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X-ray spectroscopies

h

¥ H
7 4
T,

bt

XPS XAS XES RIXS
(RPES) XRF RXES
(photon-in) . photon-in
electron-out photon-in photon-out photon-out

Marcin Sikora, Zaleznos¢ katowa i dichroizm w widmach 1s2p RIXS ...



X-ray Absorption Spectroscopy (XAS)
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K edge
Dipole transitions 1s excitation Near edge structure
Al =+1 L,
Aj=+1: 0 NN.... sy./mme_try
AS =0 v’ lattice distortions
hv Mg, [

Element Kls L] 2s Lz Zp]ﬂ L3 2[)3;2 Edge energy
=V >0 G26.71 S19.51 SZ1T v/ average oxidation state
24 Cr 5989 696.07 583.87 57417
25 Mn 6539 T769.17 64597 638.77
26 Fe 7112 844.67 71957 T06.87
27 Co 7709 92517 79327 77817
28 Mi 8333 1008.6 870.0F 852.7F
28 Cu 8979 1096.7 95237 8327
30 Zn 9659 1196.2* 1044 9* 1021.8*

Pre-edge:

) Dipole & quadrupole excitations
Element & symmetry selective probe of

- - \ H
unoccupied electronic states v local site symmetry
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—G—0 X-ray Emission Spectroscopy (XES)
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................................................. Ka
60 . Dipole transitions - XRF/EDX

Element Kay Ko Kh ‘ K{
—¢—O—/ 22 Ti 451084 450486 493181 AE ~100eV

23V 495220 4944 64 542729 'z 1 . = ‘* '''''' P—

24 Cr 541472 5,405.509 5.9456.71 Y e

25 Mn 5.898.75 588765 6.490.45 e

26 Fe 6,403 84 6,390.84 705798 e

27 Co 6,930.32 §,915.30 764943 e

28 Ni 747815 7.460.89 826466 e

29 Cu 8.047.78 8.027.83 890529 e AE ~N 1ev

30 Zn 8.638.86 8,615.78 8.572.0 XES

Quantitative probe of chemical composition Kaiy
spin state Ka,
valence band structure
Similar information content as XPS, L .

using bulk sensitivity of hard X-rays
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Resonant inelastic X-ray scattering (RIXS)

Element & symmetry selective probe of
electronic correlations, electronic

A
&
-

3
excitations, spin excitations, etc. & en
3
e s T z
intermediate S AN 2 =
states £ A Al . 26
d\ g : e ' “."', 6545 6540 6541 6542 6543 6544 6545
— g N " \\\‘3..-‘:}':" 8544 Incident Energy [eV] Q
- . . 23 )
2 final g i : 7
L 0) states - 6541
v _— Final State Energy (eV] 639 7 es4o Incident Energy [eV]
T Q-o " Q
E O —
a 7
/ O-0 Kramers — Heisenberg formula
\
2
ground T5|n)(n|T I¥/2n
state F(£2, w) E SACEIDACITHE) X /

e—E,+R2—iTk/2| (E;g—Ef+R2—w)?+T7/4
P.Glatzel & U. Bergmann, Coord. Chem. Rev. (2006)

19.05.2023, Seminarium WFIIS AGH

Marcin Sikora, Zaleznos¢ katowa i dichroizm w widmach 1s2p RIXS ...



> hv'

&33!

1s2p Resonant Inelastic X-ray Scattering (RIXS)

... probed with high resolution
emission detection
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15— 4p(3d) 3dn
Qudrupole tr.
1s— 3d The same final state as for
7110 7120 7130 7140 L, ; edge probed using hard

19.05.2023, Seminarium WFIIS AGH

Incident Energy (eV) X-ray photon-in photon-out

W. A. Caliebe et al., Phys. Rev. B (1998)
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1s2p RIXS in magnetite (Fe;0,)

Photon-in photon-out hard X-ray spectroscopy
with negligible non-resonant background
and reduced life-time broadening
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M.Sikora, et al., Phys. Rev. Lett. (2010)
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[8Fe3+],, [8Fe?*,8Fe3*],, O3, — Fe;0,

Magnetite and spinel ferrites

Ferrimagnetic
ground state

Fe** T, Fe3 O, Fe>* O,

hF e Lt

magnetite: M, ~ 4ug /f.u.

M?*+0Q-Fe3+,0; » M?*Fe,0, ferrites: Mg, ~ us(M?+)
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; High T properties of magnetite
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High temperature 1s2p HERFD-XAS of magnetite
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Charge transfer character from T, to O, sites SElf'dOpiI‘lg in mag netite

reveals three distinct T ranges
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X-ray linear dichroism

high absorption low absorption
-
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The difference in spectral shape Angular
observed at distinct orientation of dependence

photon polarization with respect to
crystal/molecule/orbital orientation
horizontal E;, 189

Selective probe of structural
anisotropy and orbital order

oeq Vertical E;,
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1s2p RIXS XLD in magnetite
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1s2p RIXS XLD in magnetite
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1s2p RIXS angular dependence
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Configuration interaction calculations using Theoretical simulations
QUANTY code, taking into account:

intra-atomic Coulomb interaction
« crystal field

* spin-orbit coupling (b)
« exchange interactions 00°
1350 450 =
XLD origins predominantly z
in Fe?* O, sites a0 r s
B 1k, h g
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H.Elnaggar, et al., Phys. Rev. Lett. (2019)
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B 1k, Theoretical simulations (2)
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1s2p RIXS and RIXS-MCD in magnetite (Fe;0,)

Photon-in photon-out hard X-ray spectroscopy
| — with negligible non-resonant background

0 0.5 1
and reduced life-time broadening
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Binary ferrofluids

Single-phase ferrofluids Binary ferrofluid
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Magnetization profiles of nanoparticles in suspensions are shaped by interaction with
external field, but are also prone to local dipole fields of neighbors (interparticle interactions)

N.Daffe, et al., Nanoscale (2020)
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Nucleation and growth of magnetic nanoparticles
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External magnetic field

In-situ SPION growth
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Reaction (and magnetization) kinetics

Atoms Clusters Nanoparticles
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J.Kuciakowski, PhD thesis
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Distribution of size and magnetic order
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Critical radius

XMCD(t) evolution can be fitted properly
only if a non-magnetic fraction of spinel
phase (likely as a shell of MNP) is included
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Best fit values for synthesis at T = 180°C

Fe;O, 4.5 0.2
CoFe, 0, 0.1 0.1

J.Kuciakowski, PhD thesis
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1s2p RIXS

Hard X-ray photon-in
photon-out probe with
negligible non-resonant

background, reduced

lifetime broadening &
enhanced dichroism

Fe;0,: LxS=0

Noncollinear contributions
to Fe?+ orbital moment
may tilt as much as 82°

away from the orientation

of magnetic spin moment
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Fe;0,: self-doping

Charge transfer from T, to
(interstitial) O, sites reveals
three distinct T ranges, which
coincides with anomalies in
conductivity and magnetic
order temperature

Ferrite MNP: in-operando

1s2p RIXS-MCD opens up
possibility for selective
(solvent free) study of
magnetic (oxide)
nanoparticles in solutions,
including in-situ & operando

Marcin Sikora, Zaleznos¢ katowa i dichroizm w widmach 1s2p RIXS ...
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