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Outlook
1s2p RIXS

Ferrite MNP: in-operando

Time (min)

Particles in solution

Fe3O4: self-doping

Fe3O4: L x S  0

Magnetite crystals
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X-ray spectroscopies
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X-ray Absorption Spectroscopy (XAS)

Dipole transitions

Dl = ±1

Dj = ±1; 0

Ds = 0

Element & symmetry selective probe of 
unoccupied electronic states 

Pre-edge:
Dipole & quadrupole excitations

✓ local site symmetry

Edge energy

✓ average oxidation state

Near edge structure

✓ NN… symmetry 

✓ lattice distortions

K edge
1s excitation
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XES

XRF/EDX
Ka

Kb
Si/Ge 
detector

X-rays
Sample

DE ~100eV

X-ray Emission Spectroscopy (XES)

X-rays

Crystal 
analyzers

Sample

Detector

DE ~1eV

Quantitative probe of chemical composition

Dipole transitions

Dl = ±1

spin state
valence band structure

Similar information content as XPS,
using bulk sensitivity of hard X-rays
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Resonant inelastic X-ray scattering (RIXS)

Kramers – Heisenberg  formula

T
o
ta

l 
e
n
e
rg

y

W

intermediate
states

ground
state

w

W-w

final
states

P.Glatzel & U. Bergmann, Coord. Chem. Rev. (2006)

Element & symmetry selective probe of 
electronic correlations, electronic 
excitations, spin excitations, etc. 
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K pre-edge …

The same final state as for 
L2,3 edge probed using hard 
X-ray photon-in photon-out

… probed with high resolution 
emission detection

W. A. Caliebe et al., Phys. Rev. B (1998)

Dipole transition
1s→ 4p(3d)

Qudrupole tr.
1s→ 3d

IE

EE

Incident Energy (eV)
Emission energy (eV)

1s2p Resonant Inelastic X-ray Scattering (RIXS)
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1s2p RIXS in magnetite (Fe3O4)

Photon-in photon-out hard X-ray spectroscopy 

with negligible non-resonant background

and reduced life-time broadening

HERFD

PFY

and XMCD enhancement of 10÷20 times

M.Sikora, et al., Phys. Rev. Lett. (2010)
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Magnetite and spinel ferrites

M2+O·Fe3+
2O3 → M2+Fe2O4 ferrites: Msat  mS(M2+)

[8Fe3+]Td [8Fe2+,8Fe3+]Oh O32 → Fe3O4 magnetite: Msat  4mB /f.u.

Ferrimagnetic 

ground state
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High T properties of magnetite

M(T)

high TC

s(T)

Verwey 
transition

H.Elnaggar, et al., Phys. Rev. Lett. (2021)



19.05.2023, Seminarium WFiIS AGH Marcin Sikora, Zależność kątowa i dichroizm w widmach 1s2p RIXS ... 11

High temperature 1s2p HERFD-XAS of magnetite 

H.Elnaggar, et al., Phys. Rev. Lett. (2021)
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Self-doping in magnetiteCharge transfer character from Td to Oh sites
reveals three distinct T ranges

H.Elnaggar, et al., Phys. Rev. Lett. (2021)

[2Fe2+,5Fe3+]Td [6Fe2+,11Fe3+]Oh O32
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Orbital moment in magnetite

spin moment

orbital moment

total moment

H.Elnaggar, et al., Phys. Rev. Lett. (2019)
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X-ray linear dichroism

The difference in spectral shape 
observed at distinct orientation of 
photon polarization with respect to 
crystal/molecule/orbital orientation

Selective probe of structural 
anisotropy and orbital order

kin

ein

high absorption low absorption

horizontal Ein

vertical Ein

Angular 
dependence
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1s2p RIXS XLD in magnetite

B || kin

H.Elnaggar, et al., Phys. Rev. Lett. (2019)
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1s2p RIXS XLD in magnetite

B ⊥ kin B || kin

H.Elnaggar, et al., Phys. Rev. Lett. (2019)
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1s2p RIXS angular dependence

B || kin

H.Elnaggar, et al., Phys. Rev. Lett. (2019)

B ⊥ kin
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Theoretical simulations

Exp. Theory

Configuration interaction calculations using 
QUANTY code, taking into account:
• intra-atomic Coulomb interaction
• crystal field
• spin-orbit coupling
• exchange interactions

XLD origins predominantly 
in Fe2+ Oh sites

H.Elnaggar, et al., Phys. Rev. Lett. (2019)

B ⊥ kin
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Theoretical simulations (2)

Experiment Theory with static Theory with dynamic distortion
(trigonal) distortion mimicking X3 phonon modes

B ⊥ kin

H.Elnaggar, et al., Phys. Rev. Lett. (2019)
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Predictions of the theoretical model

• Average orbital magnetic moment 
deduced by RIXS-AD is 0.26  0.03 μB / f.u.

• Noncollinear orbital contributions may tilt 
as much as 82° away from the orientation 

of magnetic spin moment (external field)

Average 

H.Elnaggar, et al., Phys. Rev. Lett. (2019)
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Magnetic nanoparticles (MNP)

M

H

Magnetic response of MNP depends on
temperature and distribution of magnetic
moments (diameters) of particles’ ensemble
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1s2p RIXS and RIXS-MCD in magnetite (Fe3O4)

Photon-in photon-out hard X-ray spectroscopy 

with negligible non-resonant background

and reduced life-time broadening

HERFD

PFY

and XMCD enhancement of 10÷20 times

M.Sikora, et al., Phys. Rev. Lett. (2010)
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Magnetometry with RIXS-MCD

Element selective (volume) magnetization

Available at ID26 at ESRF and Galaxies at Soleil
Proposal for Heroes at Solaris (submitted)

K. Pitala et al., JMMM (2022)

Substrate free
(thin films)

J. Kuciakowski et al., Nanoscale (2020)

Solvent free 
(suspensions)
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Binary ferrofluids

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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Interparticle interactions

N.Daffe, et al., Nanoscale (2020)

Magnetization profiles obtained from 
micromagnetic calculations of the 

binary clusters observed in Cryo-TEM

XMCD magnetometry in zero field cooled 
frozen binary ferrofluid confirms widening of 
hysteresis profiles for soft magnetic particles 

and narrowing of hysteresis for the hard ones
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Nucleation and growth of magnetic nanoparticles

Goal: to determine critical radius between 
paramagnetic & superparamagnetic state

Fe(acac)3 thermal decomposition

TEM                 VSM of solution
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HERFD-XAS

In-situ SPION growth

Evolution from pure octahedral to 
mixed (octahedral & tetrahedral) 

local structure during transition 
from Fe(acac)3 to spinel ferrite

Further spectral evolution during 
particle growth is remarkable

In-situ cell developed
by D. Koziej et al.
(ETH & UHH)
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Reaction (and magnetization) kinetics

J.Kuciakowski, PhD thesis

Burst of superparamagnetism is delayed 
with respect to appearance of spinel phase in Fe3O4

(but not in CoFe2O4) 

Burst of superparamagnetism coincides 
with rapid increase in occupation of tetrahedral sites

Fe Td

magnetization
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XMCD(t) evolution can be fitted properly 
only if a non-magnetic fraction of spinel 
phase (likely as a shell of MNP) is included 

Critical radius

J.Kuciakowski, PhD thesis

Distribution of size and magnetic order

Effective magnetization profiles

Magnetization of the ensemble of MNP at 3.2x105 A/m

𝐷𝑆𝑃

𝑇𝑁𝑀

Stoichiometry 𝑫𝑺𝑷 [nm] 𝑻𝑵𝑴 [nm]

Fe3O4 4.5 0.2

CoFe2O4 0.1 0.1

Best fit values for synthesis at T = 180°C
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Conclusions
1s2p RIXS

Ferrite MNP: in-operando

Fe3O4: self-doping

Fe3O4: L x S  0

Hard X-ray photon-in 
photon-out probe with 
negligible non-resonant
background, reduced 
lifetime broadening & 
enhanced dichroism

Charge transfer from Td to 
(interstitial) Oh sites reveals 

three distinct T ranges, which 
coincides with anomalies in 
conductivity and magnetic 

order temperature 

Noncollinear contributions 
to Fe2+ orbital moment 
may tilt as much as 82°

away from the orientation 
of magnetic spin moment 

1s2p RIXS-MCD opens up
possibility for selective  
(solvent free) study of 

magnetic (oxide) 
nanoparticles in solutions, 

including in-situ & operando
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