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. STORAGE RINGS IN THE WORLD

PETRAIII/ANKA/BESSY
NSLS gl'fa(\)t/ldOND SOLEIL Hamburg/Karlsruhe/Berlin SLS
NSLS I Parls MAX, Lund, Sweden Zurich
\\\\\ ELETTRA
Trieste
CLS
Saskatoon SSRF
Beijing
ALS
Berkeley SPRING-8
uXRF,
uXRD,XRI
KEK
uXRF,uXAS
APS
Chicago e S W AR \
LNLS ALBA ESRF SESAME | | CANDLE AUSTRAUAN
Campinas Barcelona Grenoble Jordan Armenia SYNCHROTRON
Page 5

The European Synchrotron | S



STORAGE RINGS AND SYNCHROTRON RADIATION

Synchrotron

®
Y,
/@
1) Injection = Hi
2) RF system @ .
3) Bending Magnets
4) Beamlines Time-dependent magnetic field
5) Experiments synchronized with electron kinetic
6) Wigglers energy

7) Undulators
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http://hasylab.desy.de/science/studentsteaching/primers/storage_rings__beamlines/index_eng.html
http://hasylab.desy.de/science/studentsteaching/primers/storage_rings__beamlines/index_eng.html
http://hasylab.desy.de/science/studentsteaching/primers/storage_rings__beamlines/index_eng.html
http://hasylab.desy.de/science/studentsteaching/primers/storage_rings__beamlines/index_eng.html
http://hasylab.desy.de/science/studentsteaching/primers/storage_rings__beamlines/index_eng.html
http://hasylab.desy.de/science/studentsteaching/primers/storage_rings__beamlines/index_eng.html
http://hasylab.desy.de/science/studentsteaching/primers/storage_rings__beamlines/index_eng.html

. EXAMPLE FOR A BEAMLINE LAYOUT

White Beam

KB-mirrors Mono )
Mirror

102 ””
101 - ”” ®

side view

eOfoil 100

shutter 2 shutter 1
(variable, bshv)

o — = -

’ ssl patt
e2 slit 552 P
Be window att, fshutter
Sample EH2 Sample EH1 VFM3 HFM2 DCM HDM1 Source
54.6 43.0 41.9 39.1 37.2 334 29.7 0
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. X-RAY ABSORPTION SPECTROSCOPY

Absorption
> 'YYVYY
i ol fond O :I_Ihiaéain? ?IseIngI S —3d
NNl e
A Element specific.
Electronic and atomic
[l structural information
” L g on samples with or
without long-range
order.
ke y Local structure
v

Page 8 The European Synchrotron | S

|



. X-RAY ABSORPTION SPECTROSCOPY

____________

Sample Single crystal
monochromator

I
T

' u(E)xIn 2

1
7.1 712 713 714 715
Incident Energy (E)) [keV]

Normalized Intensity [arb. units]
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. XANES & EXAFS

Normalized Absorption

X-ray
Absorbtion
Near Edge
Structure
(XANES)

Extended X-ray
1s to continuum H[ Absorbtion Fine Structure
(EXAFS)
Rising Edge /\ .

Interference  Interference

< 1s to (n+1)p H H

n
Pre-
Edge 1s to nd

Page 10

Incident Energy (eV)

Destructive Constructive E £

ls —e— —e—

Selection rules: dipole: Al = +£1; quadrupole: Al =0, +2
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. K-EDGES IN 3D TRANSITION METALS

159np Mn K edge

7+

Normalized Intensity

Normalized intensity

T T T T 1
7110 7120 7130 7140 7150
Energy (eV)

1 At ehelti—]

6.5 6.55 6.6 6.65 6.7
Photon energy (keV)
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. THEORETICAL XANES SPECTROSCOPY ON MNOg

2.17A
- \ - -—- 2.00A
0.05 YO 1.88A

0.06 -

0.04 -

0.03

......

0.02

Absorption (arb. un.)

0.01 - :
Charges fixed.
0.00 -
! | | | | | | !
6530 6540 6550 6560 6570 6580 6590 ‘
Energy (eV)

Calculated Mn K-edge XANES spectra for MnOg4 octahedrons with varying Mn-
O distances.
The electronic structure of the Mn was fixed in all calculations.

—=p-  XANES IS sensitive to electronic and atomic structure.
rage 12 P, Glatzel, G. Smolentsev, G. Bunker, J. Phys.: Conf. Ser. 190 012046 (2010) e turopean synchrotron | ESR
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. BAND STRUCTURE AND COORDINATION COMPLEXES

The spectral shape depends on oxidation state and local coordination.
| | | |

—_— MHOE
..... Mn(sal),(bipy)_|

L] - g ®
-
-

— Mn203
---- Mn(acac)4_
--—-- Mn(salpn)

Normalised intensity/arb.u.

— MnO
---- Mn(acac),(H,0),

| | |
6530 6540 6550 6560 6570 6580

Incident energy/eV
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. K PRE-EDGE ANALYSIS

D_

i [4]Fe(ll) / (6IFe(ll)
4 -0 [4] (6]
lllllllll - b 0 [ C Fe(lll) / [(8IFe () [4]Fe("|)
fayalite = | <O [4IFe(ll) / [4IFe(IM)
» ¢ (/N = arctangent 2 - 'V [4]Fe(ll) / [8IFe(Ill) O.
g """ backg round : 2 D [6 ]Fe(") I [4]Fe(lll) O 0 D) N
Pt normalized preedge - £ B O 11 09
0 . ® [61Fe(ll) / TﬁlFe(III) & 1
8 < [41Fe * O
0 o Ce 11
© é 02| 0 .
b+ o I A VV O
N U - A EI (\
N @ A Vg 8 O .
[ = i A v O
£ © - A v %
o o - sA b 0 9 &
- 7
: R N PR
L 2 [6lFe III
EIFe(l 8 (
0_0 I | L L L L | L L L i | L L L |
Energy (eV) 7112.0 7112.5 7113.0 71135

centroid position (eV)

Wilke et al. American Mineralogist, 2001
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. K ABSORPTION PRE-EDGES IN 3D TRANSITION METALS

Ti K-edge XANES
spectra of titanium
oxides containing four-
(a), five- (b), and six-
coordinated titanium
compounds (C).

normalized absorbance

Geochim. Cosmochim.

Acta, 60, Farges F,
Brown GE, Rehr JJ,

T ] T 1 I' 1 1 LI ) L] ] ] L) L) ] I Li L T T T T T T

4950 50;10 5050 ] 3023-3038

ENERGY (eV)

j-".":"":'."-i
e
e i
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. CALCULATIONS

8 [ B B L L B B L B B R L L B L B
Al K edge | Cr K edge ruby e/ C Ca K edge
3+ 4~ —
corundum | a-ALO,:Cr ~ CaC,
:‘E G.'IA\IZO3 :‘@ :‘E
€ en 1 E ERRNY
& 8 &
c c c
o Q i)
B 4 B = :
S S S — with Ca 1s hole
8 . 18 C —noCaishole |
3 — with Al 1s hole 3 3
N — N 1 N
= no Al 1s hole = =
£ o £ | £
) o caic. . )
< < — with Cr 1s hole <
— no Cr 1s hole
- calc.
S T T A N T A N M MO R Tl b b b b b S S AN O A M R N
160 1565 1570 1575 1580 1585 1590 5595 6000 6005 6010 6015 6020 6025 6030 430 4040 4050 4060 4070 4080
incident X-ray energy (eV) incident X-ray energy (eV) incident X-ray energy (eV)

« Some XAS can be modeled using the projected density of states as calculated by DFT.

» The core hole effect may or may not have a strong influence on the spectral shape.
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. CHROMIUM LOCAL STRUCTURE

LaSrCrO4_new 0002 TFY XANES_diff spots.dat 1.1 IF2

 LaSrCrO, = LaSrCrO4F,

T T T T T T
5.99 6.00 6.01 6.02 6.03 6.04
hdh_energy

0.12 L
0.10
0.08

0.06

Intensity

0.04

LaSrCrO4
LaSrCrO4F2

0.02 1

Energy
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X-RAY ABSORPTION AND EMISSION

H Level Configuration Level Configuration Level Configuration
Absorption il o ol o . G
p AhAA L 251 N,  4p7) O,  5p7h
M,and M edges L» 22 N3 ’11’;-1-1 O3 5py o
1| B i csind Fa——— Ls 29} Ny 443} O:  5dy,
B (1 ]| Moot M 351 Ns adzL 05 5d; L
M,and M gdges W i /2 Y
1 — ] M, ‘}p! 2 Ne ‘lf-, /9 O 259
M, edge My :31);1._, N, -lf__l-, O, 'BfI__]J
B e —3 M, 3d;)
Ms 3d_),
Emission
Nz
Lyedge | — Hg
e EEEEEE T — 2p(=31) =N;
= L,edge M o,
o s ] o B —2p (=112)
2 — Ms
i == = = | —= Ema
e e ’s | ’
Bs By Bo L ayaz BiBois€ M
| -Lg
g e | e Y Lo
— — — — — l-1
K
o 0Ly
Kedge
Kedge I
YY YV Y K
v 1
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Element specific. Rk

T ]

2 10 oz

5 5|

S | -

5 . | & Co Ka

8 e | Z | T

§ 1 | | 5

= | E

2 |
. K R et l ...
Wooo 7000 8000 9000 6400 6800 7200 7600 8000

Incident energy [eV] Emitted energy [eV]

Electronic and atomic structural information
on samples with or without long-range order.
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. FLUORESCENCE YIELD XAS

A spectrum is broadened by its natural width I" (core hole lifetime) and the
experimental setup AE.

E)ocl,
Elu( I) %’,’ \ ] hVi, Il Ei’ IO ’
S g, ) T ~~ |
z F Sample Single crystal
£ monochromator
; ||
: / u(E)«ch2 hve, 1,

N, I1
711 712 713 714 7.15

Incident Energy (E)) [keV]

Total Fluorescence Yield (TFY)
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. EMISSION SPECTROSCOPY

A spectrum is broadened by its natural width I" (core hole lifetime) and the
experimental setup AE.

E)oc |, 5
EIU( ) 7N - EhVi’ Iy - Ei, lo -
FIE SR ~~ -
3 F Sample Single crystal
= monochromator
=/ u(E)xin-2 hve, 1,

N, I1
711 712 713 714 715

Incident Energy (E)) [keV]

| Fe Ka

| Fluorescence Conventional solid state detector
N | E (energy bandwidth AE >100 eV)
> F

E 7 Co Ka l

i ee e | <j:|_|
N e I~ : :
et s L Partial Fluorescence Yield (PFY)
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. EMISSION SPECTROSCOPY

Page 22

Normalized Intensity [arb. units]

____________

711 712 713 714 715
Incident Energy (E)) [keV]

6 6800 7200 7600
itted energy [eV]

| Fe Ka
3 Fluorescence
R 1| A — e
I
é v
FeKB  cokp
" N -—"-l.."
8000

Sample Single crystal
monochromator

‘\ ~ X-ray Emission

Analyzer crystal

Normalized Intensity [arb. units]

4 )
A )
A
\J
\3
/ 6385 6390 6395 6400 6405 6410
Emitted Energy (Ee) [eV]




. WHAT CAN | LEARN FROM X-RAY SPECTROSCOPY?

Low energy resolution spectroscopy (AE >>1)
» Elemental composition because the energies of absorption and emission
lines depend on the atomic number (element-selectivity).

Fe Ka

High energy resolution spectroscopy
(AE ~ T or very small)
Local atomic configuration
Electronic structure

* pand structure

-+ oxidation state LA D e
. Emitted en \
« spin state - \@H‘M“\
» Chemical bond and coordination
» Magnetic properties
* Kinetics
« Vibrational properties/phonons in solids

Intensity [arb. u nits]

Normalized Intensity [arb. units]

6385 6390 6395 6400 6405 8410
Emitted Energy (Ee) [eV]

Page 23 The European Synchrotron | ESR?






. ABSORPTION-EMISSION PROCESS

Two ways of describing the same process.

Non-resonant  Non-resonant A 1s13d"ep
A ° - Emission
resonant resonant
3d —4+— —e— —_ ——
___________________ e 1 n+1
Er 3d T . _ 1s'3d
Sl
&
3p ——  —e w | Absorption 3p53d”8p
nK rK I
p53dn+1
v v
ls —e— —e— —— ——
1s23d"
Absorption Emission
One-electron diagram Many body diagram: Observes

energy conservation
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. EMISSION LINES

0 ,( vic VS -o—e—0—o-
| 00-0-0-00
-~ Ka 3p
< |
£ ” ) 90-0-0-0-9
- X 500
=

W s

J\o T

5880 5900 5920 6480 6520 6560
Fluorescence Energy [eV]

O
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XES is less sensitive to atomic
structural changes than XANES

XES can be used to study electronic
structure

However...
In comparison with XANES, XES can

be used to separate the electronic
and atomic effects
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. LA, SR,,xMNO,

The La,,Sr.,,MnQO, series: doping dependence

MnQg local anisotropy is large and
inversely proportional to hole content

r (Mn-0) (A)

N
1.90(1)
4 i, x=0
2 2 27(3)
4 1.92(1) —
Lag 51 sMnO, 2.05(2) .
4 1.92(1)
x=0.5
LagsSr sMnO, 5 1.98(1)

J. Herrero-Martin et al, Phys. Rev. B 72, 085106 (2005)
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. LA, SR,,xMNO,

The La,,Sr.,,MnQO, series: doping dependence

- g Y
y v,
!y‘ \V- ""n,““..‘“‘
1
y
¥
E F N
7 N Yo,
LaSrMnOJ 7 .;w"." .nn-...,_,h.‘_"
J
")
g o2
7 v ﬁ'
o ; ‘_w-’ ‘,!"‘”—’{m.lqu_, so0ea,

Norm. Intensity
-
o
g
“z
=2
. L-O

Lasrvno, /. f

Lau,SrHMnO?—_,‘i, Y e

LanasernOd__,j

6.54 655 656 657 6.58
E(KeV)

J. Herrero-Martin et al, Phys. Rev. B 72, 085106 (2005)
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. LA, SR, «MNO,

KB ‘

2}
= 60
i
o
S S, La__Sr. _MnO
% - 40+t DA 1E 4
s ;
2 = La, ,Sr, ,MnO, /
© )
g £
N c
- S 20t LaSrMnO,
£ D
2 N
©
=
O
I

RO

006540 6550 6560 6570 6580 6460 6470 6480 6490 6500

Absorption Energy [eV] Emission Energy [eV]
Replace La3* by Sret — Formally: Mn3* — Mn3°*

XANES changes, KB invariant.

XANES shift due to structural changes! Angle-integrated electron density unchanged.
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VALENCE-TO-CORE

Valence to core (vtc)

l,2"'l“"l""l"l!I“l"l"l"l"l

1.0

z

o

= L

5 2\ )" )

— e ® —_—

S 08r 0.006

B 0.14F = 7 KB, 3 ' ' '

g% 0.12F 0.005F .
S oo6r 0.10F 0.004 - KBs
E 0.08~ 0.003 Kp" =
= 5 0.06F o i
N [ [ K 0.001 - -
E VX001 R R
£ 02F

—

=]

Z

00— . » . . &0 ... 2. T/
5400 5410 5420 7/5925 5940 5955 5970 5985 6000

Emitted energy (eV)

o

1s -
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. FINE STRUCTURE OF VTC EMISSION LINES

Mainly sensitive to orbitals that are centered on ligands.

s

Ligand 2p — e \®e-

Transitions from:

__Cr valence band XES
— Cr,0,

Normalized intensity | arb.u.

Ligand 2s

5965 5975 5985 5995

Emission energy | eV
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CHROMIUM LOCAL STRUCTURE

LaSrCrO4 0005 XES vtc.dat 1.1 det dtc apd

0.0030 A

0.0025 1

e LaSrCrQO, - LaSrCrO,F,

0.0020 A

det_dtc_apd

0.0015 A

0.0010 1

0.0005 A

Intensity

5.'|36 5.'57 5.'38 5.'|39 6.00
Xes_en
0_25 1 " 1 " 1 " 1 " 1
0204 |——LaSrCrO4 B
—— LaSrCrO4F2

0.15 1

0.10

0.05

0.00 4

Energy (eV)
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RIXS

Sample Single crystal
monochromator

Normalized Intensity [arb. units]

u(E) < In-2

1
5700 or 2l 5740 5760 5780

Incident Energy (E) [eV]

e Analyzer crystal
930}
— 920} 1
> . _ T
& &
E 10+ % 15t
Z g
5 900 5,
= Z
1800 - %
Shis £
2 conl 3
(5 880 N 0.5
£
8§70

880 890 900 910 920 930

57_I20 57I30 57I40
Page 34 Inordent Encrgy oV ] Energy Transfer (E-E,) [eV]



Total Energy
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RIXS PROCESS

Energy
transfer

Energy Transfer

>

I n C I d e nt E n e r'.r Mropean Synchrotron | ﬁ



. RIXS PROCESS

HERFD
A
- — = XAS
rn -
> S A
S
&)
C =
LL
e roW

Energy Transfer

InCIdent Enelq’ngopean Synchrotron | ﬁ




. HERFD-XAS

Fine structure of 5d band

Conventional TFY
High resolution
(HERFD-XAS)

Energy Transfer [eV]

Normalized Intensity [arb. units]

AE,  <T.|

5720 5730 5740 5710 5720 5730 5740 5750 5760
Incident Energy [eV ] Incident Energy [eV]

INSt
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. 1S2P RIXS

1s2p RXES (RIXS)

K pre-edge in NiF,

-
N
[en]

‘v 100}
E
3
D —
& 80 2
2 5
iz _
8 60+ E B
= 25,
i®]
& 40 =
(]
C
5 o
=z 20y c
T
@
: : N
8%25 8330 8335 8340 ©
Incident Energy [eV] c
o
=

Often, RIXS is shown as line plots
with the scattered intensity versus
the energy transfer or final state

energy. The incident energy must

be indicated with each RIXS scan. 840 850 860 870 880 890
Energy Tranfer [eV]
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. 1S2P RIXS PLANE

The two figures show the same thing.

1s2p RXES (RIXS)

NiF,

860 8/0 880

850

8332

/thxuwu&\

[ N 7

[AS

I

v
rO RJ

IQJsuel], \anoﬁm

850

8336

8328

890
Energy Tranfer [eV]

840

Incident Energy [eV]
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. OXIDATION STATE — LOCAL STRUCTURE

> S 712
3 2
3 3
) w
s =
= £
= =
>
% g0
b )
& =
3l m

Energy Transfer [eV]
Energy Transfer [eV]

7108 7110 7112 7114 7116 7118 7108 7110 7112 7114 7116 7118
Incident Energy [eV] Incident Energy [eV]

Experimental 1s2p,, RIXS spectrum, given as a contour plot with identical energy
scales. The K main edge was subtracted in the plots on the right. The red (dark) area
relates to the peak maximum. From top to bottom are, respectively, (a) FeAl.O., (b)

Fe:SiO., () Fe:0s, and (d) FePO:. 3 phys. Chem. B 2005, 109, 20751-20762
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CRYSTAL FIELD

4 P a2 dz_yz
-
Energy /,’"
ra
\'\
N
T
Y PR
thy O dy
Octahedral
A e O
Energy e R v
"\._\“.\_‘_ -
ﬂl_,":{;.._l'-'11 d’[?

Tetrahedral

Page 41 The European Synchrotron | ESRF



. LIGAND FIELD MULTIPLET MODEL

Ground State

Experiment|

870

Total Energy

@ o]
(@)
h

Energy Transfer [eV]

850

8328 8332 8336
Incident Energy [eV]

Intermediate States

Final States

870

oo
N
wn

860

Energy Transfer [eV]

850

2p11

2p3p

y

8328

8332 8336

Incident Energy [eV]

Page 42 Glatzel and Bergmann, Coord. Chem. Rev. 249 65 (2005)
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NICKEL LOCAL COORDINATION

Energy transfer (keV)

0.875

0.870

0.865

0.860

0.855

0.850

Page 43

8.332

Intensity (arb. units)

Calculated
NiO
Ni-TPA

8.334 8.332 8.334 8.332 8.334 0.850 0.855 0.860 0.865

Energy Transfer

Incident energy (keV) Energy transfer (keV)
875

Incident Energy = 8333.27; width =1

870 0.175

0.150 A
865

0.125

0.100

Sum

0.075

0.050

855
0.025 1

T T T i T
850 855 860 865 870
Energy Transfer

850

8330 8331 8332 8333 8334 8335 8336 8337
Incident Energy

i
0.870
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Thank you!
Questions?

i
Eagel
s
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