EXAFS Study of Disorder in SrTiO; Perovskite
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Abstract. Ti K-edge EXAFS spectra of SrTiO; at room temperature and at N, boiling point are measured to detect the Ti
ion displacement above and below the antiferrodistortive phase transition occurring at 7, = 105 K. The data yield a definite
value of the displacement, only slightly dependent on the temperature. The sensitive dependence of the amplitude of Ti-O-
Ti focusing paths on the scattering angle is used to infer the correlation of Ti displacements. A preference to alternating

displacements is indicated.
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INTRODUCTION

The cubic to tetragonal antiferrodistortive phase
transition at 105 K in SrTiOj; is associated with the
condensation of a nonpolar soft mode at the Brillouin
zone boundary [1]. The low-temperature phase with
polar order is suppressed by zero-point quantum
fluctuations of the soft mode [2], in contrast to BaTiO;
where such a transition takes place at 410 K.
Ferroelectric phase transitions in perovskites are
generally considered to be classical examples of
displacive soft mode type transitions. The transition
type is confirmed by inelastic neutron scattering
measurements. However, electron paramagnetic
resonance measurements on doped crystals reveal a
strong anharmonicity of the local potential of Ti ions,
suggestive of an order-disorder transition, with Ti-ions
hopping among the <111> off-center sites. The
question is whether the potential in the cubic phase
exhibits a minimum at the center of the oxygen cage or
whether Ti ion is disordered between several off-
center sites [Fig. 1]. Recent NMR studies performed in
BaTiO;, SrTiO;, and SrTijgO; [3,4] support the
existence of dynamic disorder of the Ti ions in the
cubic paraelectric phase. However, the ambiguity
whether the observed tetragonal distortions are of the
displacive type with static Ti displacements along the
<100> directions or of the order-disorder type with
biased averaging among the <111> displacements
could not be resolved.

The question can be elucidated by EXAFS which,
with its fast dynamics, represents a momentary
snapshot of the ion positions. In an attempt to detect
the distortions we measured Ti K-edge EXAFS spectra
of SrTiO; at room temperature and at the temperature
of liquid nitrogen, well below the temperature of the
phase transition.

FIGURE 1. Possible titanium ion positions, compatible with
the O, symmetry in the paraelectric phase of SrTiO3: a)
static Ti at the ideal position in the center of the unit cell, b)
Ti disordered among eight off-center displacements along
the eight <111> directions. Ti shifts are shown greatly
exaggerated.
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FIGURE 2. Ti K-edge EXAFS of SrTiO; at 300K and 84 K in k-space (left), and its Fourier transform (right).

EXPERIMENT

Ti absorption spectra were measured at the XAFS
(BL 11.1) beamline of ELETTRA, Trieste. The
storage ring operated in multibunch mode at electron
energy of 2.0 GeV and a current of about 300 mA. A
double-crystal Si(111) monochromator with 0.8 eV
resolution at the Ti K-edge (4966 eV) was used. A
scanning interval [-250 eV .. 1600 eV] relative to the
edge was adopted, with steps of 0.3 eV in the edge
region and 2 eV outside. Several consecutive runs with
integration time of 2 s per step were averaged to
improve the signal-to-noise ratio. Precise energy
calibration of the monochromator was maintained by
interposed absorption scans on Ti metal foil.

As a sample, finely ground SrTiO; (3.1 mg/cm?)
was mixed with boron nitride powder (16 mg/cm?) and
pressed into self-supported pellets with the optimum
absorption thickness of about 2 pm above the
absorption edge. The sample was placed between
ionization chambers, filled with gas mixtures of 200
mbar N,/1800 mbar He and 1100 mbar N, /900 mbar
He.

RESULTS

The Ti K-edge spectra of SrTiO; at both
temperature points extend to k = 17 A" without
appreciable noise (Fig. 2). The first peak in the
Fourier-transformed EXAFS signals, the fingerprint of
the oxygen octahedron with a mean Ti-O distance of
1.95 A, is expected to show the effect of the Ti
displacement most directly. However, the strong
second peak due to the eight Sr neighbors at the
distance of 3.38 A, with a clearly exposed low-R flank
to enable precise shape modeling, offers another
possibility. The third peak is due to Ti atoms in

adjacent unit cells at the distance of 3.90 A, with
strong contributions of focusing from the linear Ti-O-
Ti paths. These contributions are conspicuously
stronger in the room-temperature signal.

EXAFS analysis was performed with the IFEFFIT
code [5]. The basic FEFF6 [6,7] model of the
undistorted SrTiO; structure (cubic P m -3 m) [8]
involved, within 4 A, three single-scattering paths for
the three nearest neighbor shells, and six multiple
scattering paths. In the distorted-crystal model the
central Ti atom was displaced in either the (001) or
(111) directions, whereby the number of scattering
paths is effectively tripled. An iterative relaxation to
the best fit with the experimental data yielded
displacement magnitudes of ~0.08 A in both cases,
with almost identical fits in the [1.3 A4 A] interval.
The value for the displacement was practically the
same for both temperature points. Apparently, EXAFS
signal does not, in the first order of perturbation,
depend on the displacement vector, only on its
magnitude.

The focusing properties of the Ti-O-Ti scattering
paths are sensitively dependent on the Ti
displacement. Our FEFF model only shifts the central
Ti atom, while the other atoms remain at unshifted
cubic positions. In the real crystal with all Ti atoms
displaced, however, the focusing can be either stronger
or weaker than in the model, depending on the
correlation of Ti displacements. A variable factor F in
the amplitude of the focusing paths is introduced in the
model to account for the effect, in addition to standard
variable feffit parameters. Of these, common values of
the amplitude reduction factor and zero energy are
used for data at both temperature points. Separate sets
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FIGURE 3. Best fit of Ti K-edge EXAFS using k-interval of [5.5 At 155 A'l] and k* weight at room temperature (left) and

at 84 K (right).

of parameters are employed for the single expansion
coefficient for all paths, a small local correction to the
Ti displacement, and three separate Debye-Waller
widths for the three neighbor shells.

In the simultaneous fit of EXAFS signals of both
temperature points, a nearly perfect fit (r-factor of
0.008) of the data up to and beyond 4.0 Ais obtained,
using the k-interval of [5.5 A’ .. 155 A'] and
exploiting the Artemis option of relaxation of
background spline parameters [5] (Fig. 3). In spite of
high correlation (0.95) with Ti displacement, Debye-
Waller factors remain within reasonable limits, e.g.
0.0021(8) A” at 300 K and 0.0016(4) A’ at 84 K for
the first neighbor shell.

CONCLUSION

EXAFS cannot distinguish between different Ti
displacement vectors, so the basic ambiguity remains.
However, the magnitude of the Ti ion displacement is
determined independently as 0.08(1) A at 300 K, and
0.072(4) Aat84 K, in accord with the NMR finding of
displacements persisting above T.. The obtained value
of 1.13(10) for the focusing factor F points to a
tendency of the alternating displacements in adjacent
Ti ions.

ACKNOWLEDGMENTS

The work was supported by the Slovenian
Research Agency, Sincrotrone ELETTRA and the
European Community EU contract RII3-CT-2004-
506008 (IA-SFS). Access to synchrotron radiation
facility of ELETTRA at XAFS beamline under project
2005156 is acknowledged. We would like to thank L.
Olivi and G. Vlaic of ELETTRA for expert advice on
beamline operation.

REFERENCES

—

. J. F. Scott, Rev. Mod. Phys. 46, 83-128 (1974).

2. K. A. Miiller and H. Burkard, Phys. Rev. B 19, 3593
(1979).

3. B.Zalar, V. V. Laguta, and R. Blinc, Phys. Rev. Lett. 90,
037601 (2003).

4. B.Zalar, A. Lebar, J. Seliger, R. Blinc, V. V. Laguta,
and M. Itoh, Phys. Rev. B 71, 064107 (2005).

5. B. Ravel and M. Newville, J. Synchrotron Rad. 12 537-

541 (2005).

6. J.J. Rehr, R.C. Albers, S.I. Zabinsky, Phys. Rev. Lett. 69,
33975 (1992).

7. 1.J.Rehr, R. C. Albers, Rev. of Modern Physics 72, 621-
654 (2000).

8. Yu. A. Abramov, V.G. Tsirelson, V.E. Zavodnik, S.A.
Ivanov, 1.D. Brown, Acta Crystallographica B 51, 942-
951 (1995).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


