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ered as valid. Indeed, the total free energy of the system depends
on the distance between atoms, because this distance controls the
strength of the interaction energy within the system. Hence, the
transition only changes in a minor way the value of the system’s
free energy.

On the other hand, one has to check that there are systems of
physical interest for which the crystallographic symmetry allows
free-energy forms of the type (3.1.2.13), (3.1.2.16). Indeed, the
crystallographic symmetry relative to the example in Section
3.1.2.2 was such that the presence of a third-degree term in the
Landau free energy was excluded.

Such verification is not necessary for the free energy of type
(3.1.2.16). This free energy is only characterized by a specific sign
of the coefficient of the fourth-degree term, a circumstance that is
not defined by symmetry considerations.

By contrast, an actual crystallographic model of a transition
described by (3.1.2.13), which involves a term of degree three, is
required to support the relevance of the corresponding model.
Such a model is provided, for instance, by a crystal the high-
temperature phase of which has a rhombohedral symmetry (e.g.
R3m), and which undergoes a transition corresponding to an
atomic displacement d perpendicular to the ternary axis (Fig.
3.1.2.8).

If we refer the components to a rectangular frame of coordi-
nates, the matrices representing the mode of transformation of
the components (dx; dy) under application of the generating

elements of the group R3m have a form reproduced in existing
tables. It is easy to check that the form of the Landau free energy
resulting from a search of invariant polynomials of successive
degrees is
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We note that the form of the free energy of this system,
determined by its symmetry, involves a third-degree term. Let us
show that the thermodynamic properties corresponding to this
form are qualitatively identical to the ones derived from the
canonical free energy (3.1.2.13). In this view, let us put
dx ¼ � cos � and dy ¼ � sin �. The free energy takes the form

F ¼ F0 þ
�ðT � T0Þ

2
�2 þ

�

3
�3 cos � cos2 � � 3 sin2 �

� �
þ
�

4
�4:

ð3:1:2:18Þ

For such a free energy, it is remarkable that for � 6¼ 0 the
directions � of the extrema, which are determined by @F=@� ¼ 0,
are independent of the value of �. These directions form two sets
which we denote A (� ¼ 0, 2�=3, 4�=3) and B (�=3, �, ��=3). If
we replace in equation (3.1.2.18) � by one of these values, we
obtain
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the sign in front of the � coefficient being þ for the A set of �
angles and � for the B set. We are therefore brought back to a
form close to the canonical one [equation (3.1.2.13)]. Note that
for � > 0, the stable second minimum of the free energy [equa-
tion (3.1.2.15)] corresponded to �< 0, i.e. to ��< 0. Hence in
(3.1.2.19), � being a positive modulus, the second stable minimum
will correspond to a negative coefficient for �3. Depending on the
sign of �, the direction � of this minimum will either be the set A
or the set B of � values.

3.1.2.4. Generalization of the approach

Let us summarize the results obtained in the study of the
specific models described in the preceding sections. We have
shown that an order parameter (e.g. dz or dx; dy) is a set of scalar
degrees of freedom that allows the description of the symmetry
and physical changes accompanying the phase transition in a
system. The equilibrium values of the n components of the order
parameter are zero for T � Tc and not all zero for T <Tc. The n
components define a vector space that is an irreducible invariant
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Fig. 3.1.2.6. (a) Plots of the free energy as a function of the order parameter
for various temperature values in the framework of the model of a
discontinuous transition associated with equation (3.1.2.13). (b) Temperature
dependence of the equilibrium value of the order parameter, as determined
by the model of a discontinuous transition. (c) Temperature dependence of
the susceptibility in this model.

Fig. 3.1.2.7. Plots of the free energy as a function of the order parameter for
various temperatures in the framework of the model of a discontinuous
transition associated with equation (3.1.2.16). The temperature decreases
from right to left, the transition being reached for the temperature
corresponding to the third plot.

Fig. 3.1.2.8. Schematic representation of the displacement associated with the
order parameter in a crystal having trigonal (rhombohedral) symmetry.

references

International Tables for Crystallography (2006). Vol. D, Figure 3.1.2.6, p. 345.

Copyright © 2006 International Union of Crystallography

http://it.iucr.org/Da/ch3o1v0001/references/
http://it.iucr.org/Da/ch3o1v0001/fig3o1o2o6/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [641.000 859.000]
>> setpagedevice


