudinal polarization analysis in
the H-H configuration for the (0 1 1-3⌧) and (0 0 1+⌧) satel-
lites at 2 K. The nuclear and magnetic contributions were
separated.

ing that the comprehension of the Nb-compound struc-
ture is incomplete concerns the observation of additional
magnetic satellites. Fig. 2 gives an overview of the unpo-
larized and polarized neutrons scattering measurements.
These measurements are compared to the expected po-
sitions of the magnetic satellites if the magnetic struc-
ture of this compound was a perfect helical structure (see
Fig. 2(a)):
(1) For a perfect magnetic helix: magnetic satellites are

present only at | ~Q |=| ~H ± ~⌧ | (red points on Fig. 2(a)).
(2) For a perfect 120� magnetic arrangement on trian-

gles: an extinction of the magnetic structure factor along
the (0 0 `) line should be observed [39].
However, from unpolarized neutron measurements,

these two conditions are not satisfied. Indeed, higher
order satellites are measured at | ~Q |=| ~H ± 2~⌧ | and
| ~Q |=| ~H ± 3~⌧ | [dashed red lines on the Fig. 2(b)]. In
addition, first-order satellites (±⌧) along the (0 0 `) line
are also present [dashed black line on the Fig. 2(b)]. Po-
larized neutrons measurements with longitudinal polar-
ization analysis in the H-H configuration allows to iden-
tify their nuclear and / or magnetic contributions. The
third-order satellites [see Fig. 2(c)] and the first-order
satellites along the (0 0 `) line [see Fig. 2(d)] have a
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FIG. 1: Schematic illustration of the Ba3NbFe3Si2O14 crys-
tallographic structure. The five magnetic exchange paths J1

to J5 are shown.

(✏H = �1, ✏� = +1) [28]. In order to explain this unique
chiral magnetic ground state, a model based on the com-
bination between the structural chirality, five magnetic
exchange paths from J1 to J5 (see Fig. 1) with the anti-
symmetric Dzyaloshinskii-Moriya (DM) exchange inter-
action component along the ~c-axis [33, 34] was proposed
[25, 28, 35]. However, weak experimental evidence have
recently been observed on the Ba3NbFe3Si2O14 com-
pound showing that its magnetic structure is modulated
with a butterfly component along the ~c-axis and some
others weak experimental results could be explained by
the structural loss of the 3-fold axis [36, 37]. In this
paper, we will report new experimental evidence on the
Ba3NbFe3Si2O14 and Ba3TaFe3Si2O14 compounds (Nb-
compound and Ta-compound respectively), probed by
polarized and unpolarized neutron measurements, show-
ing that this previous picture is still incomplete.

In our study, we have performed two types of neutron
scattering measurements: unpolarized and polarized neu-
trons with longitudinal polarization analysis. The un-
polarized neutron experiments are realized on the IN5
time-of-flight spectrometer installed at the Institut Laue-
Langevin (ILL) high-flux reactor in Grenoble. The inci-
dent wavelength was fixed at 4 Å . The experiments are
carried out at 1.6 K for the Nb-compound and at 1.5 K
for the Ta-compound. We also performed polarized neu-
tron measurements with longitudinal polarization analy-
sis on the CRG-CEA IN22 triple-axis spectrometer at
ILL. Two di↵erent monochromater-analyser configura-
tions are used:

(1) The Heusler-Heusler (H-H) configuration, which al-
lows to discriminate the magnetic from nuclear contribu-
tions.

(2) The Graphite-Heusler (G-H) configuration, which
increases the incident neutron flux and enables to get rid
of the initial polarization of the incident neutron beam.

In both unpolarized and polarized neutrons experi-
ments, the Nb and Ta single-crystals were oriented with
the ~a-axis vertical in order to probe the (~b*, ~c*) scattering
plane.

From our results, the first experimental evidence show-
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FIG. 2: Magnetic satellites probed by neutron scattering on
the Nb-compound. (a) Bragg peaks (blue) and magnetic
satellites (red) positions in the reciprocal space predicted for
the known crystallographic and magnetic structures. (b) Zero
energy cut from unpolarized neutrons measurements (IN5) at
1.6 K, data were integrated from E = -0.1 meV to E = 0.1
meV. Dashed red and black lines show the additional satel-
lites. (c) and (d) correspond to !-scans from polarized neu-
trons measurements with longitudinal polarization analysis in
the H-H configuration for the (0 1 1-3⌧) and (0 0 1+⌧) satel-
lites at 2 K. The nuclear and magnetic contributions were
separated.

ing that the comprehension of the Nb-compound struc-
ture is incomplete concerns the observation of additional
magnetic satellites. Fig. 2 gives an overview of the unpo-
larized and polarized neutrons scattering measurements.
These measurements are compared to the expected po-
sitions of the magnetic satellites if the magnetic struc-
ture of this compound was a perfect helical structure (see
Fig. 2(a)):
(1) For a perfect magnetic helix: magnetic satellites are

present only at | ~Q |=| ~H ± ~⌧ | (red points on Fig. 2(a)).
(2) For a perfect 120� magnetic arrangement on trian-

gles: an extinction of the magnetic structure factor along
the (0 0 `) line should be observed [39].
However, from unpolarized neutron measurements,

these two conditions are not satisfied. Indeed, higher
order satellites are measured at | ~Q |=| ~H ± 2~⌧ | and
| ~Q |=| ~H ± 3~⌧ | [dashed red lines on the Fig. 2(b)]. In
addition, first-order satellites (±⌧) along the (0 0 `) line
are also present [dashed black line on the Fig. 2(b)]. Po-
larized neutrons measurements with longitudinal polar-
ization analysis in the H-H configuration allows to iden-
tify their nuclear and / or magnetic contributions. The
third-order satellites [see Fig. 2(c)] and the first-order
satellites along the (0 0 `) line [see Fig. 2(d)] have a
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some component along the c direction (caused by magneto-
lattice coupling) could be the reason for the dielectric
constant drop and appearance of the electric polarization at
the magnetic transition. Recent studies of HoMnO3 have
demonstrated that the magnitude of these atomic displace-

ments are ∼0.05-0.09Å, which could be observed by high
resolution neutron diffraction but not by conventional powder
X-ray diffraction. In the case of Ba3NbFe3Si2O14, low-
temperature X-ray diffraction patterns have been measured
down to 10 K, but no structural phase transition or structural
distortion was observed around TN. The lattice parameters
show a smooth variation with decreasing temperature (inset
of Figure 1c). The possibility of a lattice distortion on the
order of <0.1 Å needs further neutron diffraction measure-
ments to confirm.

4. Conclusions

In summary, the new multiferroic system Ba3NbFe3Si2O14

has been synthesized and characterized with a magnetic
ordering temperature of TN ) 26 K. The coupling of the
electric and magnetic degrees of freedom below TN has been
demonstrated through the formation of a spontaneous electric
polarization. Future studies of the spin excitation spectrum,
along with high resolution structural determinations, would
be highly desirable for a complete picture of the mechanism
for multiferroicity. As well, the substitution of various
transition metal ions to replace the Fe3+ spins should result
in a new class of materials to explore as geometrically
frustrated magnets, or as new candidates for functional
magnetic oxides.

Acknowledgment. This work utilized facilities supported in
part by the NSF Grant DMR-0504769. A portion of this work
was made possible by the NHMFL IHRP, the EIEG program,
and the State of Florida.

CM8018082

Figure 4. (a) Temperature dependences of the dielectric constant and
polarization for Ba3NbFe3Si2O14; (b) polarization-electric field hysteresis
at 40 and 10 K.
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(magnetic field) dependence of electric polarization, P, was
obtained by the integration of pyroelectric (magnetoelectric)
current measured using an electrometer with the temperature
(magnetic field) variation of 4 K/min (0.02 T/s).

Magnetic properties of our BNFSO crystals were meas-
ured along the three different orthogonal directions (a, b*,
and c). Fig. 1(b) shows magnetization curves in H¼ 0.2 T. A
clear anomaly occurs at TN" 27 K with a substantial mag-
netic anisotropy. Below the TN, the almost indistinguishable
decreasing behavior of magnetizations along the a and b*
axes and the increase of magnetization along the c axis, indi-
cate the easy-planar antiferromagnetic order of Fe3þ spins.
In Fig. 1(c), the isothermal magnetizations exhibit a small
bending at low magnetic fields and then increases linearly up
to 7 T. They also reveal the slight magnetic anisotropy, con-
sistent with the previous reports.18,19

In our thorough investigation of ferroelectric properties
along the three orthogonal axes, the clear evidence of the
multiferroicity of BNFSO is obtained from the onset of fer-
roelectric polarizations at TN¼ 27 K under zero magnetic
field. As shown in Fig. 2(a), the ferroelectric polarizations
emerge for all three different orientations below TN. The
polarization along the a-axis (Pa) appears with the magni-
tude of Pa" 7 lC/m2 and shows almost linear increase as the
temperature decreases. Pc and Pb* are only about 1 lC/m2 at
the lowest temperature. In Fig. 2(b), the dielectric constant
along the a axis (ea) exhibits the weak anomalous feature at
TN consistent with the small magnitude of electric polariza-
tion, while the specific heat reveals the sharp feature at TN.
Our observation of Pa is consistent with the THz-spectrum
experimental result and Ginzburg-Landau free energy analy-
sis. It is also compatible with the recent structural study
which reveals that the non-polar P321 symmetry is lowered
to polar C2 symmetry at low temperature, that is, Fe3þ trian-
gles are no longer equilateral and the three fold symmetry is
broken.20

We emphasize that the observation of a ferroelectric
polarization without any poling dependence is unique. In

magnetism-driven ferroelectrics, the magnitude of a polar-
ization is quite small compared to that in the conventional
ferroelectrics. Therefore, temperature and magnetic field
dependences of polarizations are attained using the pyroelec-
tric and ME current measurements, respectively. Cooling
from a temperature above a multiferroic transition under the
external electric and/or magnetic fields creates a single ME
domain, which gives rise to the fully saturated magnitude of
ferroelectric polarization. In the case of BNFSO, no poling
dependence is detected in the magnitude of polarization.

FIG. 1. (a) (Top) Planar crystallo-
graphic structure of Ba3NbFe3Si2O14.
Three orthogonal crystallographic ori-
entations are denoted as a, b*, and c.
Blue arrows indicate Fe3þ spins with
one fixed triangular chirality. J1 and J2

are the nearest intra- and inter-triangular
couplings, respectively, in the plane.
(Bottom) Two adjacent triangles of
Fe3þ ions along the c-axis. Spin
arrangement in each triangle is dis-
played separately and shows spin helic-
ity along the c-axis. J3 to J5 are the
inter-planar interactions between adja-
cent triangles along the c-axis. Two
inter-diagonal interactions, J3 and J5 are
asymmetric. (b) Temperature dependent
magnetic susceptibility measured in
H¼ 0.2 T along the a, b*, and c axes.
Dotted line indicates the Nèel tempera-
ture of $27 K. (c) Isothermal magnet-
ization with both ramping up and down
measurements along the a, b*, and c
axes at 2 K.

FIG. 2. (b) Temperature dependence of ferroelectric polarizations in abso-
lute magnitudes along the a, b*, and c axes in zero magnetic field.
Polarization emerges mainly along the a axis. (a) Temperature dependence
of dielectric constant along the a-axis and specific heat divided by tempera-
ture in H¼ 0 T.
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Forbidden satellites along the (0,0,l) direction 

è polarization along the 2-fold axis a 

(magnetic field) dependence of electric polarization, P, was
obtained by the integration of pyroelectric (magnetoelectric)
current measured using an electrometer with the temperature
(magnetic field) variation of 4 K/min (0.02 T/s).

Magnetic properties of our BNFSO crystals were meas-
ured along the three different orthogonal directions (a, b*,
and c). Fig. 1(b) shows magnetization curves in H¼ 0.2 T. A
clear anomaly occurs at TN" 27 K with a substantial mag-
netic anisotropy. Below the TN, the almost indistinguishable
decreasing behavior of magnetizations along the a and b*
axes and the increase of magnetization along the c axis, indi-
cate the easy-planar antiferromagnetic order of Fe3þ spins.
In Fig. 1(c), the isothermal magnetizations exhibit a small
bending at low magnetic fields and then increases linearly up
to 7 T. They also reveal the slight magnetic anisotropy, con-
sistent with the previous reports.18,19

In our thorough investigation of ferroelectric properties
along the three orthogonal axes, the clear evidence of the
multiferroicity of BNFSO is obtained from the onset of fer-
roelectric polarizations at TN¼ 27 K under zero magnetic
field. As shown in Fig. 2(a), the ferroelectric polarizations
emerge for all three different orientations below TN. The
polarization along the a-axis (Pa) appears with the magni-
tude of Pa" 7 lC/m2 and shows almost linear increase as the
temperature decreases. Pc and Pb* are only about 1 lC/m2 at
the lowest temperature. In Fig. 2(b), the dielectric constant
along the a axis (ea) exhibits the weak anomalous feature at
TN consistent with the small magnitude of electric polariza-
tion, while the specific heat reveals the sharp feature at TN.
Our observation of Pa is consistent with the THz-spectrum
experimental result and Ginzburg-Landau free energy analy-
sis. It is also compatible with the recent structural study
which reveals that the non-polar P321 symmetry is lowered
to polar C2 symmetry at low temperature, that is, Fe3þ trian-
gles are no longer equilateral and the three fold symmetry is
broken.20

We emphasize that the observation of a ferroelectric
polarization without any poling dependence is unique. In

magnetism-driven ferroelectrics, the magnitude of a polar-
ization is quite small compared to that in the conventional
ferroelectrics. Therefore, temperature and magnetic field
dependences of polarizations are attained using the pyroelec-
tric and ME current measurements, respectively. Cooling
from a temperature above a multiferroic transition under the
external electric and/or magnetic fields creates a single ME
domain, which gives rise to the fully saturated magnitude of
ferroelectric polarization. In the case of BNFSO, no poling
dependence is detected in the magnitude of polarization.

FIG. 1. (a) (Top) Planar crystallo-
graphic structure of Ba3NbFe3Si2O14.
Three orthogonal crystallographic ori-
entations are denoted as a, b*, and c.
Blue arrows indicate Fe3þ spins with
one fixed triangular chirality. J1 and J2

are the nearest intra- and inter-triangular
couplings, respectively, in the plane.
(Bottom) Two adjacent triangles of
Fe3þ ions along the c-axis. Spin
arrangement in each triangle is dis-
played separately and shows spin helic-
ity along the c-axis. J3 to J5 are the
inter-planar interactions between adja-
cent triangles along the c-axis. Two
inter-diagonal interactions, J3 and J5 are
asymmetric. (b) Temperature dependent
magnetic susceptibility measured in
H¼ 0.2 T along the a, b*, and c axes.
Dotted line indicates the Nèel tempera-
ture of $27 K. (c) Isothermal magnet-
ization with both ramping up and down
measurements along the a, b*, and c
axes at 2 K.

FIG. 2. (b) Temperature dependence of ferroelectric polarizations in abso-
lute magnitudes along the a, b*, and c axes in zero magnetic field.
Polarization emerges mainly along the a axis. (a) Temperature dependence
of dielectric constant along the a-axis and specific heat divided by tempera-
ture in H¼ 0 T.
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ture of $27 K. (c) Isothermal magnet-
ization with both ramping up and down
measurements along the a, b*, and c
axes at 2 K.

FIG. 2. (b) Temperature dependence of ferroelectric polarizations in abso-
lute magnitudes along the a, b*, and c axes in zero magnetic field.
Polarization emerges mainly along the a axis. (a) Temperature dependence
of dielectric constant along the a-axis and specific heat divided by tempera-
ture in H¼ 0 T.

072904-2 Lee, Choi, and Cheong Appl. Phys. Lett. 104, 072904 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
147.173.66.88 On: Mon, 17 Mar 2014 09:35:56

Multiferroism: examples 
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Complexity is beautiful! 
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