
���������� ���

Graeme Blake

Zernike Institute for Advanced Materials

University of Groningen

The Netherlands

The role of neutron scattering in 
multiferroics

����



�������

�	
�� ����	
�
�	��
	�
������	�
���
	�������	
���
����	��������
�	��
	��������
���������
���������
�����
����� !�"�#!!$



���������� ���

Thomas Palstra (University of Groningen)
Maxim Mostovoy (University of Groningen)
Laurent Chapon (ISIS)
Paolo Radaelli (University of Oxford)
Sang-Wook Cheong (Rutgers University)

Acknowledgements



���������� ��	

› Introduction to multiferroics

› Magnetically induced ferroelectricity

› Neutron diffraction investigations of RMn2O5

› General remarks and outlook for multiferroics
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What are multiferroics?

N.A. Spaldin and M. Fiebig, Science 309, 391 (2005) 

electric field

magnetic 
fieldstress

•In a ferroic material, P, M or � are 
spontaneously formed to produce 
ferroelectricity, ferromagnetism or 
ferroelasticity.

•Multiferroics contain at least two 
types of ferroic order.

•Additional interactions are present 
in multiferroics, eg. a magnetic field 
might induce polarisation. 
Of particular interest are 
magnetoelectric multiferroics .
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•Nowadays, the term “multiferroics”
tends to refer to materials in which 
ferroelectricity and any form of 
magnetic order coexist.

•Often the coupling between 
magnetism and ferroelectricity is 
very weak!
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1894 P. Curie First proposed the magnetoelectric (ME) effect on 
symmetry grounds.

1926 Debye Suggested that the ME effect is impossible.

1957 Landau & Lifshitz Showed that the linear ME effect should exist in 
certain magnetic crystals.

1959 Dzyaloshinskii Predicted that Cr2O3 should display the linear ME 
effect by symmetry.

1960 Astrov Confirmed predictions on Cr2O3 experimentally.

1966 Ascher First multiferroic discovered- Ni3B7O13I

•Interest in multiferroics slowed down from the early 1970s. It was realised that 
ferroelectricity and magnetism do not often coexist.
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•Proper ferroelectrics with d0 cations eg. BaTiO3
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•Covalent bonding involving charge transfer from filled O 2p orbitals
to empty Ti 3d orbitals is thought to stabilise the atomic shifts.

•d0 cations are favourable for ferroelectricity, but are non-magnetic.

C. Ederer and N.A. Spaldin, Nature Materials 3, 849 (2004)

T>TC T<TC

Classification of ferroelectrics
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TS.-W. Cheong and M. Mostovoy, Nature Materials 6, 13 (2007)

Classification of ferroelectrics
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LaMnO3 TbMnO3

Collinear A-type antiferromagnet Greater octahedral tilting leads to 
stronger, competing next-nearest 
neighbour exchange interactions-
spiral ordering
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S.-W. Cheong and M. Mostovoy, Nature Mater. 6, 13 (2007)

Dzyaloshinskii vector 1212 rxD ´µ l

Oxygen is displaced due to the 
Dzyaloshinskii-Moriya interaction:

[ ]2112 SSD ´×=DMH

Spin-orbit 
coupling 
constant

Weak polarisation

Spiral ordering
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Type-II multiferroics- TbMnO 3

T. Kimura et al., Nature 426, 55 (2003)

•Applied magnetic field rotates polarisation by 90 degrees.
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T. Goto et al., PRL 92, 257201 (2004)

•Giant magnetocapacitance probably due to gradual rotation of polarisation
in thick multiferroic domain walls [Kagawa et al., PRL 102, 057604 (2009)].
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Type-II multiferroics- TbMn 2O5
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N. Hur et al., Nature 429, 392 (2003)
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Type-II multiferroics- TbMn 2O5



���������� ���

4 5 6 7 8

20

40

30

10

50

d-spacing (Å)

T
em

pe
ra

tu
re

 (
K

)
Type-II multiferroics- TbMn 2O5

Neutron powder diffraction (GEM, ISIS)

k ~ (0.52 0 0.29)

k = (0.50 0 0.25)

k ~ (0.48 0 0.32)

Tb ordering k ~ (0.48 0 0.32)
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Strategy to solve commensurate structure k = (0.5 0 0.25):

Extract integrated intensities of magnetic Bragg peaks, impose upper limits on 
magnetic moments, run simulated annealing to fit the data and find candidate 
magnetic structures, then carry out Rietveld refinement on the best models.

•Magnetic structure is essentially collinear
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1.27(15)1.7(4)DyMn2O5

2.20(9)2.53(9)HoMn2O5

1.86(7)2.41(5)TbMn2O5

~3~4Expected

Mn4+Mn3+

RMn2O5 are magnetically frustrated systems

Ordered magnetic moments (µB) determined from neutron data:

Type-II multiferroics- RMn 2O5

G.R. Blake et al., PRB 71, 214402 (2005)
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•The magnetic frustration in the commensurate phase is likely suppressed or 
removed by lattice distortion. 

•There is apparently no spiral order in TbMn2O5. A mechanism giving a lattice 
distortion that breaks inversion symmetry could be symmetric magnetic 
exchange striction.

•The structural distortion responsible for ferroelectricity is tiny and has not yet 
been detected by any diffraction method.
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L.C. Chapon et al., PRL 96, 097601 (2006)

Type-II multiferroics- YMn 2O5

•The incommensurate structure is still sinusoidal, but is now a true spin density 
wave with all amplitude values realised on each Mn site.

Chain 1

Chain 2

Commensurate

Incommensurate

Incommensurate and commensurate magnetic structures solved from powder 
diffraction data:
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•Net polarisation along b-axis was calculated (from 10 unit cells for the 
incommensurate structure) assuming symmetric exchange striction proportional to 
SMn3+ · SMn4+ [Solid line is experimental data from I. Kagomiya et al., Ferroelectrics 
286, 167 (2003)].

Type-II multiferroics- YMn 2O5

L.C. Chapon et al., PRL 96, 097601 (2006)
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P.G. Radaelli and L.C. Chapon, J. Phys.: Condens. Matter 20, 434213 (2008)

•Magnetic structure of YMn2O5 (commensurate phase) solved using single crystal 
neutron diffraction data (D10, ILL) reveals a weak cycloidal component along c.
•Could this be responsible for the ferroelectricity, as in TbMnO3?

Type-II multiferroics- YMn 2O5
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•Magnetic structure of YMn2O5 (IC phase) solved using single crystal neutron 
diffraction data (D10, ILL) reveals elliptical spin envelopes.
•Symmetric exchange striction polar vector is a factor of 9 smaller in the IC phase, 
consistent with the smaller polarisation. The “spin-orbit” polar vector increases in 
the IC phase, so is unlikely to be the correct mechanism in RMn2O5.

P.G. Radaelli et al., PRB 79, 024404(R) (2009)
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•Domains are formed by reversing the directions of spins in half of the chains or by 
reversing the rotation direction of the cycloidal c-axis component.

Spherical neutron polarimetry after cooling in 
applied electric field:

P.G. Radaelli et al., PRL 101, 067205 (2008)

•Certain matrix elements 
describing polarisation of 
scattered beam are reversed with 
electric field, implying reversal of 
domain populations.
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•The strongest coupling between magnetism and ferroelectricity is generally in type-II 
multiferroics with both the “spin-orbit” and “exchange-striction” mechanisms.

•However, the magnitude of magnetically-induced polarisation is small in all examples 
found thus far. Also, the ordering temperatures are low.

•There is still much to be understood about magnetoelectric coupling mechanisms.

•Theory predicts that exchange-striction-type multiferroics may give much stronger 
polarisation in some cases (E-type RMnO3, kagome lattices?)

•The search is still on for new multiferroic materials, as well as linear 
magnetoelectrics. New phenomena such as ferrotoroidics are being explored.
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D. Khomskii, Physics 2, 20 (2009)
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