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System of Interest
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„Photon in – photon out“ spectroscopy

Schematics



Relevant diagrams



„direct“ term

„resonant“ term

„non-resonant“ term

energy conservation

„Lorentzian“ line width only determined by final state lifetime

after
M. Beye

Ph.D thesis



Resonant inelastic scattering

Sometimes also termed resonant x-ray emission, 
resonant fluorescence and resonant x-ray Raman

After P. Glatzel et al., 
Eur. Phys. J. Special 
Topics 169, 207 2009)



Resonant inelastic scattering

After P. Glatzel et al., Eur. Phys. J. 
Special Topics 169, 207–214 (2009)

Including interference effects (sum over intermediate states)

neglecting interference effects (sum outside brackets )

width ~Γn width ~Γf



Lifetime broadening effects – model system

After P. Glatzel et al., Eur. Phys. J. 
Special Topics 169, 207–214 (2009)



Raman features vs. emission lines

J.N. Hancock et al., Phys. Rev. B 80, (2009) 092509

CuB2O4

Cu K-edge



From L. J.P. Ament et al. to appear in Rev. Mod. Phys.

Core level energies



Natural linewidth

J. L. Campbell and T. Papp,
Atomic Data and Nuclear Data Tables 
77, 1–56 (2001)



From L. J.P. Ament et al. to appear in Rev. Mod. Phys.

Momentum transfer

Inelastic x-ray scattering

Electron energy loss spectroscopy

Inelastic neutron scattering
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Tunable source

Synchrotron radiation from a storage ring or a free-electron laser



X-rays and their properties

after D. Attwood

element-specific
chemical state selective

Hard Soft
Penetration depth mm-m nm-µm
Wavelength 1Å-0.1Å ~ 10-1 nm
Photon 
momentum

~Å-1 ~10-2Å-1

optics Crystals, lenses, 
waveguides

Mirrors and 
gratings with
grazing incidence

Detectors CCD MCP+Phosphor+
CCD



Soft x-ray beamline

After V. Stroscov and T. Schmitt

ADRESS beamline at Swiss Light Source



G. Ghiringhelli et al, Rev. Sci. Instrum. 77, 113108 (2006)

Grating spectrometer – 400-1600 eV



State of the art performance

G. Ghiringhelli et al, Rev. Sci. Instrum. 77, 113108 (2006)



Hard x-ray beamline

ESRF ID28



Crystal spectrometers

U. Bergmann, P. Glatzel, Photosynth Res (2009) 102:255
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History: x-ray emission spectroscopy

O´Bryan and Skinner, Phys. Rev. 45, 370 (1934) 

2m grating spectrometer
30000 lines/inch
Detector: photographic plates

M. Siegbahn 
Nobel prize

1924



Resonant x-ray emission

X-ray absorption X-ray emissionrelaxation



Mapping of molecular orbitals
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M. Stichler et al., Surf. Sci. 448 (2000) 164



Band mapping

A. Kotani, S. Shin, Rev, Mod. Phys. 73, 203 (2001) 

Si(100)

Momentum
conservation



Interference effects

La3+ in LaPO4 nano crystals

Electronic excitations 5p→4f

E. Suljoti et al, PRL 103, 137401 (2009)



Interference effects

E. Suljoti et al, PRL 103, 137401 (2009)
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Advantages of X-ray Raman ?

• Element specific
• Bulk sensitive
• Spectroscopy of dipole forbidden transitions (e.g. d-d, f-f )
• Direct coupling to charge
• Spectroscopy in the presence of

• Electric fields
• Magnetic fields
• High pressure
• High temperature
• …..

• High energy resolution
(given by monochromator, analyzer and final state widths)

Measure S(q,ω) (finite q) 



Elementary excitations- strongly correlated
materials

Superconducting gap

Multiphonons/
Multimagnons/
pseudogaps

0

100
meV

3 eV

1 eV

Mott Gap,
C-T Gap

dd excitations,
Orbital Waves

Optical Phonons,
Magnons,
Local Spin -flips

L. J.P. Ament et al. to appear in Rev. Mod. Phys.



Phonon dispersion



Spin-flip excitations - magnons

from L. Braicovich et al., PRL 104, 077002 (2010)



Magnon dispersion



Direct coupling to magnons

After L. J. P. Ament

Hubbard-model with antiferromagnetic order

Superexchange (Cu-O-Cu) changed by 2p→3d transition

Core excitation
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Quantum Beats in Vibrational Resonant Inelastic Soft X-Ray
Scattering at Dissociating States in Molecular Oxygen

A.Pietzsch et al., 
PRL 106, 153004 (2011)



Nuclear dynamics in the intermediate state

Condensed ethylene

F. Hennies et al PRL 95, 163002 (2005).

Electronic final state = ground state

Concept of scattering duration



Scattering duration time

Consider time-evolution of intermediate state wave packets

F. Gelmukhanov et al., Duration of x-ray Raman scattering, PRA 59, 380 (1999)

After M. Beye

1eV ~ 0.6 fs



Wave packet evolution for molecular oxygen

F. Hennies et al., PRL 104, 193002 (2010)



„RIXS intermediate state dynamics –electron-
phonon coupling“

„Dephasing“

M. Beye et al., PRL 103, 237401 (2009)


	Outline
	Schematics
	Relevant diagrams
	Resonant inelastic scattering  
	Resonant inelastic scattering
	Lifetime broadening effects – model system
	Raman features vs. emission lines
	Core level energies
	Natural linewidth
	Momentum transfer
	Tunable source
	X-rays and their properties
	Soft x-ray beamline
	Grating spectrometer – 400-1600 eV
	State of the art performance
	Hard x-ray beamline
	Crystal spectrometers
	History: x-ray emission spectroscopy
	Resonant x-ray emission
	Mapping of molecular orbitals
	Band mapping
	Interference effects
	Interference effects
	Advantages of X-ray Raman ?
	Elementary excitations- strongly correlated materials 
	Phonon dispersion
	Spin-flip excitations - magnons
	Magnon dispersion
	Direct coupling to magnons
	Quantum Beats in Vibrational Resonant Inelastic Soft X-Ray�Scattering at Dissociating States in Molecular Oxygen
	Nuclear dynamics in the intermediate state
	Scattering duration time
	Wave packet evolution for molecular oxygen
	„RIXS intermediate state dynamics –electron-phonon coupling“


<<
  /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
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


