
5. Mikrofotografie frézovaných vzorkù 5 a 6 potvrzují
úèinek plastické deformace povrchových vrstev vzniklé
mecha nickou interakcí materiálu s nástrojem, která je
v pøípadì sousledného frézování výraznìjší a sáhá do

hloubky cca 50 mm.
6. Výsledky stanovení møížkových parametrù povr -

chových vrstev zkoumaných vzorkù uvedených v tab. 2
ukazují, že elektroerozivní hloubení vede ve všech pøípa -
dech k hodnotám nižším než frézování. Této skuteènosti,
která je zøejmì dùsledkem difúze atomù elektrody (grafit,
mìï) do povrchových vrstev obrábìného vzorku, bude
vìnována pozornost pøi dalších mìøeních. 

Tato práce je dílèím výsledkem øešení projektu VZ MSM
6840770021.
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Ab stract
X-ray dif frac tion from polycrystalline multilayers in graz -
ing-in ci dence ge om e try is a new method to mea sure the
crys tal lite size and its dis tri bu tion as a func tion of depth in
multi-layer thin films. The prin ci ple re lies on the idea that
when X-rays are scat tered at an in ter face the in ci dent and
scat tered waves cre ate a stand ing wave whose pe ri od ic ity
can be var ied and thereby en hance the scat ter ing at cer tain
depths. By vary ing the an gle of in ci dence the pen e tra tion
depth is changed.

This has been used for mono-crys tal line semi con duc tor 
wa fer sam ples and for very thin (30 nm) polycrystalline
lay ers.  Nu mer i cal ex am ples are shown for multi-layer con -
sists of 14 pe ri ods, each con tain ing a 4 nm thick Nb layer
and a 11 nm thick Al layer. 

I. In tro duc tion
X-ray pow der difractometry is a stan dard method for ob -
tain ing the size of crys tal lites in in dus trial ma te ri als. How -
ever in gen eral the method is suited to ob tain ing the size
nor mal to the sur face us ing the fo cus ing Bragg-Brentano
ge om e try. To es ti mate the gen eral shape of crys tal lites in
bulk sam ples, sev eral re flec tions are re quired, how ever this 
method is less suited to thin films that in gen eral ex hibit
sig nif i cant tex ture. Hence these meth ods are es sen tially
bulk meth ods, i.e. they as sume a ran dom dis tri bu tion of ori -
en ta tions and be come dif fi cult in the anal y sis of thin films
when the crys tal lite size in the plane of the in ter face can not
be de ter mined. Ac cess to scat ter ing planes nor mal to the in -
ter face is pos si ble at graz ing an gles of in ci dence. This
in-plane scat ter ing ge om e try re lies on the re frac tive in dex
of X-rays be ing less than unity, such that there is a crit i cal
an gle for to tal ex ter nal re fec tion. Thus the X-rays can en ter
through the sam ple sur face, scat ter from planes nor mal to

the sur face plane and then scat ter out through the same sur -
face. By vary ing the an gle of in ci dence the pen e tra tion
depth is var ied. This has been used ex ten sively in the study
of mono-crys tal line semi con duc tor wa fer sam ples and can
also be shown to work for very thin (30nm) polycrystalline
lay ers. Al though some av er age crys tal lite size is de ter -
mined, knowl edge of the vari a tion as a func tion of depth in
thin films can be very valu able.

This pa per de scribes a new method to mea sure the crys -
tal lite size and its dis tri bu tion as a func tion of depth in
multi-layer thin films. The prin ci ple re lies on the idea that
when X-rays are scat tered at an in ter face the in ci dent and
scat tered waves cre ate a stand ing wave whose pe ri od ic ity
can be var ied and thereby en hance the scat ter ing at cer tain
depths.  

II. The o ret i cal de scrip tion
In the in-plane graz ing-in ci dence ge om e try, both the an gle

of in ci dence ai of the in ci dent ra di a tion, and the an gle of

exit af of the scat tered beams are com pa ra ble with the crit i -

cal an gle ac of to tal ex ter nal re flec tion of X-rays (Fig. 1).
Thus, the in ter ac tion of x-rays with mat ter is rather strong
and it can not be de scribed by a sim ple kinematical ap prox i -
ma tion. On the other hand, the polycrystalline grains can be 

as sumed much smaller than the ex tinc tion length t of
x-rays in the ma te rial, so that the in di vid ual grains scat ter
ki ne mat i cally.

We de scribe the scat ter ing pro cess us ing the dis -
torted-wave Born ap prox i ma tion (DWBA) [1], in which
the to tal scat ter ing po ten tial $ ( )V r  oc cur ring in the wave

equa tion:

             ( ) ( ) $ ( ) ( );D + = =K E K K2 2
r V r r

p

l
            (1)
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is di vided in two terms $ $ $V V V= +A B . The first term de -

scribes the un dis turbed sys tem, the lat ter is the dis tur bance. 
Within the DWBA, the un dis turbed wave equa tion with $VA

is solved ex actly, while the scat ter ing from $VB  is as sumed

kinematical.
In sim ple model with flat in ter faces $VA  cor re sponds to

an amor phous multi-layer and we as sume that the pri mary
x-ray beam Ei is scat tered by $VA  which gen er ates a stand -

ing wave-field  EA
( )1   in the multi-layer; this wave-field is

dif fracted in the polycrystalline grains due to $VB . The dif -

fracted wave-field, EA
( )2  is scat tered again by $VA  and fi -

nally, the mea sured wave-field Ef  re sults. In this choice,

we com pletely ne glect the scat ter ing from in ter face rough -
ness. 

We as sume a sam ple con sist ing in N lay ers. The
wave-field  EAj

( ) ( )1 r  in layer j is gen er ated by the in ci dent

wave  con sist ing of trans mit ted and re flected com po nents
and their am pli tudes can be cal cu lated us ing the
well-known ma trix for mal ism [2]. The sec ond, in de pend -
ent so lu tion EAj

( ) ( )2 r  of Eq. (1) (where $ $V = VA) is cho sen

so that its vac uum in ci dent wave equals the ac tual scat tered 
wave Ef  and this so lu tion is time in verted.

The dif fuse part of dif fer en tial cross-sec tion of the dif -
frac tion from polycrystalline grains is [1]:

d

d diff

B

s

p
n

W

æ

è
ç

ö

ø
÷ =

1

16 2

2                          (2)

where  de notes the av er ag ing over a sta tis ti cal en sem ble
of ran dom po si tions Rjn (po si tion vec tor of grain n in layer
j),  of the grains, ran dom di rec tions of hjn (re cip ro cal lat tice
vec tor of grain), and over ran dom grain sizes. The ma trix

el e ments nB is:

nB A B AE E= ( ) ( )| $ |2 1V                            (3)

and dis tur bance $VB  com prises the crys tal struc ture of in di -

vid ual polycrystalline grains.

III. Nu mer i cal ex am ples
In the sim u la tions, we have as sumed the multi-layer con -
sists of 14 pe ri ods, each con tains a 4 nm thick Nb layer and
a 11 nm thick Al layer. We also as sume that the
polycrystalline grains are spher i cal, each grain has the
same ra dius R, grain po si tions are com pletely uncorrelated, 
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Fig. 1. Graz ing in ci dence dif frac tion, the crys tal lo graphic plane
is per pen dic u lar to crys tal sur face. 

Fig. 2. Cal cu lated in ten sity for Nb110 and Al220, mean grain size R = 2 nm, af = 0,5°.



all grain ori en ta tions have the same prob a bil ity (no tex -
ture). 

Fig ure 2 shows an in ten sity map cal cu lated in the co or -

di nates (2q; ai), as sum ing af = 0,5° where 2q is the
in-plane scat ter ing an gle. In this map, a part of the Debye
ring of Nb110 and Al220 is de picted. The width of the ring

in the 2q di rec tion is in versely pro por tional to the grain ra -
dius R. Along the Debye ring, the in ten sity mod u la tion fol -
lows the de pend ence of the in ten sity of the wave-field on
ái; the pe riod of the mod u la tion is in versely pro por tional to
the multi-layer pe riod. The rings Nb110 and Al220 have
dif fer ent struc tures; these dif fer ences are caused by dif fer -
ent in ten si ties of the stand ing wave in Nb and Al lay ers.

Be low ac, the pen e tra tion depth of the in com ing beam is
very small and no dif frac tion from the grains takes place. 

Fig ure 3 shows the in ten sity scans for 2q = const. cal cu -
lated for Nb110 and Al220 dif frac tion and re flec tion on as -
sum ing multi-layer.

IV. Conclusions
Model with flat in ter faces (and ex pec ta tions in para graph
III.) is too sim pli fied to de scribe real ex per i men tal data.
The most im por tant point of the fur ther work is de scrip tion
of the scat ter ing pro cess from in ter faces rough ness. The
next prob lems are the tex ture, in flu ence of the ran dom size
of the grains, etc.
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Ab stract
Tantaloniobates in cas sit er ite from the An nie-Claim Peg -
ma tite (Can ada) and pegmatites in the Czech Mas sif were
stud ied by the fol low ing meth ods: light mi cros copy, sin -
gle-crys tal X-ray dif frac tion, elec tron microprobe, and
trans mis sion elec tron mi cros copy (TEM). A con cen tra tion
gra di ent around in clu sions (elec tron microprobe re sults)
and a de fined struc tural ori en ta tion of in clu sions within the
cas sit er ite ma trix (X-ray and elec tron dif frac tion re sults)
were ob served. This con firms that in the cases stud ied,
tantaloniobates in cas sit er ite formed as a re sult of an
exsolution pro cess.

In tro duc tion
In nat u ral sam ples, it is some times dif fi cult to dif fer en ti ate
be tween in clu sions that were trapped dur ing crys tal growth 
and prod ucts of post-crys tal li za tion exsolution pro cesses.
In or der to un der stand the pro cess of rock for ma tion, the in -
clu sions/exsolutions have to be stud ied in de tail. Pres ently,
we stud ied cas sit er ite from the An nie-Claim Peg ma tite
(Can ada) and pegmatites in the Czech Mas sif. The fol low -
ing meth ods were em ployed: light mi cros copy, sin -
gle-crys tal X-ray dif frac tion, elec tron microprobe and
trans mis sion elec tron mi cros copy (TEM).

The word “in clu sion” is be ing used loosely. In gen eral,
an in clu sion can be any solid or fluid phase en closed in the
sur round ing ma trix. This cov ers in clu sions sensu stricto,
which are ran domly trapped by a crys tal dur ing its growth,
as well as pre cip i tates that form by exsolution in the
subsolidus. Here af ter, we shall use the term “in clu sion” in
non-ge netic con text, whereas the term “in clu sion sensu
stricto” as op posed to terms “pre cip i tate” or “exsolution”
will al lude to the for ma tion pro cess in volved.
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Fig.3. The in ten sity scans for 2q = const. for Nb110 and Al220

and re flec tion on multi-layer, mean grain size R = 2 nm, af = 0,5°.


