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KUMULANTY V PROFILOVE ANALYZE

M. Cerfiansky

Fyzikalni ustav AV CR, v.v.i., Na Slovance 2, 182 21 Praha 8, Ceska republika
cernan@fzu.cz

Kumulanty, resp. semiinvarianty jsou po momentech dal§im
pojmem z teorie pravdépodobnosti a matematické statistiky,
které 1ze vyhodné vyuzit pfi analyze profild difrak¢nich linii.
Obvykle se definuji ndsledujicim zptisobem.

Oznac¢me f{x) jako hustotu (rozlozeni) pravdépodobnosti
nahodné proménné x. Jinymi slovy, pravdépodobnost toho,
ze nahodna proménna x je z intervalu (x, x + dx) je f{x)d(x) a
ziejmé plati podminka pro normovani pravdépodobnosti

J reox=1 n

K hustoté pravdépodobnosti f{x) se v pfipadé spojité ndhodné
proménné x definuje, napt. [1, 2], pravdépodobnostni
vytvotujici funkce G(f) = G(¢; f) vztahem

G(t)= j o)t dx 2)

Polozime-li v (2) ¢ = €“, obdrzime momentovou vytvoiujici
funkci

G(e" )= j F(x)exp(ax )dx =

=l+ma+mya’ /2% mya’ /3\+...=M(a)

3

a rozvojem logaritmu momentové vytvotujici funkce M(a)
dostavame vytvorujici funkci kumulanti

K(a)=InM(a)=

=l+x,a+x,a’ /24 xa’ / 3+,

“

kde «, jsou kumulanty hustoty pravdépodobnosti f{x).
V praxi se vétSinou kumulanty pocitaji z momentti pomoci
rekurentniho vztahu

“in-1
Kn :mn_z k—l Kkm)r/(’ (5)
k=1

kde m,, jsou momenty kolem pocatku

©

m, = '[x"f(x)dx,

-0

n=0,L1... (©6)

Cislo n je fad momentu nebo kumulantu. Specialné «; = my,

kumulanty pak z (5) vychazi

K, =m, i (7)
K2=m2—(m1) > R (8)
K, =my —3m,m, +2(m, ), 9)

K, =m, —4m,m, —3(m, )2 +12m, (m, )2 —6(m, )4, (10)

Vztahy pro vypocet kumulantli z centralnich momentt

0

w, =J.(x—m1 ) f(x)dx, n=0,1,... (11)
jsou zfetelné jednodussi

K, =H, (12)

K3 =H; ) (13)

K, =H, —3u; (14)

a vidime, ze druhy kumulant je roven varianci funkce

fx).

M

v

funkci f a g a totéz plati pro variance [3]. Stejné
jednoduchy vztah plati jesté pro tfeti centralni momenty,

L (n
m = E . 1M
nh n—k,f kg
i\ k

Naproti tomu pro kumulanty funkci v konvoluci # =f* g
plati pro vSechny fady # [1, 5]

(15)

K =K

K (16)

n,h n,f ng

Dale maji kumulanty velmi cennou vlastnost u
vicendsobné konvoluce h =p * g *r *s *¢... [5]

K,, =K,, +K, +K,  +K,+K,, (17)

nh np
ktera byla navrzena k analyze kombinace jednotlivych
geometrickych aberaci zplsobenych nedokonalosti
ptistroje [6].

Kumulanty byly pouzity rovnéz pfi interpretaci
fyzikalnich profild [7], zejména pii analyze metody
ctvrtych momentit na urceni velikosti krystaliti a
mikrodeformaci z jedné linie [8-10].

Ze snadno vypoctenych kumulanti 1ze pfimo nebo
pomoci momentii vypocist hledanou funkci, napf.
fyzikélni profil £ K tomu lze pouzit vztahy [11, 12]
inverzni k rovnicim typu (14)

U4:K4+3K§ (18)
a pak pouzit napt. Edgeworthovu fadu [7, 11], nebo
Grammovu-Charlierovu fadu [7, 12], pficemZz pocet

© Krystalograficka spole¢nost



k46 RPDK - Lectures

&

Materials Structure, vol. 15, no. 2a (2008)

¢lentt mize byt maly. Zpravidla staci rozvoj do ctvrtého
momentu [11].
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SURFACE LAYERS STUDY OF BULKY SAMPLES BY X’PERT PRO
DIFFRACTOMETER

Z. Pala', N. Ganev', J. Drahokoupil®

'Department of Solid State Engineering, Faculty of Nuclear Sciences and Physical Engineering, Czech Tech-
nical University in Prague, Trojanova 13, 120 00 Prague
2Institute of Physics of the ASCR, v. v. i., Na Slovance 2, 182 21 Prague
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Samples for investigation by means of X-ray diffraction
are frequently prepared solely and, therefore, suitably for
the experimental arrangement, which often imposes strin-
gent conditions to its shape, mass and dimensions. How-
ever, real samples from industrial production cannot be
usually cut into feasible parts without changing their struc-
tural and physical properties. Generally, samples’ amend-
ments can even lead to redistribution of residual stresses by
inducing new plastic deformations. Consecutive inspection
of such artificially created objects has only limited rele-
vance to the original state which is the centre of interest.

The appropriate attitude to XRD measurements of
bulky and heavy samples is, first of all, a choice of conve-
nient goniometer geometry. The theta-theta goniometer
configuration offers comparatively large space for sample
handling. Preferably, the sample mounting should be exter-
nal and, thus, allowing placement of large volume beneath
the investigated surface. Such external mounting stages
should have large travel range with smallest possible posi-
tion resolution and reading accuracy in both vertical and
horizontal directions. Consequently, sufficiently precise
position control cannot be omitted. This can be done by a
high precision laser sensor for dimensional measurement
which has ample resolution up to 0.001 mm.

In the experiment, three types of machined surface lay-
ers for guide gibs of dimensions 160 x 105 x 45 mm® were
examined. Samples from the steel 11 375.0 were machined
by milling, grinding, and scraping. Semiproducts were cut
from the steel sheet without any heat treatment by using an
acetylene jig-burner. The aim of the research was to char-
acterize each surface by state of macroscopic residual
stress on the very surface and in near surface area of ca 200
pm in depth. Moreover, profiles of diffraction line {211}

of a-Fe phase were used for calculation of microstrains and
domains of coherent scattering by the single line Voigt
function method [1]. Microhardness and metallographic
measurements provide a supplement to diffraction results.

Sample positioning in the X’Pert PRO diffractometer is
depicted in Fig. 1. A set of motorized and manual vertical
and horizontal stages by Standa [2] was used for sample
setting-up. Because the laser sensor was not available,
mounting to the desired position was performed by a sim-
ple and straightforward alignment procedure recom-
mended by PANALYTICAL. Its basic principle lies in a flat

Figure 1. Mounting of a guide guib for residual stress
measurement by X Pert PRO.
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Figure 2a. Residual stress distribution in milled surface.

surface positioning to the level when it intersects the inci-
dent beam into two equivalent halves [3] which can be veri-
fied either by a suitable gauge or by intensity measurement.

State of biaxial macroscopic residual stress (RS) (Fig.
2) on the surface was established on three chosen areas of
each sample in order to find out, in the first approximation,
level of RS homogeneity in final surface. RS depth distri-
bution was obtained by successive layer removal by elec-
tro-chemical polishing. Sets of diffraction data were
evaluated by centre of gravity algorithm and biaxial state
was assumed, shear stress was recorded only in ground sur-
face. Results of RS after layer removal were corrected ac-
cording to Moore and Ewans method [4].
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Figure 2b. Residual stress distribution in ground surface.
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Figure 2c. Residual stress distribution in scraped surface.
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COPLANAR GRAZING EXIT X-RAY DIFFRACTION ON THIN POLYCRYSTALLINE
FILMS

Zdenék Matéj, Lea Nichtova, Radomir Kuzel

Charles University, Faculty of Mathematics and Physics, Ke Karlovu 3, Prague 12116, Czech Republic

X-ray powder diffraction analysis of thin polycrystalline
films in the coplanar grazing exit (GE) parallel beam geom-
etry was tested. Dependence of the diffraction peak inten-
sity on the beam incidence/exit angle, which cannot be
interpreted by a simple formula for absorption in the film
[1], was observed for very thin films (<~100 nm for TiO,).
This effect is connected with the well known Yoneda peak
in the transparency of the film surface interface. The refrac-
tion correction of peak positions and penetration depth [2],
and also dynamical effects of multiple scattering of pri-
mary/diffracted beam in the film [3] should be considered.
In comparison with the common coplanar grazing inci-
dence geometry, by GE technique lower intensity gain for
thin film can be achieved. However, if the PSD detector is
used, 2D maps of scattered intensity with high resolution
(because of narrow diffracted beam) can be obtained in a
reasonable time. Moreover, they are not affected signifi-
cantly by instrumental and sample effects. The technique is
very useful for determination of the film thickness, depth
profiling of phase composition, the refraction index deter-
mination and generally for study of real structure of thin
films and multilayers with common laboratory diffracto-
meters.

1. J. Lhotka, R. Kuzel, G. Cappuccio, V. Valvoda, Surf. Coat.
Tech. (2001) 148, 96-101.
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Figure 1. Simulated dependence of the integrated intensity of
anatase (101) diffraction line on the exit angle oy, for powder
TiO, films of different film thickness. Measured intensity for
the thinnest film (50 nm) is depicted in the right plot.

2. G. Lim, W. Parrish, C. Ortiz, M. Bellotto, M. Hart, J. Ma-
ter. Res. (1987) 2 (4) 471-4717.

3. P.F.Fewster, N. L. Andrew, V. Holy, K. Barmak, Phys.
Rev. B (2005) 72, 174105.

IN-SITU XRD STUDY OF CRYSTALLIZATION OF AMORPHOUS TiO, THIN FILMS OF
DIFFERENT THICKNESS

Lea Nichtova', Radomir Kuzel', Zdenék Matéj', Jan Sicha?

"Department of Condensed Matter Physics, Faculty of Mathematics and Physics, Charles University in
Prague, Ke Karlovu 5, 121 16 Praha 2
’Department of Physics, Faculty of Applied Sciences, University of West Bohemia in Pilsen, Czech Republic

Titanium dioxide films have found many different applica-
tions because of several excellent properties. First of all,
this is photocatalytic activity and hydrophilicity after irra-
diation by UV radiation. Moreover, they are chemically
stable and can have reasonably high hardness.

However, these properties depend significantly on the
crystallinity, phase composition and microstructure of the
films. In this study, crystallization of amorphous films with
different thickness (50-2000 nm) deposited on silicon sub-
strates was investigated by in-situ isochronal and isother-
mal annealing at different temperatures and compared with
the post-annealing of both amorphous and nanocrystalline
films.

The X’Pert Pro diffractometer with MRI high-tempera-
ture chamber and parallel beam geometry with Goebel mir-
ror, for texture and stress measurements, the Eulerian
cradle and polycapillary were used, respectively.

In earlier experiments, crystallization temperature of
about 250 °C was found for thicker films while it was
somewhat higher for very thin films (below 200 nm) [1, 2].

Therefore in-situ measurements were performed at
slightly lower temperatures (180 °C, 220 °C) and time
dependences of selected XRD profiles were investigated.
It was found, that the process can well be described by the
modified Avrami equation (see Fig. 1) that is applied to in-
tegrated intensities of the diffraction peaks,
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Figure 1. Normalized integrated intensity of anatase diffraction
peak 101 in dependence on annealing time for the 630 nm thick
film, dots - experimental data, line - fitted modified Avrami
equation.

1= 1-exp[-b(t—t)")],

where the exponent # was in the range 2—2.5 and it was
slightly increasing with the film thickness. This lower
value may indicate two dimensional character of the crys-
tallite growth. The initial time #, of crystallization (non-
zero intensity) increases nearly exponentially with the de-
creasing thickness while the slope b increases significantly
for thicker films. Typical time necessary for the crystalliza-
tion of the whole film volume varied from several hours for
thicker layers to about ten days for the thinnest films, for

the used temperatures. Mesurements confirmed that the
crystallization of very thin films is rather slow (Fig. 2).

Fast crystallization of the order of minutes appeared at
230 °C for thicker films and was higher (290 °C) for the
thin films with the thickness below 100 nm. This only con-
firmed the results obtained on post-annealed films.

Weak texture was changing during the crystallization
since the intensity ratii of different peaks were varied with
annealing time. At the beginning, the crystallites with the
(001) orientation were developed. However, after complete
crystallization, the texture was weak except the very thin
films (below 100 nm).

Significant shifts of diffraction peaks with the tempera-
ture were observed and tensile residual stresses were con-
firmed by the sin®0 method for different diffraction peaks.
They decrease with the increasing film thickness. Line pro-
file analysis indicated the growth of relatively large crystal-
lites (100 nm) already at the beginning of crystallization
unlike the films which were deposited as nanocrystalline
with the crystallite size of 5-10 nm which remained
nanocrystalline to relatively high temperatures (600 °C).

The work is supported by the Grant Agency of the Czech
Republic (no. 106/06/0327) and Grant Agency of Charles
University.
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Figure 2. Normalized integrated intensity of anatase diffraction peak 101 in dependence on annealing time (annealing temperature 180
°C) for films of different thickness. Values were calculated by modified Avrami equation with the parameters fitted on experimental

curves (Fig. 1). The thinnest film (48 nm) was heated to 220 °C.
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