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Inelastic X-Ray Scattering

2. IXS from Electronic Excitations

Michael Krisch
European Synchrotron Radiation Facility
. BP 220
F-38043 Grenoble Cedex

France

A) Introduction and experimental principles
B) Resonant inelastic x-ray scattering
1) Theoretical background

2) Examples

- Gd3zGasO 1, ErOs. RE>Fe 4B (RE L3 edge)
- GdsFes01» (Fe K edge)
- CsNi[Cr(CN)g] (Ni K edge)
- Mn compounds (Mn K-edge)

- Gd metal, circular polarized x-rays  (Gd L3 edge)
- Fe metal, circular polarized x-rays  (Fe Ly 3 edge)

- NiO (N1 K edge)

C) X-ray Raman scattering from low Z materials
1) Theoretical background
2) Examples
- Li K-edge
- Diamond

- Be and Graphite

D) Summary



Inelastic X-ray Scattering
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Collective ion excitations: gd = 1 (d: interionic distance); Aw: phonon

1)
energy

2) _Valence electron excitations:grg = 1 (re: interparticle distance); Aw: free-
electron plasma frequency

3) _ Inner shell excitations: qa < 1 (a: inner electron shell radius); Aw:
electron binding energy

4) _ Compton scattering: gre >> 1; 7w >> binding energy

5)

Resonant Raman Scattering: A®1 ~ Eabs, AW?2 ~ Ef]




1)

Application versus experimental needs

Inelastic x-ray scattering is a weak process:
=> extract as many photons of the desired energy as
possible out of the source. (Monochromator)

- => energy analysis + collect some solid angle £2.

(Analyser)

Tunability of the momentum transfer.

Selection of the polarization.

()
e

Collective ion excitations (phonons):

fiwy: 10 - 20 keV
Ahw: 1-10 meV

Valence electron excitations:

710)11 10 keV
ARo: 0.3-3eV

Non-resonant Raman scattering

4)

ho: 10 keV
Ahw: 1eV ->(0.1eV) K-hole lifetime of light elements

Resonant Raman scatterine:

hwy: 0.5-15 keV tunable to K-,L and M-edges of interest
Ahw: 0.1-1eV = lifetime of final state core-hole
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Experimental Setup ID16/BL21 at the ESRF

Incident x-rays, vertical scattering plane

0.0% .V 0.2V 1.6 eV

S I = I

sample Si(444), a,-0 Si(l111), a=0 undulator

Scattered x-rays, horizontal scattering plane
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Resonant Inelastic X-ray Scattering
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* Energy resolution of RIXS spectra limited by I'r
» Resonance condition, if iw; = En - Ep

* Below threshold: hw) < Ex - Ep
Raman dispersion: iy =ho; - (Eg- Ey)

« Above threshold: im; > EN - E1
- iw, = constant for excitations into continuum states
-hwy = dispersing with fiw; for excitations into a discrete state




Energy Conservation: EF - E[ = iw; - 705

hwy < Eis: A1 - iy =Epp + €
=> Aoy = Aoy - Ezp - €
a1 > E1s: (i) excitation into continuum states

hw) -hwy = Eop + €
hr;=Eis+¢€

(i) excitation into a discrete state E* below the
onset of the continuum states

hwy - AWy = Egp - E*
iy = hwy - Ezp+ E*
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RIXS at the L3-edge of Gd in Gd3GasO12

¢ Motivation:

Assess the multipolar nature of the XMCD sienal at the L-edges of Rare
Earths materials.

G. Schiitz et al.; Z. Phys. B 73, 67 (1988)
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«D. Gibbs et al.; Phys. Rev. Lett. 61, 1241 (1988)
« P. Carra et al.; Phys. Rev. Lett. 66, 2495 (1991)

« J.C. Lang et al.; Phys. Rev. Lett. 74, 4935 (1995)
« C. Georgetti et al.; Phys. Rev. Lett. 75, 3186 (1995)

M. Krisch, C.C. Kao, F. Sette, W. Caliebe, K. Himiilainen, and J. Hastings:;
Phys. Rev. Lett. 74, 4931 (1995)
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X-Ray Magnetic Circular Dichroism

~Spin up Spin down

o _ Creation of a spin-polarized core-hole
(magnetically aligned system + circular polarized x-rays)

® _Spin-Polarization of the final state _
(difference between spin-up and spin-down empty states)
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RIXS at the L3-edge of Gd in Gd3GasO12
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o [(7w,) for fixed Aw; around the L3 absorption edge

‘4f75d0> > L2_p_54fn 5d“'(a)> > Iﬁa,f“ 5d“’(e)>

X21 at NSLS: M.H. Krisch, C.C. Kao, F. Sette, W. Caliebe, K. Hiimiilainen, and J. B. Hastings; Phys.
Rev. Lett. 74, 4931 (1995).
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|F) 5 has the lowest final state energy, since an extra electron in the loca-

lized 4f orbitals has a larger Coulomb interaction with the 3d core hole.
making a more tightly bound final state in comparison to an electron promoted
either to the 5d orbitals or to the continuum.

e _ Calculation of the E2-part of the RIXS spectrum for Gd:
M. van Veenendaal, Phys. Rev. B 54, 16010 (1996).

::/  Expen want

39D} {192 1193
O~ O eV

Direct comparison with x-ray absorption spectrum:

Constant Final State Scan: Ef - E[ = %W;-%0, = constant

e I(Aw;-hwy =constant,fwy)
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e Separation of different excitation channels contributine to the same
absorption edee,

» Fxistence. strength and location of the guadrupolar excitation channel at

the Gd L 3-edgoe:

E2/E1=0.018 AE12=75¢eV

Condition:

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

{4



Intensity {arh. vinits]

RIXS at the Ls-edge of Er in Er20O3

ID26 (ESRF): C. Dallera, M. Krisch, C. Gauthier, A. Sole, A. Rogalev, J. Goulon, F.Sette
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Constant Final State Scans
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» B and_B* belong to different intermediate states, and are due to
the cubic crystal field splitting of the 5d states: AE=2.3eV_

* A and A* belong to the same intermediate state, and are due to
the final state multiplet splitting.
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Identification of E2 Excitation Channels
at the L3z Edge of RE2Fe;4B

» F. Bartolomé, J.M. Tonnerre, L. Sve, and D. Raoux (CNRS Grenoble)
J. Chaboy and L.M. Garcia (Zaragoza)
M. Krisch (ESRF), C.C. Kao (NSLS)

30‘«5"2_ - 2 P3[':_

(ahitrary units)

3dsy, — 29312.

2ds;y, —+ 2Py

3dislz — LPyq

Scaltered Intensity

Hd — 2p3y=

Yd - 2Pz




Comparison XMCD - RIXS Constant Final State Spectra
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o Companison XMCD - RIXS Constant Final State Spectra

o Energy Difference Epo - Ewp
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Norm. Signal [arb. units]

7020

pt [arb. units]

RIXS at the K-edge of Fe in Gd3FesO12
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Norm. Signal [arb. units]

| . -
above threshold: '3d3>--> 1sl3d°e>—>

3p53d5€>

at 1s -> 3d resonance: 3d5>-> 1513d6>—>13p53d6>

Above threshold final states with two different spin orientations
between 3p- and 3d-shell possible.

Bp;S 3d§ q> lower final state energy => higher A,

3p‘5 3d§ q> higher final state energy => lower A,

For the 1s -> 3d transition, there are only spin-down vacancies!




Satellites typical in the fluorescence of elements with an
incomplete electronic shell in the ground state.
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The fluorescence line shape reflects the interactions between the
two incomplete electronic shells in the final state.

‘Main line:  primarily spin-down character
Satellite: primarily spin-up character



Local Spin-Selective X-ray Absorption

» The occurence of satellites in the fluorescence line is an intraatomic.
effect!

* No pneed for I ng range magnetic order and circular polarized x-rays
to perform XMCTD measurements!

XMCD LSXAS
Spin up Spin down Spin up Spin down
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XMCD:  py(hoy)- . (7o) ie_[R% (P )py (hwl)]'[R%(ml)P«b (hwl)]
LSKAS: W (hwp)-p (ho)=[RE (heoyJpp (hooy) |- [R (heop oy (heoy)|

R: radial transition matrix element; p , P : spin-polarized empty density of states;
Pe: photoelectron polarization



Ni KB - emission (3p -> 1s) in CsNi[Cr(CN)¢]
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Oxidation- and Spin-State Selectivity
(G. Peng et al.; J. Am. Chem. Soc. 116, 2914 (1994))

Intensity (a. u.)
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Figere 2 Oxidation-state effects oo peak shapes and positions for Mn K5 spectra: Mof{OAc); (—): Mo (OAc); (- - -); Ma™[HB(3,5-Megpzhils
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Figure 5. Left: Spectra of a representative series of Mna(TII) compounds with different spin states. Key: top, low-spin KyMn{CN)s and Mn[HB-
(3.5-Mespz)ylz (ClO4); bottom, bigh-spin Mn(OAc),, Mn{acen)CL, Mn(P)Cl, zand Mn(phen)Cl;. Right: Calculated spectra of low spin (lop) vs
high-spin compounds {middle). Bottom spectra are the caleulated spectra for P, 2 (—) ard *Py 1, (- - ) final states, which give the middle summation
spectrum. The calculated spectra are broadened with Lorentzian broadenings of 1.0 eV for the K4, 5 structure and 2.0 eV for the K& as wellasa
Guussian broadening of 0.5 eV.



RIXS excited with circular polarized x-rays

* Creation of a spin-polarized 2p3/; core-hole by excitation with
circular polarized x-rays.

» Excitation well above threshold => no spin polarization in the
intermediate state. -

 Decay of an electron with the same spin orientation as the excited
photoelectron.

o Spin up Spin down
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ndf 4f¢7 > excitation of a spin-up electron

ndg 4f¥ > excitation of a spin-down electron
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RIXS excited with circular polarized x-rays
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2p3/2 Photoelectron polarization P, =

Creation of a spin-

Polarized (shallow) core-hole (3d9, 4d9)
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Atomic Multiplet Calculations

» EMF. de Groot, M. Nakazawa, A. Kotani, M.H. Krisch, and F. Sette, Phys. Rev. B, in print

1) Lo - emission; §so >> Gex  (jj-coupling)

I e

Ee Cev]

9Dg. Saril S3q

=> lowest final state energy, (L:S)34> 0
13d =3/2 .
Dy Sa4r#Ssd => highest final state energy, (L-S)3¢ >0
9D S4rllS3d4  => lowest final state energy, (L-S)34 <0
J3d =3/2 .

7Ds  SafMS3d  => highest final state energy, (L-S)3d < 0



2) LB - emission; C so < Gex (LS-coupling)

9Dg_ Saf Il S34

=> lowest final state eneray, (1.-S)34 >0
"High Spin" .
9152 S4f 11 S3d => highest final state energy, (L-S)3q < 0
D1 SagMS3d  => lowest final state energy, (L-S)3d 30
"Low Spin” :
’Ds  SafMSsd

=> highest final state energy, (L-S)354 < 0



Valence Band Emission XM CD

* Probing the element- and symmetry specific spin polarizaton of the
occupied density of states below the Fermi level.

By

XAS
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Spin down
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S I
/
i
‘l £
\
4 i I
23, Py | v [ M
2Pin2, Y v
—~ f /—\_,/M\ / \“ !
v ‘n P
~ X-Ray Emission Spectrum = [
i o by |
fo =R \ j A i
i Vot i
/i' \ _:.'3 \j i
i \ L o
‘ Lo I
L3 L2 | - s J
=] . I IA‘
\/\ + . ] }“n—..
{ 5 A -
N Yl i I
A 3o
L “;-.‘\;Ulj A\fj 'J‘ 'A-'kﬁfl‘rlrh " T T P
STy - 1 K \J'W _12 -8 -4 4] 4
1 W‘{rﬁf{“' Energy (eV)
Dichroic ansctropy FIG. 2. The (normalized) Fe L, magnetic circujar dichroism _
signal {& ™ —¢ 7): the upper curve is the theoretical prediction
7000 7100 7200 730.0 for w; equals threshold energy, folded with the experimental

Photon Energy {aV)}

C.F. Hague et al.; PRB 48, 3560 (1993)

resolution function; the experimental result is given in the lower
curve {the continuous line serves as a guide for the eye).



33

Valence Band Emission from NiQ
(C.C. Kao et al.; PRB 54, 16361 (1996)

* Resonant enhancement of the charge-transfer excitations

20 . :
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o
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FIG. 1. (a) Ni K absorption spectrum of NiO. (b) Normal
valence-band x-ray-emission spectrum of NiQ. (¢) Resonant inelas-
tic x-ray-scattering spectrum of NiO obtained with the incident pho-
ton energy tuned to the main peak of the absorption spectrum (a).
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FIG. 4. Schematic energy-level diagrams of NiO in the ground
state, the intermediate state, and the final state of the x-ray resonant
Raman process. .



X-Ray Raman Scattering from low Z Materials

XAS IXS
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Ey +€=ho; Ep +€=h0=h0) -0y

(EF Eq -hw)

d20 2 W [ - ’
_— =1 — ee Ze
dhw, dQ Ocu Z T

ris the radial extent of the core wave function under consideration

gr<<1: e'%=l+igr

Dipolar Regime: Identical to photon absorption, where g plays the

role of the photon polarization vector €.
(Mizuno and Ohmura, 1967)

ar >> 1: eiq_r _

Multipolar Regime: quadrupolar and monopolar excitations

(Doniach, Platzman and Yue, (1971))
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Comparison between x-ray Raman Scattering
and soft x-ray absorption

H. Nagasawa, S. Mourikis, and W. Schiilke; J. Phys. Soc. Jpn. 58, 710 (1989)
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Fig. }. Raw experimental data for Li single ¢rysial obtained in the dispersion compensating case. The X-ray

Raman specirum (XRS) has an edge likz onset at the binding energy of the Li K-electron of about 55eV. E
and C denote rhe quasielastically scattered Rayleigh line and the S(g, w) profile from the valence elecirons, re-

spectively.
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Fig. 5. Comparison of X-ray Raman spectrum (XRS) and soft X-ray absorption data for Li metal; circles: XRS
for qa=0.22, squares: XRS for ga=0.38, dashed line: reduced soft X-ray absorption curve.



Comparison of XRS- versus soft XAS-EXAFS

K. Tohji and Y. Udagawa; Phys. Rev. B 39, 7590 (1989)

XRS

DIAMOND

« I

INTEHSITY | counts]}
rd

’.....-' a

b

Acd t g [c]
AN A o~ .

- VV"VV\/ NS

i I ! 1 [
200 300 400 5Q0 890 700
ENERGY SHIFT (eV)
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Anisotropic x-ray Raman Spectra

H. Nagasawa, S. Mourikis, and W. Schiilke; J. Phys. Soc. Jpn. 58, 710 (1989)

Beryllium gqa = 0.34 q = 1.25 a.u.
soeo g // ¢
2r sees 3§ // 11001
> g /1o
=
"
o)
r 1
~
3
‘;‘;S
0
O L3 ] 1 ’ 1
11 120 130 140
Tw [eV]

Fig. 3. Anisotropic Be X-ray Raman spectra for ¢4 ¢, §#{100] and g#[110). The dependence of the fine siruc-
ture on the g-direction can be attributed 10 g-dependent symmetry projections oif the density of unoccupied
states.
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Fig. 4. The anisotropic graphite X-ray Raman spectra for g/ ¢ and g L c reflect the density of carbon r-states
and g-states, respectively.



IRS beyond the dipole selection rules
at the Li K-edge

Sample: 12 mm lithium metal rod, kept at 10K

Incident Energy: >0885eV
Scattered energy: 9885 eV
Scattering angles: 10° and 150°

Momentum transfer q » 2ko sin(0s/2)
Radial extent of Li 1s wavefunction: 0.02 nm

q(10°) = 8.7 nm-! qr(10°) = 0.175
q(150°) = 97 nm-! qr(150°) = 1.93

Total energy resolution AE: 1.6 eV or 80 meV

LiIXS AE = 1.6 eV. g = 8.73 nm"
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L1 K-edge Absorption

s H. Petersen; Phys. Rev. Lett. 35, 1363 (1975)
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_Li K-edge Electron Energy Loss Spectroscopy_

~ J.J. Ritsko et al.; Phys. Rev. B 10, 3017 (1974)
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Summary

Resonant IXS:
» Useful (Powerful) complement to other core spectroscopies.

- Isolation of overlapping excitation channels, not visible in XAS
(RIXS for the interpretation of XMCD data)

- Use of circular polarized x-rays

- Study of electron correlation effects, similar to XPS, but bulk sensitive
(Spectral moment analysis)

- Probing the spin-resolved occupied density of states

- Probing the spin-resolved empty density of states in systems without long
range magnetic order (Paramagnets. Antiferromagnets)

IXS from core levels of low Z- materials:
Soft XAS in the hard X-ray regime:
- experiments under extreme conditions such as high temperature,
high pressure.

Exploitation of excitations beyond the dipole selection rule.
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