Moderni experimentalni metody
Rentgenova a elektronova spektroskopie |

Spektroskopie absorpcni hrany rtg zareni
* Principy, experimentalni realizace

* Metody: XANES, EXAFS

* Postupy vyhodnoceni dat, priklady

* Magnetismus — XMCD

* RIXS



Moderni experimentalni metody
Rentgenova a elektronova spektroskopie Il

Anomalni rtg difrakce

* Kramersovy-Kronigovy relace

* Anomalni difrakce — principy, pouziti
* DAFS

Flurescencni spektroskopie

» Spektroskopie charakteristickeho zareni (XRF, EDS, WDS)
 Kvalitativni a kvantitativni analyza
* TRXRF

* Fluorescence ve stojaté viné (SW-XRF) — rtg reflexe, difrakce



Moderni experimentalni metody
Rentgenova a elektronova spektroskopie Il

Fotoelektronova spektroskopie

* Fotoelektronova spektroskopie (XPS) a spektroskopie Augerovych
elektronl (AES)

* Uhloveé rozliSena fotoelektronova spektroskopie (ARPES)

* Experimentalni aspekty

e Zdroje: ARPES, ARUPS

* Detektory

* Pfiprava vzorku



Absorpce rtg zareni

lonizace hluboké elektronové hladiny — absorpcni hrana.
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XAFS

Rentgenova absorpcni spektroskopie jemné struktury
X-ray absorption fine structure — XAFS

Extended x-ray absorption fine structure — EXAFS
Near-edge x-ray absorption fine structure — NEXAFS
X-ray absorption near-edge structure — XANES
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XAFS

Rentgenova absorpcni spektroskopie jemné struktury

Usporadani experimentu ESRF BM26A
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XAFS

Rentgenova absorpcni spektroskopie jemné struktury
Usporadani experimentu
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XAFS

Rentgenova absorpcni spektroskopie jemné struktury

uarescence

tector j,[{ﬁ:l X Jrlr'.."lllr[]-
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XAFS

Rentgenova absorpcni spektroskopie jemné struktury

Eq. 4.2 has several interesting limits that are common for real XAFS measurements.
First, there is the thin sample limit, for which pt << 1. The 1 — e ** term then becomes
~ [prot(E)/ sin@ + piior(Ey )/ sin ¢] t (by a Taylor series expansion). which cancels the
denominator, so that

4qr

Alternatively, there 1s the thick, dilute sample limit, for which put > 1 and p, <
Uother- INOW the exponential term goes to 0, so that

eAQ Hy(E)

: 4.5
AT piot(E)/sinb + pror(Ey)/ sin ¢ el

Finally, One way to reduce these self-absorption effects for thick, concentrated sam-
ples is to rotate the sample so that the sample is normal to the incident beam. With
¢ — 0 or the grazing exit limit, pio(Es)/sin ¢ > o (E)/ sinf, giving

eAS) 1 (E)

— (4.7
AT por(Ey)/ sin ¢ )
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XANES

Profil absorpcni hrany zavisi na chemickém stavu atomu. Nutny
kvantove-mechanicky vypocet.
Pfechod z hluboké hladiny do volnych stavl nad Fermiho mezi.

Priklad pro zelezo v riiznych chemickych stavech.
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EXAFS

Jemna struktura okoli absorpcni hrany — urCeni poloh nejblizSich
atomu.
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EXAFS
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2Me

ke = ?(E — €o)

Prispévek jednoho atomu ve vzdalenosti R
kR?

(k) sin[2kR + (k)]

Celkova amplitude stfedovana pres polohy a typ sousedd

LA 4Vl



EXAFS

Prispévek jednoho atomu ve vzdalenosti R
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EXAFS

Normovany koeficient absorpce pro med.
Meéreni Carkované, simulace plnou Carou.
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Fe-O data

EXAFS
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EXAFS + XANES analyticky soft

 FEFF

* FDMNES

* Demeter (Bruce Ravel):
* Athena
* Artemis
* Hephaestus

File Group Energy Mark Plot Freeze Merge Monitor Help

* <untitled> |save | [1]
Main window |& ‘

Current group: Au Chloride, scan 3 Datatype: xmu Freeze

Flle | jhome/bruce/Data/ANL/20BM/2005.10/standards/au3clag.0002

E‘ Edge | 5 E| Eneray shift o

Element 7o, old

Importance 4

Background removal and normalization parameters
E0 11919,79276 [ © RBka 1
k-weight | >

Pre-edge range to

-150.000 | [@] 0 | -z0.000 (@]

Iﬂ v Flatten normalized data
D Normalization order ()1 () 2

Edgestep 1 gpegse

fix

«| AuChloride, scan 1
~| AuChloride, scan 2

Au Chloride, scan 3

Normalization range 150,000 || @]t ggo.541 |_‘ Spline clamps

Spline range in k 0 |7| to 15052 |7‘ low ‘Ncne |+

splinerangeinE g [@]to [5g9.5125/[@] | Nigh ‘ strong |

Standard ione [~] LEJ kR a k|

Forward Fourier transform parameters ‘ E ” b ” R ” 4 |

krange (3000 |[©]t0 (13052 [B) k4 window | panning |4 EL";U,”,_QT'WEEhF,.S} o

000 O3 O kw

arbitrary k-weight g5 phase correction | =~ B
Plot in energy =

Backward Fourier transform parameters v B O e

e g ‘7| ko3 |7‘ aR 00 window | janning |+ | Background

Plotting parameters

Plat multiplier |1 y-axis offset |0

pre-edge line

post-edge line

@ MNormalized
Derivative

Normalized
Derivative
2nd derivative | | 2nd derivative

Emin  -200 Emax 800

Renamed au3clag.0002 to Au Chloride, scan 3

ware

- & Artemis [EXAFS data analysis] * <untitleds* X
Fle Monitor Fit Plot Help
Data sets Feff calculations
Name |Fit2 Fitspace: (_ k &R q Bsave
€9 oos ©add ©add
Fit description
Hide "Pyrite Fe52" Show "FeS2.inp" fit to Pyrite Fes2 Fit
@Hlsmry
Artemis[Plot.1]
@ ournal T
|Plotted inr
: f Fes2 e
Pyrite FeS2 in R space
i Artemis [Plot] — 4 T T T T
3 Pyrite FeS2 —— @ [FeS2] S.1
k B 9 fit —— s21 5.2 ) -
keweight 2 window s21 5.3 ))) ¥ Include path Plot after fit
1001@203 00w L Artemis [Log] Fit 1 i X
=z 5
limits | stack | indic| Vpaths 0 ane D Fit 1 (tluww)
= Description : fit to Pyrite FeS2
Plot x(R) =3 Figure of merit : 1
+ Magntude  Real | Imag. X3 ~| Time of fit : 2012-10-14T16:50:52
Environment : Demeter 0.9.13 with perl 5.014002 on linux
Plot x(q) 3 Interface : Artemis (Wx 0.9903)
Prepared by : bruce@clotho
Magnitude o Real = Imag. 2 CoRtacE 2
| Plotfit Plot bkg 5
¥| Plotwindow Plot residual
Plot running R-Factor Radial distance (&) oy i : 7.2382812
|4.63997, 6.61324 llunber of varisbles i
kmin o kmax |15 - T Chi-square : 15909.1758910
Reduced chi-square : 4912.8456310
rmin rmax e i R-factor + 0.0200580
i g Fitting k weights lleasurenent uncertainty (k) ¢ 0.0003983
vi1 [¥]2 w3 [ |other |05 lleasurenent uncertainty (R) : 0.0009550
ami. o S 15 lumber of data sets 1
Other parameters
Plotting list V| Includeinfit v Plotafterfit | | Fit backy
¥ | Data: Pyrite FeS2 ey 0
/ iP\amd "Pyrite FeS2" as the magnitude and real pa
uess parameters:
anp = 0.60191655  # +/- 0.08853672 [1.00000]
enot = 1.90186138  # +/-  1.45351925 (0]
delr = -0.00575161  # +/-  0.01253567 0]
ss = 0.00200663  # +/-  0.00157563 [0.00300]
Correlations between variables:
elr & enot --x 0.7947
< < ss & anp --> 0.7926
All other correlations below 0.4 &5
Freeze & Clear >
< <
Save next plot to a file. Bsave & Print Preview i@ print @close




EXAFS

Mn in BiTe
(a)




Mn in BiTe
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kRe(y(k)) (arb. units)
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XMCD

Absorpce na hladinach s orbitalnim momentem

Povrchoveé citlive,
Prvkoveé citlivé

Circular Dichroism - Ferromagnets  Linear Dichroism - Antiferromagnets
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XMCD

Absorpce na hladinach s nenulovym orbitalnim momentem (vysSi nez K)

Spin and Orbital Moments: X-Ray Magnetic Circular Dichroism

(a) d-Orbital Occupation  (b) Spin Moment (c )Orbital Moment
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NANO |

)
Smeroremen  X-rays absorption and X-ray magnetic circular dichroism (XMCD) !gﬂ-

JES NANOSTRUCTURES Fédérale de Lausanne

Two step model:

1) spin-polarized photoelectrons are created by using circularly polarized x-rays

2)  these polarized photoelectrons are used to analyze the spin-split valence
density of states, thus the valence band acts as a spin-sensitive detector.

synchrotron storage ring

——Orbit =—— ———

hv
_ variable energy, =i
left/right circularly 2
polarized x-rays P32
2P 1z
E X-ray
= monochromator photoemitted
electrons
\ — el !
[ o R;gm 6, Photon energy

5 . = I
magnetic field (’D ]s =

x-ray absorption cross-section




XMCD theory: basic idea -(Pﬂ-

INSTITUT DE PHYSIQUE Ecol
DES NANOSTRUCTURES Fédérale de Lausanne

Photon-electron interaction: dipole approximation Him(()’t) R IE, [akexp(-imkt) +c.c.]

The dipole operator quz g, can be written 1n terms of Racah’s tensor g, is the polarization
operators (where Y, , are the spherical harmonics) dependent electric vector

1
P = F—(a+iy) =rCl) =r/=Yiu

V2

I)[gl} = Z = ‘I'Cr[gl} =T _—Y]’[}

q = 0 -= linear polarization
q = +/- 1 > circular polarization

The photon absorption generates a transition from an 1nitial core level to
a final level close to the Fermi level (note that the spin 1s not affected)

1 1
1) = Ri(r) [e,me; 8 = §~m.s> el |f) = Ry(r) |l,my; s = E,m,s)

(1) R _ (I+m){l+m—1) (D) A _ (lxm+2(UFm+1)
(I,m|CL ] ymF 1) \/'2('2!—1}('2!4—11 (Lm|CyL{ [+ 1,mF1) 23 1)

B (i —1) £ (20 — 1)m + m? B Wi+ 3) F (2 + 1)m + m?
B 2(20 - 1)(20 + 1) - 2(20 +3)(20 + 1)

— . T Remember: things become
TERES (Lm|Coli+1,m) = \/(2: PESTCTENY easily complicate. For
example, if spin-orbit
interaction 1s not negligible

Table 1.3: Electric dipole matrix elements ([, m,-|(-',%”|c. m,) in the one electron model. The matrix the (L’ my, S, lnS) 1s not the

elements are non-vanishing when ¢ = [ — 1 (left column) or ¢ = [ + 1 (right column), and when 000d basis and vou have to
m. + g = my. q denotes the state of polarization of the photons which mix the states |l,m;) and = y )
le,me). use the (L, S, J, m;) basis

(I,m|(,‘{{,“|f —-1,m) =

—




.- X-rays absorption and X-ray magnetic circular dichroism (XMCD) ¢ ﬂ-
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DES NANOSTRUCTURES
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ot X-rays absorption and X-ray magnetic circular dichroism (XMCD)

DES NANOSTRUCTURES

!-ute Polytechniqu

Polarization dependent p to d(t) transition intensities

+3/2
P3ip  +1/2 Ll
—1/2 :
=

12 ! !
P12 +1/2

Fig. 9.14. Polarization dependent transition intensities in a one-electron model from
spin-orbit and exchange split p core states |j, m ;) to spin-up (ms = +1/2) d valence
orbitals (Table A.2), assumed to be split by the exchange interaction. The listed
intensities each need to be divided by 90 to get the proper absolute values in units
of AR2. We have chosen the z-axis as the spin quantization axis and the transition
intensities are for circular polarization with k || z and angular momenta ¢ = +1
(labeled +) and ¢ = —1 (labeled —) and for linear polarization with E || z (labeled
g = 0). We have assumed a splitting of the p states by the exchange interaction,
lifting the degeneracy in m;. Note that this causes an opposite order of m; states
for p32, L + 5 and piy2, [ — 5 because of the opposite sign of s
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XMCD

Generace polarizovaného rtg zareni

__— Electron bunches linear polarization

Undulator




XMCD

Generace
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Linearni polarizator pro
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XMCD

Generace polarizovaneho rtg zareni

DifrakCni kfivka Si 004, Cu K alfa, 2theta=69.5 deg
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XMCD

Generace polarizovaného rtg zareni

“Ctvrtvinna desticka”
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Orbital and spin sum rules in x-ray magnetic circular dichroism
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XMCD
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FIG. 6. Fe, Co, and Ni XMCD spectra shown normalized to
constant L, peak height. The features labeled B are due to mul-
tiple initial-state configurations. The constant negative intensity
between B and the L, peak in the Ni and Co spectra is due to
diffuse magnetism.



XMCD

ng L = 1Mdo
(L) = —2n, * - e

ﬁ}ﬂﬂ I'+ 1+ Mdo

e -2 f (o
(S)=—=mny " -

- LB IH-I-]O-l-IHdtu

The final spectrum 1s the sum of 20 mdividual (F/I) sets for T e —
each side, with the X-ray photon angular momentum either ; C
parallel (/') or antiparallel, (") to that of the C(II) majority 3d !
spin. Each of the averaged spectra were first normalized to I

Here ny, represents the number of 3d vacancies in the metal ion,
w 1s the X-ray frequency. and I° refers to the absorption for
X-rays linearly polarized along the magnetization direction; as
is customary, we approximate this by (' + ™)/2. Itis common | V B
in the XMCD literature!-"-15 to refer to the first integral in the / ' |B-
numerator of eq 2 as “4”, the second integral as “B”, and the [ T
denominator as “3C”. The necessary integrals are illustrated \ IA

m Figure 1. One can thus re-express the sum rules in the .

following manner, in units of A/atom: — k0 T s 5960

2(4 + B) 4— 2B Energy (eV)

L)=—m——=— )= m=—55 (3)




XMCD Mn In Bi2Se3
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FIG. 4. (Color online) XMCD in total electron yield at the Mo Ly g-edges. (a) Xeray
aborption spectra measured for opposite helicities of the circularly polarized incident light
at o K with a out-of-plane applied magnetic field of 3 T. A sketch of the experimental
geometry 15 also shown, (b)) Corresponding XMOD difference spectrum. The inset shows
XMCOCD measurements for different applied magnetic fields. (¢) Temperature dependence
of the remanent XMCOD for a Mo concentration of » = 004, Inset: Detailed temperature

dependence for various Mn concentrations,
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FIG. 3. (Color online) (a) Hysteresis loops measured at a temperature of 4.2 K (squares)
and 7 K (triangles). respectively, The applied magnetic field is perpendicular to the [111)
sample surface [see shetch). Inset: A zoome-in around zero magnetic field showing hysteresis
at 4.2 W and a paramapgnetic state at 7 K. (b) Modified normalized Arrott plots at varions
temperatures from which a Curle temperature of 5.5 K is deduced. Between 4.25 and 6.75

K. data are shown for inerements of 47 = (.25 K.



RIXS

Rezonanéni neelasticky rtg rozptyl — rezonanéni “Ramanuv” rozpty!

Vyhoda Rtg proti VIS — smérove rozliSeni, moznost pokryti celé

Brillouinovy zony

Nevyhoda — slabsi jevy, experimentalni obtiznost energioveho

rozliseni

Rezonance —
Silné zesileni jevu

photon in
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energy

valence band
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RIXS

4 Charge Transfer
Phonons

(Bi-)
Magnons

/f |
I I

50 meV 500 meV 1.5eV 2eV Energy

Elementary excitations in condensed matter systems
that can be measured by RIXS. The indicated energy
scales are the ones relevant for transition metal

oxides.



RIXS
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RIXS

e, RIXS! RIXS _ "
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Cu L3 RIXS results of La2CuO4. The peak
dispersion curve was extracted from the raw
data (left panel) corresponding to the given
dots in the Brillouin zone.

L. Braicovich (a), L.J.P. Ament (b), V. Bisogni (c), F. Forte (b,d), C. Aruta (e), G. Balestrino (f),
N.B. Brookes (c), G.M. De Luca (e), P.G. Medaglia (f), F. Miletto Granozio (e), M. Radovic (e),
M. Salluzzo (e), J. van den Brink (b,g), and G. Ghiringhelli (a), arXiv:0807:1140v1, (2008).
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RIXS

ESRF

A high resolution soft X-ray RIXS spectrometer reaching a combined resolving power E/AE better than 30,000. The

spectrometer features an 11m long scattering arm capable of rotating over 100° without breaking vacuum, and a full
in-vacuum 4-circle sample goniometer. The instrument was designed and developed in collaboration with Giacomo

Ghiringhelli & Lucio Braicovich from Politecnico di Milano.
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RIXS

ESRF

Cu Ls edge (932 &V)

4 before upgrade
after upgrade

low 53 meV

resolution

medium 42 meV 3x larger

RIXS intensity (arb. units)

resolution throughput
1
high 35 meV 4x larger
resolution 28 meV throughput

(25 meV)

=100 =50 0 50 100
Energy transfer (meV)



Bodové rtg detektory
* lonizacni
* Geiger-Miller — vysoké napéeti, Townsendova lavina
* Proporcionalni — nizsi napéti, rozliSeni > 20 % (> 10° eV)

towards preamplifier

Fr

counting wire (+U)

plze-

hight

™

entrance t
window

high voltage supply
on counting wire
+1400=U<1900 Volt

X-rays



Bodové rtg detektory

* Scintilaéni — rozliSeni 5 az 10 % (10° eV)
Nal(Tl) — od 6keV ucCinnost témer 100%
Emise 410 nm — 3eV

eeeeeeeeeeee

* Polovodicové
—rozliSeni az 2 % (10" - 10* eV)
Si, Ge




Polovodicove rtg detektory
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Linearni rtg detektory
* Plynové — ionizacni, maly dynamicky rozsah (50 kcps),

* PolovodiCove — velky dynamicky rozsah

towards preamplifier

counting wire (+L) I

I
11
I L
s / hight
\\ entrance
window
high voltage supply
on counting wire

X-rays

+1400< U< 1900 Volt



Plosné rtg detektory
* Plynové - ionizacCni
* CCD - rozliseni cca (50jum)?
* Film - rozliSeni cca (1Jum)?, nelinearni, velmi pomalé
e Luminiscencni (“Image plate”) - rozliSeni cca (10um)?, velké plochy
rychlost 1 snimek cca 3 az 10 minut.

e Scintilacni - rozliSeni az cca (3jum)?%, mala kvantova vytéznost (tenky

scintilator) . .

%ﬁggmmuwnuuu
gl |

* Polovodicové




Rtg detektory

Table 4-2. Properties of common x-ray detectors;
AE is measured as FWHM.

Energy  AFE/E at Dead Maximum
range 5.9 keV time/event count rate
Detector (keV) (%) (Ls) {5‘1 )

Gas ionization 0.2-50 n/a n/a 1()11a
(current mode)

Gas proportional ~ (0.2-50 15 0.2 10°

Multiwire and 3-50 20 0.2 105/mm?
microstrip
proportional

Scintillation 3-10,000 40 0.25 2 x 100
[Nal(T1)]

Energy-resolving 1-10,000 3 0.5-30 2 x 1P
semiconductor

Surface-barrier 0.1-20 n/a n/a 10#
(current mode)

Avalanche 0.1-50 20 0.001 0%
photodiode

CCD 0.1-70 n/a n/a nfa

Superconducting  0.1-4 < (.5 100 5 x 108

Image plate 4-80 n/a n/a nfa

4 Maximum count rate is limited by space-charge effects to around

10! photons/s per cm?.
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