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Abstract

Primary ferroic properties found in solids include ferromagnetism, ferroelectricity,
ferroelasticity and ferrotoroidicity. Apart from the last, these properties are extremely
important for our daily life: they are exploited in transformers, magnetic data storage, in
position sensors, actuators, micromechanical applications and so on. In the sixties of the last
century, research started to explore the requirements for a joined appearance of more than one
ferroic property [1, 2 and reviews 3-7] and termed such materials ,,multiferroic®.

Fig.1: Coupled switching of antiferromagnetic (upper panel) and ferroelectric (lower panel) domains in
BiFeO; at ambient temperature. (T. Zhao et al., Nat. Materials 2006)

Multiferroics with coupled ferroic properties, sufficiently large polarization and appropriate
working temperatures would widely enhance the choices to sense and control. One example is
the manipulation of the magnetization by an electric field utilizing the magnetoelectric effect.
In this lecture, the focus is on magnetic and ferroelectric multiferroics. Early investigated
materials like Cr203 showed an extremely small effect. Modern methods of preparation (thin
film and nanostructuring techniques), investigation (scattering techniques, non-linear optics
and further) and theoretical modelling have opened ways toward discovery and design of
strongly magnetoelectric materials. This has triggered a revival of research activities [3-7].
Current efforts are devoted to areas including the following: (i) discovery of new single-phase
compounds (spin spirals and charge ordering as source of electric polarization), (ii)
experimental detection of the coupling phenomena (e. g., of the different ferroic domains) and
(ii1) design of nanocomposites of magnetic and ferroelectric components (mostly in thin film



structures [4 6, 8-10]). Whereas room-temperature single-phase multiferroics are very few
(BiFeO3), composites promise a potential for application and substantial magnetoelectric
responses have been reported [5,6,8]. However, there is a way to go, since thin film
fabriaction has started few years ago and very little is known about dynamic properties of
multiferroics.

Fig.2: Self-organized growth of epitaxial BaTiO;- CoFe,O4 nanocolumnar structures in films grown by
pulsed laser deposition (H. Zheng et al., Science 303, 661 (2004))
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Fig.3: Magnetoelectric coupling coefficient a = m0 dM/dE at 300 K with the magnetization M
controlled by applied electric field E in an epitaxially grown Lag 7Sty 3MnO; film on PMN-PT(001)
(Ref.8)

References

[1] P. Curie, J. de Physique (3rd series) 3, 393 (1894) First consideration of an intrinsic
correlation of magnetic and electric properties in a solid

[2] I. E. Dzyaloshinskii, Sov. Phys. — JETP 10, 628 (1959); D. N. Astrov, Sov. Phys. — JETP
11, 708 (1960) Prediction and first observation of the magnetoelectric effect in Cr203

[3] M. Fiebig: Revival of the magnetoelectric effect. J. Phys. D 38, R123 (2005) (review)

[4] W. Prellier, M. P. Singh, P. Murugavel: The single-phase multiferroic oxides — from bulk
to thin film. J. Phys. Cond. Matter 17, R803 (2005) (review)

[5] N. A. Spaldin, M. Fiebig: The renaissance of magnetoelectric multiferroics, Science 309,
391 (2005).



[6] W. Eerenstein, N. D. Mathur, J. Scott: Multiferroic and magnetoelectric materials, Nature
442,759 (20006).

[7] D. I. Khomskii: Multiferroics — different ways to combine magnetism and ferroelectricity.
J. Magn. Magn. Mater. 306 (2006)

[8] C. Thiele, K. Do6rr, O. Bilani, J. Rodel, L. Schultz: Influence of strain on the
magnetization and magnetoelectric effect in La0.7A0.3MnO3/PMN-PT(001) Phys. Rev. B 75,
054408 (2007)

[9] C. Thiele, K. Dorr, E. Beyreuther, L. Schultz, W.-M. Lin: Piezoelectrically induced
resistance modulations in La0.7Sr0.3MnO3 / Pb(Zr,Ti)O3 field effect devices. Appl. Phys.
Lett. 87, 162512 (2005)

[10] M. Gajek, M. Bibes, S. Fusil, K. Bouzehouane, J. Fontcuberta, A. Barthelemy, A. Fert:
Tunnel junctions with multiferroic barriers. Nature Materials (2007)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


