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Ray Emission Spectroscopy: Theory and Applications. John Wiley & Sons, Inc.
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Terminology

XPS:

ARPES:

XAS:

XES:

RIXS:

X-ray Photolectron Spectroscopy is a technique to probe electronic structure of

the occupied orbitals/bands, which provide surface sensitive (few nm) information
on chemical composition of materials and their valence state structure

Angle Resolved PhotoElectron Spectroscopy is a technique to probe dispersion
relation of valence electrons

X-ray Absorption Spectroscopy is a technique to probe electronic structure of
unoccupied orbital/bands, which provide bulk sensitive (few microns) element
selective information on local atomic structure

X-ray Emission Spectroscopy is a technique to probe electronic structure of the
occupied orbitals/bands, which provide bulk sensitive (few microns) element
selective information on charge, spin and valence band density of states

Resonant Inelastic X-ray Scattering is a photon-in photon-out spectroscopy
technique to probe electronic excitations resolved in energy and momentum
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Introduction to core level X-ray spectroscopy

X-ray absorption spectroscopy and dichroism

X-ray photoelectron spectroscopy and its angular dependence
X-ray fluorescence and emission spectroscopy

Resonant inelastic X-ray scattering and related methods
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Summary
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with matter

X-ray interaction

04.11.2024

incident x-ray

photon

surface

bulk

]
L
.

!

inelastic scattering elastic scatterin
(Compton)

(Thomscn)

impurity /-

X-ray Free Electron Lasers - XFELs

transmitted '_ .
photon {

Auger/photoelectron

=

fluorescence

N

Spectroscopy probes the
dependence of
transmission/absorption of
photons by matter as a
function of incident photon
energy. Absorption process
may be probed also by
probing the intensity of
secondary particles, such
as fluorescence photons
and Auger/photoelectrons.

source: [2] 5



X-ray fluorescense and Auger emission

absorbed photon photoelectron

Photoabsorption and
photoelectron emission are

primary processes Auger electron
processes observed as an
effect of electronic

relaxation of the electronic emitted photon
structure excited by
absorption of photon energy

Fluorescence and Auger
emission are secondary

source: [2] Fluorescence Auger emission
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Atten Length (micromns)

source: henke.lbl.gov
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Probing depth of X-ray
spectroscopy depends on
the particles probed. In case
of the detection of photons
it is of the order of microns
to millimeters, while in the
case of electrons it is in the
order nanometers
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Energy

Electronic structure of matter

Isolated atom Molecule Solid materials

: Rydberg CB CB \
s Eq T E
Valence \ — . . t l
- Core metal semiconductor insulator

Element Kl1s

source: [2] ; g ;i: CB — conduction band
3L sa7e Energy of X-ray photons (from VB — valence band
4 Be 111.5% ~100eV to >10keV) IS h/gh EF — Fermi energy
5B 188 enough to excite electrons from
P . E, —ener a
N . the strongly bound orbitals, g v a9ap
80 5431+ namely the core orbitals
9F 696.7*
10 Ne 870.2*
11 Na 107081
8
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X-ray absorption spectroscopy

photon-in

Yo,
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Tunable photon-in energy
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Element Kis Li2s La2p12 L3 2p3n

X-ray absorption spectroscopy =

3 Li 34.7* X-RAY DATA
4 Be 111.5% BOOKLET
. . 5B 188*
Dipol transitions 6 ¢ 284 2%
7N 409.9* 37.3%
Al = il 80 543.1*% 41.6*
. . 9F 696.7*
AJ = il! o 10 Ne 870.2% 48.5% 21.7* 21.6%
_ 11 Na 1070.8% 63.5% 30.65 30.81
AS - O 12 Mg 1303.0t 887 4978 49.50
13 Al 1559.6 1178 7295 7255
s 14 Si 1839 149.7*b 99.82 99.42
® 15 P 21455 189 136+ 135+
S 16 S 2472 2309 163 .6* 162.5*
0-* c 17 Cl 28224 270* 202* 200%*
ionization % 18 Ar 32059%  3263% 250.6 248 4
e h Ol d T — £ 19 K 36084*  378.6* 2973* 294 6%
o 20 Ca 4038.5* 438 41 3497t 346.21
LUMO . 21 Sc 4492 498.0% 403 6% 398.7*
A 22 Ti 4966 560.9t 460.21 453 .8%
HOMO —@ o—0 0 _ o _ '
z Absorption crosssection is proportional to density
i of unoccupied electronic states at the energy
hu > E ABsoition defined by the energy and momentum
= ~b : uy conservation principles
Y Binding energy probed in XAS is characteristic for

element/orbital. As such the method can be used
as element and symmetry selective probe
of unoccupied electronitiftates

core level oY

04.11.2024 source: [2] X-ray Free Electron Lasers - XFELs



X-ray absorption experiment
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Absorption measured by

transmission

11 = Ige_'ux

electron yield / fluorescence
TEY~Iyp Ir~Iolt

XAS can be probed using
energy dependence of:

* transmission

* fluorescence

* electron yield
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X-ray absorption near edge structure

Normalized absorbance

L, absorption edge of the 5d-metals with K absorption edge of V compounds of
different occupation of valence band different local structure and V oxidation state
30 [ [ I I T T T T T T T T T
V K-edge
c
20 2
a
o
L a4
<
1.0
B 54:50 5460 54I70 54IBD 54I90 55IOD 55‘10 55I20 55I30
Energy (eV)
- 75|76 [77 ][ 78 | 79 | |
' Re || Os || Ir || Pt || Au
| | | | BN
-40 —20 0 20 40 60 ..":':‘g?‘
E - EqleV] Te oy
Sensitive to electronic occupation Sensitive to local symmetry & hybridization
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Angular and polarization dependence
X-ray linear dichroism (XLD)

Dichroism: the difference / 110~
in spectral shape observed / ;
at distinct orientation of v /
photon polarization with o~
respect to crystal/molecule

orientation

Selective probe of

structural anisotropy "(,

source: [2]

<001>

XANES signal [arb. units]
"
n
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1 1 Iy 1 ] Iy
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3. X-ray photoelectron spectroscopy and its angular dependence
4. X-ray fluorescence and emission spectroscopy
5. Resonantinelastic X-ray scattering and related methods
6. Summary
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X-ray photoelectron spectroscopy

photon-in

Yo,

electron-out

?\
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source: [2]

XPS principle
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--------------------------------------- | Evac X-ray photoelectron spectroscopy probes

the details of (occupied) electronic band
-------------------------- = structure with surface sensitivity and
Photoemission intensity element selectivi ty

Probing depth depends on kinetic energy of
photoelectron, E,, that is dependen on

& occupied states incident photon energy, hv
Density of states
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C1s

XPS applications
defects (sps) |

Intensity

Determination of surface chemical composition,
including speciation of organic structures

T L T T Y T v T ¥ - Y —
292 290 288 286 284 282 280
Binding energy, eV

Ch em iC 3 / S h Ift Increasing oxidation gtate

Position of the graphite C-H C-NC-Cl C-F C=0 0=C-OH  CF, CO, CF;  CF,OH
resonance

(binding energy) | ll 1 1 1 l 1
depends on bond type |‘ ]

284 286 288 290 292 294 296
Binding energy [eV]

source: [2]
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F. Reinert et al., Phys. Rev. Lett. 85, 3930 (2000)

XPS applications

Normalized intensities [a.u.]

Determination of band
gap in semiconductors
and superconductors

||||lLLLLI%‘I\'LJJ
0.5 1.0 TIT.

XPS spectra at temperature above
and below the superconducting
transition in V3Si show the shift of
A valence band maximum with
N— respect to Fermi level

04.11.2024

2 4 6 8
Energy rel. Ep [meV]
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Modern XPS setup

Hemispherical analyzer combined with
2D pixel detector allow for simultaneous
probing of energy and angle of emission

hemispherical (angular momentum) of photoelectrons

analyser

URANOS at SOLARIS

— , g K
o ST

cryogenic angle mapping
manipulator electron lens

\ -'-{'?

Incident
photon beam

source: [2]
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http://www.youtube.com/watch?v=jkbwOVWtHl8

Angle resolved photoemission (ARPES)

source: [2]

MDC

EDC

Figure 7.52 Schematic diagram of an angular-resolved photoelectron experiment, including the possible experimen- E n e rgy d e n S I ty m a p ( E D M )

tal variables. Those relating to the incident beam are suifixed with £, while those relating to the electron are suffixed
with e. The unit vector & _is a polarization vector. The angles are normally referenced to a high-symmetry axis of the
crystal.

Energy distribution curves (EDC)

Dispersion of electronic band structure, i.e. the dependence Momentum distribution curves (MDC)

of electron binding energy on momentum, E(k) can be
probed in three directions of the reciprocal space
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ARPES example — topological insulators

A B C As grown D T110%

k (1/A) _ Binding energy (eV) k (1/A) %indmg energy (eV)

@ Non-magnetic impurity

Binding energy (eV)
Intensity (a.u.) ;

Intensity (a.u.)
Binding energy (eV)

1

04 02 0 Y.L. Chenetal.,

E G H Science 329, 659 (2010)
<= Magneticlmpurity ~ (R TN o D - = === ﬂ]j
& ~ S =
N - L =3 & =F]
-~ \ ‘—...‘ - § ; 5 :;;
’\ e % ’ g %O'Z Gap —» —‘5
w et i Sty 2 s 2 45
f N~ 2 1€ 2 ==
- @ — - o —
-OT A og.ca\‘“s“‘a‘ 0.4 — 0.4; N | —
0 005 04 02 0 005 0 005 04 02 0
k (1/A) Binding energy (eV) k (1/A) Binding energy (eV)
Nonmagnetic impurities shift Dirac point Magnetic impurities open energy gap, i.e.
towards Fermi surface destroy topologically protected surface states
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4. X-ray fluorescence and emission spectroscopy
5. Resonantinelastic X-ray scattering and related methods
6. Summary
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X-ray emission spectroscopy

photon-in

:"""k
photon-out

04.11.2024

b
LY

XES

Fixed photon-in energy
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X-ray fluorescence

(XRF)

/\ ) Energy dispersive
\ ®  detector

Line intensity proportional to:
- concentration of the element
- absorption cross section

- transition probability

NiKo Line energy characteristic to:
- atomic number (Z)

5 3ds»
- — 3dyp > Ni LB
M 3 —— 3P3p @
2 —— 3P1p S | OKa n
1 — —— 384p2 =
AN n
O 14
3 —————— 2pgp o
(&)
L 2 - 2P1s2 3
1 284/p S
[
Oyl By i
0| By U k J k Ni KB
¢ ¢ 0 T //// T I/\ 1
K 1 Yyvy 181 0 1000 7000 8000 9000
Photon energy [eV]
source: [2]
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chemical composition



X-ray emission spectroscopy

High Energy Resolution X-ray Fluorescence detection analyzers |

KBy,3

R . LI — Pas

] 2N e
4 o Sdgj:i - ,'X’, _
M g —t gpsfz Ko,
—— 9Py
1 - —_— 33y Energy resolution
5 x 500 XRF (silicon detector): ~120eV
° BEX Par2 XES (crystal analyzer): ~1eV
L2 m 2P/ Kai, background free
281/
X 8 .
oz BBB‘ Non-destructive probe of
l, ¢ L i chemical composition,

5880 5900 5920 6480 6520 6560 effective spin, and
Fluorescence Energy [eV]
valence band structure
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KB emiSSion Spectroscopy Element selective

probe of spin state
and ligand structure

P.Glatzel & U.Bergmann, Coord. Chem. Rev. 249, 65 (2005)

Kp

1.3

Experiment ..
X-ray emission spectra

probed with 1 eV O & C (2s,2p) binding
energy difference

[N

Nominal Spin

resolution show a
splitting of KB resonance NG
(left) and allow to probe
valence band structure
(right). The former is
sensitive to spin state of
the probed element in
the sample, while the — VC
latter to the next K
Bas

neighbour type and v e L -
distance 5430 5440 5450 5460
Fluorescence Energy (eV)

v

o

.

A
A

6489 6490 6491 65492
First Moment Position [eV]

Kp'

Fe203 S=5/2
K;Fe(CN)g S=1/2
K,Fe(CN), S=0

Normalized Intensity [arb. units]

Theory

T T T T T T T T T T T
6465 6470 6475 6480 6485 6490 6495 6500
Fluorescence Energy [eV]
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6. Summary
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photon-in
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RIXS

Tunable photon-in energy
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P.Glatzel & U.Bergmann, Coord. Chem. Rev. 249, 65 (2005)

RIXS plane
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states

Total energy

-
,‘:ll"‘

n —h

g 3

o

wv

Intensity [arb. units]

U N U G N AN N P

®)
>|
;

641

Final State Energy [eV] *° 630 7 esqo Incident Encrgy [cV]
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RIXS probes how X-ray
emission intensity
dependes on incident
X-ray energy. A typical
2D spectrum is pletted
as a function of
Energy transfer (or
final state energy),
which is the difference
between Energy of
incident and emitted
photon

RIXS is especially
usefull to probe
resonant excitations in
strongly correlated

materials
30



RIXS plane

P.Glatzel & U.Bergmann, Coord. Chem. Rev. 249, 65 (2005)
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from 2D RIXS plane
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High energy resolution
fluorescence detected
X-ray absorption
(HERFD-XAS), i.e.
constant emission
energy (CEE)

Final states of emission
or resonant scattering
(X-ray Raman), i.e.
constant incydent
energy (CIE)
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K. Kvashnina et al., Phys. Rev. Lett. 111, 253002 (2013)

HERFD-XAS
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Incident energy (eV)

Background free detection
and sharpening of absorption spectra (beyond that of life-time broadening)
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X-ray Raman scattering (XRS)

high energy transfer
R LN high |  features provide access
{1 resolution | to binding energies in

ET=E0—Ef

é o N \‘ & large E; |  the range of soft X-rays,
B = const. %* @ A A | butprobed with (two)
il | hard X-ray photons
*‘j’( g - X-ray Raman scattering -
Y"'af ' ' » 1 > XAS-like bulk
Eo Compton scattering : sensitive probe of
Losssl soft matter

'l Ll l LRk l‘ bdcdd e A hd A Jd
6400 6500 6600 6700 6800 6900 7000 7100
Eo [eV]
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Z. Sun et al., Phys. Rev. Lett. 121, 137401 (2018)

° o 14— T L
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/CB Ih L B 15 %
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What kind of questions can be answered using X-ray spectroscopy:

 What is the chemical composition of the sample?

 What is the local atomic structure of the absorbing element
(symmetry, type and distance of next neighbor, distortions)?

* What is the spin and valence state of the probed element?

* What is the valence band structure (dispersion, DOS, bandgap)?

Depending on the type of particles detected (electrons or photons)
it provides surface or bulk sensitive information

04.11.2024 X-ray Free Electron Lasers - XFELs 35
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