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Frank de Groot

Studie: scheikunde in Nijmegen (1982-1986)

X-ray Absorption Spectroscopy

(K edgeS) Promotie: vaste stof chemie Nijmegen (1991)
Interaction of X-rays with matter Post-doc: Laboratoire pour I' utilisation du rayonnement
XANES and EXAFS électromagnétique in Parijs (93-94)
. Post-doc: vaste stof natuurkunde in Groningen (95-98)
XANES analysis
Pre-edge analysis Universitair hoofddocent: anorganische chemie Utrecht
Resonant Inelastic X-ray Spectroscopy (RIXS) - Theorie van rontgenspectroscopie
- Ontwikkelen nieuwe réntgenspectroscopieén
- Onderzoek aan heterogene katalysatoren
- Onderzoek aan vaste stoffen
Why X-ray Absorption? What do we learn from XAS?
Element specific » Metal valence during synthesis and reaction
Sensitive to low concentrations » Metal coordination

(0.01-0.1 %) (very small) nanoparticles/clusters
Applicable under extreme conditions

(high-pressure, high temperature, in-situ)

Applicable to gasses, liquids and solids

» Metal site symmetry
+ d-band occupation

(3d, 4d or 5d; metal versus oxide, valence)
Combination with microscopy » Energy positions of empty bands of adsorbates

(CO, H, on Pt, nature of adsorption site)

* 20 nm spatial-resolved, 50 ps time-resolved

Interaction of x-rays with matter 1 Interaction of x-rays with matter 1

The photon moves towards the atom The photon meets an electron and is annihilated




Interaction of x-rays with matter 1

The electron gains the energy of the photon
and is turned into a blue electron.

Interaction of x-rays with matter 1

The blue electron (feeling lonely) leaves the atom
and scatters of neighbors
or escapes from the sample

Interaction of x-rays with matter 1

The probability of photon annihilation determines
the intensity of the transmitted photon beam

Interaction of x-rays with matter
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Interaction of x-rays with matter

Energy — Spectroscopy
Direction — Structure
Polarization — Magnetism

(o k.q)

X-ray absorption and X-ray photoemission

Excitation of core electrons to empty states.

Spectrum given by the Fermi Golden Rule

IXAS - Equ)f qu)i>2 5Ef—E,.—hw




X-ray absorption and X-ray photoemission

X-ray absorption and X-ray photoemission
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The molecular orbitals of CO

My

ABSORPTION

‘ X-ray absorption
‘ spectrum of

molybdenum metal
] ) from 19.8 to 21.5 keV
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The molecular orbitals of CO

Chemical Shift of C=0 T Resonance
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Normalized Absorption

XANES= Pre-edge + Edge + XANES
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(X-ray absorption spectrum of Ti K-edge of Ba,TiO,
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X-ray absorption

Excitation of core electrons to empty states.

Spectrum given by the

(name Golden Rule given by Fermi; rule itself given by Dirac)
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X-ray absorption
(sinale particle interpretation)

3%7% Jensity of States (DOS) is the
1tegral over k-space of the

and structure.

Sore states have no dispersion.

(AS preserves momentum (k)

NIE}—




@)

Normalized Intensity

X-ray

Absorptior:i1 Spectroscopy

s etal Complex  Ligands
gw& [
t a9
4 Ty
4p |
5 |——|

)

-ra y absorption

530 540 550 Ph-ys. Rev. B.
Enorgy (eV) 40, 5715 (1989) / 48, 2074 (1993)
X-ray absorption
fa) ]

L
| Vo TIO My o 3 *

Ty UGy PP NO
” 5
rumber of d eectrons
Phys. Rev. B.
40, 5715 (1989)

_ Fe203
b
N R,
g
E NiO
B
g — Cu0
5o~
/
Sint e i e B B
530 540 550
Energy feV)
] Electronic Structure
'-‘N Ol T T T “'1"’"'|"'"r{b‘}-'
-E o] |
- 1
sol | WAV S WA
2z Ti
$o) [\ .
§ '-J Tcmlal I I ' I I ‘
o ]
=10 -l5 IIJ tIS 1|0 1|5 2.0 2|5 30

Energy (eV)

Intensity (arb. units.)

Electronic Structure

5 10 5 20 25
Energy (eV)

X-ray absorption: core hole effect
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+ Initial State Rule:
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‘ MgO : Conduction band bottom

OLCAOQ code

One needs to go
beyond the Z+1
approximation

H Mg 2p core holed state ‘

lMg 1s core holed state ‘

Final state

Supercell size
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XANES= Pre-edge + Edge + XANES
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(HERFD) K edge XANES
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XANES: qualitative analysis

XANES: qualitative analysis
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Edge position gives valence
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Edge position gives valence
XANES: qualitative analysis
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XANES: qualitative analysis

: Edge position gives valence
b o Pre-edge gives valence
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XANES: qualitative analysis
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Sharpened pre-edge analysis
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Sharpened pre-edge analysis
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XANES: qualitative analysis
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XANES: qualitative analysis
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XANES: qualitative analysis
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What do we learn from XANES?

» Edge position gives valence

» K pre-edge center gives valence

+ K pre-edge intensity gives site symmetry

» L edge intensity gives empty d-states

+ HERFD-XANES gives details anti-bonding
bands of adsorbates

Pre-edges structures in 1s XAS
1s13dV4p! edge

| adtap | s
pre-edge




Pre-edges structures in 1s XAS

Pre-edges structures in 1s XAS
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Pre-edges structures in 1s XAS
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Pre-edges structures in 1s XAS
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Pre-edges structures in 1s XAS
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Pre-edges structures in 1s XAS
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J. Phys. Cond. Matt. 21, 104207 (2009)
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i Pre-edges structures in
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Pre-edges structures in 1s XAS
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s
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J. Phys. Cond. Matt. 21, 104207 (2009)

Valence selective XAFS

» Independent XANES and EXAFS spectra for different
valences in the same system.

» Use chemical shift in the XES emission line with <1 eV
resolution.

1s3p decay gives clearest chemical shifts due to
changing 3p3d exchange with 3d-count.

+ Note: the center-of-gravity does not shift with valence
because the energy difference between 1s and 3p
core levels is constant

Pre-edges structures in 1s XAS

b
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: o B B

Con.nout of plane

| Juhin et al. (submitted)

Pre-edges structures in 1s XAS

/ 1s13dV4p! edge

1. High valence = strong overlap
2. Metal ion neighbours (M-O-M angle)
3. Metal ion has inversion symmetry

1513dN non-local
4p(3d-band)

e
pre-edge
J. Phys. Cond. Matt. 21, 104207 (2009)

Valence selective XAFS
Chemical Dependence of K Emission

Equal center-of-gravity energies used in calculations!
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FT Ampljtude [arb. u.]

HERFD-XANES

» measure deep core hole XANES with the resolution of
a shallow core hole

» For example 3d metal K edges, 5d metal L edges and
rare earth L edges.

— (1) detect adsorbates on Pt or Au,
— (2) separate pre-edges from edges
— (3) make quadrupole peaks visible.

» The overall resolution should be as good as the
shallow core hole, ~0.3 eV.

(HERFD = High-Energy Resolution Fluorescence Detection)

~L 1
et -==._3 1 Inorg. Chem. 2 2 _ 4 5 €
. .Fluon;scence Energy te\.-"j.n M, 3121 (2002) Rcﬂ'l‘l\]
HERFD-XANE
S |
2T = - sk <
i
ookt 5
e s E.J-..wwjx A
Energy {e¥)

Recent data on Pt catalyst with and without CO
(Olga Sofanova, Moniek Tromp et al, Southampton, subm.)
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Frank de Groot
Rkio Kotani
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. X-ray absorption
X-ray Absorption Spectroscopy

(L edges)

: CTM4XAS 30 Excitation of core electrons to empty states.

Charge Tr
for

Spectrum given by the
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Oxygen K edge Electronic Structure
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Phys. Rev. B. Energy (eV)
40, 5715 (1989) / 48, 2074 (1993)
Oxygen K edge X-ray Absorption Spectroscopy

Fermi Golden Rule:
Ixas = [<@|dipole| ©>[* Sze_q

Single electron (excitation) approximation:
IXAS = |<q)empty|dip0|e| cI)core>|2 p

Intensity (arb. units.)

1. Neglect <vv’|1/rlvv’> (‘many body effects’)
1 T T T U
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multiplet effects

3d Strong overlap of core and valence
[eeee— wave functions

<2p3d|1/r|2p3d>

Single Particle model breaks down

2p3p

Ls ~|(2p73d"(é-1{3d°)

2
5Ef—E,—hw

oo 2P12

2p X-ray absorption

\ X-ray Absorption Spectroscopy

\ e
Wyr 5 DL
1s edges
Multiplets:
- " 2p, 3s, 3p edges
= 26834

X-ray Absorption Spectroscopy

zpssd.m

Single Particle:
1s edges

(WIEN, FEFF, GN-XAS
)

Multiplets:
2p, 3s, 3p edges
(TT-MULTIPLETS)

2p834

Charge Transfer Multiplet program

Used for the analysis of XAS, EELS,

Photoemission, Auger, XES,

ATOMIC PHYSICS
U
GROUP THEORY
U
MODEL HAMILTONIANS
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Atomic Multiplet Theory

H¥Y=E¥
H=Y L4324 20> ), s,
N N pairs N

« Kinetic Energy
Hucleus * Nuclear Energy
« Electron-electron interaction
« Spin-orbit coupling

Electrons.

Atomic Multiplet Theory

HY=E¥
H :&%+Z%—z+ D e+ L,
N N pairs N

Nucleus
« Electron-electron interaction
« Spin-orbit coupling

Electrons.

Atomic Multiplet Theory (ground state)
285+1 2128+1 _ k
(7L 1P ) =Y fF
k
Electron Correlation of Valence States

H ,ron = Z%"'Z;(’?)L " S;
N

pairs

Valence Spin-orbit coupling

Atomic Multiplet Theory (core hole)
28+1 2 1285+1 _ k k
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Core Valence Overlap
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N
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Core Spin-orbit coupling

Multiplet Effects

1s 2s 2p 3s 3p
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Core Spin-orbit coupling
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Term Symbols 1 Atomic multiplets

» Term symbols of a 2p53d! configuration

Sy - [T — Slater integral reduction:
3F, el e | P
D = v | 3 T [rn The Fyy, F oy and G4 Slater integrals
1] [ w3 ([0 [mn can be reduced to any other value.
Ve [ 4 0 T The default value is 1.0 which implies
1x9 atomic values.

Ground state: 3d%: L=S=J=0 'S, i

Selection rule: Final state must have J'=1 i e sy
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e 1 2p XAS of TiO,
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3d? XAS calculation
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Hunds rules

3d" XAS calculation

Transition Ground Transitions = Term Symbols
» Term symbols with maximum spin S are lowest in energy, 3d°—2p3d! 'So 3 12
« Among these terms: 3d'—2p33d? D;, 29 45
Term symbols with maximum L are lowest in energy 3d>-2p33d3 °F, 68 110
* In the presence of spin-orbit coupling, the lowest term has 3d*-2p33d* *Fs) 95 180
« J = |L-S] if the shell is less than half full 3d*—»2p°3d° *Dy 32 205
« J = L+S if the shell is more than half full 3d°-2p%3d® ¢S, 110 180
3d6—2p53d’ D, 68 110
3d' has 2D, ground state 3d? has SF, ground state 3d7—2p53d8 4Fg/a 16 45
9 2| 8 3
3d° has 2D, ground state 3d? has 3F, ground state 3d852p53d® 3F, 4 12
Give the Hund's rule ground states for 3d" to 3d® 3d°—>2p®3dv “Ds/2 2
Term Symbols and XAS Term Symbols and XAS
104 "
.‘1 Fe atom: Fe atom:
;; Ground state: Ground state: 3d6 (4s2)
i 3d6 (4s2) 5D j=4 Final state: 2p53d7
. IR Dipole transition: p-symmetry
By i o
3 / : 3d®-configuration: 5D, etc. j=4
& 71 . 2p53d7-configuration: 110 states i=3,4,5
; :f f p-transition: P Aj=+1,0,-1
1
; \}‘ } \hﬁd- ground state symmetry: 5D 5D,
00— : . ; . - : transition: 5D ®'P = 5PDF
el N possible final states: 68 states




Exercise

Calculate the atomic multiplet spectrum of the 2p
XAS spectrum of an iron atom (use Fe?+)

Run CTM4XAS with Autoplot ON.
Do a second calculation with the 3d spin-orbit
coupling set to zero.

Term Symbols and XAS

Fe atom:
Ground state:

35 (4s?) 5D j=4

5D0
Choose an appropriate name; 5D
the program saves the rcn, rcg, rac, ban, plo and
xy files with this name. 5D
4
s 2p XAS of NiO Term Symbols and XAS
EE,.‘;:;:;."’; "’,.,‘LL, o Ni' ion in NiO:
ej =) =] (=] =] Put Ni2+in lon Ground state: 38
Set Autoplot ON Final state: 2p53d°
e S e Dipole transition: p-symmetry
. = - 3dk-configuration: S 1D, 3P,1G, 3F j=4
oo '” 2p53de-configuration: 2P®2D = "SPDF i=0,1,2,3,4
o5 p-transition: P Aj=+1,0,-1
A| D soectm s e
dm ground state symmetry: 3F 3F,
e iy w4 transition: 3F ®'P = 3DFG
i = I - A two possible final states: 3D, 3F 3D3,%F3,%F, 1Fy
3d XAS of La,0, 3d XAS of La,0,

+ La in La,05 can be described as La3* ions:
e Ground state is 4f°

¢ Dipole transition 4f0—3d%4f!

e Ground state symmetry: 1S,

e Final state symmetry: 2P®2D gives

e 1P, 1D, 'F, 1G, *H and 3P, 3D, 3F, 3G, 3H

« Final state symmetries:
P, 1D, 'F, G, *Hand 3P, 3D, 3F, 3G, 3H

e Transition <!Sy|AJ=+1] P, 3P, , 3D,>

e 3 peaks in the spectrum




3d XAS of La,O., 3d XAS of La,0,4
La 3XAS I‘r% - - |
& - ,‘ ) ‘
B/ N NS |
i
; ! | I
; - |
i z _J"k____ __)l (N ‘
' MIOEM R MR M0 ORI M4 30 HE MD S B M 3T B M2 80 —J: \-\-\_'_/ \-‘———i! i
Energy (V) 7 Thole et al-
PRB 32, 5107 (1985)
3d XAS of Nd Crystal Field Effects
e e, States
. | d;:
Wion i ™ fa / "j '
Nd"ion in Nd metal, /., s @
/ h “"".' /- M ‘ A “
Ground state: 4f3 !
[\
i . 94f4 n
Final state: 3d%f | t,, States
=) \
| oy d: dy
-/ | > |4
____,4’ \"“-——.—-——‘ T | ‘ i P o o J ‘ [
Thole et al. o o° ;/ =
PRB 32, 5107 (1985) ) @ L)
Octahedral crystal field splitting é o e 2p XAS of TiO,
n.»"u:i:_::
¢
ST = Put Ti4+ in lon
metal ion in symmetrical field in octahedral ligand field ol o Set Autoplot ON
in free space vy e g e
g i e : Press Run
_____ _‘:’ - X2-y2 z2 o [ ':: :“":
JE— 12g iy L
_____ yz Xz xy ~ B sean s B
X2-y2yz 72 Xz Xy e [ -




<'S,|dipole|'P> goes to <A, |T,|T,>

e 1  2p XAS of TiO, ~ Crystal Field Effects in CTM
ST o . 0| J7=213ev
s oy It N S Crystal field effect: [ o

s BLw WL+ (ML= TSt e +2.5for 10Dq : 2w /‘\

5 = + Split ON j ‘ i- j ‘
o + 0.5 Lorentzian L2 . (- J o ,.,J.‘\j | \ |
T e ey || S + 467 split energy e e e e e

st 0 | g I/ N NS B B\

[T . | = 'r‘ = — Eogy 4V Eowgy 6V}

Crystal Field Effects Crystal Field Effect on XAS
S0; O (Mulliken) JinSO, | Deg. Branchings
S 0 Ay 0 1 A,
2 4 4xE, 4xT,
D 2 E+T, 3 3 3xA, 3T, 3xT,
F 3 AT, +T, 4 ! AvE T Te
> 12
G 4 A +E+T,+T
! 1 <1S,|dipole|'P,> goes to <A|T,|T;>
Crystal Field Effect on XAS Effect of 10Dq on XAS:3d0
JinSO,; | Deg. Branchings r'inO, Deg. 0]
0 1 A, A, 2
2 4 4xE, 4xT, T, 7
3 3 3xA, 3xT, 3xT, T, 8 0.5
4 1 ALET,T, E 5
Z 12 25 T T T T T T
462 464 466 468 470 472

Energy (eV)




Comparison with Experiment e 1 2p XAS of TiO,
[ B =
E ‘((‘ Lol ] . |‘:I'\ 2
& o o
5 m .
3 T I
5 W=
Energy (V) Clre) [EBS)  [E]
o==rv WSl [ S o

Turning multiplet effects off Effect of 10Dq on XAS:3d"
v foinop
, . . A . 1 Wy

2.0 [ l,u\\h_gc_

0.5+

Intensity
|
?(-_I—.-EHU'"_
- |
e

A 518 528
P Ve
el et e SF — A Energy (eV)
462 464 466 468 470 472 = A A S - |

Energy (eV) 510 530

GED High-spin or Low-spin

)

Contgpes
s soPet [Rsptoptiorn [ Charge wanete
G  TEEME SRR kel e )

O%  Fraies JCI00H  Fresenicn)
Satnr ntogrel padaction (%] 2 gt

e e C L ~ ] | Eg 10Dg>3J
Eg i (d* and d®)

P
. - - 5
- ATy iopgs 2
= gl £ K (df and o)
A s [1as g
[ - 518 528
- _— Energy (eV)

[lFocesmpegs  [spn EI




CTMAXAS 0.3

2p XAS of Mn2+

2p XAS of Mn2+

Condgu 2 i -i' o
v@mm [ ST | r—— :l
& e T High-spin: 10Dq = i ')H
[RST———" m,.:..' e 19 H :. 1' ;,li |
Ee R o 4 Low-spin: 10Dq = 5 i F
e 30 LY N\
G2 - ROV
s e Tindy ) ! o8l
2 ® ) E
" 8 [ s [0m g £ rT
— i |
do I | §
==l raduriy o] i g ;‘s_q; H §o
I Force gy rerge: o Pt 0 i .ﬂl.lﬂ.“- "'.dl5 - D‘S\:I-'
—— 2p XAS of Mn2+
1
g |
I
£ 4B ; .
HIN IR 4‘\
5 ORS H
..JI J ¥ =
T E__‘_'}m - - E
§
:
H \‘\ i =0
5 1 70 75 780 785 780 795
o Energy (eV)

v |", in O

518 528
Energy (eV)

Crystal Field Multiplets

14
3d8—2p53d?

- Ni2+, cubic field
5 neglect2p —» s
3 neglect 4sp, O2p
c

b

2

©

£

S

p=

850

855 860 865 870
Energy (eV)

10



__Metal L edges

3d°

Calculated L-edges
3dN—2p53dN+1

« Single configuration

» Atomic values for
intra-atomic interactions

« Cubic crystal field of 1.2 eV

Normalized Intensity

S S s e e
6-4-202 46 810121416
Relative Energy (eV)

Exercise

Calculate the crystal field multiplet spectrum of
the 2p XAS spectrum of all divalent transition
metal ions from Ca to Cu. Use 10Dg=1.2 eV.

Run CTM4XAS with Autoplot ON.
Do a calculation with and without the 3d spin-orbit
coupling set to zero.

Which TM?+ ions are sensitive to 3d spin-orbit
coupling? Explain

Exercise

Calculate the crystal field multiplet spectrum of
the 2p XAS spectrum of all divalent transition
metal ions from Ca to Cu.

Use 10Dg=1.0, 2.0 and 3.0 eV.

Which TM?+ ions are very sensitive to the crystal
field strength? Explain

. CTMAXAS 0.3 ok = 2p XAS Of Coo

+ with and without
3d spin-orbit (1.0
and 0.0)

J o
Comspran [ 1
esviaid §oi
= I
L™

Charge Transfer Effects

MnO: Ground state: +
Energy of 3d5L: Charge transfer energy A

Charge Transfer Effects

O 0 0 0 0 o©
020020000 0°%O0

o O O O O o

Ground state of a transition metal system
3dV at every site

Charge fluctations

11



Charge Transfer Effects

3qdM3dh > 3dht3ght a

O O O O O O
$o0r0000202080C0
O 0 O 0 O O

Hubbard U for a 3d® ground state:
U= E(3d") + E(3d®) — E(3d®) — E(3d?)

Ligand-to-Metal Charge Transfer (LMCT):
A= E(3d°L) — E(3d®)

Corellevel
0iRS olids:

Frank de Groot
Akio Kotani

o

Charge Transfer Effects

I I 1 1

Charge Transfer Effects in XAS

154 2A+U
154
> 10 >
o o A+U‘Q
]
2 2
L 54 w /
A 51
A
0 0
6 7 8 9 10 6 7 8 9 10
Charge Transfer Effects in XPS Charge transfer effects in XAS and XPS
« Transition metal oxide: Ground state: 3d° + 3d6L
« Energy of 3d8L: Charge transfer energy A
154
3dSL
=~ XPS XAS
< 104 ] A
g A-Q 2p53d5
iN)
3d°
> A AQ 2p53d7L
Ground State ] A+U-Q = A
04
. . . . . 2p53deL 2p53d®
6 7 8 9 10

12



2p XAS of NiZ*

B
| Sewcrem vas
[ po——
ot e =

J‘\}fﬁ ==

Iy

Charge Transfer Multiplets of Ni**

T

1 A=9

A=0

Tesemsy 10

Energyiev)

Charge Transfer Effects in XAS

X-ray Absorption Spectroscopy

NiO
NiO: Ground state: + [ ‘
. oL O f 15148 I € Spectral shape:
nergy of 3d°L: arge transfer energy A 3 “‘ d (1) Multiplet effects
H \
i 0 m‘ L, (2) Charge Transfer
8 Il‘.‘\\ ’\'\/\\ Experiment|
2 ) N
— R 1
\ / Theory |
: oo oML
w5 850 055 860 865 B10 615 660 685
Photon energy (V) J. Elec. Spec.
67, 529 (1994)
Charge transfer Exercise
lonic Conf. Charge Transfer States cuL, I I(.H_
2.04 —_ B T T I s - .
| _ = f
1 = W — LaLiy,Cu 0,
| — - = l’;“‘,
0.0+ — 2 i
L4 —
= E— z ;
g20{ __ |a _ — = b
= | =
“ | _ _ - — (& Cs,KCuF,
- = : .
NIk
e ‘I t=0.5 = _/}J wb‘*
3d ag® | =0 ' t=1  t=2 90 s o 96

Photan Energy (cV)

13



La,Li .Cu, 0,

1 1 1 il
930 940 950 960
Photon Energy (eV)

X-MCD
L2 —=
Cu2+: 5cl” ) 5L29dgeI
p
J=32 ¥ e 111y=43/2
X-MCD e =0
Ad=-1
Amy = +1
N ———
3d® B
I —— =52
PP = mi=-5/2

14



Exercise X-MCD
{l MCD I\ m,=-5/2

Run CTM4XAS for Cu2+ in C4 symmetry, with a x IN % \ t_°3/2
magnetic field (M) of 1 meV; Plot the XAS spectrum ’ { i \ my=-
and the MCD spectrum; U : j \_

Run CTM4XAS for Cu,* in C4 symmetry, with a I o~ .
magnetic field (M) of 1 meV and with the 3d spin-orbit - no LS
coupling set to 0.0; Plot the XAS spectrum and the mMCD
MCD spectrum; e t

3 | ﬂl
| DIN
Exercise X-MCD
i

Run CTM4XAS for Cu2+ in C4v symmetry, with a i rﬂk mMep | nols
magnetic field (M) of 1 meV, adding a crystal field AAS val !
value 10Dq of 0.3 eV.; Plot the XAS spectrum and the l|’( i ll‘

MCD spectrum; i I VAN _,}|\\

Perform a number of calculations for varying values of |
10Dq, in steps of 0.3 eV from 0.0 to 1.5 eV. What A MCD .
does one observe for the XAS and MCD spectra? Jl . ﬂ + crystal field

: |

Perform a calculation for negative values of 10Dq, for ‘.\ i ]

example -0.3, -0.5 and -0.9 eV. What does one N |/ \\_ A

observe? Explain.

Energy (eV)

Envrgy (eV)

RIXS

Single-particle approach
Conduction
> band
LS
-\
Valence
Tt “ ¥ band
"17—?—
1 L]
A Py
| I !
| ' I
| A
Kol
1T
3=
Butorin

J. Elec. Spec 110, 213 (2000)

Many-body approach

? \ Core-excited

/ 4 stales

Cround state

b)

15



Resonant Inelastic X-ray Spectroscopy Resonant Inelastic X-ray Scattering
2p XAS of CaF, 2p3s RIXS of CaF,
l 3d° l 3d0
ho ho
45 %
j 46
22
w-w {eV) 48
103 ho' 49
35 247 348
= o Phys. Rev. B.
55,7039 (199
Resonant Inelastic X-ray Spectroscopy Soft x-ray RIXS and magnetism
. i Ni'' 3d8[TT] — 2p53d9[jj] —
NiO '
Ni '!'S..i ;lfll‘\

f p iR

Butorin .
J. Elec. Spec 110, 213 (2000) e iev]
Soft x-ray RIXS and magnetism Soft x-ray RIXS and magnetism
AS AM, B — .
“spin-flip’ dd spin-flip 1% e '763 . 7006V
o 3p3d RIXS \
g ;T of Sr,GuO,Cl,
3 oo g 5
: il
it
c B3
g
855 =
-2.5 -2.0 -1.5 -1.0 -0.5 0.0
25 -20 15 1.0 0.5 o0
X-ray Energy Loss (gV) 5;':);85;92{'9898) Zzl . Phys. Rev. Lett.
2p3d RIXS of NiO New exp: EPFL ®d,— 3p - P, + dd + spin-flip [80.5204(1998)




Effect of energy resolution (on CoO)

AE=1eV

AE=0.3 eV

AE=05 eV

T T T TR T e TS TROT .'I’:n:llc?‘:;.'t 0 T D6 THOT T?O::IT[T:‘::I ™o T
E, (V)
Analyzer: Si(531)1m,  Si(531) 2m, 5i(531) 2m,
Postmona: Si(440) 5i(220) 5i(440)

high-spin Co'
3d7 [*T,]

7706 7708 7710 7706 7708 7
Incident Energy (eV) Incident Energy (eV)

Only quadrupole peaks visible
3d” — 1s'3d® — 2p°3d?
Only correct with interference effects ON

Pre-edge and edge

C

Vanko et al.
(submitted)

TG TICA TTI0 A2 7714 TTIR TT0R TROA 1
Incident Energy (eV) Incideny

RIXS-MCD at the K pre-edge

L, ; edges (2p =2 3d)

v/ Theoretical framework well
established : sum rules giving
access to magnetic moments

\/ Large intensity
¥  Not compatible with some

sample environments : high-
pressure cells, liquids

absorpion elgral In arb. units

XMCD

wE TR T A T
photon energy in 8%

RIXS-MCD at the K pre-edge

K pre-edge (1s =2 3d)

v/ Compatible with high-pressure cells o ) m-m II, '''''''

HICD x 1000

wl
® Difficult to interpret (no SO coupling on }
wl

e W g 5}

1s orbital) o "\I|
ul i
X XMCD at K pre-edge obscured by S
broadening and edge tail -
T e e
» Mathon % al (2004)

Very small intensity (a few 0.1 %)

RIXS-MCD at the K pre-edge

Experimental setup
\

{7
ID26

4x Ge(440) analyzers

Si(311)mono :
vertical spectrometer

e g

Fe;0,

B ¥
Nd,Fe,,B
magnet

[11]

Quart

P

V1]
[11)

17



RIXS-MCD at the K pre-edge of Fe;O,
> :

/
7ap /’ _AE #

: A Fell pcta
FIg 7113 IS

. Iz 7§

Incident energy (eV}

RIXS-MCD at the K pre-edge

A Fell

g NI ING

71190 7113 7118

RIXS-MCD at the K pre-edge

Line scans

9 B
. CIE: T113.6 8V
= 6 B
g2 3z 3 o
8 a
1 3= 3
K]
e & Kn,nnl £
— iyl I —— Theory | g
705 710 715 120 725
10 7120 7130 7110 7148
Incident energy (aV) Bn. Wanster (6V)

XMCD at high-pressure

La 2p XAS: effects of HERFD

6 2p5d dipole
5-

2p4f quadrupole
4

Normalized Absorption w(E)
(4]

0 T T T T 1
=10 0 10 20 30 40
Relative Incident Energy [eV]

Glatzel et al. PRB 72, 014117 (2005)

La 2p XAS: effects of HERFD

* HERFD makes pre-edge 2p4f transition visible

La 2p XAS: effects of HERFD

. 2p5d dipole

LaF;

2p4f quadrupole

Suljoti et al. (new data from 1D26)

18



Does FY does measure X-ray Absorption?

LaF, 2p5d dipole

2p4f quadrupole

|||||||||||||

Suljoti et al. (new data from 1D26)

La 2p XAS: effects of HERFD

» HERFD makes pre-edge 2p4f transition visible

* Why has the 2p4f pre-edge 3 peaks?

Does HERFD measure X-ray Absorption?

2p4f quadrupole

410 2p5 4f"

410 4+ 4f1L 4f' + 2p5 4f2L

f05d'L — 2p° 4f' +

2p4d RIXS of LaF,

0

Energy Transfer [¢V]

=

L
460 465
Incidant Bnorosr (o371
Suljoti et al. (new data from 1D26)

e 455

Incident Energy [eV]

HERFD-XANES of LaF,

£ By §u

- . Y
Energy i)

Suljoti et al. (new data from 1D26)

2p4d RIXS of LaF,

measured with 2p4d XES

40— 2pS 4f! — 4d° 4f

|

one peak

multiplet structure

19



Applications

» Systems with pi-bonds
+ X-MCD of Fe-complexes on metal surfaces
¢ In-situ STXM chemical imaging

CTM4XAS simulations

1
i qu 5 2p XAS of Mn2* and Fe3+
i ! il i High-spin: 10Dg = 1.2
5 r} ; — MnO
JU \\_y | Low-spin: 10Dq = 3.0
fas‘ K .1';0- .E;-.I?jj-;”. ?:0 . .?55. - —> Fe"l(tacn)

|
il
5 [ s
il |
R 5y
E "'{Jd \\." 3
) N A

038 040 48 050

Fe,0, - FaFO,

CTM4XAS simulations

FeAlO,
s ™ TS

s I?

J. Phys. Chem. B. 109, 20751 (2005)

XAS and Differential Orbital Covalence

» Derive DOC from CTM4XAS simulation
» Comparison to DOC from DFT (ADF) calculation

Fell(tacn),
8

E, (63%)
6 Toy (99%)

XAS and Differential Orbital Covalence

» Derive DOC from CTM4XAS simulation
» Comparison to DOC from DFT (ADF) calculation

62%
Fe 3d

t [Feitacn)]" e

LMCT and MLCT: & - bonding

Fe': Ground state: 3d°® + 3d°L

B0L—— "~ ____ psaqiL

A A+U-Q=A

3ds 2p536

with Ed Solomon (Stanford) JACS 125, 12894 (2003),

JACS 128, 10442 (2006), JACS 129, 113 (2007)

with Ed Solomon (Stanford) JACS 125, 12894 (2003),

JACS 128, 10442 (2006), JACS 129, 113 (2007)
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LMCT and MLCT: v - bonding
Fe'': Ground state: 3d° + 3d°L + 3d*L

2p°3d°L
3L —
N A-U+Q=A +2
6
[ A ] A+U-Q=A-2
3d5 2p53d

LMCT and MLCT: & - bonding

with Ed Solomon (Stanford) JACS 125, 12894 (2003),
JACS 128, 10442 (2006), JACS 129, 113 (2007)

10 - Fell(tacn),
c
2 87
& | _Fe"(CN) |
2
q 61
<
°
N4
©
E
o 27
=z

0

700 705 710
with Ed Solomon (Stanford) JACS 125, 12894 (2003),
JACS 128, 10442 (2006), JACS 129, 113 (2007)

Supramolecular control of Fe arrays

Supramolecular control of Fe arrays

Fe(TPA),

= experiment
- calculation

H+re

" L L L L L
F05 710 715 F20 725 730
Photon Energy (eV)

with Pietro Gambardella (Barcelona), Nature Materials 8, 189 (2009)

with Pietro Gambardella (Barcelona), Nature Materials 8, 189 (2009)

Supramolecular control of Fe arrays

Supramolecular control of Fe arrays

—B, (d ) — B ()

— —— B,

/ * i : Ay (da)

(p— y T D
— 056y
E i 4. ") s
g () o — E; (dg dy)
o, © ] o, o, D,

0—.—00—’—00—;—0

o]
“444444

with Pietro Gambardella (Barcelona), Nature Materials 8, 189 (2009)

with Pietro Gambardella (Barcelona), Nature Materials 8, 189 (2009)
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Why X-ray absorption?

+ Element specific
» Low concentrations (0.01-0.1 wt%)

» Valence, Spin-state,

« Crystal field energies, dd-excitations

» Hybridization (differential orbital covalence)
» MO energies / Density of states

UHV
Space?, Time?, Pressure?

Electron Energy Loss Spectroscopy

coil “é’ EJ

convergence angle = 10 mra

» Identical spectral shape

» XAS at Synchrotron

> EELS With EIGCtrON giestan baam

Microscope probe size & < 0.2 nm
specimen

> XAS 02 eV/20nm slcollac‘tion angle ~40 mrac)

» EELS: 0.2 eV/0.5 nm HAADF

» XAS: extreme
conditions ‘ =
» EELS: vacuum JE

Electron Energy Loss Spectroscopy

701 silicon with
g surface oxide and
&S 60 F |lxs <5000 carbon contamination
—
)
b= 50 F optical properties
g and
*E' lectronic structure
B 40k
30 F Si-L
bonding and concentration
20F oxidation state
10 Jk\\ 0K
o~
L L 3

0 100 200 300 400 500

IERO VALENCE CORE
Loss  LOSS Loss

energy loss (eV)

TEM-EELS of FeZSM-5

¥ Axis Title

[ A Rl o e
X s Tt

Co/TiO, Fischer-Tropsch catalysts
Quantify EELS spectra of 11, Mn and Co

A

10nm

J. Catal.

230, 301 (2005)

Co/TiO, Fischer- sch catalysts

22



Co/TiO, Fischer-Tropsch catalysts

Before reduction
(Co,Mn);0, particles

After reduction
Co metal +
MnO particles

PCCP 7, 568 (2005)
J. Catal. 230, 301 (2005)

Co/TiO, Fischer-Tropsch catalysts

SPACE: Electron Energy Loss in a TEM

| Mn-doped Co on TiO, |

Co L edge at
each pixel
(0.5nm?)

780 785 790 795

Energy (eV)

Fernando Morales et al., PCCP 7, 568 (2005); J. Catal. 230, 310 (2005)

Metal L edges in 1989 and 2009

\
i |
i : |
! i
7\;0 705 Ti0 T8 T0 TS T30

Xty Energy (eV)

* UHV * 2 bar flowing gas
* RT * up to 750K
* bulk * 20 nm resolution

SPACE: STEM-EELS versus STXM-XAS

STEM-EELS STXM-XAS
UHV, 0.5 nm 1 bar, 500°C, 30 nm

X-rays

R YT——
Photors

o

Baampl

Fischer-Tropsch Synthesis

-The Fischer-Tropsch GTL process produces an
extremely clean synthetic fraction of gasoil

- GTL fuel is virtually free of sulphur and aromatics.
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Nanoscale chemical imaging of a working catalyst

Manareactor Adapter

Zone Plate Order Sorting

Lens Aperture

Nanoscale chemical imaging of a working catalyst

Gas Inlets/Outlats
Iy

Electrical Connections

Nanoreacior Windows
and Heater

Piézoelectronic (x. y. z) Stage

On reactor cell: Fredrik Creemer et al. Ultramicroscopy 108, 993 (2008)

Emiel de Smit et al. Nature 456, 222 (2008); Angew. Chem. 48, 3632 (2009)

Nanoscale chemical imaging of a working catalyst

Marmalized Asorption (a.u )

ne  ms T
X-Rary Preton Enargy (eV)

Fe;O,

1 bar H,
150 ¢C

Emiel de Smit et al. Nature 456, 222 (2008); Angew. Chem. 48, 3632 (2009)

Nanoscale chemical imaging of a working catalyst

o ST C

On reactor cell: Fredrik Creemer et al. Ultramicroscopy 108, 993 (2008)

Nanoscale chemical imaging of a working catalyst

Marmalized Asorption (a.u )

CALT AT )
X-Rary Phesten Enargy (eV)

Fe;O,

1 bar H,
250 °C

Emiel de Smit et al. Nature 456, 222 (2008); Angew. Chem. 48, 3632 (2009)
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Nanoscale chemical imaging of Fe,0;[K, Cu]/SiO,

Iron L-edge

——Fe,0,

Oxygen K-edge

Normalized Absorption
Normalized Absorption

705 70 715 730 735
X-Ray Photon Energy (eV)

530 540 550

X-Ray Photon Energy (eV)

. sio,
- FeO,

Y (nm)

0 250 500 750

X (nm)

1000 1250 1500

Nanoscale chemical imaging of a working catalyst

H, a-Fe CO/H,

250-350°C (FE3O4) 250°C

Nanoscale chemical imaging of a working catalyst

K+Cu doped Fe,O5 on SiO,

S
!J\j\/
525 530 535 540 545 550 S

d Fel, ecges

708 10 T8 T 128
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Nanoscale chemical imaging of a working catalyst Why X-ray Absorption?

» Element specific
» Low concentrations (0.01-0.1 wt%)

FeL,,Edges » Valence, Spin-state, Crystal field energies
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e \ o00% g
g1, n g
=2 - =
E —— E + Time: excited states (mainly) in ps range
£ £ + Pressure: 1 bar/500 °C flowing gas
= =
. 0. , ( )
)(-I?:yl’;:c‘:lo:.éner;:'le{fz]s ;T?ayi’grloloﬁoEnei:ngy(;i:] Space 0.5nm (STEM) 20 nm (STXM

Emiel de Smit et al. Nature 456, 222 (2008); Angew. Chem. 48, 3632 (2009) WWW




