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 vine (SW-XRF) — rtg reflexe, difrakce



Moderni experimentalni metody
Rentgenova a elektronova spektroskopie |l

Fotoelektronova spektroskopie

e 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 elektronoveé hladiny — absorpcni hrana.
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Index lomu pro rtg

Filtrace zareni — Ni filtr pro Cu, bud jako vrstva riizné tloustky, nebo v multivrstvé
nA)=1-0A)=1-93(A) +iB(A)
Indexu lomu: realna Cast — refrakce
imaginarni ¢ast — absorpce
E = E, exp(iKnr) = E_ exp(iKr) exp(-iIKd'r) exp(-KPr)
Intenzita pfi absorpci:
I =1, exp(-puz) = [El* = |, exp(-2KBz)
H(A) = 4nB(A) / A




X-ray optical properties

Dielectric function (Drude).
g(w) = 1-ne?/[e,Mw(w+i/T)]
High frequency limit:
g(w) = 1-ne?/[e,m_w?]
e(w) = 1-NZr N/t <1
r.=e?/[4me,m c?]=2.8179-10"* m
n=1-8+if = 1-(5,-iB,)p.,,
0= -NZr N°/mt

Electron density = proton density ~ mass density



Dekrement indexu lomu o(E)=1-n(E):
zavislost realné a imaginarni casti na energii
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Atomovy strukturni faktor f(E) = Z + f (E) + 1 f(E):

log-log zavislost f a f.  na energii
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Vypocet: a.s.f. pro vSechny atomy ve vzorci nebo elementarni bunce
— strukturni faktor — susceptibilita — index lomu

Dopredna vina — jeden atom: p, =suma(f) / V,
Eforw — f(re/r) Einc
Vinovy vektor:
k(r) = n(r) K, K=2TU/\ n=¢g=1l+yx - 0=-x2

lem.b.

x=—(r, N/m) p,



Atomovy strukturni faktor f(E) = Z + f (E) + 1 f(E):

log-log zavislost a f, naenergii
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Atomovy strukturni faktor f(E) = Z + f (E) + 1 f(E):

log-log zavislost a f, naenergii
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Difrakce: atomovy rozptylovy faktor se obvykle aproximuje jako

f (Q.E) =f(Q) + f,(E) +if,(E)

F=Z f,(QE)e e



Anomalni rtg difrakce

F(k) = 4{(1 - Csub)fGa(h) + Csuthn(h) + d)(h)an(h)
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APPLIED PHYSICS LETTERS 97, 181913 (2010)

Density of Mn interstitials in (Ga,Mn)As epitaxial layers determined
by anomalous x-ray diffraction

V. Holy,™® X. Marti,' L. Horak," O. Caha,? V. Novak,® M. Cukr,® and T. U. Schulli*



Anomalni rtg difrakce
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From the fit we obtained for all values of n the follow-
ing concentrations c¢,,=(8.2*+1.1)%. (cim(m)—cim(ca})(‘i‘)
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Anomalni rtg difrakce

ZnSe matrix \

quantum dots

intensity (arb. units)

7.94 7.96 7.98 8.00 8.02 8.04
h

Fig. 3. The diffraction profile measured in radial (800) direction. The h; and hj
indicate the radial positions in reciprocal space where the DAFS data were collected.

Complementary information on CdSe/ZnSe quantum dot local structure from

extended X-ray absorption fine structure and diffraction anomalous fine
structure measurements

E. Piskorska-Hommel *P*, V. Holy ¢, O. Caha9, A. WolskaP®, A. Gust?, C. Kruse?, H. Kroncke?,
J. Falta?, D. Hommel?

Journal of Alloys and Compounds 523 (2012) 155-160



Anomalni rtg difrakce
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Fig. 4. Raw DAFS spectra collected at the Se K-edge at two different values of h
indicated in Fig. 3.

Complementary information on CdSe/ZnSe quantum dot local structure from
extended X-ray absorption fine structure and diffraction anomalous fine
structure measurements Journal of Alloys and Compounds 523 (2012) 155160

E. Piskorska-Hommel *P*, V. Holy ¢, O. Caha9, A. WolskaP®, A. Gust?, C. Kruse?, H. Kroncke?,
J. Falta?, D. Hommel?



Anomalni rtg difrakce
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Fig. 2. The magnitude (black line) and the real part (grey line) of the Fourier trans-
formation of the EXAFS oscillations presented in Fig. 1 and the best fit (circles) of
the first and second coordination shells for CdSe quantum dots.
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Complementary information on CdSe/ZnSe quantum dot local structure from
extended X-ray absorption fine structure and diffraction anomalous fine
structure measurements Journal of Alloys and Compounds 523 (2012) 155160

E. Piskorska-Hommel *P*, V. Holy ¢, O. Caha9, A. WolskaP®, A. Gust?, C. Kruse?, H. Kroncke?,
J. Falta?, D. Hommel?



Anomalni rtg difrakce

Table 1
The EXAFS and DAFS fitting results determined for Cd and Se K-edge, respectively. R are the distances between the absorbing atom and its near-neighbors, Nis the coordination
number, o2 is the Debye-Waller factor, respectively.

EXAFS (Cd K-edge; 2 shells) DAFS (Se K-edge; one shell)

CdSe Sample hy ha
Nse 4 4 - -
Nea 12 5(2) 1.6 (0.4) 2.8 (0.8)
Nzn - 7(2) 2.4(0.4) 1.2(1)
Reg se (A) (2.62) 2.62 (0.01) 2.61(0.01) 2.62(0.02) 2.54(0.03)
Reacq (A)(4.28) 431 (0.02) 437 (0.02) - _
Reazn (A)(4.01) - 4.18 (0.04) _ _
Rse_zn (A) (2.45) - - 2.45 (0.02) 2.45 (0.03)
2case (A2) 0.003 (0.001) 0.002 (0.001) 0.004 (0.002) 0.009 (0.003)
o2caca (A2) 0.014 (0.002) 0.012 (0.005) - -
o2ca_zn (A?) - 0.015 (0.003) _ _
2sezn (A?) - - 0.008 (0.005) 0.023 (0.009)

Complementary information on CdSe/ZnSe quantum dot local structure from

extended X-ray absorption fine structure and diffraction anomalous fine

structure measurements Journal of Alloys and Compounds 523 (2012) 155-160

E. Piskorska-Hommel *P*, V. Holy ¢, O. Caha9, A. WolskaP®, A. Gust?, C. Kruse?, H. Kroncke?,
J. Falta?, D. Hommel?



Anomalni rtg difrakce
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Fig. 6. The distribution of the Cd-Se (a and b) and Zn-5e (c and d) bond lengths calculated by the valence-field model assuming fully relaxed (b and d) and biaxially strained
(a and c¢) Cd,Zn,_,Se lattice (see the text for details). The parameter of the curves is the concentration x of Cd. The curves are shifted vertically for clarity.

Complementary information on CdSe/ZnSe quantum dot local structure from
extended X-ray absorption fine structure and diffraction anomalous fine
structure measurements Journal of Alloys and Compounds 523 (2012) 155160

E. Piskorska-Hommel *P*, V. Holy ¢, O. Caha9, A. WolskaP®, A. Gust?, C. Kruse?, H. Kroncke?,
J. Falta?, D. Hommel?



Vznik charakteristickeho rtg zareni

Prechody mezi hlubokymi elektronovymi hladinami (Z>3)

Vybérova pravidla: Anz£0, Al=+1, Aj=0,%£1

Energie pfechodu: e = hiw = Ry(~Z — O'f)2
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Charakteristickeé rtg zaren

Fluorescence yleld
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XRF

Rentgenova fluorescencni spektroskopie

X-ray Fluorescence spectroscopy — XRF

lonizace atomu vzorku rtg svazkem a méreni spektra
sekundarniho rtg zareni. Nezavisi na chemickém stavu atomu.

Ni, Mo lampa
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XRF

Rentgenova fluorescencni spektroskopie

X-ray Fluorescence spectroscopy — XRF

lonizace atomU vzorku rtg svazkem a meéreni spektra
sekundarniho rtg zareni. Nezavisi na chemickém stavu atomul.

nerez (Fe+Cr+Ni), Mo lampa
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XRF

Rentgenova fluorescencni spektroskopie

Kvantitativni analyza:

(a)

Figure 3.3.15 (a) Micro-XRF analysis of a baroque painting (attributed to P. Thys). The area marked “1" shows Fe, Pb but no
Co or Cu, suggesting the use of indigo (an organic pigment), the area marked *2" contains Fe, Hg, 5r, Pb (vermillion), area ‘3’
Ca, Mn, Zn, Pb (umber), and area “4" contains Ca, Mn, Fe, Zn, Pb (umber). (b} Two XRF spectra from adjacent spots in the area
marked ‘1" in (a). Positions where more recent paint (containing Ti, Cr and Co) was applied during past restoration activities
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can clearly be distinguished from positions with original seventeenth century paint



XRF

Rentgenova fluorescencni spektroskopie
Kvantitativni analyza s pouzitim j standardu podobného slozent,
zanedbany rozdily absorpce mezi vzorek a standardem:

I § = k}f WV; weight fraction of analyte WV,

”Z?ﬂ Wil - Z?:l %Z;Iﬁ

2
n 2 n
”25:1mf _( i=1 W!f)

k.=
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XRF

Rentgenova fluorescencni spektroskopie
Kvantitativni analyza obecné:

S

1

Aedge 1~ — (A Aot
If=d—9Q-M _[ 7:(A)](4) il ﬂ:(ﬂ Ll 1+ WS, |d2
4rsing ok x(4,4) /

d(2is the differential solid angle for the characteristic radiation

Qi is the sensitivity of the spectrometer

Amin and Aegee are short-wavelength limit and wavelength of analyte absorption edge,
7/(4) is the photoelectric absorption coefficient for analyte i
Iy(4) is intensity of the primary radiation

gi is sensitivity of the analyte i
gi=ok ifika(1-1/Jix), where wg; is fluorescence yield of K radiation;

Ji x is absorption edge jump ratio
x(4,4) is total mass-attenuation coefficient of the sample

20,3 =B AL )= W) W (2

p(4;) = Wigt;(4;) + ZW:’H:'(’%I')
j



XRF

Rentgenova fluorescencni spektroskopie
Kvantitativni analyza efekty self-absorpce:

Incident photons

Tf2

D; = | tan(6)

T tan(&)
x/2

'1'71‘ Fluorescent i—phot:rl’sgl i .\ /
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XRF

Rentgenova fluorescencni spektroskopie
Kvantitativni analyza limita pro tlusty vzorek:

5. = Loy il e #A) sing [, pA) sing
t A T o(A) ,u(Aj)SIH.;sfl () | Ju(ij)Slnqra (A;)

4.61
X4, 4)p

Limita pro tenky vzorek:

J0 Aedge pf . 0.1
= W. pt Ay (A)dA =
4rsing QuaiVie I f@(2) x4, 4)

Amin




XRF

Rentgenova fluorescencni spektroskopie
Total reflexion x-ray fluorescence
monochromaticky zdroj, maly uhel dopadu, plati limita tenkého

vzorku
analyza povrchové kontaminace polovodicu




XRF

Rentgenova fluorescencni spektroskopie
Kvantitativni analyza:
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4.1.14 Quantum efficiency for X-rays in the range of 150eV to 30keV energy of a pn-CC of 300 pm thickness

rements and solid line) equipped with a thin optimized radiation entrance window. Close to 100

quantum efficiency

hed over most of the range. Remarkable is the high efficiency at low energies. The falloff at high energy is due to the
thickness. The dotted line represents an extrapolation to 500 wm thick sensitive volume



X-ray standing waves

Total x-ray reflection

Above surface

exp(i K; z2)+r exp(-i K; 2)
Below surface
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Intensity (arb.u.)

X-ray standing waves
Total reflection
Testing sample (Csaba Morvay)
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Reflectivity

X-ray standing waves
Multilayers
X-ray reflectivity: superlattice peaks

Bragg peaks corresponding superlattice period
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depth (A)

X-ray standing waves
Multilayers

Depth Intensity distribution

Al,O; :
FeCo Zoolf |

T
-
e
~
~
N 3
~
N 25
500
12
415
1000
]
0.5
1500

0.5 1 15 2
angle of incidence (deg)

Seminary IPE BUT 29.3.2023



X-ray standing waves
Samples: superparamagnetic multilayers

EPD layers in Load Lock
Sputtering system

25X (Feg,Co,,/ALLO,) multilayers were prepared,
with 3.5 nm nominal thick Al,O, interlayers and

the nominal layer thickness of the Fe,,Co,,

layers was changed from 0.5 nm to 2 nm
+ (5 nm AlI203 buffer layer)

Fe,,Co,, target -> DC sputtering (0.5 kW)

AL O, standard target -> RF sputtering (2.5 kW)

multilayers EPD 14, 15, 16, 17
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X-ray standing waves

Experiment:
] ] XRF detector
 scattering sighal FeCo | @

diffraction 002

— Depth profile of
crystalline phase

* Fluorescence signal

Grazing Incidence
Diffraction (GID)
+ X-ray Fluorescence

- Chemical depth
profile

Standing wave x-ray diffraction was studied previously by J. Krémar (PhD 2009)



 scattering signal FeCo
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X-ray standlng waves
Experiment:

diffraction 002
- Depth profile of

crystalline phase
uorescence signal
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Intensity (counts)

X-ray standing waves

Comparison of XRR, GID, fluorescence, EPD 16
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X-ray standing waves
X-ray diffraction

Gerhard Borrmann

XSW
X-ray Standing Waves

Boris Batterman

e substrate
e adsorbate

REFLECTIVITY o
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0 A®(urad) 20

“Th. Schmidt, J... Flege
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XSW yield Y,

X-ray standing waves
X-ray diffraction

Y,(Q) =1+ R+ 2CVRfy cos(v — 2nPy)

Lad
L

[}

s
1

= =

i — T 0 b e =T
6 -3 0 3 6 6 -3 0 3 6 6 -3 0 3 6 6 -3 0 3 6

Relative wavevector offset AH/H (3 1U'4]

]
1

Incident
beam

Diffract Standing wave In thin film induced by
> substrate

Period of standing wave defined by
monocrystalline substrate:
InP (111) d=3.39 A

Film thickness limited by lattice
mismatch!




Fluorescence ve stojaté vine

Fluorescence
Detector

Reflectivity
Detector

Incident

Beam
Sample
L
Incident _— é,
X-ray field = %
L 8
" =
Fluorescent "E' 1.0 R
X-rays = %
// S 05 &
T S
Reflected [P =
X-ray field [ R ke
EDL ions
-

Solution layer

Fluorescent yield:
Y(0)Yos =1+ R(0) + 2F, [R(q)]"?cos[v(B) - 2nP,]]

P, (“coherent position”) and F, (“coherent fraction”) describe the
ion distribution. A first-order analysis of these parameters with
respect to EDL structure yields:

P ~ h/d,, (his ion height w/r to H™ Bragg plane)

F ~ fraction of double layer ions in adsorbed condensed layer



Reflectivity & MNormahzed Yield

(k)

Fluorescence ve stojaté vine
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Fluorescence ve stojaté viné

1.2
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Ba fluorescence
diffraction
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‘J‘"'

p/—

s
A

_|_

#*

e o e e . B =t

--%—-%—%——Hﬁ R

24.84

0t —at———aﬁ——-%“'*""'

24.85

24.86

24.87 24.88

24.89



[ [ [ [ [ [
Ba
1 +__,+-+_"+_'+-+-_+'+_.+
i A i
0.8+ ;?F _
A
06} 7/ §
\_'_hq_F,,-{-
04} ) =
."r \
! o -
_-,rf% : e
0 { tE"e_{J— T ) | | o ‘“bjﬁ—i') e W
24.83 24.84 24.85 24.86 24 .87 24.88 24.89

Fluorescence ve stojaté vine

difrakce 1 1 1

24.9



Standing waves In (Ge,Mn)Te
0

C 20nm
Se 30nm External voltage

GeMnTe 6nm

Sample preparation:
VA2268 6nm p p p

GeTe/InP(111)A JKU Linz

+ 30nm Se cap
+ 20nm carbon (one piece)

VA2269 6nm
GeMnTe/InP(111)A

+ 30nm Se cap

+ 20nm carbon (one piece)

VA2270 6nm
GeTe/InP(111)A

+ 30nm Se cap

+ 20nm carbon (one piece)
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Standing waves | |n (Ge I\/In)Te

Experiment at synchrotron
swiss light source — SLS

Beamline XO5DA
Photon energy 11.5 keV

above Ge Kedge
to excite Ge K lines
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Standing waves In (Ge,Mn)Te

X-ray fluorescence spectrum

Intensity (counts)

60000

40000

20000

I
™ InlLa

In Lb
/ Other In lines .
|

AN

—~ .

2000 4000

6000 8000 10000 12000
energy (eV)

Seminary IPE BUT 29.3.2023

Elastic
scattering

~ Summation peaks —two In L
" photon are detected as a single
» photon with double energy



Intensity (arb.u.)
on

0.5

- ! .
2 —+— diffraction

{1 0F 1 e =]
&
j B |n
1 i Te
||' i —— Ga
- B Mn

1
9.1 9.105 9.11 9.115 9.12 9.125
angle of incidence (deg)

Distance of Ge-Te planes:
High temperature rocksalt 1.7A
Ferroelectric rhombohedral 1.4 A or2.0A

Seminary IPE BUT 29.3.2023

Standing waves In (Ge,Mn)Te

Average positions in fraction
of standing wave period —
InP (111) interplanar distance
3.39 A

GeTe and GeMnTe

In: 0.05

P: 0.77

In and P distance confirms
InP (111)A — In terminated
orientation

GeMnTe:
Te: 0.86
Ge: 0.37
Mn: 0.32

Te-Ge planes 1.52 A
GeTe:

Te: 0.86

Ge: 0.45

Te-Ge planes 1.40 A



R Intensity (counts)

R Intensity (counts)

25

0.5

-0.5

Fluorescence ve stojaté vine

InP(1 1 1)

5875 V54 b8

XSWA2269 3 6nm GeMnTe, -1V, 11.5keV
le
5 eas1 square 0.21082; Yob = 0.78387; fH = 0744077

angular deviation (deg)

0.37

0.015
angular deviation (deg)

angular deviation (deg)

Mn 0.30

0.04

R Intensity (counts)

0.02

e
o

»0.5

0.025 0.04

Energy = 11500 eV; mono = Si(1 1 1); sample = InP(1 1 1)

T T T T T T
XSW A2269 3 6nm GeMnTe, -1V, 11.5keV

|

59@9@351 -square = 0.16761; Yob = 0.80401; fHf = 0.71447; PH = 0.82579

Energy = 11500 eV; mono = Si(1 1 1); sample = InP(1 1 1)
15 I T I I I T I Energy = 11500 eV; mono = Si(1 1 1); sample =
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@ 08
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T 04r
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angular deviation (deg)
Energy = 11500 eV; mono = Si(1 1 1); sample = InP(1 1 1) Energy = 11500 eV; mono = Si(1 1 1); sample = InP(1 1 1)
XSW A2269 3, 6nm GeMnTe, -1V, 11.5keV
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Standing waves In GeTe

0.510

= VA2270 Ge Atomic positions in fraction of standing
0500 M wave period — InP (111) interplanar
0.490 u - ™ distance 3.39 A
0.480 L ] |
Ge . .
0.470 - - ] m
0. 460
050 Only sllgh_t ch_anges, very slow
No full switching
0.440
AR o S o R : ..
I S Shift of Ge position 0.06 A
0.900 - . ]
VA2270 Te Red positive bias
0.890 H . .
- Blue negative bias
0.880 |
[ N | [
0.870 Te = u -
|
0.860 n
0.850 -
D.EMD.]
0.830
0.820
=4 =4 4 Y
Qﬁé@ q@““{@ o&r'f G&rﬁ S IR NN

Seminary IPE BUT 29.3.2023



Standing waves In (Ge,Mn)Te

VA2269 Ge

VAZ2269 Te

Atomic positions in fraction of

- standing wave period — InP (111)

LI interplanar distance 3.39 A

Even smaller changes
than in GeTe

GeMnTe Is closer to
. rocksalt structure.

Mn is close Ge position

but shifted in average by

- - 0.17A

- Mn is in middle of Te
positions — occupy cubic

position
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EDS, WDS

Energiove (vinove) disperzni rentgenova spektroskopie
Energy Dispersive X-ray Spectroscopy — EDS (EDAXS)
Wavelength Dispersive X-ray Spectroscopy — WDS
Casto s elektronovou mikroskopii.

Lokalni chemické slozeni vzorku. Povrchove citlive.

ChProjects\MM_GACR_SiWV11_M.spc 041609 08:25:02
LSecs : 90

A39— <1

351

263

175

ar —

{|, — e Ty e s o L [rres
0.0 0.5 1.0 1.5 20 2.5 3.0 3.5 4.0 4.5 5.0

DalSi podobné metody
PIXE — Particle Induced X-ray Emission — buzeni iontovym svazkem




Electron microscopy

filament Electron Beam
1) } |
J grid l:::l Window: Be or UTW
anode 1](\ 7

= Objective lens

EDS detector E { { firet ('condensing’) lens

i
|
\\ f/ X-rays Collimator

e ‘K aperture

—  S—— second ("objective’) lens Stage Schematic of an Energy
/ / I I Dispersive Spectrometer '
LN2 dewar \ L s
[ 1 viewing microscope
20 /0 e o
. 2 SEM combined with Energy
Si{Li) detector \ | ) )
\/ G \ dispersive spectrometer (EDS)
| : :
electron detec . and  Wavelength  Dispersive
—=— Spectrometer (WDS).
isolation = |
valve
datector
WDS
diluslon pump sample current
—ll microammaeter ’ :
. / spectrometers

to backing pump




Electron microscopy

electron
beam

backscattered

cathodoluminescence electrons
E

secondary
electrons \

L
N
N

X-rays

electron
beam

10A Auger electrons

excitation

absorbed
current

L SEs— poE

Number of Electrons

e e e e e e s e e o

50-500 A secondary electrons

backscattered
/ electrons

/
‘rsemndary fluorescence
= by continuum and
characteristic x-rays




Electron microscopy

WDS:

better energy resolution
better precission

longer time




Electron microscopy

Characteristic lines: Moseley's Law| |

AlK,
1.49 keV




Electron gun

Condenser lenses

Objective lens aperture -} -
Probe current detector ~| -

Scan coils -}
OM objective lens - _~~

Electron microscopy

Schematic of an Electron Microprobe with a
Wavelength Dispersive Spectrometer '

..... - Filament
- - - - §= Wehnelt cap

Objective lens -[ - @\ |/ 7

detector

Stage

=)

Wavelength
dispersive
spectrometer

Anode

Optical
microscope
-l & CCD camera

X-ray
detector [@)

Energy Resolution of EDS vs WDS

L L] L

} |
' Nb
I |
' |
| |
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' |
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== 00 2.2 o S
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Interferometrie




Interferometrie

A
e PR
5

H* detector

'L
'F : .j
displacement § &
_— I

He-M

guadrant




Interferometrie

laser source

633 nm
optical
modulator
- "*‘ polarizing
optical fringes beam splitter mirror

316 nm H

polarizeru

 S—— A4

analyzer X-ray source
X-INT 17 keV
" .
DREE S 3 NI o
X-ray fringes e H

192 pm displacement fixed crystal
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