Difrakéni metody v TEM

 Jemna struktura difrak¢nich obrazci.
* Difrakce na vicefazovych materialech, na usporadanych
strukturach, na kvazikrystalech.
* Prace s krystalografickymi tabulkami, databazemi a
specializovanym softwarem.
 PokrocilejSi metody elektronové difrakce:
- mikrodifrakce
- difrakce v konvergentnim svazku (CBED)
- precesni difrakce






Tvar celého vzorku nebo objekti ve vzorku: nepfima umeéra
mezi rozmery V realném prostoru a rozlozeni intenzity v okoli
difrak¢nich stop v reciprokem prostoru.

Jaky Je pak vliv pii naklopeni f6lie?
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Figure 6.7. The displacement of the diffraction spots for a cubic crystal, due to [121] reciprocal
lattice spikes. [001] beam direction. (a) Symmetrical setting (i=0); (b) i~ 25 degrees, so that
the circle represents the intersection between the (001) reciprocal lattice plane and the sphere of reflection




The effect of a thin inclined plate in a thin specimen. (A)

tes are shown to illustrate the effect of changing the inclination of
relative to the foil surface. When s # 0 we see two spots in the
ause there are two relrods (B) and (C) for the two different planar
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Figure 17.4. (A) Diffraction from a wedged crystal. (B) Notice that
when s <0, relrod 1 is on the left of relrod 2 but the order reverses when s
becomes >0. The effect of this pair of relrods is to create a doublet shown
in (C) and (D). The middle spot is the matrix relrod.

s>0




Uz jsme uvadéli priklad tenkych precipitatli, desti¢ek v rovinach
{100} fcc mrizky. Jak vypada rozlozeni intenzity v reciprokém
prostoru, jaké typy difrakénich obrazci mohou vznikat pii
ruzném naklonu?

Figure 17.10. Very thin plate-like precipitates (A) cause long streaks
in the DP (B). In this example, the precipitates are GP zones in an Fe-2.9
at % Mo alloy.



Prolindni difrak¢nich stop z vysSich LLaueho z6n
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- & Figure 21.5. (A) The overlap between the ZOLZ and the FOLZ when
. . looking down the [001] axis of cubic crystals. In the fcc pattern, 111 is a
. L . FOLZ index, likewise 101 in bec. In the primitive pattern, only the
el el s A ZOLZ is indexed. (B) Schematic illustration of the superposition of the
BCOg e FOLZ pattern on the ZOLZ pattern for an orthorhombic crystal with
; : : > 5 the electron beam down [001], showing the differences in the super-
- . position for (P) primitive, (A) A-centered, (B) B-centered, and (I) I-cen-

tered lattices.
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Supermiizky’ pripravené stfidanim tenkych vrstev:

(A) Artificial superlattice of Si and Mo layers ~5 nm
thick (B) Expanded DP around 000 showing many superlattice spots (ar-
rowed). The large spacing of the superlattice in real space results in very
small spacing of the superlattice reflections in the DP in reciprocal space.



Vliv periodického opakovani objektu v obraze (napft. pole
ckvidistantnich dislokaci):

L 7 ".‘ lA

Obecn¢:

Difrakce jako Fourierova
transformace;

perioda opakovani objektu
v realném prostoru < vyssi
intenzita ptislusného bodu
v prostoru frekvenci 50nm

I —

(A) The set of streaks from an array of dislocations in
AL O, lying parallel to the electron beam. The distance between the
streaks is inversely related to the spacing of the dislocations shown in the
image (B).



Spojité difizni rozdé€leni intenzity v reciprokém prostoru:

vliv usporadani na kratkou vzdalenost.

Figure 17.11. Short-range ordering can cause diffuse scattering in the
DP (A-C). The DPs in this example were obtained from a vanadium car-
bide. In this case, the 3D map of diffuse intensity has a shape which
strongly resembles a Fermi surface, shown in (D).

Tvar plochy spojujici lokalni
maxima intenzity pfipomina
Fermiho plochu.

Z parametri plochy je mozné
vyhodnotit parametry uspora-
dani (SRO - short range
ordering).
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Electron diffraction pattern from a platelet of MgySi in an
aluminium matrix in (001) orientation

Dvojita difrakce — obrazec a jeho interpretace
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ATALO; A Fe,05  @: double diffraction

Figure 18.15. (A) BF on-axis image of a particle of o-Fe,0, on 0-ALO.
(B) [0001] SAD pattern from o-Fe,O, showing double-diffraction spots
around the {1120} and {3300} reflections. (C) Enlargements of regions near
the (1120) reflections when the hematite island was on the top surface. (D)
Enlargements of regions near the (1120) reflections when the hematite is-
land was on the bottom. (E) Enlargements of regions near the (3300) reflec-
tions when the hematite island was on the top surface. (F) Enlargements
of regions near the (3300) reflections when the hematite island was on the
bottom.
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Kvazikrystaly — struktura a difrakce

Obsahuji osy symetrie, které jsou nepiijatelné z hlediska
klasické definice krystalickych materialu s translacni

symetrii.

Bézné krystaly: jen osy 2, 3, 4 a 6-Cetné.
Kvazikrystaly: 1 5, 8, 10, 12-Cetné osy.

N

Pravidelnost (LRO) bez transla¢ni
symetrie? Ano, viz R. Penrose
a jeho ,,Penrose tiling*:
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1-D, 2-D a 3-D kvazikrystaly.
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Vyskyt QC:

ve slozitéjSich systémech (>3 slozek),

casto s Al, uzké koncentra¢ni rozmezi.

Table Stable quasicrystal phases

Typical composition

Icosahedral quasilattice
respectively approximate
c-axis parameters [nm]

Icosahedral quasicrystals
Als7Cuio.8Lis2.2
AlysMg43Pdig
GagoMga3Znay
Ni17Tis1.5Zr41.5
Mgs2REgZnso : )
Alg2Cuz5TM;3 2)

Al70 Mng Pd2 1

Al70 B d2 i R.eg

0.504
0.513
0.509
0.516
0.104
0.89 to 0.905
0.912
0.920

Decagonal quasicrystals
AlgsCoy6Cuyo °)
Al7; 5C014Ni1g.5 %)

0.8 (also 0.4)
0.8 (also 0.4)

Al71FesNiog 0.4
Mg20SE10Zn70 *) 0.51
Aleg‘sMnlz,lpdm,] 1.2
Al40Fe15GezoMn25 3.2
Al7oPd17TM;;3 ?) 1.6
AlzsNijsRuy; 2) 1.6 (also 0.4)
Al72Cr16Cui2 3.6
Dodecagonal quasicrystals

Tay.6Te 2.0

) RE =Y, Gd, Tb, Dy, Ho, Er

%) TM = Fe, Ru, Os

3) rather wide range of existence

4) SE = Dy, Ho
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Overall compositions of the stable decagonal phases (a) and
icosahedral phases (b) i ternary Al-TM alloy systems.



Konstrukce neperiodické 1-D sekvence:
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tion method for the Fi-

bonacci chain and the
. . . . o . torus parametrization

of its LI class

Pozadavek: iracionalni

smérnice piimky, napf.

1/7, kde 7 =(1++5) /2

Stejny vysledek da tzv. Fibonacciho posloupnost vytvorena
substitucemi {S—L, L ->LS} z vychoziho fetézce, napi.

W, =S w, =LSLLS
w, =L w, = LSLLSLSL
w, =LS W, = LSLLSLSLLS

w, = LSL W, = LSLLSLSLLSLS atd.



Konstrukce 2-D pokryti:
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Pokracovani analogie v 3-D prostoru: neperiodické vyplnéni
prostoru lze vygenerovat jako projekci periodické struktury ve
vyssi dimenzi:

Dekagonalni kvazikrystaly: projekce 5-D do 3-D

Ikosaedralni kvazikrystaly: projekce 6-D do 3-D

Tento postup se pouziva I k simulaci a interpretaci difrak¢énich
obrazcu kvazikrystalu.

(geometrie, symetrie, nazvoslovi —
Vviz napt. mathworld.wolfram.com)
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Difrak¢ni obrazce kvazikrystalu

LuaPef vi.0

[C)JCrystalSoft, 2002

hittp: /v jcrystal. com/steffenweber
http:/Awww.jcrystal.com
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SAED patterns of i-Al;oMngPd3; in the 5-fold (a), 2-fold (b), and 3-fold
projection direction (c), and a direction normal to a mirror plane (d)



/Program Files/JCrystalSoft/QuaRef/QuaRef.exe

Kvazikrystalické aproximanty: struktury s translac¢ni periodicitou
a velkymi miizkovymi parametry. Difrakéni obrazce pripominaji
difrakce z kvazikrystalu.

Priklad: ortorombicka mtizka
faze Al-Cr-Fe




CrgMo,,Ni,,
a= 1.6983(6) nm
M1 4c
M2 4c
M3 4c
M4 4c
M5 4c
M6 4c
M7 4c
M8 4c
M9 4c
M10 4c
Mi11 8d
M12 8d

Databaze krystalovych struktur

b= 0.4752(2) nm

3

333333333

e

Structure Type
Cl’g MOgl Nigo

¢= 0.9070(3) nm

z=0.1134
z= 0.2547
z=0.1578
z=0.1819
z= 0.3253
z=0.4536
z= 0.4047
z= 0.0780
z= 0.3650
z= 0.0355
z=0.5375
z=0.2883

Miscellancous: dp, = 9.064 g/cm®, d, = 9.28 g/cm®
Diffraction data: Single crystal, Weissenberg, Mo, 200 reflections, R= 0.166
Comments: Authors gave structure in cab setting; M1-M12= distribution of the atoms on the different point-sets

see publication

Pearson Symoos

y=1/4
y=1/4
y=1/4
y=1/4
y=1/4
y=1/4
y=1/4
y=1/4
y=1/4
y=1/4
y= 0.9986
y=0.0008

oP56

z= 0.0737
z= 0.1363
z= 0.3257
z= 0.6058
z= 0.6650
z=0.4746
z=0.1988
z= 0.8152
z= 0.9383
z= 0.5202
z= 0.2504
z= 0.3868

occ.
occ.
occ.
occ.
occ.
occ.
occ.
occ.
occ.
occ.
occ.
occ.

Space Group
Pnma

{ | |
e e T o T o S S SO S S S Sy S Gy i S U P W

Reference: D.P. Shoemaker, C.B. Shoemaker and F.C. Wilson, *The Crystal Structure of the P Phase, Mo-Ni-Cr. O
II. Refinement of Parameters and Discussion of Atomic Coordination.” ACTA CRYSTALLOGRAPHICA, 10, 1-14 —

(1957)
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Softwarové nastroje (priklady)

ICSD (pocitaCova databaze)
+ vyhledavaci software

FIZ/NIST

Inorganic
Crystal
Structure
Database

Version 1.3.3

Database 2004 - 1
Fachinformationszentrum,
Karlsruhe
National Institute of Standards
and Technology, Gaithersburg
©2004 by Fachinformationszentrum Karlsruhe, and the U.S.

Secretary of Commerce on behalf of the United States. All
rights reserved.

SpaceGroup Explorer
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{* International Tables Vol.A (1983) |
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Hall symbol:
Point group:
Laue group:
Crystal system:
Lattice symbol:
Extra info:
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vectors
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None

(h+k+l) mod (2]
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Mikrodifrakce

Bézna technika difrakce v TEM pouziva vybér difraktujici
oblasti pomoci selek¢ni clony (SAD). Nejmensi difraktujici
oblast je pak v radu desetin um.

Chceme-li  vybrat oblast mensi, Ilze toho docilit
zkoncentrovanim dopadajiciho svazku do velikosti radu
desitek ¢i1 jednotek nm. Pak se ale konvergence svazku
(pivodné velmi mala, cca 0.05 mrad) zvysSuje na hodnoty
srovnatelné¢ S Braggovym thlem a difrakcni stopy se méni v

disky.

Mluvime o difrakci v konvergentnim svazku (CBED).



Jinou moznosti realizace zmenseni difraktujici oblasti je tzv.
metoda rotujiciho svazku (,,rocking-beam‘), umoznéna
konstrukci STEM. Dopadajici svazek tvofi kuzel s urcitym
vrcholovym thlem, registruje se intenzita svétlého pole.

DalSi moznosti je =zarazeni tiettho kondenzoru, ktery
provadi zmenseni obrazu kondenzorové clony na vzorku a
tim vybér malé oblasti s paralelnim svazkem (nanoprobe).

Obecna poznamka: souvislost lokalizace v realném a reci-
prokém prostoru.



TVDV CBED Obrazcﬁ
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Srovnani SAD a CBED:

C2 Aperture

C2 Lens

Upper objective
lens

Specimen

Lower objective

lens
Back
Diffraction discs focal
plane

Figure 20.2. (A) SAD pattern from [111] Si showing the first few or-
ders of diffraction spots but no Kikuchi lines. (B) CBED pattern frorr.l
[111] Si showing dynamical contrast within the disks as well as Kikuchi
and other lines.
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Detaily v centralnim disku CBED: HOL Z linie
(High Order Laue Zone lines, analogické Kikuchiho liniim)

Convergence
angle

Direct
beam

200

N/
KX

Diffra
beam

ed

A
v

Reciprocal lattice points

(expanded to disks because

\of beam convergence)
N

Reciprocal lattice rods
(due to specimen (hickness)/

e
AVAY,

~ /

A

o } +’ +/§OL{ <'>.
S A4 } Fiiz "‘
sphere 2 42

F

20.

VA
AVAV,

O Allowed FOLZ
reflections but not
intercepted by
Ewald sphere

o Allowed FOLZ
reflections
intercepted
by Ewald sphere

Expande
v iC\;‘ of 000

Extremes of

position e le
of Ewald
sphere -
(Range =20) 28 P
Line of exact
38 Bragg reflection e
hke
relrod I~ 20—
As seen in DP
( 3 2 1
> e ° .

Figure 20.15. How to relate defect HOLZ lines to the HOLZ maxima;
the indexed FOLZ reflections in this [111] pattern are shown as full cir-

(A) The Ewald sphere can intercept reciprocal lattice points from planes not parallel to the electron beam whose g vectors are not nor- cles and the open circles are the rest of the FOLZ reciprocal lattice points
mal to the beam. The sphere has an effective thickness of 2c. because of beam convergence and so interce; range of these HOLZ reciprocal lattice that don’t intercept the Ewald sphere. The g-vector from 000 to each k¢
points. The relrod has a shape shown in (B) and the intensity at specific points ; in the relrod is directly related to equivalent points in the zk€ disk. The FOLZ disk is normal to the hk€ HOLZ line and the lines are shown in the
interception of the Ewald sphere with the HOLZ layers gives rings: the first ring is called the FOLZ, the second the SOLZ, and so on, shown experi- expanded 000 disk below.

mentally in (C).
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Kikuchiho linie kontra HOLZ linie (mechanismus vzniku)

Deficient
HOLZ
lines

Deficient

HOLZ

Kikuch
lines

Kikuchi

lines \.ﬂ

\

ZOLZ Diffraction
disks

Figure 20.13. The relationship between Kikuchi lines and HOLZ lines
is shown in this schematic of a [111] CBED pattern from an fcc crystal.
The three principal pairs of 220 110 ZOLZ Kikuchi lines show sixfold
symmetry and bisect the g-vectors from 000 to the 220 ZOLZ disks. The
inelastic HOLZ defect Kikuchi lines are shown in the region between the
ZOLZ diffraction disks and the elastic HOLZ defect lines are present
within the 000 disk only. Compare this schematic with the experimental
pattern back in Figure 20.2B.

Zone axis
<Uvw> Incident
parallel
beam
'Inelas’tic hk?
scafiering diffracting planes
center
Distribution of Thin
specimen

inelastic scatter

Back
focal

@
plane l\OO—O‘AI/ Kikuchi lines

/ Incident

convergent
probe
Electrons within pfobe . hk .
at exact Bragg angle to ffracting planes
hk€ plane T
'&‘ Thin
specimen
Back
focal ®
plane I 000 Kikuchi lines



Informace obsazena v CBED obrazcich

mikrodifrakce z tenké oblasti mikrodifrakce z tlustsi oblasti, kde
hraji roli dynamické efekty

CBED obsahuje 3-D informaci, oproti SAD udava navic

symetrii intenzity uvnitit diski, kterd odrazi symetrii krystalu.
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Metoda CBED miize byt vyuzita K jednoznacnému stanoveni
bodové grupy a dokonce I prostorové grupy krystalu (pouziva se
Informace o symetrii celého obrazce, centralniho disku 1 difrak-
tovanych disku.

Table CBED Pattern Symmetries

Type Monoclinic
of Triclinic and Trigonal ~ Tetragonal
symbol orthorombic Dark Field +G
/-{B\\ Projection-
o Diffraction Bright Whole Diffraction
’ Group Field Pattern General Special General Special® Group
1 1 1 1 none 1 none 1y
1 2 1 2 none 1 none 1
R R
2 2 2 1 none 2 none 21
R
2% 1 1 1 none 2 none 21,
21 2 2 2 none 21 none 21
R R R
my m 1 1 m 1 my mly,
m m m 1 m 1 m mly,
2, 2 2
ml, 2mm m 2 2mm 1 mly mly,
= 2 2 2 2 - 2
mn 2mmy, 2mm 2 1 m 2 2mm]
2mm 2mm 2mm 1 m 2 — 2mm]
2 2 — 2
2 mmy, m m 1 m 2, 2mml
2mm]1 2mm 2mm 2 2mm 21, — 2mm1,
¥ 4 4 4 1 none 2 none 41,
Xm
4, 4 2 1 none 2 none 41
41, 4 4 2 none 21, none 41,
dmemy 4mm 4 1 m 2 — 4mm]1,
4mm 4mm 4mm 1 m 2 — 4mm]1g
4 O 2 s—
Tm 4 mmy, 4mm 2mm i zl 2 4mm]1,
4mm] 4mm 4mm 2 2mm 21, — 4mm1
3 3 3 1 none 1 none 31,
31, 6 3 2 none 1 none 31,
3my 3m 3 1 m 1 my 3ml,
3m 3m 3m 1 m 1 m 3mly,
)
= 3ml, 6mm 3m 2 2mm 1 mly 3ml,
6 6 6 1 none 2 none 61,
6, 3 3 1 none 2, none 61,
61, 6 6 2 none 21, none 61,
Xm 6m,m, 6mm 6 | m 2 — 6mml
m RR R
6mm 6mm 6mm 1 m 2 — 6mm]1,
Ti, m=mm % m=6m 3 r3 4 6 mmy, 3m 3m 1 m 6mml1,
mmm mmm m mm m3m= - 3m 6mml1 6mm 6mm 2 2mm 215 — 6mm]1,
e 32 ct a i £roups represente stereograms sho he operatia rotational, Of nversion s el clemer 7 < ”
Figure The 32 crystal point groups represented by stercograms showing the operation of rotational, mirror, and inversion symmetry elements “Where a dash appears, the special symmetries can be deduced from columns 5 and 6 of this table (or from Table 1 in Buxton et al. 1976)

ona general pole k€. The international notation describing the point groups is given under each of the stereograms.



o HR,
< i
3 M 4
%, &

) &

ety

Dalsi pouziti metody CBED

Cim mensi d, tim vétsi |Ag| pfi stejném |Ad|.

Citlivost pozice HOLZ linii na mal¢ zmény miizkovych parametru
umoznuje merit:

* miizkove parametry, zejména jejich lokalni relativni zmény

» miizkovy misfit (semi)koherentnich fazi

* lokalni distorze mfizky (vliv pnuti, uspofadani atomu, zmény
lokalniho chemického sloZeni)



ukazka simulaci

HOLZ lines in central disk
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7.9 at. %Al \ \ 18.0 at. %Al
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Precesni difrakce:
omezeni silnych
dynamickych efekti
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