Difragao de raios X aplicada ao
estudo de materiais

Difragdo: Interferéncia de ondas eletromagnéticas. Interacdo entre
radiacdo e matéria.
Raios X: Atomos nas estruturas cristalinas estdo localizados em planos

cujas distdncias sdo da ordem de grandeza dos comprimentos de
onda na faixa dos raios X.

Aplicada: Estudo de monocristais, policristais e materiais amorfos. Técnica
de estado sélido capaz de determinar compostos.
Materiais: Ndo ha restricdes.
Propriedades dos raios X raios ¥
- Descoberto em 1895 por Roentgen. @\
- Radiagdo eletromagnética 0,5« i <25 A. —7
~ e

- Producdo: e~ decelerado \/—

catodo raios X dnodo

2 ()
| |

v

espectro continuo (branca)
linhas caracteristica (@nodo)
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Téchicas

Monocristal: método fotogrdfico de Laue
difratometro de duplo cristal
Policristal:  método de pé
cdmara de Debye -Scherrer
difratometro
Amorfos: espalhamento a baixo dngulo e a alto dngulo (EXAFS)
Detecgdo: filme, contadores Geiger, multicanal.

Diferenga de caminho éptico

2x = ML + LN = 2ML = 2LN

2x = mA (interferéncia construtiva)
sen®=x/d—> x=dsenb

mA=2dsenb
Lei de Bragg

Fig. 3-2 Diffraction of x-rays by a crystal.

B.D. Cullity. "Elements of X-Ray Diffraction”, 1956

MCAFantini IF-USP(2010) PGF5207



Lei de Bragg

Lambda Distance Theta

| 1.500000 il | 2.000001 il | 5.0 il
= = =

1.51=2 * 2.0 * sin{5.0)

Lambda Distance Theta
| 1.500000 él | 2.000001 él | 3.0 él http://www.eserc.stonybro
ok.edu/ProjectJava/Bragg/
index.html
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Lei de Bragg

Lambda Distance Theta

’ 1.500000 il |2.ununu1 il | 10.0 il
= = =L

1.51=2 2.0 * sin{10.0)

Lambda Distance Theta

| 1.500000 iI ’ 2.000001 i’ ’ 10.0 il
- < =
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Lei de Bragg

Detector

1.51=2 2.0 * sin(15.0)

Lambda Distance Theta

’ 1.500000 i’ |2.mmnul il ’ 15.0 ii
< - -

1.51=2 2.0 * sin(20.0)

Lambda Distance Theta

| 1.500000 i’ | 2.000001 il | 20.0 &
< <
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Lei de Bragg

1.5=2* 2.0 * sin(22.0)

Lambda Distance

| 1.500000 ii | 2.000001 il
= -

1.51=2 * 2.0 * sin(25.0)

Lambda Distance

| 1.500000 ii | 2.000001 ii
= -
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Lei de Bragg

1.51=2 2.0 sin(30.0)

Lambda Distance

| 1.500000 il |2.000001 i’
< =

1.51=2 2.0 * sin(35.0)

Lambda Distance Theta

1.500000 i’ 2.000001 i’ 35.0
= =
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1.51=2* 1.5 * sin{15.0)

Lambda Distance Theta

| 1.500000 ii | 1.5 il | 15.0
< <

Lei de Bragg

1.5=2* 1.5 * 8in({30.0)

Lambda Distance

| 1.500000 ii | 1.5 ii
= -
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rhombic; 8, hexagonal; 9, rhombohedral; 10,11, tetragonal; 12,13,14, cubic.

B.D. Cullity. "Elements of X-Ray Diffraction”, 1956.
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*  Monocristal: arranjo periédico de longo alcance
de celas unitdrias perfeitamente empilhadas.

crystal
yd yd yd yd
. yd yd 7 7
molecule unit cell
A ‘L (_'r‘f‘
o [
g
e

*  Policristal: arranjo periddico de celas unitdrias

de tamanho finito orientadas ao acaso.

A
0
——L
= b
n
_:\—I___II s

Fig. 316 The mosaic structure of a real crystal.
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Grau de cristalinidade

(a) (b

{ch (dy

Fig. 9-1 Back-reflection pinhole patterns of recrystallized aluminum specimens; grain
size decreases in the order (a), (b), (c), (d). Filtered copper radiation.

crystal

INTENSITY

liquid or amorphous solid

INTENSITY

monatomie gas

INTENSITY

i} ) 180
DIFFRACTION (BCATTERING)
ANGLE 29 (degrees)

Fig. 3-18 "Comparative x-ray seattering by crystalline solids, amorphous solids, liquids,
and monatomic gases (schematic). The three vertical scales are not equal.

MCAFantini IF-USP(2010) PGF5207

B.D. Cullity. "Elements of X-Ray
Diffraction”, 1956.




Producdo de raios X

Tubos
- Convencional

vaocuun g]o:ﬁ
COPPET % i tungsten flament

L4 -

ST 5

cooling water

T

beryllivm window = N-TAYE metal focusing cup

Fig. 1-15 Cross section of sealed-off filament x-ray tube (schematic).

x-Tay tube

filament
trensformer

mgh voltage transformer
1
Gl filament I—-—
g'n;m 4 i 2 « rheostat

putotransformer 110 tfl:rll.'.s AC

110 volts ac .
“Flg, 1-16 Wiring diagram for self-rectifying filament tube.”

of Machlett Laboratories, Inc))

Fig. 1-14 Sealed-off filament x-ray tube. Cooling-water tubes at center connect with
. internal ducts leading to anode at left end. Three windows: two for projecting square focal
spots and one for projecting a line focal spot. Focal spots &f three sizes are available with
this tube (Type A-5): 1.2 = 12,5 mm, 0.75 = 12.5 mm, and 0.45 = 12.5 mm. (Courtesy

MCAFantini IF-USP(2010) PGF5207

target
metal b

Fig. 1-17  Reduction in apparent size of focal spot,

B.D. Cullity. "Elements of X-Ray
Diffraction”, 1956.
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Fig. 1-18 Schematic drawings of two types of rotating anode for high-power x-ray tubes,

B.D. Cullity. "Elements of X-Ray Diffraction”,
1956.
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Como gerar radiagdo sincrotron?

IS
O

MCAFantini IF-USP(2010) PGF5207

L

L (beam line) = line
IS = injection system (linac + booster)
SR = storage ring

rf = radio frequency

L1, L2 = line
mq = magnetic quadrupole
bm = bending magnet

id = insertion device

v = valve

m= mirror

f = filter

mon = monochromator

ec = experimental chamber




Daresbury-Inglaterra
Photon Factory & Spring 8 - Japdo

SSRL-Stanford Synchrotron Radiation
Lab.

ESRF-European Synchrotron Radiation
Facility

Primeiros experimentos: 1940

Primeira fonte dedicada & luz
sincrotron: 1970

Sincrotrons no mundo: mais de 50
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eV

- 105
Elétrons
de
carogo - CU Ka
— 103
Elétrons de | |
valéncia
- 101
Energia

— 10! moléculas

10! proteinas

— 103 virus

Comprimento da
ligagdo
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Poténcia irradiada por uma particula
relativistica de massa m, carga e, em
movimento circular (raio = p) e energia £,..

drivita do efefromn

acC

5 _ 2e’ch*( E
o visto pelo 3p° (mc?
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Fonte BR de radiacdo sincrotron

Diagrama das linhas de luz do LNLS
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LNLS (www.lnls.br)

Electron storage ring booster

Linear accelerator
(underground)

Energia: 1.37 GeV XAS (3) and SXS (1)
Corrente: 260 mA XRD (3) e Cristalografia de proteina (2)
Tempo de vida: 19 hs| | SAXS ()

. A Espectroscopia molecular (2)
iametro : ~ 30 n ;
Didmetro m Fluorescéncia de raios X (1)
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Linha de luz sincrotron
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Vantagens na utilizagdo da
radiacdo sincrotron

* Produgdo de radiagdo X e ultra-violeta pelo menos 5
ordens de magnitude mais intensa que as fontes
convencionais.

+ Selegdo da radiagdo desejada, através de
monocromadores, de um continuo que vai do
infravermelho aos raios X.

+ Colimagdo natural.

» Alta polarizagdo.

- Estrutura pulsada no tempo.
- Ambiente de alto vacuo.

- Fonte de tamanho reduzido.
 Alta estabilidade.
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Areas de pesquisa beneficiadas

* Fisica de superficie (EXAFS)

* Quimica (catdlise) (XPS resolvida no tempo)

- Cristalografia de proteinas (dispersdo anomala)
- Ciencia dos materiais amorfos (XRD, SAXS)
 Andlise de tracos de elementos (XRF)

- Bioguimica (XRD dependente do tempo)

© Microscopia (~1004)

* Litografia (circuitos integrados)

* Topografia (defeito em cristais)
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“Fig. 1-16 Wiring diagram for self-rectifyifig filament tube.”
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Fig. 2-14. Imtensity curve for x-rays from a molybdenum target operated at 35 KV peak.

[Courtesy of C. Ulrey, Phys. Rev., 11,401 (1918). ]
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Cullity, 1956 e Bertin, 1975.
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FIG. 1.3. Continuous spectrum from an infinitely thick target
regarded as the summation of the individual continua from a 4
stack of very thin targets.
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Fig. 2-13.  Intensity distribution with wavelength in the continuous x-ray spectrum of
tungsten at several voltages, [Courtesy of C, Ulrey, Phys. Rev., 11,401 (1918).]

Klug&Alexander, 1974 e Bertin, 1975
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Estrutura atomica
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Fig. 1-11 Atomic energy levels (schematic). Excitation and emission processes indicated
by arrows. The insert at top right shows the fine structure of the L state, After Barrett’
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B.D. Cullity. "Elements of X-Ray

Diffraction”, 1956.




Escolha da radiacado

Anodo x,(a(/i) Filtro w/p {Metais}

Mo 0,711 Zr todos

Cu 1542 Ni Ni,Cu,Zn

Co 1,790 Fe Fe,Co,Ni,Cu,Zn

Fe 1,937 Mn Mn,Fe,Co Ni,Cu,Zn

Cr 2,291 V V.Cr.Mn,Fe,Co
Metais: Ti,V,Cr,Mn,Fe,Co Ni,Cu,Zn.

X-RAY INTENSITY

Sem fil’rroh

MASS ABEORPTION COETFICIENT

“Com filtro

0
L

i ‘r L ! : ~ L[]
Radiag¢do: Cu
A {angstroms) 3 {angstroms)
B.D. Cullity. "Elements of e b ke s ' . .
. . Fig. 1-13 Comparison of the spectra of iati |1' * N
X-Ray Diffraction”, 1956. mfiulgham?ﬂf?ﬁiﬁ?ﬁé&ﬁﬁ?ﬁf'f‘ni Sarmad e 18 the e AT o 2 paAge F' ro. '
NICKel,
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Método de Debye-Scherrer

wall.

Fig. 4-10, Arrangement involving a movable finger for compressing film against camera

Klug&Alexander, 1974,

MCAFantini IF-USP(2010) PGF5207

Figg. 4-9.

4}

s SCrew=on cover b

Film

(B)

Beveled-ring arrangement for holding film in position.




Método de Debye-Scherrer

P=360mm=2nR

R =180/n = 57,3 mm

S = R a (arco= raio x angulo)

P/(S=r)=(2=xR)/ (40 R) — rad

360(mm)/r(mm)=2 =/(4 6°x /180°)
r (mm) =4 0°

vy

Fig. 4-18. Debye-Scherrer photographs prepared under different conditions. () Quartz
powder, <5, specimen stationary. (B) Quartz powder, 15-50 u, specimen stationary, (C)

Klug&A lexander‘, 1974 Quartz powder, 15-50 g, specimen rotating. (I NaCl. <325 mesh, specimen rowating. (E)

- Feldspar, <325 mesh, specimen rotating.
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Método de Laue

«  Transmissado

ia) ()

_Fig. 3-5 (a) Transmission and (b) back-reflection Laue methods.

Reflexdo

:
tg(180° —20) = =
0(180° - 26) = &

{a] (bl

Fig. 3-6 (a) Transmission and (b) back-reflection Laue patterns of an aluminum crystal
(cubic), Tungsten radiation, 30 kV, 19 mA.
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Método de Laue
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001 cubic 111 cubic

anitcell: 5559080 90
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cristal curvo (LiF)
(200)
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Fig. 7-8 Arrangement of slits in diffractometer,
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: ety
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Fig. 7-28 Diffractometer with monochromating crystal M in diffracted beam, ¢ =
counter, T = x-ray tube.
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