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Multiferroics represent an appealing 
class of multifunctional materials 
that simultaneously exhibit several 

ferroic orders such as ferroelectricity and 
antiferromagnetism1. The coexistence of 
several order parameters brings about novel 
physical phenomena and offers possibilities 
for new device functions. Of particular 
interest is the existence of a cross-coupling 
between the magnetic and electric orders, 
termed magnetoelectric coupling. This 
coupling enables the control of the 
ferroelectric polarization by a magnetic 
field and, conversely, the manipulation of 
magnetization by an electric field. Although 
the former effect has been demonstrated 
in several materials such as TbMnO3 
and TbMn2O5 (refs 2,3), the electrical 
control of magnetism in magnetoelectric 
multiferroics has rarely been reported, 
even though it is much more attractive 
for device applications. On page 478 of 
this issue, Ying-Hao Chu and colleagues 
address this central question, reporting 
the magnetoelectric manipulation of 
magnetization at room temperature4. 

With multiferroics, the coexistence 
of several order parameters and the 
magnetoelectric coupling can both be 
exploited in novel types of memory 
elements. As ferroelectric polarization 
and magnetization are used to encode 
binary information in FeRAMs 
(ferroelectric random access memories) 
and MRAMs (magnetic random access 
memories), respectively, the coexistence 
of magnetization and polarization in a 
multiferroic material allow the realization 
of four-state logic in a single device5. More 
complex schemes have even been proposed 
in order to store up to eight logic states6. 

Beyond the combination of ferroic 
properties in a single device, the 
electrical control of magnetization via 
the magnetoelectric coupling offers the 
opportunity of combining the respective 
advantages of FeRAMs and MRAMs in 

the form of non-volatile magnetic storage 
bits that are switched by an electrical field. 
Indeed, although the characteristics of 
MRAMs equal or surpass those of alternative 
non-volatile memory technologies in terms 
of access time and endurance, they have a 
large handicap in their high writing energy. 
A possible solution for reducing the writing 
energy uses a spin-polarized current to 
reverse the magnetization of the storage 
layer by spin-transfer7 rather than magnetic 
fields. Spin-transfer MRAMs are currently 
being developed by several companies and a 
2 Mb memory was recently demonstrated8. 

An alternative solution that could 
drastically reduce the writing energy of 
MRAMs is the use of a write scheme based 
on the application of a voltage rather 

than large currents. The magnetoelectric 
coupling in multiferroics provides such an 
opportunity. The basic operation of such 
magnetoelectric random access memories 
(MERAMs) combines the magnetoelectric 
coupling with the interfacial exchange 
coupling between a multiferroic and a 
ferromagnet to switch the magnetization of 
the ferromagnetic layer by using a voltage 
(Fig. 1). In MERAMs, the magnetoelectric 
coupling enables an electric field to control 
the exchange coupling at the interface of 
the multiferroic with the ferromagnet. The 
exchange coupling across the interface 
then controls the magnetization of the 
ferromagnetic layer, so that ultimately this 
magnetization can be switched by the electric 
polarization of the multiferroic. Driven by 

The room-temperature manipulation of magnetization by an electric field using the multiferroic 
BiFeO3 represents an essential step towards the magnetoelectric control of spintronics devices.

MULTIFERROICS

Towards a magnetoelectric memory
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Figure 1 Sketch of a possible MERAM element. The binary information is stored by the magnetization direction of 
the bottom ferromagnetic layer (blue), read by the resistance of the magnetic trilayer (Rp when the magnetizations 
of the two ferromagnetic layers are parallel), and written by applying a voltage across the multiferroic ferroelectric–
antiferromagnetic layer (FE-AFM; green). If the magnetization of the bottom ferromagnetic layer is coupled to the 
spins in the multiferroic (small white arrows) and if the magnetoelectric coupling is strong enough, reversing the 
ferroelectric polarization P in the multiferroic changes the magnetic configuration in the trilayer from parallel to 
antiparallel, and the resistance from Rp to antiparallel (Rap). A hysteretic dependence of the device resistance with 
voltage is achieved (blue curve).
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Type-­‐I	
  mul$ferroics	
  (alias	
  ferroelectromagnets	
  before	
  1993)	
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TABLE I. Ferroelectromagnets.

FIG. 1. Ideal unit cell of perovskite ABOj. Tbe B ion lies at
the center of the cube and the oxide ions at the centers of
the faces.

the perovskite lattice arises mainly from displacements
of the A and B ions. Here the ordering is favored by the
existence in the A sublattice of ions having a sterochem-
ically active unshared pair of 6s-electrons (Pb2 + ,Bi3+,
TD, with ions of the transition elements in the B sub-
lattice (Ti4+,Zr«+,Nb5+,W8+,Mo6+) that have a noble-
gas shell after the s- and rf-electrons have been re-
moved.4 However, these ions do not possess a mag-
netic moment. In order to satisfy the conditions nec-
essary for the appearance of ferroelectricity and
magnetism, ions were introduced into the octahedral
positions, some of which were ferroelectrically active,
and the others magnetic. Thus in 1961 both the first
ferroelectromagnet Pb (Fe2/3Wx/3)O3 which combined FE
properties with antiferromagnetic properties, and the
first ferroelectromagnetic solid solutions (1 - x)
Pb(Fez/3W1/3)O3+xPb(Mg1/2W1/2)O3 (the ions in the octa-
hedral positions are indicated in parentheses)8 were
prepared. Initially the measurements of the ferroelec-
tromagnetic properties were performed on polycry-
stalline specimens, and then on single crystals of
Pb(Fe2/3WJ/3)O3 and Pb(Fe1/2NbJ/2)O3.8 One of the first
ferroelectromagnets is also BiFeO3, in which FE7'8 and
antiferromagnetic ordering9-10 were found. At present
about 50 ferroelectromagnetic compounds and some
tens of solid solutions that combine ferro- and antifer-
roelectric properties with ferro-, ferri, and antiferro-
magnetic properties are known. A considerable number
of the ferroelectromagnets, especially solid solutions,
has been synthesized by the Moscow physicists.11 Not
only were the first ferroelectromagnetic crystals pre-
pared in the USSR, but also the largest number of pub-
lications on these compounds has been noted here.
Swiss, French, and Japanese scientists have also made
a considerable contribution to the synthesis and study
of ferroelectromagnets.

Practically all ferroelectromagnets are synthetic
compounds, while only two natural crystals are known:
congolite Fe3B7O13Cl and chambersite Mn^O^Cl.12'13

One can classify the ferroelectromagnets into several
fundamental classes according to structural features.

1. Compounds having the perovskite-type structure
A(B|, Bu ,... )O3 (see Fig. 1) containing magnetic ions
fully (e.g., BiFeO,,) or partially occupying the octahe-
dral B positions. They include the first ferroelectro-
magnetic ompounds Pb(Fe2/3W1/3)O3, Pb(Fei/2Nb1/2)O3,
Pb(Co1/2W1/3)O3, BiFeO3, the rhenium-containing perov-
skites Pb(S1/2Re1/2)O3 (B =Fe,Mn,Ni,Co)14-15, and others
(Nos. 1-16 in Table I). The compounds Bim41BmO3m^3
(.B = Fe3+,Ti4*) have also been synthesized, and have a
layered perovskite-like structure16 that amounts to

Compound

1. Pb (FerfjW,/,) 0,

2 Pb (Fe Nb ) 0
3! BiFeO1, * ' " '

4. Eiv.Bay'.TiO,
5. Pb (Mnj/.W,/,) 03
6. Pb (Mn^Re,/,) 0,
7. Pb (Mn1/,W1/t) 0,
8. Pb (Fe./jTa/, 2) 0,
9. Pb (Fe./.Re,/,) 0,

10. PB (Coj/jRe,/,) 0,
11. Pb (Ni./.Re./J 0,
12. Pb(COI/,W,/«)0,

13. BiMnO,
14. Cd (Fe,ftNb,/,) O,
15. BisBi4Fe2Ti,01B

16. Bi,Ti3F50,7

17. YMnOj
18. YBMnO,

19. HoMnOj

20. ErMnO,
21. TmMiiO,
22. LuMnO,
23. ScMnOj
24. Cr:,t'.,013Gl
25 ("ii..rl-Oi3Br
26. Crjlijo,,!
27. 5!ll3ll7<J13CI
28. Mn,ri,0,,Br
29. .Mii3!):(',,I
30. Fc3H,'.i13Cl
31 Fc,B,O 3Br
32^ Fi-,1',6,,1
33. Co3ll,Ol8Cl

34. Co3B.O,,Br
35. Co3B,O,3l
3G. Cu3B,013C!

37. CujE,0,,Br
38. Ni3B,018Cl

39. Ni,B,OiaBr

40. Ni3B,0J3I

41. BaNiF4

42. BaMnF.
43. BaCoF,
44. BaFeF4
45. Li (Fe,/,Ta,/,) 0,F

46. Cr2Bcll4
47. PbM/i.O,
48. Co,.,sMn,.M04
49. Cu(HCOO),-4H,0
50. P-Tb, (MoO,),
51. p-\aFcO,
52. FcS

Type of
electric
order

FE

FE
AFE?
FE

FE
AFE?
AFE?
AFE?
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AFE?
AFE?
AFE?
AFE
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AFE
AFE?
FE

FE

FE
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FE
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FE
FE
FE

FE
FE
FE

FE
FE

FE

FE
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PE
FE
PE
FE

FE
FE?
FE

AFE
FE
FE
FE

Type of
magnetic
order

AFM

AFM
AFM

FM
AFM
FIM
AFM
AFM
FIM
AFM
FIM

WFM
FM

AFM
FM?

WFM

AFM
AFM
WFM
AFM
WFM
AFM
AFM
AFM
AFM
AFM
AFM
AFM
AFM
AFM
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Magnetoelectric mea-
surements

Measurement of in-
ternal magnetic field
at the FE transition

Afc(l)
C(©M), induction of
P in spin-flop

e (651)

XME? ».
Induction of an
electric signal by
a magnetic field

m(E)
m(L)
m(K)

XME, m(t')

m (£), t (0![)
XME

8 (651)
XME

m(B)

XM E e(H), P(H),
m(E)

Anomaly in the
pyroelectric signalatr=eM"°
e(8 )

Induction of an
electric current by
a magnetic field

m (E)
XME

Notes: The data marked with a question mark require more
precise determination. Notation: Fe— ferroelectric, AFE—
antiferroelectric, PE— pyroelectric, FM— ferromagnet,
AFM — antiferromagnet, WFM — antiferromagnet with weak
ferromagnetism, FIM— ferrimagnet, iP® — static ME suscepti-
bility, Afc — spontaneous magnetization, E — amplitude of the
alternating electric field, E — dielectric permittivity.

alternating bismuth-oxygen and perovskite-like packets
with different numbers of octahedra in the packets (Fig.
2). The octahedral positions contain the ions Fe3+ and
Ti4+. The exchange interaction between the Fe3* ions
within a packet occurs along the chain of atoms Fe-O-Fe
forming an angle »180°. The Fe3* ions of adjacent pack-
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1. Compounds having the perovskite-type structure
A(B|, Bu ,... )O3 (see Fig. 1) containing magnetic ions
fully (e.g., BiFeO,,) or partially occupying the octahe-
dral B positions. They include the first ferroelectro-
magnetic ompounds Pb(Fe2/3W1/3)O3, Pb(Fei/2Nb1/2)O3,
Pb(Co1/2W1/3)O3, BiFeO3, the rhenium-containing perov-
skites Pb(S1/2Re1/2)O3 (B =Fe,Mn,Ni,Co)14-15, and others
(Nos. 1-16 in Table I). The compounds Bim41BmO3m^3
(.B = Fe3+,Ti4*) have also been synthesized, and have a
layered perovskite-like structure16 that amounts to
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1. Pb (FerfjW,/,) 0,

2 Pb (Fe Nb ) 0
3! BiFeO1, * ' " '

4. Eiv.Bay'.TiO,
5. Pb (Mnj/.W,/,) 03
6. Pb (Mn^Re,/,) 0,
7. Pb (Mn1/,W1/t) 0,
8. Pb (Fe./jTa/, 2) 0,
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16. Bi,Ti3F50,7

17. YMnOj
18. YBMnO,
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42. BaMnF.
43. BaCoF,
44. BaFeF4
45. Li (Fe,/,Ta,/,) 0,F

46. Cr2Bcll4
47. PbM/i.O,
48. Co,.,sMn,.M04
49. Cu(HCOO),-4H,0
50. P-Tb, (MoO,),
51. p-\aFcO,
52. FcS
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Magnetoelectric mea-
surements

Measurement of in-
ternal magnetic field
at the FE transition

Afc(l)
C(©M), induction of
P in spin-flop

e (651)

XME? ».
Induction of an
electric signal by
a magnetic field

m(E)
m(L)
m(K)

XME, m(t')

m (£), t (0![)
XME

8 (651)
XME

m(B)

XM E e(H), P(H),
m(E)

Anomaly in the
pyroelectric signalatr=eM"°
e(8 )

Induction of an
electric current by
a magnetic field

m (E)
XME

Notes: The data marked with a question mark require more
precise determination. Notation: Fe— ferroelectric, AFE—
antiferroelectric, PE— pyroelectric, FM— ferromagnet,
AFM — antiferromagnet, WFM — antiferromagnet with weak
ferromagnetism, FIM— ferrimagnet, iP® — static ME suscepti-
bility, Afc — spontaneous magnetization, E — amplitude of the
alternating electric field, E — dielectric permittivity.

alternating bismuth-oxygen and perovskite-like packets
with different numbers of octahedra in the packets (Fig.
2). The octahedral positions contain the ions Fe3+ and
Ti4+. The exchange interaction between the Fe3* ions
within a packet occurs along the chain of atoms Fe-O-Fe
forming an angle »180°. The Fe3* ions of adjacent pack-
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By extensive studies of both neutron and synchrotron X-ray diffraction, we discover that the structure deviates from
well-known Debye–Gruneissen predictions below TN in multiferroic BiFeO3. At the same time, it exhibits a
magnetoelastic effect of "0:4%, when it undergoes a spiral magnetic order with an extremely long incommensurate
period of 630 !A. We show that this additional electric polarization is proportional to the intensity of magnetic Bragg
peaks. When subjected to high magnetic fields, our experiments and Monte-Carlo simulation results indicate that
magnetic field of "20T unwinds the spiral magnetic structure and quenches the magnetoelastic effect. This is then
accompanied by the reduction of electric polarization of 40 nC/cm2. The experimental and theoretical results
combined together suggest that antisymmetric Dzyaloshinskii–Moriya interaction play a key role in these phenomena.
Our results demonstrate an intriguing positive feedback effect among magnetic order, polarization, and the lattice in
BiFeO3.

KEYWORDS: multiferroic, BiFeO3, diffraction studies, high field experiments, metamagnetic transition

1. Introduction

Both ferroelectricity and magnetism are two key corner-
stones of modern technological society. Consequently,
their understanding has been a central goal of material
sciences and engineering for centuries. In nature, there are
numerous examples showing one of the two physical
properties. However, materials having both ground states
simultaneously are relatively rare, and this scarcity has
challenged our intellectual curiosity for more than a
century.1,2)

Of the multiferroic materials, BiFeO3 shows several
distinctive and advantageous properties. First and foremost,
it is the only material having multiferroic behavior above
room temperature: a ferroelectric transition at TC ¼ 1050K
and an antiferromagnetic ordering at TN ¼ 650K.3,4)

Furthermore, it has one of the largest ever reported values
of polarization, 100 !C/cm2, with the non-centrosymmetric
space group of R3c in the ferroelectric phase.5,6) Although
the nature of the ferroelectric transition was initially a matter
of some debate,7) latest neutron diffraction studies showed
that it is in an orthorhombic phase above the transition
temperature.8) Another interesting point to be made is that
when it undergoes basically a G-type magnetic ordering
at 650K an incommensurate structure is formed with an
extremely long period of 630 !A (see Fig. 1). In the
hexagonal notation, the propagation vector of the incom-

mensurate structure is Q ¼ ½0:0045; 0:0045; 0% at room
temperature with a chiral vector of e3 ¼ ½1;&1; 0%.4)

In this study, by using an extensive range of experimental
tools together with theoretical studies of Monte-Carlo
simulations we found a change of 40 nC/cm2 in electric
polarization due to a magnetoelectric coupling associated
with the magnetic ordering below TN and successfully

P

[110]

=630 Å λλ 

Fig. 1. (Color online) Crystal structure is shown with Bi (large circles
without arrow), Fe (large circles with arrow), and O (small circles). The
arrow on the right is for the electric polarization P. The arrow at the Fe sites
of the incommensurate magnetic structure indicates the magnetic moments.
The magnetic cell (dashed lines) is shown for a G-type antiferromagnetic
structure.
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TABLE I. Ferroelectromagnets.

FIG. 1. Ideal unit cell of perovskite ABOj. Tbe B ion lies at
the center of the cube and the oxide ions at the centers of
the faces.

the perovskite lattice arises mainly from displacements
of the A and B ions. Here the ordering is favored by the
existence in the A sublattice of ions having a sterochem-
ically active unshared pair of 6s-electrons (Pb2 + ,Bi3+,
TD, with ions of the transition elements in the B sub-
lattice (Ti4+,Zr«+,Nb5+,W8+,Mo6+) that have a noble-
gas shell after the s- and rf-electrons have been re-
moved.4 However, these ions do not possess a mag-
netic moment. In order to satisfy the conditions nec-
essary for the appearance of ferroelectricity and
magnetism, ions were introduced into the octahedral
positions, some of which were ferroelectrically active,
and the others magnetic. Thus in 1961 both the first
ferroelectromagnet Pb (Fe2/3Wx/3)O3 which combined FE
properties with antiferromagnetic properties, and the
first ferroelectromagnetic solid solutions (1 - x)
Pb(Fez/3W1/3)O3+xPb(Mg1/2W1/2)O3 (the ions in the octa-
hedral positions are indicated in parentheses)8 were
prepared. Initially the measurements of the ferroelec-
tromagnetic properties were performed on polycry-
stalline specimens, and then on single crystals of
Pb(Fe2/3WJ/3)O3 and Pb(Fe1/2NbJ/2)O3.8 One of the first
ferroelectromagnets is also BiFeO3, in which FE7'8 and
antiferromagnetic ordering9-10 were found. At present
about 50 ferroelectromagnetic compounds and some
tens of solid solutions that combine ferro- and antifer-
roelectric properties with ferro-, ferri, and antiferro-
magnetic properties are known. A considerable number
of the ferroelectromagnets, especially solid solutions,
has been synthesized by the Moscow physicists.11 Not
only were the first ferroelectromagnetic crystals pre-
pared in the USSR, but also the largest number of pub-
lications on these compounds has been noted here.
Swiss, French, and Japanese scientists have also made
a considerable contribution to the synthesis and study
of ferroelectromagnets.

Practically all ferroelectromagnets are synthetic
compounds, while only two natural crystals are known:
congolite Fe3B7O13Cl and chambersite Mn^O^Cl.12'13

One can classify the ferroelectromagnets into several
fundamental classes according to structural features.

1. Compounds having the perovskite-type structure
A(B|, Bu ,... )O3 (see Fig. 1) containing magnetic ions
fully (e.g., BiFeO,,) or partially occupying the octahe-
dral B positions. They include the first ferroelectro-
magnetic ompounds Pb(Fe2/3W1/3)O3, Pb(Fei/2Nb1/2)O3,
Pb(Co1/2W1/3)O3, BiFeO3, the rhenium-containing perov-
skites Pb(S1/2Re1/2)O3 (B =Fe,Mn,Ni,Co)14-15, and others
(Nos. 1-16 in Table I). The compounds Bim41BmO3m^3
(.B = Fe3+,Ti4*) have also been synthesized, and have a
layered perovskite-like structure16 that amounts to
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1. Pb (FerfjW,/,) 0,

2 Pb (Fe Nb ) 0
3! BiFeO1, * ' " '

4. Eiv.Bay'.TiO,
5. Pb (Mnj/.W,/,) 03
6. Pb (Mn^Re,/,) 0,
7. Pb (Mn1/,W1/t) 0,
8. Pb (Fe./jTa/, 2) 0,
9. Pb (Fe./.Re,/,) 0,

10. PB (Coj/jRe,/,) 0,
11. Pb (Ni./.Re./J 0,
12. Pb(COI/,W,/«)0,

13. BiMnO,
14. Cd (Fe,ftNb,/,) O,
15. BisBi4Fe2Ti,01B

16. Bi,Ti3F50,7

17. YMnOj
18. YBMnO,

19. HoMnOj

20. ErMnO,
21. TmMiiO,
22. LuMnO,
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24. Cr:,t'.,013Gl
25 ("ii..rl-Oi3Br
26. Crjlijo,,!
27. 5!ll3ll7<J13CI
28. Mn,ri,0,,Br
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31 Fc,B,O 3Br
32^ Fi-,1',6,,1
33. Co3ll,Ol8Cl
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38. Ni3B,018Cl

39. Ni,B,OiaBr

40. Ni3B,0J3I

41. BaNiF4

42. BaMnF.
43. BaCoF,
44. BaFeF4
45. Li (Fe,/,Ta,/,) 0,F

46. Cr2Bcll4
47. PbM/i.O,
48. Co,.,sMn,.M04
49. Cu(HCOO),-4H,0
50. P-Tb, (MoO,),
51. p-\aFcO,
52. FcS
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Notes: The data marked with a question mark require more
precise determination. Notation: Fe— ferroelectric, AFE—
antiferroelectric, PE— pyroelectric, FM— ferromagnet,
AFM — antiferromagnet, WFM — antiferromagnet with weak
ferromagnetism, FIM— ferrimagnet, iP® — static ME suscepti-
bility, Afc — spontaneous magnetization, E — amplitude of the
alternating electric field, E — dielectric permittivity.

alternating bismuth-oxygen and perovskite-like packets
with different numbers of octahedra in the packets (Fig.
2). The octahedral positions contain the ions Fe3+ and
Ti4+. The exchange interaction between the Fe3* ions
within a packet occurs along the chain of atoms Fe-O-Fe
forming an angle »180°. The Fe3* ions of adjacent pack-
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FIG. 1. Ideal unit cell of perovskite ABOj. Tbe B ion lies at
the center of the cube and the oxide ions at the centers of
the faces.

the perovskite lattice arises mainly from displacements
of the A and B ions. Here the ordering is favored by the
existence in the A sublattice of ions having a sterochem-
ically active unshared pair of 6s-electrons (Pb2 + ,Bi3+,
TD, with ions of the transition elements in the B sub-
lattice (Ti4+,Zr«+,Nb5+,W8+,Mo6+) that have a noble-
gas shell after the s- and rf-electrons have been re-
moved.4 However, these ions do not possess a mag-
netic moment. In order to satisfy the conditions nec-
essary for the appearance of ferroelectricity and
magnetism, ions were introduced into the octahedral
positions, some of which were ferroelectrically active,
and the others magnetic. Thus in 1961 both the first
ferroelectromagnet Pb (Fe2/3Wx/3)O3 which combined FE
properties with antiferromagnetic properties, and the
first ferroelectromagnetic solid solutions (1 - x)
Pb(Fez/3W1/3)O3+xPb(Mg1/2W1/2)O3 (the ions in the octa-
hedral positions are indicated in parentheses)8 were
prepared. Initially the measurements of the ferroelec-
tromagnetic properties were performed on polycry-
stalline specimens, and then on single crystals of
Pb(Fe2/3WJ/3)O3 and Pb(Fe1/2NbJ/2)O3.8 One of the first
ferroelectromagnets is also BiFeO3, in which FE7'8 and
antiferromagnetic ordering9-10 were found. At present
about 50 ferroelectromagnetic compounds and some
tens of solid solutions that combine ferro- and antifer-
roelectric properties with ferro-, ferri, and antiferro-
magnetic properties are known. A considerable number
of the ferroelectromagnets, especially solid solutions,
has been synthesized by the Moscow physicists.11 Not
only were the first ferroelectromagnetic crystals pre-
pared in the USSR, but also the largest number of pub-
lications on these compounds has been noted here.
Swiss, French, and Japanese scientists have also made
a considerable contribution to the synthesis and study
of ferroelectromagnets.

Practically all ferroelectromagnets are synthetic
compounds, while only two natural crystals are known:
congolite Fe3B7O13Cl and chambersite Mn^O^Cl.12'13

One can classify the ferroelectromagnets into several
fundamental classes according to structural features.

1. Compounds having the perovskite-type structure
A(B|, Bu ,... )O3 (see Fig. 1) containing magnetic ions
fully (e.g., BiFeO,,) or partially occupying the octahe-
dral B positions. They include the first ferroelectro-
magnetic ompounds Pb(Fe2/3W1/3)O3, Pb(Fei/2Nb1/2)O3,
Pb(Co1/2W1/3)O3, BiFeO3, the rhenium-containing perov-
skites Pb(S1/2Re1/2)O3 (B =Fe,Mn,Ni,Co)14-15, and others
(Nos. 1-16 in Table I). The compounds Bim41BmO3m^3
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Measurement of in-
ternal magnetic field
at the FE transition

Afc(l)
C(©M), induction of
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e (651)

XME? ».
Induction of an
electric signal by
a magnetic field

m(E)
m(L)
m(K)
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m (£), t (0![)
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8 (651)
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m(B)

XM E e(H), P(H),
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Anomaly in the
pyroelectric signalatr=eM"°
e(8 )

Induction of an
electric current by
a magnetic field

m (E)
XME

Notes: The data marked with a question mark require more
precise determination. Notation: Fe— ferroelectric, AFE—
antiferroelectric, PE— pyroelectric, FM— ferromagnet,
AFM — antiferromagnet, WFM — antiferromagnet with weak
ferromagnetism, FIM— ferrimagnet, iP® — static ME suscepti-
bility, Afc — spontaneous magnetization, E — amplitude of the
alternating electric field, E — dielectric permittivity.

alternating bismuth-oxygen and perovskite-like packets
with different numbers of octahedra in the packets (Fig.
2). The octahedral positions contain the ions Fe3+ and
Ti4+. The exchange interaction between the Fe3* ions
within a packet occurs along the chain of atoms Fe-O-Fe
forming an angle »180°. The Fe3* ions of adjacent pack-
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The magnetoelectric effect—the induction of magnetization by
means of an electric field and induction of polarization by means
of a magnetic field—was first presumed to exist by Pierre Curie1,
and subsequently attracted a great deal of interest in the 1960s
and 1970s (refs 2–4). More recently, related studies on magnetic
ferroelectrics5–14 have signalled a revival of interest in this
phenomenon. From a technological point of view, the mutual
control of electric and magnetic properties is an attractive
possibility15, but the number of candidate materials is limited
and the effects are typically too small to be useful in applications.
Here we report the discovery of ferroelectricity in a perovskite
manganite, TbMnO3, where the effect of spin frustration causes

sinusoidal antiferromagnetic ordering. The modulated magnetic
structure is accompanied by a magnetoelastically induced lattice
modulation, and with the emergence of a spontaneous polariza-
tion. In the magnetic ferroelectric TbMnO3, we found gigantic
magnetoelectric and magnetocapacitance effects, which can be
attributed to switching of the electric polarization induced by
magnetic fields. Frustrated spin systems therefore provide a new
area to search for magnetoelectric media.
The room-temperature crystal structure of TbMnO3 investigated

here is the orthorhombically distorted perovskite structure (space
group Pbnm; Fig. 1a). We note that the perovskite structure of
TbMnO3 is distinct from that of the antiferromagnetic (AF) ferro-
electric hexagonal rare-earth manganites (for example, YMnO3) in
which magnetoelectric coupling has been well studied5–9. Further-
more, the perovskite TbMnO3 does not contain 6s lone pairs, which
produce a polar structure in magnetic ferroelectric perovskites
BiMnO3 (refs 11–13) and BiFeO3 (ref. 14). The electronic configu-
ration of the Mn3þ site in TbMnO3 is identical with that in the
parent compound of colossal magnetoresistive manganites,
LaMnO3, having the t2g

3 eg
1 configuration. In LaMnO3, staggered

orbital order of the d3x22r2=d3y22r2 type is responsible for the layered
(A-type) AF order. In contrast, the spin structure in TbMnO3 is a
sinusoidal AF ordering of the Mn3þ moments that takes place at

Figure 1 Appearance of ferroelectricity below a lock-in transition temperature in TbMnO3.

a, Rough sketches of crystal structure at room temperature (top) and spatial variation

along the b axis of Mn magnetic moment and atomic displacement (Dz //c ) below TN
(lower). Orange arrows denote Mn magnetic moments below TN. b–e, Temperature

profiles of magnetization and specific heat divided by temperature C/T (b), wavenumber of
lattice modulation kl (c), dielectric constant e at 10 kHz (d), and electric polarization P
along the principal axes in single crystals of TbMnO3 (e). The error bars of kl denote the
distribution of k related to the correlation length.
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mirror reflections the components of P and M parallel and perpendicular
to the mirror plane change as
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From the rules (8), (9) one sees that the linear ME effect (liner terms in
(1), (2), or (3)) can exist in a system only if both inversion and time reversal
are simultaneously broken: the energy (3) should be a scalar, and thus the
ME coefficient α should be both J - and T -odd. For that, first of all, the
system should have some magnetic ordering which breaks time reversal. In
most cases this is the standard magnetic ordering, for which the average spin
at a site ⟨Si⟩ ̸= 0, but one cannot exclude more complicated states such that
not the magnetic dipole ⟨S⟩ is nonzero, but rather there exists some non-zero
higher-order spin correlation function, containing an odd number of spins —
e.g. the magnetic octupole ∼ ⟨S1S2S3⟩. And the spatial inversion should
also be broken in order to have the linear ME effect; often this symmetry is
broken just by a particular type of magnetic ordering.
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The magnetoelectric effect—the induction of magnetization by
means of an electric field and induction of polarization by means
of a magnetic field—was first presumed to exist by Pierre Curie1,
and subsequently attracted a great deal of interest in the 1960s
and 1970s (refs 2–4). More recently, related studies on magnetic
ferroelectrics5–14 have signalled a revival of interest in this
phenomenon. From a technological point of view, the mutual
control of electric and magnetic properties is an attractive
possibility15, but the number of candidate materials is limited
and the effects are typically too small to be useful in applications.
Here we report the discovery of ferroelectricity in a perovskite
manganite, TbMnO3, where the effect of spin frustration causes

sinusoidal antiferromagnetic ordering. The modulated magnetic
structure is accompanied by a magnetoelastically induced lattice
modulation, and with the emergence of a spontaneous polariza-
tion. In the magnetic ferroelectric TbMnO3, we found gigantic
magnetoelectric and magnetocapacitance effects, which can be
attributed to switching of the electric polarization induced by
magnetic fields. Frustrated spin systems therefore provide a new
area to search for magnetoelectric media.
The room-temperature crystal structure of TbMnO3 investigated

here is the orthorhombically distorted perovskite structure (space
group Pbnm; Fig. 1a). We note that the perovskite structure of
TbMnO3 is distinct from that of the antiferromagnetic (AF) ferro-
electric hexagonal rare-earth manganites (for example, YMnO3) in
which magnetoelectric coupling has been well studied5–9. Further-
more, the perovskite TbMnO3 does not contain 6s lone pairs, which
produce a polar structure in magnetic ferroelectric perovskites
BiMnO3 (refs 11–13) and BiFeO3 (ref. 14). The electronic configu-
ration of the Mn3þ site in TbMnO3 is identical with that in the
parent compound of colossal magnetoresistive manganites,
LaMnO3, having the t2g

3 eg
1 configuration. In LaMnO3, staggered

orbital order of the d3x22r2=d3y22r2 type is responsible for the layered
(A-type) AF order. In contrast, the spin structure in TbMnO3 is a
sinusoidal AF ordering of the Mn3þ moments that takes place at

Figure 1 Appearance of ferroelectricity below a lock-in transition temperature in TbMnO3.

a, Rough sketches of crystal structure at room temperature (top) and spatial variation

along the b axis of Mn magnetic moment and atomic displacement (Dz //c ) below TN
(lower). Orange arrows denote Mn magnetic moments below TN. b–e, Temperature

profiles of magnetization and specific heat divided by temperature C/T (b), wavenumber of
lattice modulation kl (c), dielectric constant e at 10 kHz (d), and electric polarization P
along the principal axes in single crystals of TbMnO3 (e). The error bars of kl denote the
distribution of k related to the correlation length.
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FIG. 1. (Color online) (a) Relationship between the spiral-plane
orientation and the spontaneous ferroelectric polarization PAS in the
bc-plane spiral spin structure predicted by the spin-current model.26–28

(b) That in the ab-plane spiral spin structure.

smaller R ions such as Y, Ho, Tm, . . . , Lu as well. These
compounds exhibit the E-type antiferromagnetic ground state
where the Mn spins form an up-up-down-down structure. In
this state, the symmetric magnetostriction associated with the
inner product of the spins (Si · Sj ) induces a ferroelectric
polarization PS parallel to the a axis,31,42 which is given by

PS =
∑

⟨ij⟩
π ij (Si · Sj ). (2)

Here π ij is a form factor that reflects the zigzag MnO
chains and is nonzero because of the absence of inversion
symmetry at the center of Mn-O-Mn bond. It is worth
mentioning that PS in the E-type phase is much larger in
magnitude than PAS in the spiral spin phases because the
symmetric-magnetostriction mechanism is associated only
with the spin-exchange interaction J but not with the spin-
orbit interaction or the Dzyaloshinskii-Moriya interaction in
contrast to the antisymmetric-magnetostriction mechanism.
Typically the magnitude of PS in the E-type phase is
∼4600 µC/m2, whereas that of PAS in the spiral spin phases
takes ∼500 µC/m2 at most in RMnO3.

The perovskite structure of RMnO3 is orthorhombically
distorted with alternately tilted MnO6 octahedra. Magnitude
of this GdFeO3-type distortion varies depending on the size of
the R ion. With a smaller R ion, the lattice is more significantly
distorted, and the Mn-O-Mn bond angle is reduced more from
180◦. The magnetoelectric phase diagram of RMnO3 as a
function of the magnitude of the GdFeO3-type distortion or the
ionic R-site radius (rR) has been studied experimentally.38,43–47

It has been revealed that following four magnetoelectric phases
successively emerge at low temperatures with decreasing
rR

38 [see Figs. 2(a) and 2(b)]; (i) nonferroelectric A-type
phase where the Mn spins align ferromagnetically in the ab
plane, (ii) ferroelectric ab-plane spiral spin phase with P∥a,
(iii) ferroelectric bc-plane spiral spin phase with P∥c, and
(iv) ferroelectric E-type phase with very large P∥a. In all
these phases, the Mn spins are stacked in a (nearly) staggered
manner along the c axis because of the strong interplane
antiferromagnetic coupling.

On top of these four phases, there exists a paraelectric
sinusoidal collinear spin phase in the intermediate temperature
regime where the collinear Mn spins parallel to the b axis are
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FIG. 2. (Color online) (a) Experimentally obtained magnetoelec-
tric phase diagram of RMnO3 and solid solutions Gd1-xTbxMnO3 and
(b) that of solid-solution systems Eu1-xYxMnO3 and Y1-yLuyMnO3

in the plane of temperature and (effective) ionic radius of the R ion.38

sinusoidally modulated in amplitude. A theoretical model for
RMnO3 that thoroughly describes severe competitions among
these magnetoelectric phases has long been desired.

Here we briefly introduce previous theoretical studies on
this issue. In the canonical two-dimensional J1-J2 classi-
cal Heisenberg model with ferromagnetic nearest-neighbor
interaction J1(<0) and antiferromagnetic second-neighbor
interaction J2(>0) (see Fig. 18 of Ref. 34), the ferromagnetic
order is realized for |J2/J1| < 0.5, while the spiral order is
stabilized for |J2/J1| > 0.5. In RMnO3, the second-neighbor
exchange J2 originates from an indirect overlap of the Mn
3d orbitals via the inbetween two O 2p orbitals enhanced by
the orthorhombic lattice distortion and thus is rR dependent.48

This can explain the observed phase evolution from the A-type
phase (i.e., staggered stacking of the ferromagnetic planes)
to the spiral phase with decreasing rR . Within this model,
however, following experimental observations in RMnO3
cannot be reproduced: (i) Stabilities of the specific spin-spiral
planes (ab- or bc-cycloidal spin structures), which depend
on rR , temperature, and magnetic field. (ii) Emergence of the
E-type phase accompanied by ferroelectricity.

In order to reproduce the parameter-dependent spiral-plane
directions, magnetic anisotropies are essentially important.
Taking into account the orthorhombic lattice structure of
RMnO3, it is quite natural to examine the single-ion anisotropy
and the Dzyaloshinskii-Moriya interaction reflecting the local
lattice distortion. By introducing such interactions to the
frustrated classical Heisenberg model,22,33,34 the authors have
successfully reproduced the rR-T and T -H phase diagrams of
RMnO3 with respect to the spin structures. It is noteworthy that
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nearest–neighbor ones, notably the biquadratic interaction 
equation  (8) obtained from spin-phonon coupling [28, 30, 
38]. Interestingly this collinear order already breaks inversion 
symmetry and was predicted to induce an electric polariza-
tion [39], which was subsequently confirmed experimentally 
in orthorhombic HoMnO3 and YMnO3 thin films [40]. In the 
general phase diagram of these systems (see section  IV.B.4 
below), the E-type AFM order is in competition with non- 
collinear spiral orders that also induce ferroelectricity.

III.B. Spiral order

In addition to the above orders, the perovskite structure can also 
host spiral magnetism. Specifically, this is realized in the case 
of the orthorhombic manganites RMnO3 (see section IV.B.4). 
By now, it is well established that this happens due to the com-
petition between isotropic exchange interactions.

This competition can be illustrated by considering the mini-
mal model H H Hex sia= + , where the exchanges are restricted 
to FM nearest- and AFM next-nearest–neighbor interactions 
in the ab plane (see figure 5), while the single ion-anisotropy 
is such that Szi  =  0 (easy plane). Thus, in terms of the square 
lattice with one Mn atom per unit cell (rotated 45° with respect 
to the actual two Mn unit cell), the Hamiltonian reduces to

H J

J

S S S S S

S S S S S .
i

i i x i x i y i y

i
i i x y i x y i x y i x y

1

2

( )

( )

∑
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− + − +

+ + − − + − − +
 

(14)

The AFM interactions along the diagonal destabilize the (vir-
tual) FM order and fix the wavevector of the spiral along this 
direction (which corresponds to the crystallographic b axis). 
Then, the spins can be parametrized as

S SS Q r x Q r ycos sin ,i i i( )ˆ ( )ˆ= ⋅ + ⋅ (15)

with Q 1, 1, 0Q

2
( )= . By direct substitution, the energy of the 

spiral is found to be

E Q S J
Q

J Q J2 2 cos
2

cos 2 ,spiral
2

1 2 2( )
⎛
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⎞
⎠⎟= − + + (16)

which is minimized for J Jcos / 2Q

2 1 2( )= : E S J J/spiral
2

1
2

2= − .  
This has to be compared with the energy of the FM state: 
E S J J J4 1 /FM

2
1 2 1( )= − − . As a result, the spiral is found to 

be promoted if the magnetic frustration is sufficiently strong 
(J J /22 1> ).

Since the period of the spiral is basically determined by 
the ratio of the exchange parameters, it is, as a rule, incom-
mensurate with the lattice. This is an important difference 
with respect to the canted-spin structures considered in the 
previous section. Nevertheless, in practically all the cases, the 
period turns out to be comparable to the interatomic distances. 
Thus, in some cases, depending on the properties one is inter-
ested in, the spiral may be assumed to be commensurate.

Another important point is that the emergence of these 
spirals does not require the breaking of inversion symme-
try in first place. This breaking, and the subsequent electric 
polarization, is, on the contrary, the consequence (rather than 
the cause) of the appearance of the spiral. In this sense, spi-
ral multiferroics are frequently called improper ferroelec-
trics, although a more appropriate term would be ‘assisted’ 
pseudo-proper ferroelectrics if the spiral phase is preceded 
by sinusoidal collinear order (see table  3) [42, 43]. This is 
most clearly appreciated by noticing the narrow divergence of 
the di electric constant, which is the experimental hallmark of 
pseudo-proper ferroelectrics (as opposed to the divergenceless 
case of the improper ones).

The fact that spirals break inversion symmetry can be eas-
ily verified by direct inspection. Equation (15) for instance is 
transformed into = − ⋅ − ⋅S SS Q r x Q r ycos sini i i( )ˆ ( )ˆ, which 
clearly corresponds to a different structure (see figure  5). 
Specifically, the direction of rotation has been reversed or, 
more mathematically, the so-called spin twist (or vector chi-
rality) S Si j×  changes sign. The conclusion is therefore that 
the spiral itself is non-centrosymmetric (whether and how this 
is transferred to the lattice is related to an another question).

More precisely, the spiral conserves the mirror sym-
metry mb: a b c a b c, , , ,( ) → ( )−  [and obviously mc: 
a b c a b c, , , ,( ) → ( )− ], while it breaks the mirror symmetry ma: 

( ) → ( )−a b c a b c, , , , . This also can be seen by direct inspec-
tion, taking into account the transformation properties of 

Figure 5. Spin-spiral and its transformation under inversion symmetry.
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nearest–neighbor ones, notably the biquadratic interaction 
equation  (8) obtained from spin-phonon coupling [28, 30, 
38]. Interestingly this collinear order already breaks inversion 
symmetry and was predicted to induce an electric polariza-
tion [39], which was subsequently confirmed experimentally 
in orthorhombic HoMnO3 and YMnO3 thin films [40]. In the 
general phase diagram of these systems (see section  IV.B.4 
below), the E-type AFM order is in competition with non- 
collinear spiral orders that also induce ferroelectricity.

III.B. Spiral order

In addition to the above orders, the perovskite structure can also 
host spiral magnetism. Specifically, this is realized in the case 
of the orthorhombic manganites RMnO3 (see section IV.B.4). 
By now, it is well established that this happens due to the com-
petition between isotropic exchange interactions.

This competition can be illustrated by considering the mini-
mal model H H Hex sia= + , where the exchanges are restricted 
to FM nearest- and AFM next-nearest–neighbor interactions 
in the ab plane (see figure 5), while the single ion-anisotropy 
is such that Szi  =  0 (easy plane). Thus, in terms of the square 
lattice with one Mn atom per unit cell (rotated 45° with respect 
to the actual two Mn unit cell), the Hamiltonian reduces to
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Then, the spins can be parametrized as
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the ratio of the exchange parameters, it is, as a rule, incom-
mensurate with the lattice. This is an important difference 
with respect to the canted-spin structures considered in the 
previous section. Nevertheless, in practically all the cases, the 
period turns out to be comparable to the interatomic distances. 
Thus, in some cases, depending on the properties one is inter-
ested in, the spiral may be assumed to be commensurate.

Another important point is that the emergence of these 
spirals does not require the breaking of inversion symme-
try in first place. This breaking, and the subsequent electric 
polarization, is, on the contrary, the consequence (rather than 
the cause) of the appearance of the spiral. In this sense, spi-
ral multiferroics are frequently called improper ferroelec-
trics, although a more appropriate term would be ‘assisted’ 
pseudo-proper ferroelectrics if the spiral phase is preceded 
by sinusoidal collinear order (see table  3) [42, 43]. This is 
most clearly appreciated by noticing the narrow divergence of 
the di electric constant, which is the experimental hallmark of 
pseudo-proper ferroelectrics (as opposed to the divergenceless 
case of the improper ones).

The fact that spirals break inversion symmetry can be eas-
ily verified by direct inspection. Equation (15) for instance is 
transformed into = − ⋅ − ⋅S SS Q r x Q r ycos sini i i( )ˆ ( )ˆ, which 
clearly corresponds to a different structure (see figure  5). 
Specifically, the direction of rotation has been reversed or, 
more mathematically, the so-called spin twist (or vector chi-
rality) S Si j×  changes sign. The conclusion is therefore that 
the spiral itself is non-centrosymmetric (whether and how this 
is transferred to the lattice is related to an another question).
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Figure 2. Three major mechanisms of ferroelectricity of spin origin: (a)–(c) exchange-striction mechanism arising from the symmetric spin
exchange interaction; (d)–(f ) spin-current model arising from the antisymmetric spin exchange interaction or inverse DM model; and (g)–(i)
spin dependent p–d hybridization mechanism due to the relativistic SOC. Here, M and X indicate magnetic and ligand ions, respectively. Si

and Sj represent the spin orientations at each magnetic site, and eij and eil are the unit vectors. The unit vector connecting two selected sites
(M–M for (d) and M–X for (g), respectively). For each mechanism, the expected direction of magnetically induced electric polarization P
is also indicated. The exchange-striction mechanism predicts the emergence of P along the bond direction for the AB lattice (i.e. alternating
array of two distinctive magnetic sites MA and MB as shown in (a)), with (b) ↑↑↓↓ spin order or (c) dimer-singlet formation. The inverse
DM model assumes (d) M–X–M clusters, and P appears normal to the bond direction due to (e) a shift of charge distribution to maximize
the energy gain by DM interaction, or (f ) an effective electric field caused by spin current js (with spin polarization Si × Sj ) flowing
between two magnetic sites. The spin-dependent p–d hybridization model considers (g) a single pair of M and X sites, and local P is
induced along the bond direction due to (h) the spin-dependent modulation of covalency between the magnetic d orbital and ligand p orbital.
With some appropriate crystallographic lattice such as (i) MX4 tetrahedra, this term can avoid cancellation and cause macroscopic P .

microscopic mechanisms of ferroelectricity of spin origin
can be classified into three types, as shown schematically in
figure 2: (i) symmetric spin exchange interaction Πij (Si ·Sj )

(figures 2(a)–(c)); (ii) antisymmetric spin exchange interaction
eij × (Si × Sj ) (figures 2(d)–(f )); and (iii) spin–ligand
interaction (spin-dependent p–d hybridization) (eil · Si )

2eil

(figures 2(g)–(i)). The reasoning and derivation of the
formula are given in section 2, and here we briefly overview
the prerequisite conditions for P to be produced through
the respective mechanisms. (i) The symmetric exchange
interaction working between the neighboring spins, Si and
Sj , may induce striction along a specific crystallographic
direction Πij . For P to be macroscopically produced, the spin
modulation should be commensurate with the crystal lattice
and the induced striction should show no cancelation after
the sum of the bonds over the crystal lattice. For example,
the up–up–down–down spin arrangement along the atomically
alternating A–B lattice (see figure 2(b)) can break the inversion
symmetry, and the inequivalent exchange striction working
between the up–up (or down–down) spin pair and the up–down
(or down–up) one can produce P . We describe examples of
the symmetric spin exchange mechanism (i) in section 4.

In the antisymmetric exchange interaction (ii), as detailed
in section 2, the spin current is viewed as flowing between
the canted spin sites Si and Sj (with eij being an unit vector
connecting these two sites), which produces the polarization
P under the influence of the SOC (figure 2(f )). This
P can be of genuine electronic origin, yet in reality the
exchange striction plays an important role in determining the
magnitude of P . Therefore, this term is often called the
inverse Dzyaloshinskii–Moriya (DM) interaction, in which the
intervening ligand atom (e.g. oxygen) can displace so as to
favor the DM interaction (figure 2(e)). Such a spin-current
model has been very powerful in recent exploration studies
of multiferroics, since transverse screw spin configurations
(figure 3), such as cycloidal and transverse-conical spin
orders, can always produce spontaneous P irrespective
of magnetic modulation vectors, namely commensurate or
incommensurate; the multiferroics based on the antisymmetric
spin exchange interaction (ii) are described in section 3.

(iii) The spin-dependent p–d hybridization mechanism is
based on the fact that the locally polar bond eil connecting
the spin site i and the ligand site l can be modulated by the
spin-direction dependent hybridization arising from the SOC

3
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(M–M for (d) and M–X for (g), respectively). For each mechanism, the expected direction of magnetically induced electric polarization P
is also indicated. The exchange-striction mechanism predicts the emergence of P along the bond direction for the AB lattice (i.e. alternating
array of two distinctive magnetic sites MA and MB as shown in (a)), with (b) ↑↑↓↓ spin order or (c) dimer-singlet formation. The inverse
DM model assumes (d) M–X–M clusters, and P appears normal to the bond direction due to (e) a shift of charge distribution to maximize
the energy gain by DM interaction, or (f ) an effective electric field caused by spin current js (with spin polarization Si × Sj ) flowing
between two magnetic sites. The spin-dependent p–d hybridization model considers (g) a single pair of M and X sites, and local P is
induced along the bond direction due to (h) the spin-dependent modulation of covalency between the magnetic d orbital and ligand p orbital.
With some appropriate crystallographic lattice such as (i) MX4 tetrahedra, this term can avoid cancellation and cause macroscopic P .
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(or down–up) one can produce P . We describe examples of
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E = (E1, 0)

E = (0, E2)

Landau theory.—Independently of the microscopic
mechanism, the possibility of a FE state in magnets can
be examined by considering the symmetry allowed terms
in the Landau potential [6,11,24,28,29]. We define the
symmetric coordinates corresponding to the E-phase as

 

E1 ! S1 " S2 # S3 # S4 # S5 # S6 " S7 " S8;

E2 ! S1 # S2 # S3 " S4 # S5 " S6 " S7 # S8;
(1)

where Si is the spin of the ith Mn atom in the magnetic unit
cell, as shown in Fig. 1(a). Since the Mn spins in HoMnO3
point along the b-axis [16], below we consider only the
b-components of E1;2 denoted by E1;2. However, the ex-
pression for the Landau potential derived below is valid for
any component of E1;2. E1 and E2 span an irreducible
representation of the space group Pbnm corresponding to
k ! $0 1

2 0%. The properties of this representation are sum-
marized in Table I. Taking into account that P transforms
as a polar vector, we obtain the following form of the
Landau potential corresponding to the E-phase,

 

F! a$E2
1"E2

2%"b1$E2
1"E2

2%2"b2E2
1E

2
2

" c$E2
1#E2

2%Pa"d$E2
1#E2

2%E1E2Pb"
1

2!
P2; (2)

where ! is the dielectric susceptibility of the paraelectric
phase, and the other coefficients are phenomenological
parameters. Minimizing F with respect to P, we obtain
Pa ! #c!$E2

1 # E2
2%, Pb ! #d!$E2

1 # E2
2%E1E2, and

Pc ! 0. Therefore, each of the four domains of the
E-phase [(& E1, 0) and (0, &E2)] is IMF with the polar-
ization along the a-axis and different signs of Pa for E1 and
E2. We also notice that the b-axis component of P can be
locally present within the domain walls where E1 and E2
coexist [30].

The E-type phase in the nickelates also consists of spin
zigzag chains that have a different direction in the ab-plane
and a different stacking along the c-axis (""##) [18–
21]. The corresponding modulation vector is k ! $12 0 1

2%.
The Landau theory analysis leads to results similar to the
manganite case. For nickelates, the symmetric coordinates
E1 and E2 (not given here) are written in terms of 16 Ni
spins of the magnetic unit cell which is 4 times the crys-
tallographic unit cell. It leads to a Landau potential similar
to (2) with Pa replaced by Pb in the fourth term and d ! 0.

Thus, P in the E-phase of nickelates is parallel to the
b-axis.

Microscopic model.—To understand microscopically
the possible mechanism of ferroelectricity in the E-phase,
we use Monte Carlo (MC) simulations to study the ground
state properties of the following Hamiltonian for mangan-
ites based on the orbitally degenerate double-exchange
model [31–33] with one eg-electron per Mn3" ion,

 H!#
X

ia"#
Ci;i"atia"#d

y
i"di"a#"JAF

X

ia
Si 'Si"a

"$
X
i
$Q1i%i"Q2i&xi"Q3i&zi%"

1

2

X

im
'mQ2

mi; (3)

where dyi" is the creation operator for the eg electron on
orbital " ! x2 # y2$a%, 3z2 # r2$b%; a ! x; y is the direc-
tion of the link connecting the two nearest-neighbor Mn
sites; and Si is the classical unit spin, given by the polar
angle (i and azimuthal angle)i, representing the electrons
occupying the t2g orbitals on the i-th Mn site. The t2g spins
interact directly through the antiferromagnetic superex-
change JAF > 0. Ci;j ! cos(i

2 cos
(j
2 " sin(i

2 sin
(j
2 e
#i$)i#)j%

is the double-exchange factor arising due to the large
Hund’s coupling that projects out the eg electrons with
spin antiparallel to Si.Qmi represent the classical adiabatic
phonon modes, with stiffnesses 'm, due to the displace-
ments of the ligand oxygen ions surrounding the i-th Mn
site. The phonon stiffnesses were chosen as follows—for
the Jahn-Teller modes: '1 ! 2:0, '2 ! '3 ! 1:0; for the
FE mode: 'FE ! 8:0; and for the rest of the modes: ' !
10:0. Except for the Jahn-Teller modes [31,32], this choice
is driven only by the efficiency of the MC simulations, and
it does not reflect the actual frequencies of the phonon
modes, which are presently unknown. We illustrate below
how P can be obtained in physical units. The third term in
Eq. (3) is the Jahn-Teller coupling with constant $ and the
eg-orbital operators %i ! dyiadia " dyibdib, &xi ! dyiadib "
dyibdia, and &zi ! dyiadia # dyibdib.

Our improvements over previous approaches to this
model are the following. First, we explicitly consider the
dependence of the hoping parameters tia"# on the angle of
the Mn-O-Mn bond ’ia. Taking into account only the
largest Mn-O *-bond contribution, we find [34] txaa !
tyaa ! #t cos3’, txbb ! tybb ! #t cos’=3, txab ! txba !
#tyab ! #t

y
ba ! #t cos2’=

!!!
3
p

, where t ! 3
4 $pd*%2 is

taken as the energy unit hereafter. We neglect the ’ de-
pendence of JAF since it has a smaller energy scale than t.
Second, Qmi’s are defined such that the elastic energy term
in (3) is minimal for ’ia ( ’0 < 180). This allows us to
model the initial structural buckling (GdFeO3-type) dis-
tortion present in the orthorhombic perovskites [35]. In
particular, the buckling mode is defined in two dimen-
sions as Qbuckle;i ! yi1 # yi2 # xi3 " xi4 # $#1%ix"iy4u0,
where xik, yik are the displacements of the oxygen
atoms from their ideal position in the 180) Mn-O-Mn

TABLE I. Matrices of the generators of space group Pbnm in
the irreducible representation spanned by E1, E2. The space
group elements are denoted (rjhkl), where r is the identity
operation 1, twofold rotation 2a;c, inversion I, or time reversal
10 followed by the translation & ! ha" kb" lc.

(2aj 12 1
2 0) (2cj00 1

2 ), (Ij000) (1j010), (10j000)

E1 #1 0 0 1 #1 0
E2 0 1 1 0 0 #1
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FIG. 1: (Color online) Illustration of polarization patterns of several magnon modes which are relevant for the discussion
of electromagnons in DyMnO3. In all parts the static cycloid is shown by large (blue) arrows rotating in the cycloid plane
indicated by the shaded circles. The propagation vector of the modulation in b corresponds to that in DyMnO3 with two Mn
per layer and unit cell. Part a) shows the pattern of the phason mode at the magnetic zone center. The frozen-in oscillating
displacements of the spins are indicated by the small (green arrows). Adapting the inverse Dzyaloshinski-Moriya interaction
described by equation (1) does not result in an oscillating polarization, because the cross product (S⃗i × S⃗j) is constant. Part
(b) shows the CRM associated with the rotation of the entire cycloid around the b direction. In this mode the spin cross
product and thus the electric polarization rotate around b so that there is an oscillating polarization along a which can couple
with electromagnetic radiation with E⃗ parallel a. Part (c) shows the HM in which the spiral plane rotates around the c axis
modifying the character of the spiral from a pure cycloid to a partial helical one. Applying equation (1) this will yield only a
quadratic coupling with the electric polarization. Part (d) gives the polarization of the mode polarized within the cycloid plane
(b, c plane) appearing at the propagation vector with k component kelm−str=1-kinc=0.64. This mode gains a strong oscillating

electric polarization through the exchange striction mechanism. In the static cycloid the scalar product S⃗i · S⃗j is constant; its
momentous deviation from the average value is indicated by the vertical (magenta) bars.

high energy. In addition the static mechanism must also
be relevant14 and explains the electromagnon signal at
the lowest energies13,31,33,35,36, which, however, possesses
much lower spectral weight. The intermediate electro-
magnon, however, still needs further studies and a signal
at even higher energies is most likely not related to an
intrinsic electromagnon scattering28.

Comprehensive inelastic neutron scattering experi-
ments in the cycloidal phases of TbMnO3 yield a mi-
croscopic characterization of the magnon excitations and
strong support for the picture described above42–44,53.
First the modes near the magnetic zone boundary in
b direction indeed exhibit energies where the strongest
electromagnon scattering is found in the optical studies.
Three magnon modes can be identified at the magnetic
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be relevant14 and explains the electromagnon signal at
the lowest energies13,31,33,35,36, which, however, possesses
much lower spectral weight. The intermediate electro-
magnon, however, still needs further studies and a signal
at even higher energies is most likely not related to an
intrinsic electromagnon scattering28.

Comprehensive inelastic neutron scattering experi-
ments in the cycloidal phases of TbMnO3 yield a mi-
croscopic characterization of the magnon excitations and
strong support for the picture described above42–44,53.
First the modes near the magnetic zone boundary in
b direction indeed exhibit energies where the strongest
electromagnon scattering is found in the optical studies.
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much lower spectral weight. The intermediate electro-
magnon, however, still needs further studies and a signal
at even higher energies is most likely not related to an
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much lower spectral weight. The intermediate electro-
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at even higher energies is most likely not related to an
intrinsic electromagnon scattering28.
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Figure 1 | Spin excitations in cycloidal spin state. a, Schematic spin structure and direction of static ferroelectric polarization in the ab-plane cycloidal spin
phase. b, Illustration of the spin motion. Mode I (cross-coupling electromagnon): rotational vibration of the helical spin plane around the b axis. Mode II
(magnon): rotational vibration of the spins around the a axis. Mode III (magnetostriction-induced electromagnon): rotational vibration of the spins around
the c axis. Wavenumbers of the magnons are also indicated. c–e, Imaginary part  of the refractive index for (E! k a, H! k c) (c), (E! k c, H! k a) (d) and
(E! k c, H! k b) (e) under the external magnetic field along the c axis at 4 K. The inset in e shows the magnetic-field dependence of the energy of mode I.
(Tiny structures in  around 1 meV at 0 T are background or artefact, showing little temperature dependence.)

peak structure appears at 0.8meV (7 T) for both (E! k c , H! k a)
(Fig. 1d) and (E! k c ,H! kb) (Fig. 1e), signalling the electric activity
of this mode. (Note that mode I is also active for H! k b, and
hence spectra in Fig. 1e may contain some amount of magnetically
active component.) This makes a strong contrast with the peak
structure at 2.7meV in Fig. 1d, which is absent from Fig. 1e and has
been attributed to the conventional antiferromagnetic resonance
(AFMR) driven by the H! k a component of light (mode II in
Fig. 1b). The electromagnon observed at about 0.8meV can be
identified as the Nambu–Goldstone mode of the cycloidal spin
order5,13; the magnetic anisotropy due to the energy difference
between the ab- and bc-plane helical states as well as to the
external magnetic field induces the finite resonance energy as
observed. The resonance energy increases with the magnetic field
(inset to Fig. 1e), because the magnetic field along the c axis

stabilizes the ab-plane helical state20, leading to an increase of the
magnetic anisotropy.

The energies of magnons including electromagnons observed
by the terahertz spectroscopy are compatible with the result of
polarized inelastic neutron scattering experiments on TbMnO3
(refs 10,11), of which the magnon dispersion is plausibly similar
to that of Eu0.55Y0.45MnO3. The magnons in the bc-plane cycloidal
spin state of TbMnO3 exhibit three branches at (0, qm, 1). Two
modes with out-of-plane dynamical spin component at about
1.1 and 2.5meV can be ascribed to the spin-current-driven
electromagnon (mode I) and AFMR (mode II), respectively,
whereas the electromagnon due to magnetostriction (mode III) is
attributed to the magnon at another k point.

One of the most intriguing aspects of this spin-current-
driven electromagnon is its dynamical magnetoelectric effect,

122 NATURE PHYSICS | VOL 8 | FEBRUARY 2012 | www.nature.com/naturephysics

LETTERS

NATURE PHYSICS DOI: 10.1038/NPHYS2161

E ||a, H ||c

E ||c, H ||a

E ||c, H ||b 

P

II

I

III

I

II

III

  

 I

 

7 T 

7 T 

43210

 

7 T 

Mn3+ Mn3+ Mn3+

q = qm

q = qm

q = π ¬ 2qm

0

1.0

0.8

0.6

0.4

0.2

0

0.10

0.08

0.06

0.04

0.02

0

0.08

0.06

0.04

0.02

H ||a

E ||a

E ||cω

ω

ω ω

ωω

ω ω

ω

HDC||c

HDC||c

HDC||c

Energy (meV)

43210

Energy (meV)

43210

Energy (meV)

En
er

gy
 (

m
eV

)

0 T

0 T

0 T

0.8

0.6

0.4

0.2

0

Magnetic field (T)

86420

a

a

a

a

b

b

b

b

c

c

c

c

a c

d

e

b

κ
κ

κ

Figure 1 | Spin excitations in cycloidal spin state. a, Schematic spin structure and direction of static ferroelectric polarization in the ab-plane cycloidal spin
phase. b, Illustration of the spin motion. Mode I (cross-coupling electromagnon): rotational vibration of the helical spin plane around the b axis. Mode II
(magnon): rotational vibration of the spins around the a axis. Mode III (magnetostriction-induced electromagnon): rotational vibration of the spins around
the c axis. Wavenumbers of the magnons are also indicated. c–e, Imaginary part  of the refractive index for (E! k a, H! k c) (c), (E! k c, H! k a) (d) and
(E! k c, H! k b) (e) under the external magnetic field along the c axis at 4 K. The inset in e shows the magnetic-field dependence of the energy of mode I.
(Tiny structures in  around 1 meV at 0 T are background or artefact, showing little temperature dependence.)

peak structure appears at 0.8meV (7 T) for both (E! k c , H! k a)
(Fig. 1d) and (E! k c ,H! kb) (Fig. 1e), signalling the electric activity
of this mode. (Note that mode I is also active for H! k b, and
hence spectra in Fig. 1e may contain some amount of magnetically
active component.) This makes a strong contrast with the peak
structure at 2.7meV in Fig. 1d, which is absent from Fig. 1e and has
been attributed to the conventional antiferromagnetic resonance
(AFMR) driven by the H! k a component of light (mode II in
Fig. 1b). The electromagnon observed at about 0.8meV can be
identified as the Nambu–Goldstone mode of the cycloidal spin
order5,13; the magnetic anisotropy due to the energy difference
between the ab- and bc-plane helical states as well as to the
external magnetic field induces the finite resonance energy as
observed. The resonance energy increases with the magnetic field
(inset to Fig. 1e), because the magnetic field along the c axis

stabilizes the ab-plane helical state20, leading to an increase of the
magnetic anisotropy.

The energies of magnons including electromagnons observed
by the terahertz spectroscopy are compatible with the result of
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(refs 10,11), of which the magnon dispersion is plausibly similar
to that of Eu0.55Y0.45MnO3. The magnons in the bc-plane cycloidal
spin state of TbMnO3 exhibit three branches at (0, qm, 1). Two
modes with out-of-plane dynamical spin component at about
1.1 and 2.5meV can be ascribed to the spin-current-driven
electromagnon (mode I) and AFMR (mode II), respectively,
whereas the electromagnon due to magnetostriction (mode III) is
attributed to the magnon at another k point.
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peak structure appears at 0.8meV (7 T) for both (E! k c , H! k a)
(Fig. 1d) and (E! k c ,H! kb) (Fig. 1e), signalling the electric activity
of this mode. (Note that mode I is also active for H! k b, and
hence spectra in Fig. 1e may contain some amount of magnetically
active component.) This makes a strong contrast with the peak
structure at 2.7meV in Fig. 1d, which is absent from Fig. 1e and has
been attributed to the conventional antiferromagnetic resonance
(AFMR) driven by the H! k a component of light (mode II in
Fig. 1b). The electromagnon observed at about 0.8meV can be
identified as the Nambu–Goldstone mode of the cycloidal spin
order5,13; the magnetic anisotropy due to the energy difference
between the ab- and bc-plane helical states as well as to the
external magnetic field induces the finite resonance energy as
observed. The resonance energy increases with the magnetic field
(inset to Fig. 1e), because the magnetic field along the c axis

stabilizes the ab-plane helical state20, leading to an increase of the
magnetic anisotropy.

The energies of magnons including electromagnons observed
by the terahertz spectroscopy are compatible with the result of
polarized inelastic neutron scattering experiments on TbMnO3
(refs 10,11), of which the magnon dispersion is plausibly similar
to that of Eu0.55Y0.45MnO3. The magnons in the bc-plane cycloidal
spin state of TbMnO3 exhibit three branches at (0, qm, 1). Two
modes with out-of-plane dynamical spin component at about
1.1 and 2.5meV can be ascribed to the spin-current-driven
electromagnon (mode I) and AFMR (mode II), respectively,
whereas the electromagnon due to magnetostriction (mode III) is
attributed to the magnon at another k point.

One of the most intriguing aspects of this spin-current-
driven electromagnon is its dynamical magnetoelectric effect,
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peak structure appears at 0.8meV (7 T) for both (E! k c , H! k a)
(Fig. 1d) and (E! k c ,H! kb) (Fig. 1e), signalling the electric activity
of this mode. (Note that mode I is also active for H! k b, and
hence spectra in Fig. 1e may contain some amount of magnetically
active component.) This makes a strong contrast with the peak
structure at 2.7meV in Fig. 1d, which is absent from Fig. 1e and has
been attributed to the conventional antiferromagnetic resonance
(AFMR) driven by the H! k a component of light (mode II in
Fig. 1b). The electromagnon observed at about 0.8meV can be
identified as the Nambu–Goldstone mode of the cycloidal spin
order5,13; the magnetic anisotropy due to the energy difference
between the ab- and bc-plane helical states as well as to the
external magnetic field induces the finite resonance energy as
observed. The resonance energy increases with the magnetic field
(inset to Fig. 1e), because the magnetic field along the c axis

stabilizes the ab-plane helical state20, leading to an increase of the
magnetic anisotropy.

The energies of magnons including electromagnons observed
by the terahertz spectroscopy are compatible with the result of
polarized inelastic neutron scattering experiments on TbMnO3
(refs 10,11), of which the magnon dispersion is plausibly similar
to that of Eu0.55Y0.45MnO3. The magnons in the bc-plane cycloidal
spin state of TbMnO3 exhibit three branches at (0, qm, 1). Two
modes with out-of-plane dynamical spin component at about
1.1 and 2.5meV can be ascribed to the spin-current-driven
electromagnon (mode I) and AFMR (mode II), respectively,
whereas the electromagnon due to magnetostriction (mode III) is
attributed to the magnon at another k point.

One of the most intriguing aspects of this spin-current-
driven electromagnon is its dynamical magnetoelectric effect,

122 NATURE PHYSICS | VOL 8 | FEBRUARY 2012 | www.nature.com/naturephysics

Heisenberg	
  electromagnon	
  

DM	
  electromagnon	
  

Eu0.55Y0.45MnO3	
  

ab-­‐cycloidal	
  (P∥a)	
  

Takahashi	
  et	
  al.,	
  Nature	
  Phys.	
  8,	
  121	
  (11)	
  

LETTERS

NATURE PHYSICS DOI: 10.1038/NPHYS2161

E ||a, H ||c

E ||c, H ||a

E ||c, H ||b 

P

II

I

III

I

II

III

  

 I

 

7 T 

7 T 

43210

 

7 T 

Mn3+ Mn3+ Mn3+

q = qm

q = qm

q = π ¬ 2qm

0

1.0

0.8

0.6

0.4

0.2

0

0.10

0.08

0.06

0.04

0.02

0

0.08

0.06

0.04

0.02

H ||a

E ||a

E ||cω

ω

ω ω

ωω

ω ω

ω

HDC||c

HDC||c

HDC||c

Energy (meV)

43210

Energy (meV)

43210

Energy (meV)

En
er

gy
 (

m
eV

)

0 T

0 T

0 T

0.8

0.6

0.4

0.2

0

Magnetic field (T)

86420

a

a

a

a

b

b

b

b

c

c

c

c

a c

d

e

b

κ
κ

κ

Figure 1 | Spin excitations in cycloidal spin state. a, Schematic spin structure and direction of static ferroelectric polarization in the ab-plane cycloidal spin
phase. b, Illustration of the spin motion. Mode I (cross-coupling electromagnon): rotational vibration of the helical spin plane around the b axis. Mode II
(magnon): rotational vibration of the spins around the a axis. Mode III (magnetostriction-induced electromagnon): rotational vibration of the spins around
the c axis. Wavenumbers of the magnons are also indicated. c–e, Imaginary part  of the refractive index for (E! k a, H! k c) (c), (E! k c, H! k a) (d) and
(E! k c, H! k b) (e) under the external magnetic field along the c axis at 4 K. The inset in e shows the magnetic-field dependence of the energy of mode I.
(Tiny structures in  around 1 meV at 0 T are background or artefact, showing little temperature dependence.)

peak structure appears at 0.8meV (7 T) for both (E! k c , H! k a)
(Fig. 1d) and (E! k c ,H! kb) (Fig. 1e), signalling the electric activity
of this mode. (Note that mode I is also active for H! k b, and
hence spectra in Fig. 1e may contain some amount of magnetically
active component.) This makes a strong contrast with the peak
structure at 2.7meV in Fig. 1d, which is absent from Fig. 1e and has
been attributed to the conventional antiferromagnetic resonance
(AFMR) driven by the H! k a component of light (mode II in
Fig. 1b). The electromagnon observed at about 0.8meV can be
identified as the Nambu–Goldstone mode of the cycloidal spin
order5,13; the magnetic anisotropy due to the energy difference
between the ab- and bc-plane helical states as well as to the
external magnetic field induces the finite resonance energy as
observed. The resonance energy increases with the magnetic field
(inset to Fig. 1e), because the magnetic field along the c axis

stabilizes the ab-plane helical state20, leading to an increase of the
magnetic anisotropy.

The energies of magnons including electromagnons observed
by the terahertz spectroscopy are compatible with the result of
polarized inelastic neutron scattering experiments on TbMnO3
(refs 10,11), of which the magnon dispersion is plausibly similar
to that of Eu0.55Y0.45MnO3. The magnons in the bc-plane cycloidal
spin state of TbMnO3 exhibit three branches at (0, qm, 1). Two
modes with out-of-plane dynamical spin component at about
1.1 and 2.5meV can be ascribed to the spin-current-driven
electromagnon (mode I) and AFMR (mode II), respectively,
whereas the electromagnon due to magnetostriction (mode III) is
attributed to the magnon at another k point.

One of the most intriguing aspects of this spin-current-
driven electromagnon is its dynamical magnetoelectric effect,
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Figure 2 | Experimental observation of magnetoelectric resonance. a, Configurations of P, M and k! and their relation in terms of the optical
magnetoelectric effect (see text). b, Experimental configuration for the matter (P and M), and for the light (E! , H! and k!) with respect to two different
conditions of ±k! (N±). E! and H! of light with +k! can constructively vibrate both P and M (upper panel), whereas E! and H! of �k! suppress the
vibrations of P and M with each other (lower panel). c, Time-domain waveform of the transmitted terahertz pulses in different configurations in terms of
the magnetoelectric effect (black and blue lines) and the difference between them (red line) at 7 T. d, Imaginary part of refractive index for E! k c, H! k a
under magnetic field along the c axis (7 T) at 4 K. Spectra for the four possible configurations in a are shown. e, Imaginary part of ↵ca. Results for four
possible combinations to obtain Im(↵ca) are shown.

arising from the strong cross-coupling between the induced
polarization P! and magnetization M!. The dynamical response
of the first-order magnetoelectric coupling can be described
by the dynamical magnetoelectric tensor ↵ij(!) in addition
to the conventional terms (dynamical dielectric and magnetic
susceptibility) � ee(!) and �mm(!),

P!
i = � ee

ii (!)E
!
i +↵ij(!)H!

j

M!
j = �mm

jj (!)H!
j +↵ij(!)E!

i (1)

To enable the existence of themagnetoelectric tensor, the symmetry
consideration requires the simultaneous breaking of time-reversal
and space-inversion symmetry, for example the configuration
shown in Fig. 2a with the orthogonal relations amongP,M and light
wavevector k! (ref. 23). (Note that P andM are the static quantities
here.) When this condition is satisfied, the optical magnetoelectric
effect for the linearly polarized light can appear with directional
non-reciprocity; light with k! vectors parallel and antiparallel
to P ⇥ M experiences different optical responses (Fig. 2b). By

combining Maxwell’s equations with equation (1), the directional
complex refractive index is given for±k!:

N±(!)= n(!)+ i(!)= (n0(!)+ i0(!))±↵ij(!) (2)

where n0 and 0 are the conventional (non-magnetoelectric)
parts of the refractive index24. The real and imaginary parts of
↵ij(!) contribute to the directional birefringence and dichroism,
respectively. The reversal of one of three parameters (P, M and
k!) results in a sign change of ↵ij(!) in the refractive index
N±(!). To observe the non-reciprocal dichroism, we carried out
the experiments in four configurations of (k!, P, M), which
are categorized into two equivalent configurations in terms of
the sign of the product, k! · (P ⇥ M) (see Fig. 2a). As no
spontaneous magnetization appears in the cycloidal spin state,
we applied an external magnetic field along the c axis to induce
the cone-like transverse helical spin structure and therefore cause
a finite static magnetization M along the c axis. As a result,
the coexistence of spontaneous ferroelectric polarization P k a
and field-induced magnetization M k c gives rise to a finite
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arising from the strong cross-coupling between the induced
polarization P! and magnetization M!. The dynamical response
of the first-order magnetoelectric coupling can be described
by the dynamical magnetoelectric tensor ↵ij(!) in addition
to the conventional terms (dynamical dielectric and magnetic
susceptibility) � ee(!) and �mm(!),
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To enable the existence of themagnetoelectric tensor, the symmetry
consideration requires the simultaneous breaking of time-reversal
and space-inversion symmetry, for example the configuration
shown in Fig. 2a with the orthogonal relations amongP,M and light
wavevector k! (ref. 23). (Note that P andM are the static quantities
here.) When this condition is satisfied, the optical magnetoelectric
effect for the linearly polarized light can appear with directional
non-reciprocity; light with k! vectors parallel and antiparallel
to P ⇥ M experiences different optical responses (Fig. 2b). By

combining Maxwell’s equations with equation (1), the directional
complex refractive index is given for±k!:

N±(!)= n(!)+ i(!)= (n0(!)+ i0(!))±↵ij(!) (2)

where n0 and 0 are the conventional (non-magnetoelectric)
parts of the refractive index24. The real and imaginary parts of
↵ij(!) contribute to the directional birefringence and dichroism,
respectively. The reversal of one of three parameters (P, M and
k!) results in a sign change of ↵ij(!) in the refractive index
N±(!). To observe the non-reciprocal dichroism, we carried out
the experiments in four configurations of (k!, P, M), which
are categorized into two equivalent configurations in terms of
the sign of the product, k! · (P ⇥ M) (see Fig. 2a). As no
spontaneous magnetization appears in the cycloidal spin state,
we applied an external magnetic field along the c axis to induce
the cone-like transverse helical spin structure and therefore cause
a finite static magnetization M along the c axis. As a result,
the coexistence of spontaneous ferroelectric polarization P k a
and field-induced magnetization M k c gives rise to a finite
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Figure 1 | Spin excitations in cycloidal spin state. a, Schematic spin structure and direction of static ferroelectric polarization in the ab-plane cycloidal spin
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peak structure appears at 0.8meV (7 T) for both (E! k c , H! k a)
(Fig. 1d) and (E! k c ,H! kb) (Fig. 1e), signalling the electric activity
of this mode. (Note that mode I is also active for H! k b, and
hence spectra in Fig. 1e may contain some amount of magnetically
active component.) This makes a strong contrast with the peak
structure at 2.7meV in Fig. 1d, which is absent from Fig. 1e and has
been attributed to the conventional antiferromagnetic resonance
(AFMR) driven by the H! k a component of light (mode II in
Fig. 1b). The electromagnon observed at about 0.8meV can be
identified as the Nambu–Goldstone mode of the cycloidal spin
order5,13; the magnetic anisotropy due to the energy difference
between the ab- and bc-plane helical states as well as to the
external magnetic field induces the finite resonance energy as
observed. The resonance energy increases with the magnetic field
(inset to Fig. 1e), because the magnetic field along the c axis

stabilizes the ab-plane helical state20, leading to an increase of the
magnetic anisotropy.

The energies of magnons including electromagnons observed
by the terahertz spectroscopy are compatible with the result of
polarized inelastic neutron scattering experiments on TbMnO3
(refs 10,11), of which the magnon dispersion is plausibly similar
to that of Eu0.55Y0.45MnO3. The magnons in the bc-plane cycloidal
spin state of TbMnO3 exhibit three branches at (0, qm, 1). Two
modes with out-of-plane dynamical spin component at about
1.1 and 2.5meV can be ascribed to the spin-current-driven
electromagnon (mode I) and AFMR (mode II), respectively,
whereas the electromagnon due to magnetostriction (mode III) is
attributed to the magnon at another k point.

One of the most intriguing aspects of this spin-current-
driven electromagnon is its dynamical magnetoelectric effect,
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