Kinematicka teorie kontrastu v TEM.

Extinkéni hloubka (vzdalenost, délka).
Svétle a tmave pole.
Extink¢ni a ohybové kontury.

Kontrast na poruchach krystalové mtizky (vrstevné chyby,

Sroubov¢ a hranov¢ dislokace, precipitaty, fazova rozhrani).



Tabulka 4.1. Vlnové délky A, relativisticky faktor y = m/mo= (1-°)"?
a relativni rychlost £ = v/c pro elektrony urychlené riiznym napétim E.

E V] A [pm] Y = m/mg S =vlc
100 122,6 1 0,019

1 000 38,76 1,012 0,063
10 000 12,20 1,019 0,195
40 000 6,015 1,078 0,374
100 000 3,701 1,196 0,548
120 000 3,349 1,235 0,587
200 000 2,508 1,391 0,695
300 000 1,969 1,587 0,777
400 000 1,644 1,783 0,828
1 000 000 0,872 2,957 0,941

3 000 000 0,357 6,871 0,989




Extinkéni hloubka (vzdalenost, délka)

Zatim jsme predpokladali:

 amplituda dopadajici viny y, Je stejna ve vSech bodech krystalu

e Intenzita difraktovaného svazku je zanedbatelna ve srovnani S
primarnim svazkem

Jaka je tloust’ka krystalu, pro kterou tato piibliZzeni plati?

V Braggoveé (silné reflektujici poloze) je difraktovana amplituda

na jedné atomové roving Fn
g

dy =IA
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n ... pocet elementarnich bunék na jednotku plochy. Pro typické
hodnoty F, 110°m, nJ10°m™  je g=4x102 a po cca 25 rovi-
nach je primarni svazek zcela difraktovan.



Je tedy mozné zanedbat ubytek intezity primarniho svazku jen
pro velmi tenké Krystaly nebo pii orientacich mimo Braggovu
polohu. K wvytvoieni jednotkové amplitudy difraktovaného
svazku musi prispét m=n/(29) atomovych rovin. Dvojnasobek
odpovidajici tloustky krystalu nazyvame extinkéni vzdalenosti
a plati pak

— -

ng 2m,e Vg 2mq/zn

S

Tento parametr bude dalezity v dynamické teorii kontrastu.
Typické hodnoty jsou tabelovany ( ). Pfesnost urceni je dana
presnosti F (~Jednotky procent).



Table 13.2.

Examples of Extinction Distances (in nm)

Material

hkf€ = 110 il 200 220 400
Al - 56.3 68.5 114.4 202.4
Cu - 28.6 32.6 47.3 76.4
Au - 18.3 20.2 278 43.5
MgO - 272.6 46.1 66.2 103.3
Fe 28.6 - 41.2 65.8 116.2
\\ 18.0 - 24.5 235 55.6
Diamond - 47.6 - 66.5 1215
Si - 60.2 - 757 126.8
Ge - 43.0 - 45.2 65.9




K vypoctu difrakéniho kontrastu :I:T:
potfebujeme zjistit rozdé€leni intenzity
(V pﬁmém nebo difraktovaném N )
svazku) na spodni strané€ vzorku. \/

Zéakladni my3lenkou kinematické teorie =

kontrastu Je tzv. sloupcova aproximace: it

vétsina prispévku intenzity v bodu P <
iz

pochazi z n€kolika prvnich ; i
Fresnelovych zon tvoficich sloupec 5
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exp(—7is,t), | Intenzita |, o

sin®(zts,)

(5585)°

Z vysledného vztahu plyne:

e Intenzita je periodickou funkci tloust’ky krystalu.

» Intenzita se méni s lokalni orientaci krystalu (s,).

Obrazy ve svétlém a tmavém poli jsou v Kinematickém priblizeni

komplementarni, lge=l;o7—1pr




V neporuseném Krystalu jsou nazornou demonstraci zavéru
kinematické aproximace tzv. tloust’kové extinkéni Kontury
(tloust’kové prouzky), casto pozorovane na okrajich tenke folie

().

Dale lze na lokaln¢ ohnuté tenké fo6lii pozorovat tzv. ohybové
extink¢ni kontury ().

Interferenci proslého a difraktovaného svazku mohou vznikat
tzv. lattice fringes ( ).
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Tloust’kové extinkéni kontury
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Figure 23.2. (A) At the Bragg condition (s = 0), the intensities of the
direct and diffracted beams oscillate in a complementary way. (B) For a
wedge specimen, the separation of the fringes in the image (C) is deter-
mined by the angle of the wedge and the extinction distance, ég.




Ohybové extink¢éni kontury

sin®(zts,)
oC
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P11 t=konst. 1ze oCekavat
periodické zmény intenzity

s orientaci. Periodicita je 1/t.
Hlavni kontura spojuje mista
kde s;=0. Dalsi kontury ukazuji
vedlejsi maxima intenzity.




Effect pruchodu obou svazki (pruchoziho I difraktovaného)
clonou objektivu: interference, vznik ,lattice fringes*

¥ = exp(27ik(T) + @, exp(27ik'T) = exp(27ik F)[L+ D, exp(27igT)]
7 sin(zts)
TS

Ozn. @, = Rexp(id), pak | =1+ R*+2Rcos(2zGLF +6), R =

g

— =1+ R2—2Rsin(%—7zst)

31347,

Vznika tedy modulace
Intenzity s periodicitou d,,.
Viditelnost prouzku se ale
méni s orientaci a tloustkou.

7 ce fringes in ium faujasite crystal (spacing 14-4 A). Note the
displacements, bending and intensity variations of the fringes near the edge



Kontrast na krystalu s poruchami — obecna uvaha

—

Porucha krystalu: ¥ —>F +R

=1
rn

dCDg Vs R I =
=—eXp[271(g +S)UTr + R)] = —exp[271(F[R + s2)]
dz ¢ c
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-t
D, = ::1 [exp(27igR) exp(2nisz)dz; 276 R=a

g o

a... zmeéna faze difraktovane viny zpusobena poruchou

Pro vypocet intenzity je podstatné, v jake hloubce krystalu
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Kontrast na vrstevné chybé

Fcc mfizka je tvofena vrstvenim tésné usporadanych rovin
{111} ve sledu ABCABC... Vynechanim (pfidanim) roviny
vytvofime tzv. Intrinsic (extrinsic) vrstevnou chybu

popsanou vektorem posunuti R = J_r%[lll] Vv ¢asti krystalu.

[
Column is displaced by R

- t, t
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Figure 7.11. Amplitude phase diagram

(b) for column PP” (a) containing a

stacking fault at Q ; «= —120 degrees.

The resultant amplitude is represented by

the vector PP” ; the amplitude for a corre-

sponding column in the perfect crystal is
given by PP’

Pruhy jsou symetrické podle stredu folie, v kinematickem
piiblizeni je symetrickd 1 intenzita. Opét [g=l151—Ipr
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Kontrast na sroubové dislokaci

Posunuti R v bodé¢ P[X,z]:

—_—

R= iarctg —%
27T X

b - Burgersﬁv Vektor dislokace) Figure 7.13. Crystal containing screw dislocation AB parallel to the foil at

depthy. A column CD in the perfect crystal is deformed into the shape EF after
introduction of the screw dislocation.  The diagram illustrates the parameter x,
y, z and ©

i | . Z—1
O, =—|exp(i g'b arctg :
g o0 X

exp(2xisz)dz

Pro §lb =0 kontrast vymizi.

Amplitude-phase diagrams for a column of crystal close to a screw dislocation

(Figure 7.13). (a) n=1, 2msx=—1; (b) n=1, 2asx=+1. The amplitude diffracted by

column EF in Figure 7.13 is given by the line joining points PP’ corresponding to the top and

bottom of the crystal.  The separation between P and P’ measured along the curves is equal to

the crystal thickness. The amplitude diffracted from one side of the dislocation (a) is greater
than that from the other side (b)




Pro @ [6 # 0 (=n pro uplné dislokace) je obraz nesymetricky,

poloha maxima kontrastu neodpovida piesné poloze dislokace.

Intensity (arbitrary units)
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B=2msx Figure 7.14. Network of dislocations with nearly pure screw character, in Si, lying approxi-
mately in a (111) plane. In (a), taken in 022, the dislocations A, B, C are all visible; in (b),
Intensity profiles of images of a screw dislocation for taken in 311, the image of dislocations A vanishes, which is consistent with a screw dislocation
various values of n. The centre of the dislocation is at B=0. Note with Burgers vector 3[011].  Using other reflections dislocations B and C were also found to be

that the contrast lies to one side of the centre of the dislocation nearly screws with Burgers vectors ¥[101] and [110]

Sklonéni Sroubove dislokace ve folii: uzsi profil a oscilace
kontrastu s proménnou hloubkou.



Kontrast na hranové dislokaci

Y ew/

R=b-A(®)+bxU-B(r,®)
a =27[g b-A(®) + 7 bxU-B(r,®)]

Podminky vymizeni kontrastu:

205 agg
—_— column
- 7 7
=0 mizeni hlavniho kontrastu s T VA U g o i g Gty s e
defect because only there are the diffracting planes bent back into the
Bragg condition. This illustration is for an edge dislocation
—_
glbxu < kticky mizi vedlejsi, zbytkovy k
g bxu<0.08 prakticky mizi vedlejsi, z Oovy kKontrast

gibx U =0, je-li skluzova rovina [ rovina folie)

~~
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Priklad analyzy charakteru dislokaci

In (a) taken in 202 the dipole is visible; in

Edge dislocation dipoles in a single crystal of copper ; Burgers vector $[101]; slip plane (111).
(b) taken in 111, & . b=0 and g .b A is sufficiently small for the image to disappear

Figure 7.21.
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Kontrast na disloka¢nich smyckach
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(a) Taken with two reflections operating (b) after tilting, only one reflection
Most of the other loops are more steeply
Loops B and C in (a) show double images

Dislocation loops in quenched aluminium.
operating.  The loops A are nearly parallel to the foil and show reasonably uniform contrast.
inclined and show little contrast along the short, most steeply inclined parts of the dislocation.
Loop C is very nearly perpendicular to the plane of the foil in (b)

which disappear when one reflection only operates (b).



Kontrast na precipitatech

Sféricka ¢astice >> radialni posunuti R =&y /1%, r >,
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Small precipitates of y-Al,Og in internally dized
Cu-0-05 wt?;, Al, show the characteristic strai ntrast; th
line of zero contrast is normal to g



Podobny kontrast jako vrstevné chyby
davaji takeé: 3

antifazoveé rozhrani

» hranice zrn (orientované Sikmo k
povrchu {olie)

» mezifazova rozhrani (pokud jde o
velke utvary a neni nutno brat v
uvahu kontrast vyvolany pruznymi
deformacemi v okoli rozhrani)

C

Figure 24.16. (A) Experimental BF image of an APB with g = 220.
(B) DF image of the same defect, g = 220. (C,D) Corresponding simulated
images.



Shrnuti kinematické teorie kontrastu v TEM:

Kinematicka teorie postacuje ke kvalitativnimu vykladu
nékterych jevi kontrastu. Casto ale neni schopna vysvétlit

néktere jevy €1 detaily kvantitativné.

Kinematicka teorie je omezena na ptipady, kdy @ [ ®@,.
To se ale da ocekavat jen pri1 velmi malych tloustkach folie

(t<&,) nebo pro velké odchylky (s) od Braggovy polohy.
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