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Hoje em dia:

MUITO MAIS QUE UMA GRANDE LUPA!
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«“sz.  Classificacoes dos Estados da
" Matéria

> Os trés “classicos” — solido, liquido, gasoso;
» Mais recentemente: 4° estado - plasmatico (T >>),
5° estado - condensado de Bose-Einstein (T <<);

» QOutros: supersolido, superfluido, cristal liquido, fluido supercritico,
coloidal, matéria degenerada, sdlido amorfo (vitreo, ndo-vitreo) x
solido cristalino, condensado fermionico, plasma quark-gluon,
matéria fracamente simétrica, fortemente simétrica, etc.

Crystalline SiO, Amorphous SiO,
(Quartz) (Glass)

Estado sodlido:
solidos cristalinos x nao-cristalinos
(= amorfos).

Solidos vitreos: caso particular de nao-
cristalino
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Agua marinha

Janet Anneberg Hooker Hall of Geology, Gems and Minerals:
http://www.si .edu/resource/fag/nmnh/mineral sciences.htm
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=2 Como a matéria se organiza?
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SAFFLORIT — TOPAS

http://docenten.science.ru.nl
/Janner/le/ape.pdf
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http://www.sinhalite.com/corundum_shapes.htm
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- Gonidmetro éptico

https://en.wikisource.org/wiki/1911 Encyc
lop%C3%A6dia_Britannica/Goniometer

http://www.mineralogy.eu/gonio.html

http://docenten.science.ru.nl
Galdschmlidt, Palache, Peacack Dam, Janner, Donnay / J anner /l e /ap e p df
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Cristalografia

» Cristalografia = descricao de cristais
» Cristal — do grego “krystallos” = gelo
» Cristal — solido homogéneo, que possui arran|o

Interno (atdmico) tridimensional, com ordem de
longo alcance (= long-range order).

» Cristalografia: originalmente um ramo da
Mineralogia, relativamente tardio entre as Ciéncias
— iniciou-se no seculo XV1I (Steno, Carangeot, de
I
I’Isle, Haiiy) i'
=]
= . .
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Nicolau Steno (Niels Stensen)
1638 — 1686
« médico, naturalista e

tedlogo

* estudo sobre a
constancia dos angulos
entre as faces dos
cristais

* contribuigoes
fundamentais para a
paleontologia e para a
estratigrafia

e grande anatomista,
descobriu as glandulas
lacrimais (glandulas de
Steno)
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e |Lej da Constancia dos Angulos por
Nicolas Steno (Niels Stensen)

1
F’ 1 oh ‘Inicio da Cristalografia como
0000 (58 Ciéncia”:
SeOB |

Descoberta da lei da Constancia
dos Angulos por Nicolas Steno
(Niels Stensen) em 1669,
observado em cristais de quartzo.
Apesar dos diversos espécimes de
cristais de quartzo nao serem
perfeitamente iguais quanto ao
tamanho e contorno das faces, o
angulo entre faces equivalentes de
varios especimes era sempre
constante.
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_— René J. Haily - 1784

Cristais formados
pelo empacotamentos
de minusculos blocos
iIdénticos (conceito
precursor das “celas
unitarias”)
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e Estrutura cristalina

 Atomos estdo dispostos em posicdes regulares no
espaco.

« Descricao: rede + base
— Rede = estrutura geomeétrica
— Base = distribuicao dos atomos ou conjunto de

atomos em cada ponto da rede.
V‘\\itome -4 9/./
&
-y O / »

b4

7
T T T Il

i
u,
| |
recle + bose = estruturao CF‘iS‘tQUF‘ICLI_ .
| —
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Geometria

Teoria de
grupo

 Padroes

o Simetria

* Regras |
* DefinicOes

Livro Escher
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= Existe um namero finito de organizar os
B “atomos” ou “padrdes” de tal forma que
se preenche todo o plano ou o espaco.

2 - DIMENSOES

4 sistemas
cristalinos

 5redes de Bravais
« 10 grupos de ponto

« 17 grupos de
espaco

1 - DIMENSAO
d - 7 grupos de espaco

3 - DIMENSOES
% ° / sistemas cristalinos
= | - 14 redes de Bravais
L 3 grupos de ponto
« 230 grupos de espaco
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microscopia

Umarede e definido por 3 vetores tal que:

r’ =r+ua+vb +wc

onde, U, v, w = Inteiros X

Ponto r’ ¢ 1idéntico ao / ° \\

o
centrada com 2 &omos ® o0
por ponto de rede.

(cristal de NaCl)
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Redes em 2 dimensoes

Retangular
Quwrada L L L ] L

-_._E_._ Hexagonal

PR St

Steve Edwards: http://www?2.spsu.edu/math/tile/index.htm
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oo Redes em 3-dimensoes - 14 Redes de Bravais
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Simetria

Simetria: é a propriedade decorrente da repeticao
ordenada das partes de um todo.

A simetria pode ser descrita através dos padroes de
repeticao ordenada das partes equivalentes: o
mecanismo responsavel por esta repeticao se denomina
operador de simetria.

Os operadores de simetria observados em substancias
cristalinas podem ser: translacéao, rotacao, inversao,
reflexao e (glide) deslizamento que podem ocorrer

combinados.
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microscapi Operacoes de Simetria

1) Translacéo p(r) = p(r + u.a +v.b + w.c);

% % 2) Rotacao: eixos de simetria (E, - em inglés, A,, de axis);

2% 3) Reflexdo ou espelho: planos de simetria (m — de mirror, espelho);

& 4) Inversdo ou centro de inversdo: centro de simetria (i — de invers&o ou -1);

5) Rotoinversao ou combinac&o de rotagcdo com inverséo: (-3.-4, -6). A operacgao -2 e
equivalente a reflexdo, logo ndo é uma simetria nova.

&8 6) Parafuso: combinacédo de rotagao com translacéo (screw axis) de ordem 2 (2,),

| ordem 3(3, e 3,), ordem 4 (4,, 4,, 4;) e de ordem 6 (6,,6,, 65, 6,, 6:)

#=amd /) Combinacéo de rotacdo com reflexdo de ordem 2 (2/m), ordem 4 (4/m), ordem 6

: (6/m).

8) Combinagao de um eixo parafuso (screw axis) com reflexao: ordem 2 (2,/m),
ordem 4 (4,/m) e ordem 6 (65/m).

9) Plano de deslizamento: combinacédo de uma reflexdo com translacéo: a,b,c,n,e,d

a) proprios (objetos direitos geram apenas objetos direitos, e vice-versa) — eixos de
1 simetria simples;

b) impréprios (objetos direitos geram objetos esquerdos, e vice-versa) — planos, centro . I
de simetria e eixos de roto-inversao
. I
1. l
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. “DEFINICAO CLASSICA”

 Ordem de longo alcance

* Ordenamento periodico dos atomos
em 3-dimensoes

* Simetria de translagao: Simetria
R=ua+vb+wc ¥
Rede
+
Base

(“Decor acaon”)
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Crystalfamily ~ Crystal system _ _ ) Point Space Bravais Lattice
Required symmetries of point group _
(6) (7) groups groups lattices system
Triclinic None 2 2 1 Triclinic
monoclinic 1 twafold axis of rotation or 1 mirror plane 3 13 2 monoclinic
_ 3 twofold axes of rotation or 1 twofold axis of rotation and 2 mirror ,
Orthorhombic 3 39 4 Orthorhombic
planes.
Tetragonal 1 fourfold axis of rotation T i) 2 Tetragonal
1 1 Rhombohedral
Trigonal 1 threefold axis of rotation 3
Hexagonal 18
1 Hexagonal
Hexagonal 1 sixfold axis of rotation T |
Clbic 4 threefold axes of rotation 5 36 3 Cubic
6 1 Total 32 230 14

https://en.wikipedia.org/wiki/Crystal _system
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Direcoes cristalograficas [l,m,n]:

A=z [001]

* S&0 expressos por 3 n° inteiros
com a mesma relacao de um vetor
naquela direcao.

« Os componentes do vetor sdo dados como multiplos dos vetores
de base.

« Adirecao da diagonal em sistema tipo paralelepipedo tem as
componentes 1a, 1b, 1c, ou seja: [111]

« Em cristal cubico, a direcéo [I,m,n] é perpendicular ao plano
(I,m,n). Ex. [100] é perpendicular ao plano (100)

% [100]




- Planos e Dire¢6es Cristalogréaficas

microscopia
da | JEmis

A

(100> - (111

Indices de Miller:
a) Distancias das interseccoes
) Tomar inversos dos valores

Clo c) Reduzir os resultados a numeros
/o 2a — inteiros com amesma relagéo entre s
fizeT B y EXi2X¥2=1;2%x%=1;2x1=2
3 EQ = plano (1,1,2) ou (112)
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Crystallographic Information File (CIF) -

filej/Users/pierrestadel mann/Desktop/jemsNetBeans/

jemsData/Cubic/Si.txt

name|Si

creator|pi errestadel mann

date|Tue Sep 27 16:06:06 CEST 2011

system|cubic
superCell[false

HM Symbol |227}48[0[1/0] F d 3 m

rpsiOlx, vy, z
rpsiljz, x, y
rpsi2ly, z, x
rpsi3lx, z, y
rpsidly, X, z
rpsiSlz, y, X

rpsielx, -y, -z

rpsl7jz, -x, -y

rpsi8ly, -z, -x

rpsi9lx, -z, -y

rpsji10ly, -x, -z
rpsilljz, -y, -x
rpsil2|-x, vy, -z
rpsi13l-z, x, -y
rpsi14|-y, z, -x
rpsii5|-x, z, -y
rpsi16l-y, Xx, -z
rpsil7|-z, vy, -x
rpsi18|-x, -y, z
rps|19}-z, -x,
rpsi20}-y, -z,
rpsi21/-x, -z,
rpsi22}y, -,
rpsi23|-z, -y, x

N < X<

rpsi24|1/4 - x, /4 -y, 1/4 - z

rpsi25(Y4 - z, U4 - x, 14 -y

rpsi26|Y/4 -y, /4 - z, 1/4 - x

rpsi27|Y4 - x, Y4 +y, U4 + z
rpsi28|V/4 - z, U4 + x, /4 +y
rpsi29|V/4 -y, Y4 + z, 1/4 + x
rpsi30|/4 + x, /4 -y, 1/4 + z
rps31|l/4 +z, 1/4-x, 14 +y
rps|32|1/4 +y, 1/4 - z, /4 + X
rps|33|1/4 + x, U4 +vy, 1/4 -z
rps|34|l/4 +z, 4+ x, U4 -y
rps|35|1/4 +y, 1/4 + z, 1/4 - X
rps|36|1/4 - x, Y4 -z, U4 -y

rps|37|11/4 -y, U4 - x, /4 - z

rps|38|1/4 - z, 1/4 -y, 1/4 - X

rpsi39|L/4 - x, U4 +z,1/4 +y
rpsdo|l/4 -y, U4+ x,1/4 + z
rpsidl|l/4 - z, U4 +vy, 1/4 + X
rpsd2|l/4 +x, /4 -z,1/4+y
rpsd3|l/4 +y, 1/4-x,1/4+ z
rpsida|l/a + z, 14 -y, 14 + X
rpsds|l/4 + x, U4 +z, 14 -y
rpsioe|l/4 +y, /4 +x, 14 -z
rpsid7|l/4 + z, U4 +y, 1/4 - X

silicio

latticel0]0.54309

lattice|1]0.54309

lattice|2]0.54309

latticel3]90.0

|atticeld]90.0

latticel5]90.0
atom|0|Si,a,0.000,0.000,0.000,0.0049,1.000,0.029,Def,0
aff|0]Si|2.129,57.775,2.533,16.476,0.835,2.88,0.322,0.386|Doyl e -
Turner ActaCryst. A24 (1968), 390
aff|0]Si|0.120120145,70.63101,1.0649803,1.0460037,0.1822563,0.
086886690.03060761,0.2147628,1.1086769,3.6920595,1.5825809
,9.931198|Earl J. Kirkland, Advanced Computing in Electron
Microscopy

ngl|0|Si|0.415
aff|0]Si|0.0567,0.0582,0.3365,0.6155,0.8104,3.2522,2.496,16.7929
,2.1186,57.6767|L. Peng et d., Acta Cryst. A52 (1996) 257-
276::Def
aff|0]Si|6.2915,2.4386,3.0353,32.3337,1.9891,0.6785,1.541,81.693
7,1.1407|XRay:: RHF::Def

CIF Si-file— JEMS - Piare Stadelmani |

|
i
http://www.jems-saas.ch/

http://www.crystall ography.neU;.oL._ .



e
A
::Eﬂ!:rnj?l-fﬁ'

i Cristalografia moderna

« Wilhelm Roentgen (1895)
 descoberta dos raios X

« Max von Laue

« 1912 - primeiros experimentos de
difracéo deraios X em cristais,

« prémio Nobel de Fiscaem 1914




s

i

e
cenkro Jee=

<=z Difragao em diversos diversas
formas cristalinas

Carbono Amorfo

Silicio monocristalino

Ouro policristalino

Silicio monocristalino — CBED

. Transmission Electron Microscopy
“ Williams and Carter 2009
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i Difracao
i # Difracao de Fraunhofer

— espalhamento por ondas planas
e aproximacao longe da amostra
« plano focal da lente objetiva no TEM
« elétrons retroespalhados pela amostra

— espalhamento por ondas nao planas, por
exemplo, esféricas



http://www.ub.es/javaoptics/index-en.html
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Interacao radiacao amostra

‘ilie; Raios X Eletrons

Pl . |ntera9éo com a nuvem ° |nteragé0 com a nuvem
eletronica eletronica e o nucleo

'+ Densidade eletronica
 Potencial eletrostatico

A intensidade dos “pontos”tem origem diferente
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microscopia

= Difracao de elétrons

* Microscopia Eletronica de Varredura
— Channeling
— Difracao de elétrons retroespalhados (EBSD)

* Microscopia Eletronica de Transmissao
— Difracédo de area selecionada (SAD)
— Dark field — bright field
— Microdifracao
— Difracéo de feixe convergente (CBED)
— Difracéo de feixe convergente de altos angulos (LACBED)

— Determinacéo de estrutura cristalina
» Precession electron diffraction (PED)
« Template matching
« Structure determination
» Rotation electron diffraction (RED)
« etc.....




==  Difracdo de elétrons: padrao de

= LUFMG

difracao

I

-

Figure 3.2 The scattering of an incident beam of electrons (l) by a crystalline specimen. Intense
beams of electrons may emerge from the other side of the specimen undeviated (T)
or having been diffracted (D) from atomic planes of spacing d. In other directions
(e.g. N) no intense beams will be formed.

Electron Microscopy and Analysis; P.J.Goodhew, J. '.
e —

Humphreys, R. Beanland; Taylor and Francis (2001)
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Padréo de difracao de elétrons de um quasicristal de AlICuFe —
Karla Balzuweit e Gustaav van Tendeloo 1991
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micrnsﬂt_:lﬂr:ri‘: D Ifragéo:
microscopio eletronico e transmissao

R Feixe paralelo: difracao de _
S EX Convergéncia do feixe Fraunhofer — matematica de Fourier
Z * Posicao dos “spots™:

1 *» Paralelo: difracao de — fator de estrutura
Fraunhofer Fi0) = S ebebbsinsio
|« Convergente — difragdo convencional
— Microdifracao
— CBED

— Determinacéao de grupos
de ponto e de espaco

* Intensidade dos “spots”:

— fator de espalhamento
atomico

— LACBED — Determinacéo de estrutur
— Estudo de defeitos
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Interacao radiacao-amostra

« Conservacao de energia mecanica
— Elasticas

* nao ha perda de energia, ou a mesma €&
desprezivel

— Inelasticas
« ha perda de energia
« Conservacao de momento linear e angular
« ColisGes de uma Unica particula

« ColisbGes de muitas particulas ou colisGes
multiplas (situacdo na amostra).
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Espalhamento elastico

Coerente, se a amostra for fina e cristalina
Baixos angulos de espalhamento ( 1 a 10 graus)

Angulos maiores que 10 graus o espalhamento se
torna incoerente

Espalhamento inelastico € em geral incoerente,
mesmo menor de 10graus.

Aproximacao cinética — espalhamento unico
Aproximacao dinamica — espalhamento plural ou
multiplo
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: Espalhamento
multiplo

Transmission Electron
Microscopy - L. Reimer -
Springer Series in Optical
Sciences vol. 36
Springer Verlag - 1997

Fig. 7.26. Electron diffraction patterns of Si foils at £ = 100 ke with Inereasing
thickness {a) ¢t = &0 nm, (b) 800 nm, (¢) 1500 nm with the electron beam praralled
o 111 Pattern (a) shows diffraction spots of th zero- and first-order Laue zones
tb) shows defect and excess Kikuchi lines at medium angles and defect Kikuchi
bands at low sngles. In (¢) the centre shows only Kikuchi bands and the region of
excess and defect Kikuchi lines is shifted towards larger angles i
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Padroes de
Kikuchi em
um MET

Introduction to Texture Analysis:
Macrotexture, Microtexture and
Orientation Mapping,

Olaf Engler and Valerie Randle —
CRC Press - 2010

Inodent
electron beam Koszel

({b)

Incident

electron beam |8, <ty

Sample

17

i

l

E—.nless Defact Kikuchiline

(<

FIGURE 6.1

Formation of Xikuchi patterns in transmission geometry in TEM. (@) Origin of Kikuchi lines
by inelastic scatter of the elactrons, giving Bragg diffraction at source S an lattice planes (k).
(b) Kikuchi pattern from austenitic stodd (acocderating voltage 200 KV L (Courtesy of S Zacfferer)
(&) Formation of excess and defect Kikuchi lnes
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w SAD e linhas de Kikuchi

) {b)

FIGURE 8.6

Simulated diffraction patterns for a [100] axis showing both SAD spots and Kikuchi lines for
(2) untiked, that 15, exact [100] onentation and (b) 2° tilted orientation. These patterns show that
Kikuch lines have much groater sensitivaty to crystal artentabion than SAD spots Emulation
program TOCA by Zaeffercr, 2002).

Introduction to Texture Analysis: Macrotexture, Microtexture and Orientation
Mapping, Olaf Engler and Valerie Randle — CRC Press - 2010
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Incident
& MG electron beamn

Phasphor

Padroes de
Kikuchi em
um MEV

Introduction to Texture Analysis:

Macrotexture, Microtexture and b
Orientation Mapping, FIGURE 6.2
Olaf Engler and Valerie Randle — Formation of backscattered Kikuchi patterns by EBSD in SEM. (a) Origin of Kikuchi lines from

the EBSD e, tilted specimen) perspective. (b) EBSD pattern from copper (sccelemting voltage
CRC Press - 2010 15 KV). (Courtesy of S. Zacfferar)
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ELECTRON BACKSCATTER DIFFRACTION - EBSD
HISTORICAL OVERVIEW

Kikuchi pattern is a projection of the geometry of the crystal
lattice from a volume of specimen. The pattern consists of
pairs of band-like parallel lines (Kikuchi bands or lines).

» Similar to “remarkable lines” obtained by Kikuchi
(1928 apud Coates, 1967).

» Comparable ones were acquired by Alam et al. (1954).

» Scanning electron microscopy based observations were
reached by Coates (1967): selected area electron
channeling patterns (SACP, SAC or ECP).

» Venables & Harland (1972) published the first results

achieved by SEM, which were named electron
backscatter patterns (EBSPs), although the Backscatter

Kikuch Pattern (BKP) was also a known name.

Kikuchi pattern from the
cleavage surface of galena

Magalhaes (2003) EBSD from the Basics to Texture Analysis: Theory .
XVII International Microscopy Cdﬂ‘e
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HISTORICAL OVERVIEW

Kikuchi pattern is a projection of the geometry of the crystal lattice from
a volume of specimen. The pattern consists of pairs of band-like parallel
lines (Kikuchi bands or lines).

» Great advance with live video imaging and
computer assisted indexing (Dingley, 1984).

» 1985: More extensive use of generic computer
software — applicable for all crystal systems in
theory; however, in practice, it was applied only

larerplanar

_+m==  for cubic and hexagonal systems.

* In the beginning of 1990, fully automatic pattern
recognition and indexing was set out.

* The Hough Transform was the procedure suited

. for shaping the position of Kikuchi bands.
ange

» The full automation led to the mapping of
Schematic illustration of the crystallographic orientation, allowing the use of a [
features of Kikuchi pattern new term : “Orientation Image Microscopy” (Adal.s ]

et al.,1993).

EBSD from the Basics to Texture Analysis: Theory .
XVII International Microscopy Ccﬁnfe
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Volume de interacao — “fonte virtual”

primary beam

82.5 nm

https:/mwww.ebsd.info/pdf/A99 MicrToday 16(2008)_IBP.pdf

Transmission EBSD from 10 nm domains in a scannln

electron microscope (PDF Download Avallable)
https://www.ebsd.info/TKD-EBSD.htm Available from:

https://lwww.researchgate. net/pubhcaﬂon/Sl@

nsmission_EBSD_from_10_nm_domains gi

g_electron_microscope [accessed Jun 4= %O
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Figure 1 A view of the inside of the SEM’s specimen chamber
showing the specimen and the SE, BSE and EBSD detectors

Analise de graos:
Difrac&do de elétrons retroespalhados — EBSD

EBSD Camersa

(movesd il pusil

Figure 3 The EBSD pattern obtained from the position in figure
2 marked by the green cross. Each band in this pattern is
produced by a specific set of crystallographic planes. The angles
of the bands tell us the orientation of these planes, the width tells
us the d-spacing, the angles of the intersections of the bands tell
us about the crystal’s symmetry and the intersections themselves

identify poles

Cl 0.6
Figure 5 This in the indexed pattern shown in figure 3. It has
been identified as a generic bee structure that is oriented just oft
the [1 -1 1] direction. Note the high confidence index of 0.69.

Electron Backscatter Diffraction - Pattern Collection and Analysis

Materials Science Central Facilities Mike Meier
University of California, Davis September 13, 2004
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Rl pm=J0sters Kb 2 154
Figure % The pattem image guality map o a TiRTIR, specimen
produced By combostion svebesis  Lighia oolored anees
represent hzher image qualicy and darber areas represent lower
image quality  The dockest arens i #es samplo are ather at
grain bousdaries, where two of more pattems are cbained
simulanecusly, nd 10 de specimen 's pores

ETTTRCT.

SAgm=Aaeps 57 154, Phase

Figure 10 The phasemap forthe TiNTB . specimen  The green
aress reprosent e TIN phisse (Cubic dand! e 0d areas reprosons
e TS, phase (hexagonal ) The black represents areas of poor
polten image qualty, such as ot gmin bosedanies and in the

pores,

Electron Backscatter Diffraction - Pattern Collection and Analysis
Materials Science Central Facilities Mike Meier
University of California, Davis September 13, 2004

Difracao de elétrons retroespalhados — EBSD

RD

Figure 12 Pole fizure plot showing the crystallographic texiure
ina calcium cerium titanate ceramic,
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“film-substrate interface macroscopic growth direction =——s
S. ZAEFFERER, S.I. WRIGHT, and D. RAABE- METALLURGICAL AND MATERIALS* *
TRANSACTIONS A - 374—VOLUME 39A, FEBRUARY 2008
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Quasicrystals — Dan Schechtman
Chemistry Nobel Prize 2011

79.2° 58.20° 37.38°

Al-Mn diffraction patterns in D. Shechtman, I. Blech, D. Gratias, J.W. Cahn (1984) “Metallic
phase with long range orientational order and no translation symmetry”, Physical Review
Letters 53 (20), pp 1951 — 1954.
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T Softwares

« Vesta: http://jp-minerals.org/vesta/en/

*  Crystalbox: hitps://www.izu.cz/crystbox

« JEMS: hitp://www.jems-saas.ch/ (pago)

e Bancos de dados:

— http://www.crystallography.net/cod

—  http://rruff.info/

— http://scifinder-cas.ez27.periodicos.capes.qov.br/

SciFinder da CAS — acessivel para as Universidades, pago pela CAPES; necessita de

cadastro previo.

Alguns outros

*  http://www.freechemical.info/freeSoftware/kinds.php
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