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

Anomailni rtg difrakce

e Kramersovy-Kronigovy relace

« Anomalni difrakce — principy, pouziti
* DAFS

Flurescencni spektroskopie

» Spektroskopie charakteristickeého 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

e Pfiprava vzorku



Absorpce rtg zareni

lonizace hluboké elektronove hladiny — absorpcni hrana.
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XAEFS

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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XAEFS

Rentgenova absorpcni spektroskopie jemné struktury
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XAEFS

Rentgenova absorpcni spektroskopie jemné struktury
Usporadani experimentu
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XAEFS

Rentgenova absorpcni spektroskopie jemné struktury
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XAEFS

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 ut < 1. The 1 — e ** term then becomes
~ [prot(E)/ sin @ + pior(E¢ )/ sin @] ¢ (by a Taylor series expansion), which cancels the
denominator, so that

1T

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

eAQ iy (E)

Iy =1 _
I 4n tiot(E) /) sin € + pior(Ey)/ sin ¢

(4.5)

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, i (Ey)/sin ¢ > p.(E)/sinf, giving

eAQ) y (E)

— (4.7
AT o (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 stavll nad Fermiho mezi.

Priklad pro Zelezo v rliznych chemickych stavech.
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EXAFS

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

Vinovy vektor
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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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EXAFS + XANES analyticky software
* FEFF

* FDMNES

e Demeter (Bruce Ravel):
e Athena
* Artemis
 Hephaestus
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Mn in BiTe
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Mn in BiTe
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kRe(y(k)) (arb. units)
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XMCD

Absorpce na hladinach s orbitalnim momentem

Povrchoveé citlivé,
Prvkoveée citlivé

Circular Dichroism - Ferromagnets  Linear Dichroism - Antiferromagnets
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XMCD

Absorpce na hladinach s nenulovym orbitalnim momentem (vyssSi 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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METITUT DE PHYSIOQUE

X-rays absorption and X-ray magnetic circular dichroism (XMCD) -g

Fédérale de Lausnnne

JES NANOSTRUCTURES

Two step model:

1)
2)

synchrotron storage ring

——Orbit =———— _ _

7/ variable energy,

polarized x-rays

X-ray
monochromator

L er Rigm
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4
-

magnetic field

-
L

left/right circularly

photoemitted
electrons

spin-polarized photoelectrons are created by using circularly polarized x-rays
these polarized photoelectrons are used to analyze the spin-split valence
density of states, thus the valence band acts as a spin-sensitive detector.
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hialdak XMCD theory: basic idea GO

Ecole Polyiechnique
DES NANOSTRUCTURES Fédérale de Lausanne

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

The dipole operator Pq]: g, can be written in terms of Racah’s tensor ¢ is the polarization
operators (where Y, , are the spherical harmonics) dependent electric vector

1 |
P) = F—=(zxiy) =rC¥) =r/=Y1 4

V2

I’él) = Z :T'C(g” =r/—=—Y10

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

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

. 1 1
i) = Bir) le;meis = 5yme) = |f) = Ry(r) Lmas s = 5,m,)

(1) B (lxm)(ixtm—1) _ (1) - lFxFm+2)lFm+1)
GmlCyill=1,mz1) = \/ 2(20 — 1)(20 + 1) (LmlChyli+LmF1) = \/ 2(21 + 3)(20 + 1)
B I(1 —1) £ (21 — 1)m + m2 B I(1 +3) F (20 + 1)m + m?2
B 2(20 — 1)(20 +1) - 2(20 + 3)(2 + 1)
— T Remember: things become
(1)) _ _ ) b ~(1) _ : _ a . .
miGo It =1,m) = \/(-zs (2 +1) (Lm|Cy L+ 1,m) = \/(gg S 3) 20+ 1) easily complicate. For

example, 1f spin-orbit
interaction 1s not negligible
Table 1.3: Electric dipole matrix elements ([, m.,-|C-'f{,”|c, m,.) in the one electron model. The matrix the (L, my, S, lnS) 1s not the

elements are non-vanishing when ¢ = I — 1 (left column) or ¢ = [ 4+ 1 (right column), and when oood basis and vou have to
me. + 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
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DES NANOSTRUCTURES Fédérale de Lausann

lM;e 0 Energy

Valence band Valence banc
X-rays q ﬂ
Y ®
Ty TEY
H
—
U in dipole approximation - -
5 Core level Core level
1o K fer] 3>| S(ho—(E, —ENp(E,) P
L3
Dipole selection rules L3
3d
Al=+1,As=0 2p 5 L2
T~ 4s L
Am, = +1 right circular ),
Am, = -1 left circular Photon Energy ] Photon Energy ]




NANO ;

(G

Polytechnigu
Fédérale de Lausam

o X-rays absorption and X-ray magnetic circular dichroism (XMCD)

DES NANOSTRUCTURES

Polarization dependent p to d(t) transition intensities

l M=0 Energy
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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 L2
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 _J
(labeled +) and g = —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, Photon Energy
lifting the degeneracy in m;. Note that this causes an opposite order of m; states

for pzs2, l + s and pry2, [ — s because of the opposite sign of s

A J



XMCD

Generace polarizovaneho rtg zareni

__— Electron bunches linear polarization
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XMCD

Generace

polarizovaného rtg BESSY Undulator UE 56
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XMCD

Linearni polarizator pro
rtg zareni
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Case (1): P-Polarisation in plane of scattering,
Case (2): S-Polarisation perpendicular to plane of scattering,
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XMCD

Generace polarizovaneho rtg zareni

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

Generace polarizovaneho rtg zareni

“Ctvrtvinna desticka”

Crystal angle tuned
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XMCD
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Orbital and spin sum rules in x-ray magnetic circular dichroism

W. L. O’Brien
Synchrotron Radiation Center, University of Wisconsin—Madison, 3731 Schneider Drive, Stoughton, Wisconsin 53589
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Electron yield
Y, (#iw) = fiwo ;(fiw) ,



XMCD

Ad; +AAd; [, oultivido+ [ oylfiv)do
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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
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The final spectrum is the sum of 20 individual (F/lp) 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

3
(S)=— > n, *

Here my, represents the number of 3d vacancies in the metal 1on,
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. Itiscommon | \V B
i the XMCD literature!-”-15 to refer to the first integral in the e |B-
numerator of eq 2 as “4”, the second integral as “B”, and the T T

denominator as “3C”. The necessary integrals are illustrated \ qu
m Figure 1. One can thus re-express the sum rules in the T
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XMCD Mn in Bi2Se3

™ (ﬂ) — Circ, Pas,
-*g' — Circ. Neq,
= B T=5K
i h'lr' B = :3 T
Z
w
=
2
£
(b)
0= ...
~90- - 639.9 eV - 4
& 15m . ~ ® 8%Mn
10 ?g:__- o 5K| g
i x ll:|-l 1 1 T ° 1TGP:{ E ﬁ
640.2 eV § g 1 2 3 6= 0 I %ﬂ
20 i 4% Mn B (T) — .ﬂi.ﬂl
| 1 I I T | T T T T T
B35 640 645 650 B55 660 639 640 641 642 643
Photon Energy (eV) Photon Energy (eV)

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 XMOCD difference spectrum. The inset shows
XMCOD measurements for different applied mapgnetic fields. (¢) Temperature dependence
of the remanent XMOD for a Mo concentration of x = 0,04, 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 sketch). Inset: A zoome-in around zero magnetic field showing hvsteresis
at 4.2 W and a paramagnetic state at 7 K. (b) Modified normalized Arrott plots at various
temperatures from which a Curie temperature of 5.5 K is deduced. Between 4.25 and 6.75

K. data are shown for inerements of 47 = (L25 K.



RIXS

Rezonanéni neelasticky rtg rozptyl — rezonanéni “Ramantv” rozptyl
Vyhoda Rtg proti VIS — smérove rozliSeni, moznost pokryti celé
Brillouinovy zony

Nevyhoda — slabsi jevy, experimentalni obtiznost energiového
rozliseni

INITIAL FINAL
Rezonance — T
Silné zesileni jevu energy | valence band
w o
photon in photon out

core level




RIXS

4 Charge Transfer
Phonons

(Bi-)
Magnons

1 |
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.



Normalized Intensity [arb. units]
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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).



RIXS
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Bodove rtg detektory
* lonizacni
» Geiger-Muller — vysoké napéti, Townsendova lavina
* Proporcionalni — nizsi napéti, rozliSeni > 20 % (> 10° eV)

towards preamplifier
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on counting wire

X-rays +1400<U<1900 Volt



Bodove rtg detektory

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

aaaaaaaaaaaa

» Polovodicovée

—rozliseni az 2 % (10" - 10> eV) * B e e e
Si, Ge S IR R




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 (+0) I
Il

1144
................. pulze-
s / hight
\\ entrance
window
high voltage supply
on counting wire

X-rays

+1400<U<1900 Volt



Plosneé rtg detektory

* Plynové - ionizaCni

* CCD - rozliseni cca (50um)?

e Film - rozliSeni cca (1jum)?, nelinearni, velmi pomalé

* Luminiscencni (“Image plate”) - rozlisSeni cca (10um)?, velké plochy
rychlost 1 snimek cca 3 az 10 minut.

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

scintilator)

it EHNW""""

e 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 1a
(current mode)

Gas proportional ~ 0.2-50 15 0.2 10°

Multiwire and 3-50 20 0.2 1 05/mm?
microstrip
proportional

Scintillation 3-10,000 40 (.25 2 % 108
[Nal(Tl)]

Energy-resolving 1-10,000 3 0.5-30 2 x 107
semiconductor

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

Avalanche 0.1-50 20 0.001 10®
photodiode

CCD 0.1-70 n/a n/a nfa

Superconducting  0.1-4 < (.5 100 5 » 107

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

4 Maximum count rate 1s limited by space-charge effects to around

10! photons/s per cm?.



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47

