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Section: X-rav Diffraction Applied to Material Sci
Organizati

i) Single Crystal Crystallography
Applied to inorganic materials
(Collapietro, Rome)

i} "Pert tal" lograph

» Dynamical theory of X-ray diffraction
= Application to standing wave technique
(Tolentino, Campinas)

iii) X-ray_Scattering by Imperfect, Amorphous and
Heterogeneous Solids

* Basic kinematical theory of X-ray diffraction

+ Difuse scattering by imperfect solids

+ X-ray diffraction by amorphous materials

» Small Angle X-ray Scattering (SAXS) by
heterogeneous materials

(Craievich, Campinas)



AX li

i) Basic calculations ‘
ii} Nanocrystal formation in glasses
iii} Fractal systems
(Craievich, Campinas)

Tutorial 2
i) Single crystal crystallography instrumentation
(Collapietro, Rome)

iy SAXS study of phase separation
(Craievich, Campinas)

I ——

) Basic kinematical of X-ray scattering by imperfect
solids

« Ideal and real atoms strcutures of crystalline and

amorphous solids

« Concepts of reciprocal space

» Ewald sphere |

« Diffraction by "perfect” and “imperfect® crystals
 Anomalous scattering

« Short range order in single crystals

» Scattering by polycrystals (powders)



A) Basic Aspects

* A. Guinier, Diffraction of X-rays

* B. Warren, X-ray Diffraction

* O. Glatter and O. Kratky, Small Angle X-ray
Scattering

B) X-ray Diffraction by Polycrystalline Solids

. I_nstrumentation and methods for powder diffraction
with synchrotron radiation, T. Wroblewski, Acta
Physica Polonica A, 82, 67 (1992).

* J. Ihringer, A. Kaster, J. K. Maichle, T. Wroblewski,
J. Appl. Cryst., 21, 972 (1988).

C) Wide-angle X-ray Scattering by Amorphous
Solids _

*J. C. de Lima, J. M. Tonerre and D. Raoux, J. Non-
Cryst. Solids 106, 38 (1968).

* A metho_d for determination of partial structure
factors of binary amorphous alloys. G. H. Bezerra, L.

[
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Q. Amaral, A. F. Craievich and D. Raoux, J. Non-
Cryst. Solids, 126, 239 (1990).

¢ J. C. de Lima, D. Raoux, Y. Charreire and M.
Maurer, J. Phys. Chem., 157, 65 (1988).

mall-angle X-r. ttering by Heterogeneo

Materials

e Particle size distribution from small-angle
scattering data. G. Walter, R. Kranold, Th. Gerber, J.
Baldrian and M. Steinhat, J. Appl. Cryst., 18, 205
(1985).

» Small-angle scattering by fractal systems. J.
Teixeira, J. Appl. Cryst., 21, 781 (1988).

» Scattering from fractals. J. E. Martin and A. J. Hurd,
J. Appl. Cryst., 20, 61 (1987).

e SAXS studies of phase separation in borate
glasses and structural transformation in precursor of
silica glass. A. Craievich, J. de Physique, 2, 801
(1992).



1 .
« SAXS study of growth kinetic of fractal aggregates : Reciprocal Space
in TEOS-water-alcohol solutions with formamide. E.
Blanco, M. Ramirez del Sotar, N. de la Rosa-Fox and -

A. Craievich, J. Non-Cryst. Solids, 147-148, 238 From the vectors which define the unit cell (3, b,
(1992). _ ) of the lattice poinis associated with the atomic
: structure of solids, a reciprocal lattice can be deduced
* A small angle X-ray scattering workstation for the ° | as follows: ’
National Laboratory for Synchrotron Light. L. A.
Bernardes, H. Tolentino, A. R. D. Rodrigues, A. 3 )
Craievich and I. Torriani, Rev. Scient. Instrum. 63, : c'i* — Xc
1065 (1992). ‘ Vc
Vc
| + daxb
c =
VC J

where V¢ is the volume of the unit cell.

[



From 1 it follows that: The reciprocal lattice of points is defined in the

. . reciprocal space.
a La,b
. ragg law in recipr
b 1¢a ) | .
(2d sen 8 = A; 6= 6r)
E*J_c'i,E *
* H
a a=1,
i Ewald spher
.
a b=0, | o
| 3:_15'__.“.2
| A A
* !
V.=V.=1 |

The reciprocal lattice is defined by

—.* —r N —
rhkf=ha*+kb*+fc*

[V U Sy )



e T g marh detdees - i n

A A )

A(F) (atoms)
a, (electrons)

Atomicfactor:  f(5)=
fG)=[p(®) T dr

Structure factor:  Fiyp = Ay, (unit cell)
Ay, (atom)

where h, k,Z indicate the reciprocal lattice point and
uj, vj, w; are the fractional coordinates of the atom
constituting the basis of the structure.

The total amplitude of the scattering by N unit
cells is given by

Ay = Na, Fyy

p(x,7,2)= Y Aprs ezari(hx+ky+£z)

2miChu:+kv;+fw;
=Na, Y Fyy e mi(hu;+kv;+iw;)

[ECNLE



Imperfect crystals

o 2mis %,
F(5)=2fre
Fn(§)=2fnr e—2n'l._5'.:fr

InG)=X 3 F, Fy e 27 15Gn=%n)

nn

ING)=3(SF, Fpyp)e ™5

mm

—* 1 s
FnFn+m=—'2Fn Fpim=TYp

n

2 F, F:+m=NYm
n

where N' = V(:-fm)=NV Xm)

Vi

Iy(s)= NXy,, V(%) €27 5 Tm
m

for large crystals:

m

m

Mt ek b Ceee



(o)

1 s F,=F+g,

Y= Fy Frym =F+0)F +@pam)

— ¥  — % * — *
FF +F(Pn+m+F On+Pn Opim

[ T
—

=2 * —2
Ym=|FI + @, ‘Pn+m=|FI + Oy

1 I@=F Rl I 45, T

=L (s = rp) + L(3)

| B(s)= L by €T




Laue scattering <-> no correlations

¢m¢0 if m=0

b ()= 0o = Pn 9 =|F =[F]

O =1 [ () €215 Fm v,

Planar disorder

2

R e

© s i e e e —
'

isplacement disqrder

» Thermal diffuse scattering

I(5)= 52 ZA,-z cos? Q;
c i

-a
=Tt A R
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1 . Short range order and |

Reciprocol soace

o; order parameter

Om=Ca Cp(fa— £B)* O

nAR
Cp

lD)r T [

o,=1-
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Segregation

1(5)=Ca Cp(fa—f5) Tty ™77

o,.,, =
mlell e Cp(fa - fB)°

5L (3)

6—27!: i5 X, st

Crysial spoce

Sm
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ey scater de the reciprocal lattice points i

wi i i

» Scattering within lines of reciprocal space is related to
planar disorder in the structure

» Scattering on planes of reciprocal space is related to
linear disorder in the structure

« Scattering which is not periodic in reciprocal space
and increase for high s is associated with displacement
structure disorder

 Quasi-periodic scattering in reciprocal space is
associated with substitutional disorder.

i) Scattering concentrated close to the points of the
reciprocal lattice points is connected with segregation

ii) Scattering concentrated far from the reciprocal
lattice points is connected with short range order

« Small angle scattering (SAXS) is sensitive to
segregation. Displacement disorder does not
contribute to SAXS

« All this theory applied to structure which can be
described by a model based on an average structure
and deviations from it. Amorphous materials does not
exhibit a periodic behavior. In this case Bragg
reflections are not observed and the scattering is
continuous throught the reciprocal space. Isotropic
amorphous materials are characterized by a I(s)
function which is isotropic in the reciprocal space.

b ek i AL Mt .
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Determination of crystal size

! Powder method
i .
- 0.92 The scattering power for crystalline powders is
L= | given by: '
cos 6, A(20)
| [=1 1+ cos®20 1
- IO re

ij(s)=Ji(s))ip(s —51) ds 2 167 r sen*6 cos 6

\ { S
experiment |nter?5|ty instrument i ,13 ng ¢ Dd4dv
profile : Vc
without :
instrumental

contribution

-



Bragg-Brentano geometry

I: Scattering power per unit length in Debye-Scherrer
pattems recorded at a distance r from the sample.

lo: Incident X-ray intensity (per surface unit of the ] I1=51I r2 e n D
incoming beam) ' °°€ 32mr sen? cos 6 2up.

’ : »

| 1 A3 5, 1+cos?26 . 1
)
c

6: Bragg angle

1+C08229 f Preci termination of lattice parameter

: polarization factor

2
1 A =2d send
5 Lorentz factor (comes from the
sen“@cos 0 _
characteristic geometry for f AA 2 Adsen® 2dcosf A6
Debye-Scherrer pattemns) ) = 2d sen + 2d sen@

Frke: structure factor

n: multiplicity factor
édéz-—ctgﬂAB éddi—>0 for20=n

V¢: volume of the unit cell .5

D: Debye-Waller factor

dV: volume of the sample



Cirale of sommter ot ive -

—ts Thrwie of worvw slit ast lue

Figure 2: With a parallel monochromatic l;ean and a stationary
entrance slit the machine can operate as a Debye-Scherrer
diffractometer.

——

Fhowie of pummer o ban

[ 4N Sieede o4 mmvaney Filt amtiem

Figure 3 With a divergent h tic beas snd a stationary
sntrance slit a Bragg-Brentano odiffzactometer is obtained. The
motion of the sample and that of the detector most be coupled
by s ratic 111, .
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Cox ofutl. 7223

1
55

M‘V —IE—
k=

B, tal h tor

: S5 alit system, DCM = dowble crys -
;Bé:.b:::u:s..::lnkr monitor, §sample, SC= Solier collimator

{borizomal), A3 aualyser crratal. D= detector

FWHMZ= A2 + (2196 -{2196,4- 198,12 (4, / 198,y

+ (2190 - 190, - 10,7 (1/1g0))°
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X-r: r A Materi -
= f(q) T e "R
R

AQu=a, a,=709.10261+cos26

-‘ 2

| Ig=_f> [SeF

dA(H=pdve T RN -
q)=pave ,

Depends Depends on the

on the geometrical
A(g)= [ p(re " dv | type of dlstnputlon of
| atom atomic centers
! Atomic Structure function = S(g)
i

=3 ] p(F = F)e 47 ~B) ~igR gy,
R

=3 flg)e” |
R

21



20

Zre"'q‘ﬁ = [p(@)e™"4* di

=1 (@) p(@) e~ 9@ 5 g di
n

uw-i=r

s@=1 [Lip@pa+ryda| 7 ar

-t

P(F): autocorrelation function

S(§)= [ P(F) 1" dF

S(g): Structure function

Monoatomic systems: S(§) =

I(g)

f



1§)=3 Z[qu cos c‘i-m} -

Lm

I(q)=

()=

k Lkt

2.fjm cOs 4.7 j‘cos[c‘j(Rk — Rj)]

k j#k

{N )+ FQP s 3 cos|4.(R, — R; )]}

sin {q le - ’}
2% ‘IIRk - \

Py dy, d,,

NF (h){l—-hj[l P(r )]S“;q’4 wr’ dr

grn=4n r? P(r)

|
J

—— CULER-ET S .

P(7)=[5(7)'" dg

We define:

P(7) = 6(F) + g(F)p,
Where po is the average atom density.

g (¥) is called reduced radial distribution function:
g(F)=0forr<2R,
g(F)=1 forr>>R,,

P (7)=6(F) + (g(F) - 1)p, + p.
+S@)=[8(F)e™ dF +p, | [¢(F)-1] ™47 dr +

+p, [ gF



S(@)=1+p. [[g(F)-1]e™7 dF

S(g)-1=p, [[g(F)~1]e ™" dF

For isotropic systems

S (q) 1= p. J‘Oajzfrj‘:r [g(r) _1] e—iq.rcose.

.sin@d 0 rdr

‘i" [S(g)-1]=4mp, | T[s(r)- 1] sin gr dr

1

270, [ q[S(q)-1]sin gr dq

rlg(n-1]=

P 8(r) A7r? dr: number of atoms with center

betweenrandr + dr
o g(r)471:r2 =RDF
in tem

q[S,-j (q)- 1] =4x(> r[g,-j((r) —~ 1)] sin gr dr

- 1 o g |
r[Sij(‘])_l]=2n_2p " q[Sij(q) 1] sin g dg

'I(q)=<f2 >—<f>2+;,c,- C; f’;fj S,-j(q)
i



1 the case of monoatomic systems:

e

I(q)

I(q)= £$11 - Sin =

'<f2>=<f>2=f2

i we define the total structure function as follows:

I(q)-[< f2>-<f>*
S(q) = ’ [<f>2 ]

S(q)=Z W;(4) S;5(9)
ij

Cicjf:fj
<f>2

where W’] (Q) = Re {

S;j(q)  are the partial structure functions

i e ik

Determination of th rtial_str f ion

Anomalous or resonant contribution to the atomic factor

f(a.E)= fo(q)+ f (E) +if"(E)

o e LR e .



[S]=|S?

Sll

[5;]=15"

S22

[s1=[W1[s;]

=[W]”

wh wi, W,
[W]= W W W3,
Wi Wi, W3,

Is]

(I)=(4)(3)
A -t 1A
i L T
lag=1mfFY

o }/2
A= (Za,]]
;

W3 =Uppn Anxs ng3



0 0)
(02) 0
0 o0
0 O
0 0}

ifferenti rn

Binary system
2
H(q.E)=<f>>1~<f>t+CAlfal Saa+
* 2
+2CA CBR, [fA fB]1 Sap *|fBl] SBB

El << >> EKA

El <L >> EKB

E,=Eg, = (fph~= (f8)>

2
I(q,Ez)=<f2 >7 —<f>5 +ch 1fal; Saa

‘ 2
+2cpcpRe [fA f:;]z Sap *+\fBlz S8,



Alg.E L Ey)=A< f2>-A<f> +c2 Alfalf® Saa.

2Ca CBARe[fA fE]

AI—A<f2>+A<f>2
A<f>° _

S (g, 1. E2)=

‘The Fourier transform provides

anr? ga(n)=4p, + = q(s*T ~1)sinar dg

=4n TZ[ZJ—}}; gaa () + Q%B; £AB (r)]

' Comparison DAS - EXAFS: These two aprroaches are
_ complementary

iy

O 10 20 30 40 20 €0 70 & .
O 0 W_0 N
2 0 2030 4G 30 60 70 80 30 ©
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AWAXS
ri tal requi n

AE , .
« Energy resolution: = (10 3

* Energy stability < 1 eV

« High flux to allow recording within a reasonable
time interval.

Normally wiggler beam-lines and sagital
focussing are used.

« Energy resolving X-ray detectors Si(Li) solid state
detectors AE ~ 200 eV at E = 7000 eV.

» Experimental setup:
Two-circle diffractometer working in the vertical
plane (horizontal axis).

Data analysis

Normalization of intensity to absolute units
involves several corrections.

« for nonlinearities of the detector

« for time decrease in incident beam intensity
« for a geometric form factor

« for sample absorption

» for fluorescence contribution

« for polarization

. for contribution from the substract
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Fig. L. The difference struclure faclors

(DSF) of the As2Tey glaas oblalned

round the As (above) and Te (botiom) K
edges, respectively

3 4
r (k)
Fig. 2. The difference radial distribution
_ Tonctions (DDFY of 1he As2Te3 ginns
obiained around (e As {fall line) and Te
(dashed line) K edges, respectivety .
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Fig. 3. 'The partial structure fuctors (PEF)
of the As2Tey glnss
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‘Fig. 4. The partial radial distribution
‘functions (PDF) of the As7Te) glasy: As-

As pairs (dasted Ilne), As-Te pairs (full
line), and Te-Te pairs (dotted line)
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Col;tPRl?.(lS‘oN OF PSF‘Cs OBTAINED USING ANOMALOUS
x- RAY ScaTremiNg [T.¢. De Liva ] AND usimq NEuTEON .
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