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Wysokorozdzielcza spektroskopia
rentgenowska
HERFD-XAS: high energy resolution fluorescence

detected X-ray absorption spectroscopy
(R)XES: (resonant) X-ray emission spectroscopy
RIXS: resonant inelastic X-ray scattering

Marcin Sikora
Solid State Physics Department
Faculty of Physics & Applied Computer Sci.
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X-ray Interaction with Matter

Pair Production

Incoherent Scattering

Coherent Scattering

Photoelectric
Absorption
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Resonant X-ray absorption

La (1s
excitations)

La (2s,2p)
Mn(1s)
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X-ray absorption spectroscopy (XAS)

L3 edge
2p3/2® d continuum

Lanthanum excitations

L2 edge
2p1/2® d continuum

L1 edge
2s ® p cont.

Manganese
K edge
1s ® p cont.

Element and symmetry sensitive probe
of empty electronic states

Dipol selection
rules:
Dl = ±1
Dj = ±1; 0
Ds = 0
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X-ray absorption spectroscopy (XAS)

TM:K edge
1s ® p (d) cont.

Pre-edge structure:
quadrupolar excitations
(e.g. 1s ® d cont.)

ü p-d hybridisation
® crystal field multiplets Edge energy:

Fermi level with respect to core levels

ü chemical shift ® valence state
ü static probe: t ~10-14s

Near edge structure: m(E) ~ |Mif|2r(E)
Broadened DOS of the electronic states above EF

Extended range fine structure (EXAFS)
Oscilations due to interference of outgoing and
(multiple) scattered photoelectron wave
Local symmetry ® number of NN, PDF
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X-ray absorption spectroscopy (XAS)

Pre-edge structure:
quadrupolar excitations
(e.g. 1s ® d cont.)

ü p-d hybridisation
® crystal field multiplets Edge energy:

Fermi level with respect to core levels

ü chemical shift ® valence state
ü static probe: t ~10-14s

Extended range fine structure (EXAFS)
Oscilations due to interference of outgoing and
(multiple) scattered photoelectron wave
Local symmetry ® number of NN, PDF

Fe                                Co                                 Ni                                 Cu
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X-ray absorption spectroscopy (XAS)

V K-edge

Mn(II) Mn(IV)

Mn(II)

Mn(III)

Mn(IV)

Metals and oxides Molecular complexes

Courtesy of  T.-C. Weng (JACS 2004)
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XAS-XES setup

Transmission
ଶܫ ൌ ଵ݁ିఓ௫ܫ

3d

4p

EF

1s

Emission (fluorescence)
yield: ߤଵܫ~ᇱܫ

3d

4p

EF

1s

3p

Available @ ESRF (ID26, ID20), NSLS,
SLS (SuperXAS), Spring8, APS, SSRL, …

Difficoult for
• single crystals,
• inhomogenous,
• too thin,
• too thick,
• liquid,
• diluted,
• …….
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The European Synchrotron

Grenoble
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K emission lines

Ka1
Ka2

To
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y

1s
absorption

3dn

1s3dn excited state

Ground
state

K fluorescence lines

Kb1,3
Kb’ Kb2,5

Kb’’

2p53dn

3p53dn

hole in VO

x 8

x 500

Ka2

Kb1,3

Ka1

Kb2,5

Simillar information as in XPS,
but for (diluted, insulating, buried …)
bulky samples
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X-ray emission (fluorescence) detection

Photodiode

Ge detector

Si drift detector

Bent Crystal
Laue Analyzers

Energy Bandwidth

< 0.5 m Spectrometer

1 m Spectrometer

2 m Spectrometer

n/a

200 eV

130 eV

50 eV

1-2 eV

0.6-1.0 eV

~ 0.3 eV

Rowland
circle
geometry

Bent Crystal
Bragg Analyzers

Courtesy of P. Glatzel
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Why do we need high resolution?

Mn in photoactive
protein complex

6000 eV 7000 eV

Mn Ka
Mn Kb +
Fe Ka

Fe Kb

DE = 300 eV

DE = 1 eV

instead of
• high solid angle
• large energy range

Courtesy of P. Glatzel
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Spin sensitivity of Kb main line

Fe2O3 S=5/2
K3Fe(CN)6 S=1/2
K4Fe(CN)6 S=0

Experiment

Theory

P.Glatzel & U.Bergmann, Coord. Chem. Rev. (2005)

Fe2O3: S=5/2

K4Fe(CN)6: S=0

K3Fe(CN)6: S=1/2

J. Badro et al.,  Science (2003 & 2004)

Mg0.9Fe0.1SiO3
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Spin state evolution in LaMn1-xCoxO3 series

Mn/CoLa O
LaMn1-xCoxO3 magnetoresistive perovskites

LaMnO3 AFM insulator, orthorhombic, HS Mn3+ (3d4, S=2)

LaCoO3 diamagnetic, rhombohedral, LS Co3+ (t2g
6eg

0, S=0)
spin excitations at T>90K, <S>300K » 0.5-1.2

0.0 0.2 0.4 0.6 0.8 1.0

1

2

3

4  Goodenough, Phys Rev. (1961)
 Jonker, J. Appl. Phys. (1966)
 Troyanchuk et al., JMMM (2000)

M
SA

T 
 [
m B

]
x  (Co concentration)

quenched

annealed

Solid solution
FM conducting, MSAT up to 3.5mB
structural phase transition at x~0.6
properties depend on synthesis route

Two possible origins of ferromagnetism:
• homovalent substitution (Mn3+/Co3+),

Mn3+-O-Mn3+ superexchange (SE) only

• Mn4++Co2+ phase with surplus of either Mn3+ or Co3+

set of SE and double-exchange (DE) intaractions
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LaMn1-xCoxO3 series: K-edge XAS

Shift of the edge position
® decrease of the effective charge  and/or
® change in the 3d/4p hybridization (local structure
evolution)
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® both, Co and Mn edges, shift to the same direction
® charge transfer
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LaMn1-xCoxO3 series: Kb XES

Kb1,3 and Kb’ lineshape
® spectrum proportional to the 3d spin

via 3d-3p exchange interaction
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® Co spectra reveal more pronounced evolution
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LaMn1-xCoxO3 series: average Mn and Co spin

0.0 0.2 0.4 0.6 0.8 1.0
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Mn4+
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Co

Mn3+LaMn1-xCoxO3Spin derived indirectly using average
charge estimation from K-edge XAS:
• HS only model for Mn (S = n3d/2)
• mixed Co2+(HS)+Co3+(1/2) model for Co
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Spin derived directly from Kb XES by
comparison to the reference samples:
• nice correlation for Mn ® HS model

confirmed
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• significant difference in case of Co
® average spin state lower than expected
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LaMn1-xCoxO3 series: average Mn and Co spin

0.0 0.2 0.4 0.6 0.8 1.0

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.5
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1.5

2.0

 S(Co3+)=1/2
 S(Co3+)=0
 spin (IAD)

Sp
in
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Co

LaMn1-xCoxO3

Co3+

M
.S

ikora
et al., J. A

ppl. Phys. 2008

• nice agreement at low and medium doping
• lack of correlation at high x

The explanation:
for x>0.6 the average Co3+ spin at
300K rises gradually with x,
coincides with structural phase
transition at x~0.6

Spin derived from XAS:
• Co2+ (SHS =3/2) + Co3+ (SLS = 0)

Spin derived directly from Kb XES

Magnetic properties at high Co content
depends on exact oxygen stoichiometry

(Co3+ phase volume)
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XAS-XES in „practical” applications
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Plasma facing materials for ITER

divertor wall: W
high heat flux 10 (20) MW/m2

target plates: C
transient heat loads (disruptions)

first wall: modest flux
Be (low Z, O getter)

• chemical erosion by hydrogen
• reduced upon doping with transition metals

0.0 0.5 1.0 1.5 2.0
0.00

0.03

0.06

0.09

TiC4 (620 K)

TiC4 (300 K)

C (300 K)

C (620 K) 30 eV D
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)

Fluence (1025 D/m2)

carbon fiber reinforced carbon (CFC)
• can withstand the highest expected

power without major degradation
• good self-sputtering properties
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Metal doped carbon films

Search for the best CxMy system in
terms of resistance, self-sputtering
and erosion combined with complete
characterization

RBS : good homogeneity
XRD : traces of crystallization
XPS : Very weak carbide-like spectrum

upon annealing, traces of oxide
& metallic phase in Ti samples

EXAFS : traces of non-carbide phases

32 40 48 56 64

(200)

8.5% Ti in C

(111)

In
te

ns
ity

 (a
.u

.)

diffraction angle (°)

(220)

1100K

1300K

XRD

Best properties upon
annealing at T>1100K

Substrate

CxMy ~ 1mm

Substrate
C

CxMy

C

~ 300 nm
~ 300 nm xN
~ 200 nm

Courtesy of C. Adelhelm
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Kb satellite spectra

5410 5420 5430 5440 5450 5460 5470

Kb'' Kb2,5

  HoVO3
  VC
  V

Emitted Photon Energy  (eV)

Oxygen and carbon Kb’’
peaks do not overlap

Kb’’ and Kb2,5 intensity:
• is proportional to the

number of ligands
• depends on distance

O & C (2s,2p) binding
energy difference
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Kb satellite spectra

5410 5420 5430 5440 5450 5460 5470

Kb'' Kb2,5

  HoVO3
  VC
  V

Emitted Photon Energy  (eV)

Oxygen and carbon Kb’’
peaks do not overlap

Kb’’ and Kb2,5 splitting
•is nicely reproduced by
theoretical calculations

Theory: FEFF 8.4

Experiment
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In-situ XES at ID26 (ESRF, Grenoble)

Heating (cooling) speed:  3K/min

Max. temperature:  1300K

Ceramic heaters

Controlled atmosphere

sample

X-rays

XES
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In-situ Kb satellite spectra

5.44
5.445

5.45
5.455

5.46
5.465

5.47

0
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1000

1500
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Kb
2,5

Kb’’

Carbide formation at T~ 900K

Traces of V-O and V-C bonds

in as deposited sample

Consistent with ex-situ

No changes upon cooling
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Vanadium neighbourhood

Oxide is formed in 1.5% doped

sample and released upon

annealing at 1300K

Carbide phase increases with

temperature and concentration
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Vanadium neighbourhood

Oxide is formed in 1.5% doped

sample and released upon annealing

at 1300K

Carbide phase increases with

temperature and concentration

Amount of ‘free’ V bonds  decreases

from ~60% to ~10% upon annealing

300 500 700 900 1100 1300
0

20
40
60
80

100

300 500 700 900 1100 1300
0

20
40
60
80

100

300 500 700 900 1100 1300
0

20
40
60
80

100R
el

at
iv

e 
am

ou
nt

 (%
)

Oxide

Carbide

 19.0%
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Vanadium

Assuming VC (NaCl-like) structure, d
V-C

» 2Å,

and taking surface/bulk ratio into account:

~ 10nm

~ 0.5 nm

300K 1300K
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Resonant inelastic X-ray scattering (RIXS)

W

W-w

Kramers – Heisenberg  formula
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W

intermediate
states

ground
state

w

W-w

final
states
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The (W,W-w) Plane and Line Plots

Fluorescence detected
life time suppressed
‘absorption’: HERFD

Absorption

Final states of
emission or resonant

scattering

Courtesy of P. Glatzel
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1s-3p(3d) RIXS of the 3d0 system
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y

W

3d0

w

W-w

1s3d1

3d1 3p5

multiplet

TbVO4

V K-edge

Final state interactions (multiplet, spin-orbit) in vertical direction

Resonances (fluorescence) along diagonal line
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Spin resolved absorption in hematite

P.Glatzel et al., Phys. Rev. B (2008)To
ta

l e
ne

rg
y

spin-down
only

3d5

3p-3d exchange

1s3d6

Origin of the second
pre-edge structures
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1s-3p(3d) RIXS of the low spin 3d6
G

.V
anko

et al., arX
iv:cond-m

at
(2008)

~94º

~98º ~163º

Co(acac)3

EuCoO3

Origin of the second
pre-edge structure
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K-edge XMCD enhancement

Small shift between positive and
negative features in incident energy
® IS (or GS) splitting

Significant shift in energy transfer
® FS (and IS) splitting

M.Sikora, A Juhin,  et al., PRL 2010
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RIXS-XMCD magnetometry

RIXS intensity proportional to
thickness (volume) of thin layer
® free from non-resonant background
® statistical noise mainly

RIXS-MCD scales linearly with bulk M

Quantitative probe of net magnetization
of buried layers or deep interfaces

M.Sikora et al., JAP 2012
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HERFD-XAS – spectrum sharpening effect

K. Kvashnina et al., PRL 2013

High energy resolution fluorescence detection (HERFD)

HERFD at the U M4 edge
Dipole: 3d → 5f
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In-situ and operando studies

Incident Beam

Transmission
Detection

Gas flow

Heater

Emission
SpectrometerMass Spectrometer

Operando spectroscopy of catalysts at work

Courtesy of P. Glatzel
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Operando studies of Pd catalysts at work

D. Koziej et al., PCCP 2009

spillover mechanism Fermi level control

Local structure and
coordination of Pd evolves
upon exposure to CO & H2,
but NOT the oxidation stateX X
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Magnetic field controled catalysis

J. Sa et al., Nanoscale 2013

Non-magnetic Pt catalysts,
supported on carbon coated

magnetic Co nanoparticles

catalytic performance
changes in the presence
of external magnetic field
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Direct tomography with chemical-bond contrast

layered C/SiC Nature Mat. 2011
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Hard X-ray spectroscopy at XFELs

Mn4CaO5 intact
upon XFEL pulses
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Why hard X-ray spectroscopy

Electronic and structural information

Element specific, symmetry sensitive
absorption edges, valence band emission

Compatible with extreme conditions
significant penetration depth

Number of
complementary
techniques
using same set-up:
XAS, XES, ….

HEROS

HERFD

RXES RIXS

M. Kavčič et al., PRB 2013


