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Practical approach to XANES
data analysis:

How to understand local atomic structure, coordination
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XAFS is a local sensitive, chemical selective probe

Subjective (Absorber)
point of view of the

local atomic structure
in your sample
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XAFS is a local sensitive, chemical selective probe

which can provide structural, electronic and even
magnetic information abouot specific elements
(absorbers)

Applicable to materials in any aggregation state: gas, liquid, solid,
single crystals, powders, amorphous, nanostructures, etc....

Measurable from bulk to the highest diluted samples (micro- and
nano-molar)

Versatile (bulk, surfaces, layered structures, quantum structures,
etc...)

(relatively) simple experimental set-up and easy data collection
Fast (min) and ultrafast (ps) data collection

Directional sensitivity (polarized XAS): structural anisotropy

Element selective Magnetic state sensitive (XMCD)



XANES region:

lack of an analytical
expression

25
o(E) [ XANES

15

05 F

long computation time

Good theoreticians

and data analysis skills

\\J Zn K edge in ZnO
0 L ‘\l_‘ P | U RS S | ] L
9600 9800 10000 10200 10400 10600 10800
\ Energy (eV)
| 'V
\ @ EXAFS region: simple analytical formula suited for data fitting and easy structural
o refinement

1
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Advantages of XANES based probes

Compared to EXAFS
» XANES signal is higher than EXAFS B 1k
» Weaker damping due to structural disorder ""
» Restricted energy range \M\
> Simpler/faster data collection '
> sensitive to S o
» Electronic structure (empty DoS) v A

» symmetry of the coordination geometry

s

/]

core localized | continuum
level states
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XANES signal is dense of electronic, structural and .
magnetic and information

?(A:fsss:z:i?/l Itf) zzl;ca\)SéEZt?ctasr;nE;(I':ziz;lity beam intensity XANES theory is
* can be measured on less concentrated samples, M
e can be measured faster than EXAFS (time resolved experiments) lack of an analytical
expression
Damping of XANES signal due to structural disorder is weak: L
long computation time

* Extreme conditions experiments: High T, High P, High H....

. Good theoreticians and data
Electronic structure (DoS) and structural topology:

* XANES features are especially sensitive to the valence state, coordination chemistry, ligand

symmetry of the absorber.
e Can be used as fingerprint for chemical speciation in mixtures and inhomogeneous systems. XANES Signa| S prone to

Restricted energy range around the edge: (relatively) simple
 Measurements at low energies (Si, S, Cl, ... ) interpretation for

* Fast data collection (time resolved XAS) ( ezl ) e
e XANES Microprobes (mapping) with sub-micrometer resolution re G IVELY .eaS.y an as .
(semi-)quantitative analysis

Chemical selective Magnetic information

e Xray Magnetic Circular Dichroism (XMCD) signal is an element specific probe for magnetism

* Sum rules at L, ; edges allow distinguishing orbital and spin contributions to the magnetic moment of the photoabsorber
16-26.09.2024




Deeper into the XANES region

XANES signal is prone to
(relatively) simple

interpretation for

(relatively) easy and fast

(semi-)quantitative analysis

'5 14
2 Fe K edges:
? I representative
< XANES Fe in
3 complexes
E, % 0.7 = R. Sarangi, Coord. Chem.
- Mo 74 7118 ;- Rev. 257 459-472 (2013)
b z° Fe":'.'
‘g pre—edge "
& 0.0 ‘ . %
| a,TiO,
& | o 7105 7115 M5 |s g
P | 2T Energy (eV ) “ 2 3
N 8 g 175!
< A+ + £ &
' o
/| Tl — v 3
I 2 g
[l £ 2
If g, d o e
/ |
|| ll Vel —40 q"é: ol
| '_..-”/{ «— g
J SN
0755 ' Sulphur K edges:
4,95 5 ulphur K edges:
E [KeV] ;:hemlcal ?hlftl asa
unction of valence
Local symmetry and XANES in Ti** compounds state of S-ions S a7 475 TS 3 s
E [KeV]

XANES features are strongly related to the
coordination chemistry & geometry:
Number, kind and symmetry of the ligands

Edge position depends on the oxidation
state of the absorber
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XANES regions

post—edge

pre—edge

Ba,TiO,
K, TiSizOq

Post-edge (XANES)

full multiple scattering (FMS)

Abs. [arb.un.]

Pre-edge .

caused by electronic transitions to
empty bound states near the
Fermi level.

Edge (E.)

electronic state and local
the onset of continuous states

coordination geometry
around the absorber

E, is a function of the absorber oxidation state.

It may increase by several eV per oxidation unit
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Early research

The Pre-edge region

>

>

Below the ionization continuum,
transitions to bound states occur
Each transition has a defined
lines shape determined by the
core-hole lifetime(Lorentzian)
convoluted with the x-ray energy
resolution (Gaussian)

"3.208 E (keV)

Ar
5 | Kedge
£
&
x
=
32 3.204
Edge:
i E, =3205.9 eV
3 |
.e I
8 |
X |
= |
|
|
|
i
|
|
|

core level

Rydberg states

continuum

E-E

(eV)

Experiment

L. G. Parratt,
Phys. Rev. 56, 295 (1939)

Energy resolution ~ 0.6 eV

Interpretation:

- Rydberg levels
- edge to continuum




The Pre-edge region

post—edge

electronic transitions to
empty bound states near
the Fermi level.

Ba,TiO,

K, TiSi;0Oq
XANES signal is complementary
to the XPS, probing the
occupied density of states.
Empty state
; density
core localized :continuum
level states
0}
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K pre-edges in 3d metal oxides:
intensity vs empty electronic states

Example:
. 1.0 5+ Pseudo Tetrahedral Metal Complexes M(B(3-isopropyl-pyrazol-1-yl)4)2
= [ T+ . I T T
_g G Mn Intensity of the pre- 2 g ZJ// NN N o
+ 2 n: —ﬂ— %—
% 085 - Crss edge decreases Gk ©
a °7 .. filling the d states oille -
2 06 ' ;er RS
q * =
& Ti4+ O+ Z‘\“‘ \§
G - © : 3
%‘L 0.4 - Oz\m,zO
n<* 34+ 7N
- £
E 02f 7’ 24 |
5 Fe &%\mz\mg\[
= o o - [
0.0 1 l 1 l 1 l 1 1 g o
0 1 2 3 4 o G i a8 9 1
Number of 3d electron

Pre-edge features are caused by electronic But...
transitions (mainly dipole) to empty states // ~ These are
close to the Fermi level. ] > | 3d states!
core localized continuum
level states
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Fe K edges in minerals

a T T /n"*m_‘__\ Pl
.\ ___almandine . A~ periclase \\\ F‘__E.-.F,'?r-""“te' N 3 __h.‘.arv?t_ife
E “f’“/;.-"'/ V. gillespite| \ - _siderite [/ FePO, PN _,__.ff-t":'y_d;t"e’
‘g — ﬁ"i'\ lf‘ \\ chromi.te #2 . \_c'ﬂnmmgto'ﬂe '_\\‘_ -- /an _ra ite
ﬁ i | ) — edenite - \\\‘“---. ti-té/r:lomelanile
° o staurolite || S - '--'h'g_q_g_n_'béfgue' \\ T~
5 _ heroynite 42 ~_diopsiae| NSt
£ T Mercynite # T teyalite T\ Fe, (0., H,0|
< grandidierite T FeS0,-7H,0 |
/ [ __,_,,_.J". :';. / /
|J/-1—/J;I TN I N [N T [N T A T Y T NN N _L:—r/JI — ey ey 7|_|'j|\_/l’“ ' i | ' | ' ' | L | ' - _ﬁ—l—-".'“"’r’::.. |- | ' | ' |- | i | | '
7120 7140 7160 7180 7120 7140 7160 7180 7120 7140 7160 7180 7120 7140 7160 7180
Fe2*in 4, 5, 6 coord. sites Fe2*in 6 coord. sites Fe3*in 4, 5 coord. sites Fe3* in 6 coord. sites

M Wilke F Faraes et al American Mineralosist. Volume 86, pages 714730, 2001

Fe K pre-edge may be different as a

§ Ti K edge spectra in Ti** compounds ; LA

g function of Fe oxidation state and
2 (@) (b) © dinati b

E e T i coordination number
Z CsAITIO neptunite

%

L::_ .g Rb, TiO , vekite

: 3

8 E 5. BoTiO, benitoite

£ rutile Ti K pre-edge peak in 4-, 5- and 6-

= 26 Thes Oy anstase i j4+

. fold coordinated Ti** compounds

z K,Ti,0, have different shape

& N=4 N=6

%E& rrrr | rrrf L B B St B B B LA I S B A

i & 4950 5600 5050

Y] ENERGY (CV) 16-26.09.2024



Pre-edge features come from transitions to bound
electronic levels below the continuum threshold

The XANES features of the same

Ti K edge ions, even in the same OX|dat|c?n Cu K edge
post-edge state, may behave differently in 1.2

) m different compounds...
1F I
: pre—edge — B 0.80

... as a function of the

absorber oxidation state

\M ; and coordination geometry e
YT : The XANES features are _
0

— fingerprints for specific g o ————e————
co m po u n d S R. Sarangi, Coord. Chem. Rev. 257 459-472 (2013) Energy (eV)

Abs. [arb.un.]
(e
[¢]

05

Normalized Absorption
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pre-edge features (Fe examples)

data normalization and background a 4 <Fe(ll
LIS L N N I Y I LB B B B c ,i' "-,
—tayalite " S [ Al
0 |/\ ———arctangent g i y .._'!_‘
0 | == - = hackground c | : A ]
c | : i 2 J N
T normalized preedge = ’ o
a 4L | e o . s i Uo') ; .'
5 = = 0.1- a | i "
: ® olstaurolite s . i
s T O lmmemmn B SR
0.08
3 J _g rgillespite T tmenea, .
Nt . - i e
] T = 0041 o S R q R . 1
£ | || / 5 | grandidierite J_J et |
E L c s ' T 1
£ ! ll — I ,:-;.;!‘.‘fl’.:f.ﬂ=====:_______ _____ -:‘-‘: :_A-_E,el.-.._
u- I, FEY TS A O+t lalmandine ‘.’r---"‘:_-., _____
710 7150 7200 7250 7,105 7,110 7,115 7,120 T T
Energy (eV) Energy (V) 7110 7112 7114
L L ML N B B B B B
L c < Fe(lll)
normalization: Jump = 1 s o )
Arctangent or Sigmoid: transitions to continuum states, e
c L a
peaks: transitions to localized states 2
2 ]
- -
Pseudo-Voigt shaped peaks take into account for the convolution of true o [FePO .S ]
peak shape (Lorentzian contribution) with the experimental energy N [Fe- g \ ]
. . . . ® [orthoclase” s ]
resolution (Gaussian contribution) £ fewemner [ T .
M. Wilke, F. Farges et al. é Fe:LiAIO, 4{; o \
. . . g .;_l_-_l_.J..- I-"i I : .\“J _m
American Mineralogist, Volume 86, pages 714730, 2001 s
[yoderite J
;q-#=rﬁ*?ﬂf;lr7'r fi.;‘r#‘T'FT*Fﬂiﬂﬂ*#;
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o . . - aretsngen
. H L normaesa prssage
The Iron case: the average valence and coordination 1 /L —
E - r‘aw o a.nj
chemistry from the pre-edge peak shape/position E
American Mineralogisi, Volume 86, pages 714730, 2001 e ﬂsoEnErgy (e\i‘)ﬂuo e
Oxidation state and coordination of Fe in minerals: An Fe K-XANES spectroscopic study
i MAX WILKE,"* FRANCOIS FARGES,'? PIERRE-EMMANUEL PETIT,’ GORDON E. BROWN JR., AND
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The case of Fe in metallo-proteins: Ibuprofen/warfarin

induce V to VI Fe coordination transition in HSA

FAS

4
LFA3

(Sudlow’s site II) :l

Human Serum Albumin

OPEN a ACCESS Freely available online

(Heme site)

G PLOS |on

The Five-To-Six-Coordination Transition of Ferric Human
Serum Heme-Albumin Is Allosterically-Modulated by
Ibuprofen and Warfarin: A Combined XAS and MD Study

Carlo Meneghini'”, Loris Leboffe'*”, Monica Bionducci’, Gabriella Fanali®, Massimiliano Meli®,

Giorgio Colombo®, Mauro Fasano®, Paolo Ascenzi®**, Settimio Mobilio’
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Fe in archaean rocks

reference samples with different
Fe3* over total Fe (ZFe) content

Fe3+/EZFg|

— T T T T
7,100 7,150 7,200 7.250

Spectral components of
reference samples

e
7,108 7.110 7.115 7.120
Energy (e\)

Andrew J. Berry
Vol 45516 October 2008 |doi:10.1038/ nature07377

b Fed*/SFe ‘,u '
—— 021 '

t: 0.40
E 0.72
£ 044 —— 1.0 Fe3
=
S
S
=

DJD I 1 1 1

7,105

Samples: small
inclusions (D~15 um) of
Belingwe komatiite in
olivine minerals

Our results support the identification of the Belingwe komatiite as
a product off high mantle temperatures (~1,700 °C), [rather ths

melting under hydrous conditions (3-5-wt% water), confirn
the existence of anomalously| hot mantle in the Archaean era.

o -
Fhanero
-Zoic |Paleo

The geological eras

Secale:

Millions of years




Ti: the average valence and coordination chemistry

normalized absorbance

(c)

Ti**  ~ camo, Tit+

B - Bs,TIO

126 Thoy Oy

KT ,0,

N=4 N=5

Eagé i

LI DL rrrry rr s

4950 5600 5050
ENERGY (eV)

coordination number and
valence state from the position
& area of the pre-edge peaks

6. Farges F, Brown GE, Rehr []. Geochim. Cosmochim. Acta 1996; 60:
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.... and Vanadium

New Methodological Approach for the Vanadium K-Edge X-ray Absorption Near-Edge

Normalized Absorption (arb. units)

t (b) baseling vo
C = normalized pre-edge

=
Ll
TTTTT

e !
=
T T

o
b
T

T) V¥ Vanadinite

Normalized absorption (a.u.}
-]

=
T T

i
L=}
e
2

EE, (eV)

(oh) V** Pascoite ©  experimental

calculated

(©

(P) V* Cavansite

(o )v*" V.0,

Vanadinite

(ohl v Coulsonite

Normalized absorption (a.u.)

V compounds

I S N N (N N I O I A
5 5 25 45 65 85 105 125 Coulsonite
el it T Y

E-E, (eV) o2 T [ 8 10
E-E, (V)

J. Phys. Chem. B 2007, 111, 51015110

5101

Structure Interpretation: Application to the Speciation of Vanadium in Oxide Phases from

Steel Slag

Perrine Chaurand,”' Jérome Rose,” Valérie Briois,* Murielle Salome,® Olivier Proux.
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/edg%of 3d metal oxides: the origin of the pre-edge features

=S
3
x
JM_.andM edges But... ;;
—EJ-F3C _:::::::‘_::__3d<_\ &
M and M edges Th ese a re 33 Mn2+ o
o B R ] — , o
M, edze 3 3d states! £ oot wi o |
“r-r1-"r--"-"-"="-="=="="""7 - T T Te—— S 0‘0 1 1 'T‘ i}
] 7 9

Il Il Il 1 Il
0 1 2 3 4 5
Number of 3d electron

A
8 10

L, edge
------------- - —p (=32)
L, edze
I L - Ip I=12)
L, edge
——————————————— = — Dy
T \ Cr Mn
TiO, (anatase) MnO
}_ ElQE ____________ — ] G : TI Mn Fe
KMnO, o [Fe(OCyoH13)a]
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K edge + dipole selection rules = s — p transitions

crystalline field splitting of d
atomic orbitals

I_,q (quadrupole) ~ 102 I;_,,, (dipole)

d

Hybridization mixes p-d states allowing
for dipole allowed transitions to empty p-
components of hybrid pd levels

ost—edge
Table 1. Lists of imreducible representations and the relating p g
functions in Ty, Oy, and Dyy point groups
R ‘.
P d ¢
A-1 xi’ + yz + :2
Az —_ Lr
E (22— 32 — 2, 32— ) g pre—edge
T ) Ba,Ti
2 TiOy4
»%
o
—%x 5
d T ’
S 056
Ag a4yt 422
Azg
Eq (222 — a2 — 2, 22 =) )
T’lg (R,r; Ry; R:)
Ta2g (xz, yz, xy) < —
A'lu
A2u () S| 1
E. 4.95 5
T (x, y,2) E [KeV]
T?u

Yamamoto X-Ray Spectrom. 2008; 37: 572584
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p-d mixing and sensitivity to local
symmetry of TiO; units

Off centre displacement and stretching of the octahedron
decreases the local symmetry (non-centro-symmetric)
allowing some degree of p-d mixing, this affects the pre-edge

ADsorption

peaks intensity

Regular TiOg4

1.2 +

0.6 -

0.4+

0.2

0.0

1.0 +
0.8 (6
. ©

T T
SrTiO, P =0 ]

Absorption

4960

5040
16-26.09.2024

2.00

off centre
Dal

stretching

Distorted TiO,

1.75
1.50 -
1.25
1.00 -
0.75 -—
0.50 -—

0.25 -

0.00

(b)

/ 4965 2870 575 2880
. . , EE)

BaTiO, P=0.7GPa _

off centre Ti

displacement _
O -
&j’ﬁ | 0,

Absorption

4860

4980

5000 5020 5040
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Example: hydrostatic pressure reduces TiO, distortions in
BaTiO; and suppress ferroelectricity

0.30
0.25 |- o q -
The decrease of B peak intensity signals the
~ ool reduction of Ti atom displacement.
=
5 sl _ Above 10 GPa Ti must be at the center of a
3 —riaa | regular oxygen octahedron,
< oo pooiem o . . .
“““““ ——r-escea || the hybridization of the Ti 3d electronic states with
0.05 _pre=mera i the 2p electronic states of the surrounding oxygen
— pitecrs || is at the minimum
0.00 \ .
4968 4972 4976 4980
E (eV)
0.16 | ]
_ I BaTiO 3 pre-edge feature B a)
0.14 ® |
|
0.12 :
2
g 010
g
£ 0.08
& o.
E 0.06
|
0.04 . .
[ ' ]
0.02 — e, ] FEurophys. Lett., 74 (4), pp. 7T06-711 (2006)
0 5 10 15 20 DOI: 10.1209/epl/i2006-10020-2 J.P.ltiéetal

P (GPa) 16-26.09.2024



The Edge region:

Shape and position

The edge position

18
L6
14
12

Abs. [arb.un.]

0.5

10 ,,,,”,;”,,jfw

T8

pre—edge

0.6

~ Rost—edge
/ \
/
/
El
'O

02

(W —

T T T

K, TiSi30q
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ABSORPTION COEFFICIENT

E(V) oxidation state

The shape of the edge

ENERGY

Ly EDGE
(a)

P

—_————
20 e

L edges 4d, 5d




The chemical shift (edge position) reveals the absorber oxidation state... ‘

25

Ca,Cr. O
Ca_Cr O
CaCr.0 CaCrO,

20+

15

AE, (eV)

Higher the oxidation state - . CrK edge

Higher the edge energy

0.0
7106 7110 7115 7120 7125 7130 T35 7140 T145 7150 0
E(eV)

Fet*

Cr metal
d ¥

1

(=

1) destabilizes the antibonding
(empty) levels

Fe 4’9*/___
ap — BT - .
P o Raising the oxidation
I RS state shortens the
AP I
bond length . 1
E
E i ‘ CaCrO), _J;'I \/
0 0 —r . T 1 - T T " 1T =
20 -0 0 10 20 30 40 50
s 2) decreases the screening AE (eV)
T stabilizing the core level
Raising the oxidation state:
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Intensity

Intensity

L, ; edge white lines: a probe for occupancy of d band in

nd elements (n=3, 4, 5)

L, 5: transitions

3d I~ cu

Energy Loss (1 div = 50 eV)

4d

) 1 1
[Krl4d'’5s’
Ag

-

|-
L

Energy Loss (1 div = 125 eV)

PHYSICAL REVIEW B

Normalized White-Line Intensity

Normalized White-Line Intensity

1.0 e

0.6 i
0.4}
0.2

0.0

VOLUME 47, NUMBER 14

0.8

B sziep at peak
O siep at onsst

2 4 & ] 10

3d QOccupancy (electrons/atom)

u slep al peak
O slep al onset

2 4 ] 8 10

4d Occupancy (electrons/atom)

I APRIL 1993-11

White lines and d-electron occupancies for the 3d and 44 transition metals

. H. Pearson,” C. C. Ahn, and B, Fultz
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Examples

Charge transfer in Cu-Au thin film alloys

Pt L, edge white line in Pt,Ge, intermetallic compounds

5 Au Ly edge

1 2 | Increasing %eGe .. 1.0 | . t

content  PtGe, S\ € migrate
c ot h ‘_*‘\H g from Au (more empty states)
'-E_ o -E':'.P "
g i 0.5 to Cu (fewer empty states)
g o . 1 -
% ? CuAu alloy ——
P N | = .
= 0.6 . B
E 'g | N N | lA.]»1 f.OIII N N |
s .l | =, Cu K edge
4
0.2 1 < 1.0 F
un 1 i 1
=30 -20 10 20 3o 40
Fhoton Energy (E-E,) &V
’ 05 r
CuAu alloy ——

* Transition is 2p to 5d: Pt d-band full. so “no™ intensity at edge. Cu foil
* PtGe mntermetallics: charge transfer from #-band of Pt to Ge. resulting in 0.0 oy

significant intensity at edge. ' 0 20 40 60

* Use as signature of Pt-Ge intermetallic formation.

Meneghini et al. Corrosion effects in
16-26.09.2024 CuAu thin films (unpublished)



Edge region: fingerprints of chemical species

Chemical shift = oxidation state

2uss7ev [
28
Ester Sulfate S
so,” . (R-0-50,’)
(2483.1 eV)
e
2481.7 eV Sulfonate §
Inner sulfur of IR-SO,'I
5,0, (24815 eV)
2480.4 eV
& gg Sulfone 5
(RSOR))
50,7 (2479.1 eV) | §§ i
24768 8V Sulfoxide S
(R-SOR,)
| . .
2476.2 &V Sulfonium S
(RS'R)
T .
2474.7 eV Thiophsnll: 5
24741 ev [ Sulfidic and
Thiclato S
(R-SR,; R-S-H)
] 247336V Di- and poly-
FeS (2471.3 eV} . Sulfidic 5
~ Outer sulfur of 8,0, (2472 4 &V) .
| Fes, (24726 eV) iy (R-S-S-R,; R-S,-R,)
. : - Elemental sulfur 2472.1Y) |
2470 2472 2474 2476 2478 2480 2482 2484
| Energy (eV)
' 0 2 4 6

Calibration Scale for XANES-Based Oxidation Levels

Abs. [arb.un.]

Sulfate 86+

Sulfone S4+

——— Sulfoxide g

> Thiophene S -

Sulfide S>~

g

16-26.09.2024

2.48

Edge shape = chemical environment

Sulfoxides Sulfonates

Organic sulfides

Benzyl phenyl sulfide

Benzyl

sulfoxide

5-Sulfosali-
cylic acid

Dibenzyl sulfide Methionine

sulfoxide

Toluene
sulfonic acid

Thiochroman-4-ol Homocysteic

Butyl sulfoxide 299

L-Methionine Cysteic acid

Thiols Sulfonium Taurine
compounds
Methane
sulfonic acid
Sulfones

Thiesalicylic acid

Homocysteine

Benzyl

Dimethylsulfonium
sulfone

propionate

Glutathione

Butyl

L-Cysteine sulfone

S-Methyl-
methionine CI

2465 2470 2475 2480 2485 2400 2485 2470 2475 2480 2485 2490 2465 2470 2475 2480 2485 2490

Energy (eV)

A, Fairgeamurthy / Spectrockimica Acta Parr A 54 (1908 2009-2007



features of the edge region...

reveal chemical species in mixtures

i 1 L i L I 1 1 1 I L I L B i L | I i i i

Thiophene 5 Salfonate S - _
2474.8 eV; O.1: 1.0 2481.5 eV; O.L: 5.0 =+———— Data line
X Fit
Sulfide 5 Sulfoxide S
2473.7 eV, O.1: 0.4 24765 eV 0.0 2.0
Di- & polysulfide 5 ! j --..
24729 &V, 0l 0.1 ___,....-—--' m————————
sillfate S

483,71 eV, 0O.L: 6.0

A"_AA ;QA‘

——

24865 2470 2475 2480 2490
Energy (e\)

A Valrqeamurthy / Spectrockimica Acia Part A 54 (1928 2009-2007

chemical speciation of Sulphur
In humic substances
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Chemical speciation in Natural samples: the problem >

Natural samples are intrinsically
disordered, multiphase, poorly

------------------------

2485

Thiophene 5 Sulfonate 5
24T4.6 eV, D.L: 1.0 2481.5 eV, O.1L: 5.0

Sulfide 5
24737 eV 0 0.4

Sulfoxide 5
24765 eV, 00 2.0

2470 2475 2480 2480

know composition chemical species

16-26.09.2024

natural sciences: biology, geology,
medicine, cultural heritage,
chemistry (catalysis, reactions...), ...

Chemical lab: Elemental analysis

XRD blind to the amorphous phases,
local disorder, chemical defects,
grain boundaries...

The XANES features
are fingerprints for
specific compounds



Analysis of mixtures: Linear Combination Analysis / o,

1CA) \7 i

The XANES features are
fingerprints for specific
compounds

J

s > [
R* =) " (uP(E;) — p'™(Ey)) ' [
| ‘__-_J ,F'! ...............................
£ As,O5 model for AsY
0 ......_...--"'.-

11840 11860 11880 11900 11920
a; = atomic fraction of the chemical specie j Energy (eV)

-l
(6]

Normalized absorption

o
(8

also: Linear Combination Fit (LCF)

16-26.09.2024



XANES - LCA for Catalysis

= 1 T T T F
'-'1-11.
— -Ii' p—
';.1_
lhii—i--'.,‘__'__‘_'-
[ 4 Ce(lV)
—— Ce(lll)
| -
A HA
>
¥
Hop st
TERNTIR R B T =
0 200 400 600

Temperature, °C

.ju LI I LI I LI I LILELIL I LI B I LI LI I LI . .
. 1 Fit experimental data to
- Iy - ' " "
- 25f f\ cevioxide 4 linear combination of
o C | —_— i ]
g oo |' | celllj suate - 3 known reference
3 - o 3
4 s [ 1 compounds
r_"'_‘: 15 __ I IH'.A\_ _."'"“‘-._ __ p 1 DD
E C || Ilr'll ! "'._ ]
T 10F II .' ! AN — \
s f || N : . 80
0.5 / -
; /) ; e
D'D--IllllllllrlllIIIIIII|IIII|IIII|IIII|IIII- ! 3 ED
570 572 8.74 TG 578 5
Bl=inn Energy. kel O
| | | | o 40
i k
AN [ s
AR .
: AR = | LC-XANES fit
5l H, /W to determine
L — A 0
$ = amount of
e CE(III:] and
EE 1 1 1 1 | T - '
568 570 572 574 576 578 580 5.82 Ceg‘vj I_HEE’E?
' Photon Energy, ke as tunction o
Simon R. Bare temperature
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Advanced materials: looking for magneto-electric coupling

0.3

@ Bij..la,FeO;

th oref; ! i N
W =3 g ) N A
j - | o 1)
R? — wp(F,) — pth(F, 2 & | e I | /
= > (n=P (B = p™(E)) S | 2 f‘ g = D
7 % o4 i ‘Il-f. 0.8 - /. X010
e wh / =015
._ 1 = y/ =020
= q < 0.6 l,/,'/ ul\vj

0.4 .' %=0.10

ﬂ.ﬂ? i C //II ;;a;n
\ 0.2 | B
T T T T T T T T T T T A i x50
0 20 40 ‘gu 80 100 G
1 T T115 T120 T125 T30
BiFeO, X %la\ LaFeO, E [KeV]
\
\
\
1.4 | ¥
1.2
Lk “““-““'“ﬁ
BiFeO, £ 0.8 La solution limit
! “ E
] 0.€ X~ 02
= O — -
0.4 —
0.2
Spin Cycloid
0
7110 7130 7150 7170 7190 7210
F a1

16-26.09.2024 L Deepti Kothari et a/ 2010 J. Phys.: Condens. Matter 22 356001



Advanced materials: looking for diluted magnetic units

(a) Cubic: a=b=c

BaTiO; is ferroelectric: off
center displacement of Ti**
ions produces a permanent

electric dipole in TiOg
molecules

2024

BaTi,_Fe,O; 5

| :
BaTi, gsFeq 0505 x

Ba(1) =
. 5 1
2
Qo
< o8
c
8
g
g 06
0(2) %
S 04
£
(=)
2
0.2

doping with magnetic ions
(Fe) may provide some 0

I I I T T
data +

fit — .
residual  + BaTIO.QSFeO.0503-X5
- FBTO,, B
Fe-Foil ----- ™

(3 -7 ,"‘
£
e —
H Lt
%wawww e ’._+:,,|+++ﬁ++4.+.-<+--+++++4+++++‘ + +

magnetoelectric coupling
and stabilize the
ferroelectric phase

0.2

| | | | | | |
7110 7120 7130 7140 7150 7160 7170 7180

Energy

Large Oxygen vacancies causes the Fe ions
segregating as metallic Fe® phase, the sample
is no more homogeneous at the short-range

Note: XRD can't show Fe crystalline phase
because of low (< 1%) Fe metal

scale, wrong magneto-electric understanding

T. Chakraborty, C. Meneghini, G. Aquilanti, S. Ray, J. Phys.: Condens. Matter 25 (2013) 23600

C. Meneghini - Valenci

T. Chakraborty, C. Meneghini, G. Aquilanti, S. Ray, Advanced Functional Materials (2014)

a 2024
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Special Applications of XANES
spectroscopy: u-XANES & mapping

XAS vs XRF
XRF= elemental sensitivity
XAS= elemental sensitivity +
chemical speciation

Amounts Concentrations

Normalized Absorbance

1| _069Z1 089Z1 0L9Z1 09921 0S9ZI

¢ S
e =
=

00LZ

I. J.Pickering & G. N. George Proc. XAFS13 conference (2006)

Suidew] SYX

aqoadoiorpy

M. Bonnin-Mosbah et al. / Spectrochimica Acta Part B 57 (2002) 711-725

Sample,

Photo diode
raster aann«.d

Aperture

Zone plate \
Crystal objective lens —
monochromator
N
Undulator
| %
Fluorescence ‘

l detector ‘g

4+
»

| — |

NOTE: X-ray lenses and zone plates work
in a reduced energy window, therefore the
EXAFS region is often
not accessible to
micro and nano probes
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Anal. Chem. XXXX, 0, 000-000

Characterization of a Degraded Cadmium Yellow
(CdsS) Pigment in an Qil Painting by Means of
Synchrotron Radiation Based X-ray Techniques

Geert Van der Snickt,! Jorls DIk, * Marine Cotte,®' Koen *t Jakub Al
Wout De Noit,' Jasper Groenewegen,? and Luuk Van der Loeft*

| “Still Life with Cabbage™ by James Ensor (ca.1921

XRF SCAN AT 24730 keV XRF SCAN AT 3.5427 keV

XRF SCAN AT 2.4820 keV + CALCULATION '

16

12—

A (06)
|

AT S

14

10 —

12 | (05)

10
i (04)

g g \ S
1

— (03)

Normalized absorption (a.u.)
Normalized absorption (a.u.)

SuUM IMAGE . 2
T SUMIMAGE

(03

3.52 3.57 3.62
Energy Energy
2024 (01) yellow paint in sample, (02) white/ransparent globules in sample, (03) CdS, (04) anglesite (PbSQy), (05) C@OAWFéﬁ@glh?ni - Va | e H)ccie(ﬁ @@y I@v paint in the sample, (02) white/transparent globules in the sample, (03) Cd-rich, S- and Pb-poor area inside the yellow 3 9
i of the

paint sample, (04) CdS, (05) CdSOys, (06) hydrated CdSO4, (07) metallic Cd, (08) CdCly, (09) CdO, (10) CdNOs, (11) Cd formate ((CHO2)5Cd),
(12) Cd acetate (Cd(CH3COO)z+2H;0), (13) CdCOa. Right column: Cd chemical mappings obtained by 4-XRF scanning near the Cd L edge,



ID21-1D16B ESRF Microfocus beamline

int

Aged pa
mock-up#

b o iy
$ o . - Plague

classification .. .

CHEMICAL SIGNATURES

Fé Cu

XANES

0
e

13-06-2023 16-12-2021 14-06-2021
Revealing new insights into Revealing the causes of Characterising amyloid
black stains on the darkening of “fake-gold” plagues in Alzheimer's
passepartout of Leonardo da decorations on medieval disease
Vinci's Codex Atlanticus paintings . o more
» Read more » Read more
Link.html Link.html Link.html

2024 C. Meneghini - Valencia 2024 40


https://www.esrf.fr/home/news/spotlight/content-news/spotlight/spotlight433.html
https://www.esrf.fr/home/news/spotlight/content-news/spotlight/spotlight402.html
https://www.esrf.fr/home/news/spotlight/content-news/spotlight/spotlight391.html

Bio-Remediation or: how to use Plants and (micro-)organisms employed to regulate
pollutant mobility (i.e. heavy metals) within the ecosystems | Bioys
| -

=%

XANES

Elphfdium spp

" hydrozincite

smithsonite

normalized
\ N
-
(@)
P
Q.
D

\V4 \ ) o
\ - _
Zn/Ca solid solution
/ T
J Zn/Ca adsorption
2 .
: Quinqueloculina spp
5680 9700 9720

: E %e\/)
Chemical Geology 477 (2018) 100-111 g o-09.2024



Bio-Remediation or: how to use Plants and (micro-)organisms employed to regulate

pollutant mobility (i.e. heavy metals) within the ecosystems

normalized absorption

(e

Normalized absorption

—

Elphidium (H)

A ﬁphidium

0

20 40
E-E, [eV]

— 1 ZnS
A | |

Quinqueloculina
(Medium)

0 20 40 60 80
E-E, [eV]

0O 20 40 60 80 O 20 40 60 80

E-E, [eV]

16-26.09.2024

E-E, [eV]

G. De Giudici, D. Medas, P. Lattanzi, C. Meneghini, et al. to be submitted (Scienze)




New instruments — new data analysis methods

fast data collection —
huge datasets

7100 7120 7140 7160 7180 7200
Energy, eV

0.00
7700 7720 7740 7760 7780 7800

Energy,eV

High data quality —

1.5

1.0

Normalized absorption

0.5

0.0

16-26.09.2024

search for tiny effects

7113 7118

== | | | |

7110 7120 7130 7140 7150
E (eV)



Principal Component Analysis

Signa Signa Signa

F0T) = F(x) + 2 a;(T)C;(x)

Coefficients

C;(x) = Eigenvectors
of the covariance Cy

matrix o \




Principal Component Analysis

Signal g = 5%

Coefficients Coefficdgnts

FOuT) = fO)+ ) aMPCED o e

0
0 0.2
-10

-20

-30 -25

16-26.09.2024



Principal Component Analysis

Coefficients

16-26.09.2024



Chemical reactions

1.25
1.00
10.75
0.50
0.25

0.00

——

0.0 kD Hadn e D
=00 7110
= 7120 7130 7140 7150 7160

bt Energy(ev)

Inorg. Chem. 2020, 59, 9979 - 9989

Direct Mechanistic Evidence for a Nonheme Complex Reaction
through a Multivariate XAS Analysis

Francesco Tavani,” Andrea Martini, Giorgio Capocasa, Stefano Di Stefano, Osvaldo Lanzalunga,
and Paola D’Angelo*
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9

Figure 4. Pe K-edge XANES spectra (a) and fractional concentration
profiles (b) extracted by using the transformation matrix-based
decomposition.

https://pubs.acs.org/action/showCitFormats?doi=10.10

21/acs.inorgchem.0c01132&ref=pdf

6-26.09.2024


https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.0c01132&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.0c01132&ref=pdf

Multiferroicity and Local structure in FeVO, / Fung, \

Matey;,, al
JOURNAL OF SOLID STATE CHEMISTRY 4, 20-37 (1972) S Clenc
Crystal Structure and Mssbauer Effect Investigation of FeVO, PHYSICAL REVIEW B 80, 220402(R) (2009) \i\

B. ROBERTSON ) . . \
Division of Natural Seiences and Mathematics, University of Saskatchewan, Regina, Multiferroicity and spiral magnetism in FeVO, with quenched Fe orbital moments

Saskatchewan, Canada

AND
E. KOSTINER A. Daoud-Aladine,"* B. Kundys,” C. Martin,” P. G. Radaelli,'* P. J. Brown.* C. Simon,” and L. C. Chapon'

Baker Laboratory of Chemistry, Cornell University, Ithaca, New York 14850

Magnetic transitions at Ty, = 22K and Ty, = 15K
Ferroelectric below 15 K

Heat capacity

T{K) T(K)
0 10 20 30 - 50 10 15 20 25
H18.1
P
—— -
+18.0
(c)

Which is the role of role of local E?
atomic structure?

Electric polarization for
) sample cooled in a positive
| H . {h) E™ or negative E~ electric
0 10 20 30 40 5u field (e: dielectric constant)
T(K)

Magnetization
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Multiferroicity and Local structure in FeVO,
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kx(k) (A1)

FT(k)(A)

Fe K edge

No changes

in

the FeOg or

VO, units

microstructural distortions reveal changes in the SSE .
interactions along the Fe3t0V>t0Fe3" pathways
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Medium range order and ferroelectricity in BigFeTi; 045 ceramics e | 4
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Thanks for...

Carlo Meneghini

carlo.meneghini@uniroma3.it
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