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Introduction: inelastic X-ray spectrum
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Basic IXS instrumentation

IXS (this morning)
Monochromator ’;Z % P '
detector |
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____________ Energy Transfer [eV]
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A = 2d,sir((6;))

backscattering + high order reflections

Analyser
Si(n,n,n)  n=7-13




Basic IXS instrumentation

IXS (this morning)

Monochromator
Si(n,n,n)

K= kou’[ )
E =By - Eour = 2hC(1/A;-1/Aq )

A = 2d,sir((6;))

detector

-
-

P 2 o o
~ 28 8§ E g g
IXS i85 & '@% £
£

Ra?ﬁan/FﬁXc

heo [eV]

i S gr_hn/k
0 0.005 4 g [y .
Energy Transfer [e@

Analyser
Si(n,n,n) n=7-13




Basic IXS instrumentation

Raman / RIXS
Monochromator PR
Si(1,1,1); (2,2,0); ... 2 Rafian/BIXS
A, (tunable)
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Basic IXS instrumentation

Raman / RILXS

%Einﬂ kin
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1. E; fixed, scanning E;,

2. E;, fixed, scanning E
(rotating crystal and follow with the detector)

3. Scanning E;, and E_ ; keeping E constant

non-resonant IXS, RIXS

RIXS

RIXS




Basic theoretical aspects

Inelastic scattering:

E= Eou’[ ) Ein
Ho=(em Q)T [(O2GAAAP] | kb
A vector potential of electromagnetic field E., ki,
P: momentum operator of the electrons
J: summation over all electrons of the system /
Sample

@non-resonant scattering (example this morning: IXS)

A-p 2 resonant scattering, absorption followed by emission




Basic theoretical aspects

Non resonant IXS cross section:
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X- ray absorption cross section (dipolar approximation):
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Basic theoretical aspects

Non resonant IXS cross section:

d%0 N
—r 2 . 2 DS |2 -
Py SR CAUN .P.|<I|exp>| B(EErtEy)
<V

k-r, <<1 - Dipolar regime: identical to photon absorption, where:

i) The momentum transfer (k) plays the role of the photon polarization vector (g;,)
i) The energy transfer (E) plays the role of the incident energy (E,,)

X- ray absorption cross section (dipolar approximation):

= = 4m2aELS |Pl<llg, 1| F>[25( @




Basic theoretical aspects

Non resonant IXS cross section:
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X-ray Raman Scattering (XRS)
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Motivation: element-selective
probe for local atomic structure

XRS is alternative to:

* Neutron scattering (with isotopic
substitution)
« X-ray (anomalous) scattering

« XANES and EXAFS




Experimental highlights (XRS)

XRS from O K-edge in water and ice

Elastic and inelastic scattering from ice
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Experimental highlights (XRS)

XRS from O K-edge in water and ice (EXAFS)
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Experimental highlights (XRS)

XRS from O K-edge in water and ice (EXAFS)
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Experimental highlights (XRS)

XRS from O K-edge in water and ice (XANES)

XANES sensitive to the number
and “type” of hydrogen bonds (HB)
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* Pre-edge indicates a large number (~ 70%) of
distorted or broken HB (supported by calculation)

PRB 66, 092107 (2002)
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Experimental highlights (XRS)

XRS from O K-edge in ice under high pressure
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Experimental highlights (XRS)

XRS from O K-edge in ice under high pressure
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* New pre-edge
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new Ice phase?
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Observation of spectral changes:

Need of much better statistics and theory to extract

PRL 94, 025502 (2005)

quantitative information




Experimental highlights (XRS)

XRS from O K-edge in ice under high pressure
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Experimental highlights (XRS)

XRS from O K-edge in ice under high pressure
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Experimental highlights (XRS)

XRS in summary:

Soft x-ray spectroscopy in the hard x-ray regime

Advantages

Drawbacks

e “‘simple” sample environment
(high pressure/temperature, etc...)
e bulk sensitive

e access “exotic” final states

e indicated for studying (bulk)
Oxygen and Carbon

e “weak probe”

(practically limited to Z < 14)

e limited quality for structural
analysis (EXAFS)

e reasonable quality in the
XANES region

Exploit information in the near-edge reqion




Basic theoretical aspects

Inelastic scattering:

E= Eou’[ ) Ein
Hmt:(e/mec)Zj[(e/ZC)Aj-A k = ko - ki,
A vector potential of electromagnetic field E., ki,
P: momentum operator of the electrons
J: summation over all electrons of the system /
Sample

A-A = non-resonant scattering (IXS - XRS)
@resonant scattering, absorption followed by emission




Basic theoretical aspects
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Basic theoretical aspects
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Resonant IXS cross section:
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Experimental highlights (RIXS)

RIXS in Rare-Earths (YbfFe, ,B)
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A: very weak, visible in the pre-edge
region, observed at constant energy
transfer (E=E, -E;,)

B: strong, observed at constant E
C: cannot be separated below edge,
above is observed at increasing E

Enerqgy resolution ~ 3-7 eV for Rare-Earths (I';y<< 54)




Experimental highlights (RIXS)

RIXS in Rare-Earths (YbfFe, ,B)

Fluorescence
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Experimental highlights (RIXS)

RIXS in Rare-Earths (Yb.fFe, B)
Ground: [4f'3d"">

T Fe 2B

e e R A: Quadrupolar: 2p > 4f channel

- F 2z ] edge IN> = |2p54f145d”*> -2 |F> = |3d94f145d”*>

/ 7.3 3 .

oty NS = | | B Dipolar: 2p = 5d channel
s i - |I.- IN> = |2p54f135d”*+1> 2> |F> = |3d94f135d”*+1>
& .3
v /A 1.7 C: L, fluorescence: 2p->continuum
TTY / 2.1 —
FE TR A =
Bl # &
EF17,3 11 . .
— J " Quadrupolar excitation (A):
- y - agreement calculations
— J > 0.6 [ E = 8936 eV -

' J . 0 ~Yb . Yb
E334.3 17 = o il
EEE J 1 ; Y I
E334.1 J 1 04 7[‘:" i (|
2FRE / 2z "'E ¥ ‘:1 I| I
anaz | # 12 - .
#010 / L = 0.2 + . IJ ||I
HETY - 57 = _-

1500 15"J:|E \;-uu 1560 E 0 gg' B _,_,/} I\\_
(eV) 1512 1516 1520 1524 1528 1512 1516 1520 1524 1528

PRB 60, 13497 (1999) E (eV) E (eV)



Experimental highlights (RIXS)

RIXS in Rare-Earths (quadropolar Zp>4f)
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Experimental highlights (RIXS)

RIXS in Rare-Earths (quadropolar Zp>4f)
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Intensity [arb. units]

Experimental highlights (RIXS)

RIXS in Rare-Earths (Er,0O;)

0.10 I ‘
N B’3d5/2 -2 2p3/2 | 1.2
0.08 - 10"
[~
: o 0.8
0.06 Al |A £
S 06"
[ | L . —
0.04 | )
. o
M N OA/ﬂ:j/
//\J/ 8352.1 £ 7
' J J 8350.6 0.2 - :
, \J/ 8350.1 J w|
= | 8349 1 00 J 8357
000 || | ———— 383461 ' Y I
1400 1410 1420 1430 1400 1410 1420 1430 1440

Energy Transfer [eV] Energy Transfer (eV)



Intensity [arb. units]

Experimental highlights (RIXS)

RIXS in Rare-Earths (Er,0O;)
Ground: |4f"d%
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Experimental highlights (RIXS)

RIXS in Rare-Earths (Er,0O;)

Constant final state scans: E = constant & E;, through the absorption edge
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Experimental highlights (RIXS)

RIXS in Rare-Earths (Nd & Sm)
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Experimental highlights (RIXS)

RIXS in Rare-Earths (valence transition)
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« Mixed ground state (Yb?*; Yb3+)
 Pre-edge - larger Yb?+ at low-T
« XAS final = RIXS intermediate
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Weak Yb?+ feature can be resonantly
enhanced: possible to study T-dependence




Experimental highlights (RIXS)

RIXS in Rare-Earths (valence transition)
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Experimental highlights (RIXS)

RIXS in Rare-Earths (valence transition)
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Experimental highlights (RIXS)

RiIXS in summary:

Final state core-hole lifetime < energy separation of the
multiplet families

v

RIXS allows the separation of different excitation channels
which are obscured in a standard absorption measurement

Keeping E fixed and tuning E,, through edge (CFS scan)

i

Resonant enhancement of “subdle” intermediate states






