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Introduction to lenses 
Ray	
  diagrams	
  (geometrical	
  op2cs):	
  
	
  	
  	
  	
  	
   	
  1.	
  The	
  op3cal	
  axis	
  contains	
  the	
  object	
  focal	
  point	
  and	
  the	
  image	
  focal	
  point.	
  

	
  2.	
  Rays	
  going	
  through	
  the	
  lens	
  op3cal	
  center	
  (principal	
  rays)	
  are	
  not	
  deflected.	
  	
  	
  
	
  	
  	
  	
  	
   	
  3.	
  Parallel	
  rays	
  diverge	
  from	
  and	
  converge	
  to	
  the	
  focal	
  points.	
  

	
  4.	
  For	
  iden3cal	
  op3cal	
  media	
  on	
  both	
  sides:	
  	
  fobject	
  =	
  fimage	
  

	
  	
  5.	
  Reversibility	
  principle:	
  swapping	
  the	
  object	
  with	
  the	
  image	
  results	
  in	
  a	
  symmetrical	
  ray	
  diagram.	
  	
  
	
  	
  

	
  

1/a + 1/b = 1/f 

 

M = b/a  

(magnification) 

http://micro.magnet.fsu.edu/primer 
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Image formation 
http://micro.magnet.fsu.edu/primer 

For	
  given	
  lens	
  the	
  path	
  ray	
  shows	
  that	
  the	
  image	
  of	
  an	
  object	
  
situated.	
   Before	
   2F	
   the	
   image	
   is	
   inverted	
   and	
   demagnified	
  
(A).	
  As	
  the	
  object	
  comes	
  close	
  to	
  the	
  lens	
  the	
  image	
  becomes	
  
larger,	
  with	
  a	
  maximum	
  for	
  the	
  object	
  at	
  the	
  focal	
  point	
  (C).	
  
AOer	
  this	
  point	
  the	
  image	
  is	
  formed	
  at	
  the	
  other	
  side	
  of	
  the	
  
lens	
   and	
   is	
   virtual	
   (D).	
   The	
   object	
   and	
   image	
   planes	
   are	
  
conjugate	
  planes.	
  
	
  
There	
   are	
   mainly	
   three	
   types	
   of	
   lenses.	
   Condensers	
   that	
  
prepare	
   the	
   light	
   to	
   illuminate	
   the	
   specimen(A).	
   Objec3ves	
  
which	
  are	
  the	
  imaging	
  forming	
  lens	
  (C).	
  Eyepieces	
  which	
  are	
  
in	
  fact	
  magnifying	
  glasses	
  (D).	
  

A 

B 

D 

C 
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Compound microscope 
http://micro.magnet.fsu.edu/primer 

For an object at point (1) the objective forms an image at plane (2) and this image is 
magnified by the eyepiece which forms a virtual image at plane (3). The virtual image 
(diverging rays) is then focused by the eye lens on the retina (4). 
 
This scheme is showing to of the important lenses, the objective and the eyepiece but it 
lacks the condenser lens that illuminates the specimen. 

Conjugate 
plane 1 
(object)	


  
Conjugat
e	

   plane 4	


    Conjugate	

    plane 2	


Conjuga
te plane 
3	
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Microscope working principles 

  
 

AOer	
   understanding	
   the	
   working	
  
principles	
   of	
   an	
   OM	
   with	
   its	
   light	
  
source,	
   the	
   condenser	
   lens,	
   the	
  
specimen,	
   the	
   objec3ve	
   lens,	
   the	
  
eyepiece	
  and	
  the	
  eye,	
  one	
  can	
  readily	
  
infer	
   that	
   the	
   transmission	
   electron	
  
microscope	
   has	
   very	
   similar	
   working	
  
principles:	
   the	
   electron	
   source,	
   the	
  
condenser	
   lens,	
   the	
   specimen,	
   the	
  
objec3ve	
   lens,	
   and	
   instead	
   of	
  
eyepiece	
   it	
   has	
   other	
   type	
   of	
  
magnifying	
   lenses	
   that	
   form	
   the	
  
image	
  on	
  a	
  fluorescent	
  screen	
  or	
  CCD	
  
camera.	
   When	
   we	
   compare	
   the	
  
transmission	
   electron	
   microscope	
  
w i t h	
   t h e	
   s c a nn i n g	
   e l e c t r o n	
  
microscope	
   we	
   see	
   that	
   we	
   have	
  
something	
   different.	
   In	
   fact	
   the	
   SEM	
  
does	
  not	
  even	
  has	
  an	
  objec3ve…	
   the	
  
lens	
   does	
   not	
   form	
   an	
   image	
   but	
   a	
  
fine	
  probe.	
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Image types  

  
 

So if the OM and TEM images look similar 
why bother using the TEM? That is, why using 
electrons to inspect specimens? 
 
Resolu2on	
  	
  
+	
  local	
  diffrac2on	
  	
  
+	
  local	
  spectroscopy	
  

6 
6 

JEOL	
  



Electron	
  diffrac3on	
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Why	
  use	
  electron	
  diffrac3on	
  
✔ Wavelength	
  of	
  fast	
  moving	
  electrons	
  much	
  smaller	
  than	
  spacing	
  of	
  atomic	
  planes:	
  	
  
diffrac3on	
  from	
  atomic	
  planes	
  (e.g.	
  @200	
  kV,	
  λe-­‐=	
  0.0025	
  nm)	
  

✔ Electrons	
  interact	
  very	
  strongly	
  with	
  ma`er:	
  strong	
  diffrac3on	
  intensity	
  (pa`erns	
  in	
  
seconds	
  unlike	
  X-­‐ray	
  diffrac3on)	
  

✔ Spa3ally-­‐localized	
   informa3on	
   (≳	
   200	
   nm	
   for	
   selected-­‐area	
   diffrac3on;	
   2	
   nm	
  
possible	
  with	
  convergent-­‐beam	
  electron	
  diffrac3on)	
  	
  

✔	
  Close	
  rela3onship	
  to	
  diffrac3on	
  contrast	
  in	
  imaging	
  	
  

✔	
  Orienta3on	
  informa3on	
  

✔	
  Immediate	
  in	
  the	
  TEM!	
  	
  

	
  

✖	
  Diffrac3on	
  from	
  only	
  selected	
  set	
  of	
  planes	
  in	
  one	
  pa`ern:	
  Only	
  2D	
  informa3on	
  

✖ Limited	
  accuracy	
  of	
  measurement:	
  	
  errors	
  =	
  2-­‐3%	
  

✖ Intensity	
  of	
  reflec3ons	
  difficult	
  to	
  interpret	
  due	
  to	
  dynamical	
  effects	
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Abbe’s principle of imaging: 

Rays with same θ converge 

(inverted) 
9 

TEM diffraction vs imaging 

Unlike	
  with	
  visible	
  
light,	
  due	
  to	
  the	
  
small	
  λ, electrons	
  
can	
  be	
  coherently	
  
sca`ered	
  by	
  
crystalline	
  samples	
  
so	
  the	
  diffrac3on	
  
pa`ern	
  at	
  the	
  back	
  
focal	
  plane	
  of	
  the	
  
object	
  corresponds	
  
to	
  the	
  sample	
  
reciprocal	
  lahce.	
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TEM diffraction vs imaging 

�	
  

Rays	
  with	
  same	
  
θ	
  converge	
  
(color	
  scheme	
  	
  
different	
  from	
  
previous	
  slide)	
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TEM diffraction vs imaging 

�	
  

Insert	
  selected	
  area	
  aperture	
  to	
  choose	
  region	
  of	
  interest	
  

Press	
  Diffrac2on	
  on	
  microscope	
  console	
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TEM diffraction vs imaging 

12 

The	
  SAD	
  aperture	
  is	
  
inserted	
  at	
  a	
  conjugate	
  
plane	
  of	
  the	
  specimen,	
  
so	
  it	
  seems	
  that	
  it	
  is	
  at	
  
the	
  specimen	
  plane	
  



Diffrac3on	
  concepts	
  

Nomenclature	
  may	
  change	
  yet	
  the	
  concepts	
  are	
  the	
  same	
  as	
  in	
  diffrac3on	
  gra3ngs…	
  

Sca`ering	
  from	
  two	
  planes	
  of	
  atoms.	
  WI	
  
and	
  WD	
  are	
  the	
  incident	
  and	
  diffracted	
  
wavefronts,	
  respec3vely.	
  	
  
	
  

Change	
  in	
  wave	
  vector	
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Diffrac3on	
  concepts	
  

Path	
  differences…	
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Diffrac3on	
  concepts	
  

Diffrac3on	
  from	
  a	
  set	
  of	
  planes	
  a	
  distance	
  d	
  apart.	
  The	
  planes	
  have	
  been	
  oriented	
  to	
  be	
  in	
  the	
  
Bragg	
  diffrac3ng	
  condi3on	
  (θB	
  is	
  the	
  incident	
  angle).	
  The	
  resultant	
  diffrac3on	
  spots	
  (reciprocal-­‐
lahce	
  points)	
  are	
   labeled	
  G,	
  2G,	
  etc.	
  The	
  vector	
  g	
   from	
  the	
  origin	
   (O)	
   to	
   the	
  first	
  diffrac3on	
  
spot	
  G	
  is	
  normal	
  to	
  the	
  diffrac3ng	
  planes.	
  	
  

Systema2c	
  row:	
  the	
  Fourier	
  transform	
  encodes	
  sharp	
  square-­‐wave	
  type	
  features	
  as	
  the	
  sum	
  of	
  a	
  
series	
  of	
  smooth	
  sinusoids.	
  A	
  perfect	
  sinusoidal	
  func3on	
  requires	
  only	
  one	
  frequency,	
  i.e.,	
  if	
  the	
  
atomic	
  planes	
  could	
  be	
  described	
  by	
  1	
  sinusoid	
  func3on	
  then	
  there	
  would	
  be	
  only	
  G	
  and	
  –G	
  (this	
  
mirroring	
  comes	
  from	
  the	
  mathema3cal	
  proper3es	
  of	
  the	
  Fourier	
  transform).	
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Why	
  do	
  electron	
  diffrac3on	
  pa`erns	
  have	
  many	
  spots?	
  
	
  	
  	
  
•  Typically	
  in	
  X-­‐ray	
  or	
  neutron	
  diffrac3on	
  only	
  one	
  reciprocal	
  lahce	
  point	
  is	
  on	
  the	
  surface	
  

of	
  the	
  Ewald	
  sphere	
  at	
  one	
  3me.	
  	
  
•  In	
   electron	
   diffrac3on	
   the	
   Ewald	
   sphere	
   is	
   not	
   highly	
   curved	
   due	
   to	
   the	
   very	
   short	
  

wavelength	
  electrons	
  used.	
  This	
  almost	
  flat	
  Ewald	
  sphere	
  intersects	
  with	
  many	
  reciprocal	
  
point	
  (relps)	
  at	
  the	
  same	
  3me	
  (in	
  fact,	
  because	
  they	
  have	
  non-­‐zero	
  height).	
  

	
  

Ewald	
  sphere	
  for	
  Cu	
  radia3on	
  is	
  much	
  more	
  curved	
  than	
  that	
  
for	
  electrons	
  in	
  an	
  electron	
  diffrac3on	
  experiment	
  	
  
	
  

Electron	
  diffrac3on	
  pa`ern	
  
from	
  NiAl	
  	
   16 

Diffrac3on	
  concepts	
  



Ewald	
  sphere	
  in	
  mul3-­‐beam	
  condi3on	
  

•  For	
  reciprocal	
  lahce	
  points	
  (infinitely	
  small):	
  	
  even	
  with	
  the	
  crystal	
  oriented	
  along	
  low-­‐index	
  
zone	
  axis	
  the	
  intersec3on	
  at	
  the	
  Zero	
  Order	
  Laue	
  Zone	
  would	
  be	
  impossible	
  for	
  relps	
  other	
  
than	
  the	
  origin…	
  

•  The	
  strong	
  diffrac3on	
  from	
  many	
  planes	
  in	
  this	
  condi3on	
  occurs	
  because	
  	
  relps	
  have	
  size	
  and	
  
shape!	
  

Reciprocal	
  lahce	
  rods	
  (relrods)	
  

17 



Mul3-­‐beam	
  sca`ering	
  condi3on	
  

18 

(300)	
  



Sca`ering	
  from	
  non-­‐orthogonal	
  crystals	
  	
  
	
  

19 



Ewald	
  sphere	
  in	
  2-­‐beam	
  condi3on	
  

20 

Only	
  one	
  strong	
  Bragg	
  reflec3on	
  
corresponds	
  to	
  strong	
  	
  sca`ering	
  
from	
  a	
  single	
  set	
  of	
  planes	
  	
  

Example	
  



How	
  to	
  obtain	
  a	
  2-­‐beam	
  condi3on	
  
Til3ng	
  the	
  specimen	
  from	
  one	
  low-­‐index	
  zone	
  axis	
  to	
  another:	
  in	
  between	
  we	
  find	
  2-­‐beam	
  
condi3ons,	
  i.e.,	
  only	
  one	
  set	
  of	
  planes	
  fulfill	
  the	
  Bragg	
  condi3on,	
  unlike	
  in	
  mul3-­‐beam	
  
diffrac3on	
  where	
  many	
  beams	
  are	
  at	
  (or	
  close	
  to)	
  Bragg	
  condi3on.	
  

Til3ng	
  the	
  specimen:	
  first	
  keeping	
  G1	
  excited,	
  
then	
  keeping	
  G2	
  excited	
  

fcc	
  structure	
  	
  



Relrod	
  shape	
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x 



Relrod	
  shape	
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Excita3on	
  error	
  or	
  devia3on	
  parameter	
  

Other	
  nota3on	
  	
  
(Williams	
  and	
  Carter):	
  
K=kD-­‐kI=g+s	
  



Excita3on	
  error	
  or	
  devia3on	
  parameter	
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Excita3on	
  error	
  or	
  devia3on	
  parameter	
  
negative when G is outside the Ewald sphere 
positive when G is inside the Ewald sphere. 



2-­‐beam	
  sca`ering	
  condi3on	
  
Dynamical	
  theory	
  as	
  a	
  system	
  of	
  differen3al	
  
equa3ons	
  (Howie-­‐Whelan	
  formula3on)	
  	
  

	
  

27 

An	
  incident	
  wave	
  of	
  amplitude	
  Ψ0	
  and	
  a	
  sca`ered	
  wave	
  of	
  amplitude	
  Ψg	
  pass	
  through	
  a	
  layer	
  of	
  
thickness	
  dz	
  inside	
  the	
  crystal.	
  In	
  contrast	
  with	
  the	
  kinema3cal	
  theory,	
  where	
  the	
  amplitude	
  of	
  the	
  
incident	
  beam	
  is	
  taken	
  as	
  a	
  constant,	
  it	
  is	
  assumed	
  that	
  aOer	
  passing	
  through	
  the	
  layer,	
  the	
  amplitude	
  
Ψ0	
  will	
  have	
  changed	
  by	
  dΨ0	
  and	
  Ψg	
  by	
  dΨg.	
  	
  
	
  



28 

2-­‐beam	
  sca`ering	
  condi3on	
  
Dynamical	
  theory	
  as	
  a	
  system	
  of	
  differen3al	
  
equa3ons	
  (Howie-­‐Whelan	
  formula3on)	
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Varia3on	
  of	
  intensity	
  with	
  thickness	
  for	
  a	
  crystal	
  at	
  a	
  Bragg	
  condi3on,	
  using	
  the	
  two-­‐
beam	
  theory	
  and	
  without	
  including	
  any	
  absorp3on.	
  ξg	
  is	
  the	
  ex3nc3on	
  distance,	
  i.e.,	
  the	
  
periodicity	
  of	
  the	
  thickness	
  fringes.	
  	
  
	
  

There	
  is	
  an	
  interchange	
  of	
  intensity	
  between	
  the	
  two	
  beams	
  as	
  a	
  
func3on	
  of	
  (ckness	
  (t).	
  The	
  so-­‐called	
  thickness	
  fringes,	
  which	
  can	
  
be	
  observed	
  for	
  a	
  crystal	
  of	
  varying	
  t	
  (when	
  imaged	
  with	
  any	
  of	
  
the	
  two	
  beams),	
  originate	
  from	
  this	
  effect.	
  
	
  
	
  The	
  total	
  intensity	
  is	
  conserved	
  i.e.,	
  I0(t)	
  +	
  Ig(t)	
  =	
  1	
  and	
  the	
  
intensity	
  in	
  the	
  diffracted	
  beam	
  is	
  zero	
  for	
  t	
  =	
  nξg	
  (n	
  an	
  integer),	
  
hence	
  the	
  term	
  ex2nc2on	
  distance.	
  

2-­‐beam	
  sca`ering	
  condi3on	
  
Dynamical	
  theory	
  as	
  a	
  system	
  of	
  differen3al	
  
equa3ons	
  (Howie-­‐Whelan	
  formula3on)	
  	
  

	
  
Solu2on	
  to	
  the	
  
differen2al	
  equa2ons:	
  



Ex3nc3on	
  Distance,	
  ξg 

• 	
  The	
  amplitude	
  or	
  intensity	
  of	
  diffracted	
  beams	
  depends	
  on	
  a	
  characteris3c	
  length	
  
called	
  the	
  ex3nc3on	
  distance,	
  ξg,	
  which	
  is	
  a	
  dynamic	
  diffrac3on	
  effect	
  where	
  the	
  
intensity	
  from	
  the	
  direct	
  beam	
  is	
  transferred	
  to	
  the	
  diffracted	
  beams,	
  which	
  then	
  
transfer	
  the	
  intensity	
  back	
  into	
  the	
  direct	
  beam.	
  	
  

• 	
  The	
  ex3nc3on	
  distance	
  is	
  thus	
  dependent	
  on	
  Bragg	
  angle,	
  θB,	
  and	
  the	
  specific	
  
diffracted	
  beam	
  whose	
  characteris3cs	
  are	
  determined	
  by	
  the	
  structure	
  factor,	
  Fg.	
  

• 	
  The	
  ex3nc3on	
  distance	
  can	
  be	
  expressed	
  as:	
  

Vc is the volume of the unit cell of the crystal.  



Ex3nc3on	
  Distance,	
  ξg 

The	
  ex3nc3on	
  distance	
  is	
  larger	
  for	
  higher	
  order	
  diffracted	
  beams.	
  



Absorp3on	
  effect 

Direct	
  beam	
  

Diffracted	
  beam	
  

Intensity	
  

Diffracted	
  beam	
  1	
  

Diffracted	
  beam	
  2	
  

There	
  is	
  also	
  a	
  difference	
  in	
  periodicity	
  (not	
  obvious	
  here).	
  

Intensity	
  

As	
  the	
  thickness	
  increases	
  absorp3on	
  occurs	
  leading	
  to	
  reduced	
  contrast.	
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The	
  images	
  of	
  wedged	
  samples	
  present	
  series	
  of	
  	
  so-­‐called	
  thickness	
  fringes.	
  
	
  

Dynamical	
  sca`ering	
  for	
  2-­‐beam	
  condi3on	
  	
  
	
  

h`p://www.v.uni-­‐kiel.de/	
  



The	
  image	
  intensity	
  varies	
  sinusoidally	
  depending	
  on	
  the	
  thickness	
  
and	
  on	
  the	
  beam	
  used	
  for	
  imaging.	
  	
  

Reduced	
  contrast	
  as	
  thickness	
  increases	
  due	
  
to	
  absorp3on	
  

2	
  beam	
  condi3on	
  
A:	
  image	
  obtained	
  with	
  transmi`ed	
  beam	
  (Bright	
  field)	
  
B:	
  image	
  obtained	
  with	
  diffracted	
  beam	
  (Dark	
  field)	
  

Dynamical	
  sca`ering	
  for	
  2-­‐beam	
  condi3on	
  	
  
	
  



Selected	
  area	
  diffrac3on	
  

35 



Symmetry	
  informa3on	
  

36 



Atomic	
  posi3ons	
  informa3on	
  



Atomic	
  posi3ons	
  informa3on	
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Atomic	
  posi3ons	
  informa3on	
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Atomic	
  posi3ons	
  informa3on	
  



Orienta3on	
  rela3on	
  

41 
Huang,	
  Nature	
  communica3ons	
  2013	
  

(direc3ons	
  must	
  be	
  in	
  
the	
  parallel	
  plane)	
  



Twinning	
  in	
  diffrac3on	
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High	
  nitrogen	
  stainless	
  steel	
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Twinning	
  in	
  diffrac3on	
  	
  
	
  



Random	
  distribu3on	
  of	
  planar	
  defects	
  
(Polysynthe3c	
  twinning)	
  

Con3nuous	
   line	
   in	
   reciprocal	
   lahce	
   (all	
   spa3al	
   frequencies	
   (1/d)	
   are	
   needed	
   to	
  
describe	
  the	
  direct	
  space	
  object):	
  There	
  is	
  no	
  periodicity	
  perpendicular	
  to	
  the	
  planar	
  
defects.	
  



Epitaxy	
  and	
  orienta3on	
  rela3ons	
  	
  
	
  

45 

Due	
  to	
  lahce	
  misfit	
  
complete	
  coherence	
  is	
  
generally	
  impossible:	
  
misfit	
  disloca3ons:	
  
semi-­‐coherent	
  
interfaces	
  

Metal	
  

Ceramic	
  



Intergrowth	
  and	
  orienta3on	
  rela3ons	
  	
  
	
  

defects induced by the heat treatment in the ternary com-
pound ~Figs. 1c, 2d! suggest a solid-state NdFe11Ti r
Nd2~Fe,Ti!17 transition.

Electron microdiffraction experiments were carried out
on the defective grains for structural identification. Figure 3
presents individual experimental patterns with correspond-
ing dynamic diffraction patterns simulated using the known
crystallographic data for NdFe11Ti ~Villars & Calvert, 1991;
Liao et al., 1993! and Nd2~Fe,Ti!17 ~Liao et al., 1993!. The
results showed that all experimental diffraction patterns
could be indexed to both structures. The grains analyzed
have been tilted to consecutive low-index zone axes while

keeping a chosen set of planes under Bragg’s condition.
Figure 4 presents the reciprocal space map obtained, from
which it can be inferred that the ternary compound grains
consisted of a fine mixture of ThMn12-type and Th2Zn17-
type structures, exhibiting a consistent ~020!1:12//~003!2:17

and @100#1:12//@110#2:17 orientation relation, with the ~pseudo!-
invariant plane sitting at ~022!1:12//~ N333!2:17.

The fact that the transformation could not be observed
in the grains cooled to room temperature by splat quench-
ing suggests that a diffusive process was operative during
annealing. However, the crystallographic orientation rela-
tion between the NdFe11Ti and Nd2~Fe,Ti!17 phases and the

Figure 4. Angular relations
between the experimental
microdiffraction patterns obtained
from grains showing planar defect
contrast. The reciprocal space is
consistently indexed for the
ThMn12-type and Th2Zn17-type
structures assuming a
~020!1:12//~003!2:17 and
@100#1:12//@110#2:17 orientation
relation. A grain displaying planar
defect contrast and which has been
used for the diffraction
experiments is presented.
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The presence of a-Fe~Ti! dendrite arms in the as-cast
microstructure ~Fig. 1a! indicates that primary solidifica-
tion occurred with this phase. Solidification proceeded with
NdFe11Ti and Nd2~Fe,Ti!17 ~Fig. 1a!. The phase with lower
average atomic number ~dark contrast in BSE images! cor-
responds to Fe2Ti. The splat-quenched material displayed a
fine microstructure with a scattered presence of a-Fe~Ti!
among NdFe11Ti grains ~Fig. 1b!. Neither Nd2~Fe,Ti!17 nor
Fe2Ti have been detected in the splat-quenched microstruc-
ture. The annealing treatment induced an overall equiaxed
grain growth and the presence of planar defects in the
ternary compound grains ~Fig. 1c!.

Figure 2a presents a tentative vertical section of the
phase diagram showing a cascade of peritectic reactions
compatible with the a-Fe~Ti! r NdFe11Ti r Nd2~Fe,Ti!17

solidification sequence ~Figs. 1a, 2b!. The last transition had
already been proposed by Jang and Stadelmaier ~1990!, who
suggested that the NdFe11Ti compound is unstable at tem-
peratures below 1,0008C. The role of Fe2Ti is not clear as it
may be involved in the first transition or may result from a
subsequent precipitation reaction ~see Fig. 1a!. The high
cooling rate of the splat-quenching process suppressed the
formation of Nd2~Fe,Ti!17, and only a-Fe~Ti! and NdFe11Ti
are present in the microstructure ~Figs. 1b, 2c!. The planar

Figure 3. Experimental microdiffraction patterns
obtained from grains showing planar defects and
corresponding simulations for the ThMn12-type and
Th2Zn17-type structures. The solid- and dashed circles
represent reflections of ThMn12-type and Th2Zn17-type
structures, respectively.

ThMn12/Th2Zn17-Type Structures in the Nd-Fe-Ti System 1213



Crystallographic	
  oriented	
  precipitates	
  

Duncan Alexander: Principles & Practice of Electron Diffraction               CIME, EPFL

Epitaxy and orientation relationships

61

SADP excellent tool for studying orientation 
relationships across interfaces

Example: Mn-doped ZnO on sapphire

Sapphire substrate Sapphire + film

Zone axes:
[1 -1 0]ZnO // [0 -1 0]sapphire

Planes:
c-planeZnO // c-planesapphire

Duncan Alexander: Principles & Practice of Electron Diffraction               CIME, EPFL

Crystallographically-oriented precipitates

62

Images provided by Barbora Bartová, CIME

Bright-field image Dark-field image

!"#$%#&'#%()*+,&-./0
1&2'3)#.),2'+4'!"#"$"%!&'(%51167!89956617-:;:/:<'=>11>1?!899=116?-:;:/:
8,@'3)#.),2'+4'!"#"$"%!&'(%51167!89956617-:;:/:<%=>111?!899=116?-:;:/:

Co-Ni-Al shape memory alloy, austenitic with Co-rich precipitates
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.	
  

.	
  

The	
  planes	
  of	
  the	
  (200)	
  form	
  are	
  not	
  
diffrac3ng	
  instead,	
  mul3ple	
  
diffrac3ons	
  are	
  occurring	
  at	
  planes	
  of	
  
the	
  (111)	
  form.	
  

Double	
  diffrac3on:	
  Forbidden	
  reflec3ons	
  



Special	
  type	
  of	
  mul3ple	
  elas3c	
  sca`ering:	
  diffracted	
  beam	
  travelling	
  through	
  a	
  
crystal	
  is	
  rediffracted	
  by	
  the	
  same	
  crystal:	
  intensity	
  at	
  forbidden	
  reflec3ons!	
  

Duncan Alexander: Principles & Practice of Electron Diffraction               CIME, EPFL

Double diffraction

65

Example 1I: rediffraction in the same crystal; appearance of forbidden reflections

Example of silicon; from symmetry of the structure {2 0 0} reflections should be absent

However, normally see them because of double diffraction

Simulate diffraction pattern
on [1 1 0] zone axis:

Duncan Alexander: Principles & Practice of Electron Diffraction               CIME, EPFL

Ring diffraction patterns

66

If selected area aperture selects numerous, randomly-oriented nanocrystals,
SADP consists of rings sampling all possible diffracting planes

- like powder X-ray diffraction

Example:  “needles” of contaminant cubic MnZnO3 - which XRD failed to observe!
Note: if scattering sufficiently kinematical, can compare intensities with those of X-ray PDF files

Dynamical	
  simula3on	
  
JEMS	
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Double	
  diffrac3on:	
  Forbidden	
  reflec3ons	
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The set was studied under another crystallographic orientation, where a complex
diffraction configuration was observed, as shown in figure 9a. Careful diffraction
experiments and pattern simulation for the three crystals (which were associated
considering the above OR and jointly rotated) enabled us to interpret this diffraction
pattern as follows: (i) the main reflections match the diffraction pattern of the
matrix, as shown in figure 9b; (ii) there is a perfect overlap between reflections
corresponding to the mirror related austenite domains, as can be inferred by
comparing figures 9b and 9c; (iii) the magnified inset in figure 9a shows spots around
the austenite reflections originating from Cr2N precipitates that, under this
orientation, exhibit a pattern configuration similar to the twin domain one, as can
be seen in figure 9d; (iv) Cr2N reflections are multiplied by double diffraction effects.

Figure 10 shows another twin plate growing into the austenite matrix and
displaying nitride precipitation at its front. In this case, cooperative growth between
the two phases is evident. Contrarily to the similar cooperative growth observed at
twin fronts for M23C6 [22], Cr2N lamellae do not present well-defined habit planes.
In view of the irregular morphologies and curved habit surfaces of the precipitates in
figures 8 and 10, a mechanism of the Fournelle–Clark type is likely to be operative:
the Cr2N precipitates appear in an already migrating boundary, growing

Figure 9. (a) SAD corresponding to the whole twin front set shown in figure 8 under
another crystallographic orientation. (b) SAD pattern obtained at the surrounding matrix
under the same orientation as (a). The circled spots in (b) match exactly the ones of the twin
domain pattern presented in (c). (d) Microdiffraction pattern of the lower precipitate under
the same orientation as (a). The orientation relation between the phases is (111)!//(111)!T//
(0001)Cr2N and ½110"!//½110"!T//½1100"!Cr2N.

238 P. A. Carvalho et al.

Special	
  type	
  of	
  mul3ple	
  elas3c	
  sca`ering:	
  diffracted	
  beam	
  travelling	
  
through	
  a	
  crystal	
  is	
  rediffracted	
  by	
  another	
  crystal	
  

High	
  nitrogen	
  stainless	
  steel	
  

50 

Double-­‐diffrac3on	
   spots	
   are	
  
visible	
   around	
   each	
   of	
   the	
  
primary	
   reflec3ons.	
   They	
   also	
  
surround	
   the	
   direct	
   beam,	
  
although	
  they	
  are	
  hidden	
  by	
  the	
  
flare	
  from	
  that	
  beam.	
  

Double	
  diffrac3on:	
  Forbidden	
  reflec3ons	
  



Ring	
  diffrac3on	
  pa`erns	
  
•  If	
  selected	
  area	
  aperture	
  selects	
  numerous,	
  randomly-­‐oriented	
  nanocrystals,	
  SADP	
  

consists	
  of	
  rings	
  sampling	
  all	
  possible	
  diffrac3ng	
  planes:	
  like	
  powder	
  X-­‐ray	
  diffrac3on	
  

•  Larger	
  crystals:	
  “spo`y”	
  pa`erns	
  

•  “Texture”	
  -­‐	
  i.e.	
  preferen3al	
  orienta3on	
  -­‐	
  is	
  seen	
  as	
  arcs	
  of	
  greater	
  intensity	
  in	
  the	
  
diffrac3on	
  rings	
  	
  

Figure 6. Scanning electron microscope ~SEM; back-scattered electron! images of organic globules dispersed in
mineralized regions. a: Organic matter with relatively low sulfur content in a submandibular sialolith. b: Sulfur-rich
globules in a parotid sialolith. The spectra have been normalized using the background level.

Figure 7. Transmission electron microscope
~TEM! images and electron diffraction pat-
terns of crystals. a: Coexisting crystals of
different structures: A, colonies of filamen-
tary crystals; B, needle-like crystals; C, large
single crystals. b: Filamentary crystals.
c: Agglomerate of parallelepiped crystals.
d: Ring electron diffraction pattern obtained
from a region of filamentary crystals show-
ing the radial integrated intensity together
with a simulation for hydroxyapatite. e: Mi-
crodiffraction pattern of a single crystal in-
dexed for hydroxyapatite.

Structure and Growth of Sialoliths 1197
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Random	
  distribu3on	
  of	
  planar	
  defects	
  

52 

Generate	
  streaks!	
  



Diffrac3on	
  pa`erns	
  of	
  amorphous	
  materials	
  

53 

•  Crystals:	
  short-­‐range	
  order	
  and	
  long-­‐range	
  order	
  	
  
•  Amorphous	
  materials:	
  no	
  long-­‐range	
  order,	
  but	
  do	
  have	
  short-­‐range	
  order	
  
	
  	
  	
  	
  (roughly	
  uniform	
  interatomic	
  distances	
  as	
  atoms	
  pack	
  around	
  each	
  other)	
  	
  
	
  
Short-­‐range	
  order	
  produces	
  diffuse	
  rings	
  in	
  diffrac3on	
  pa`ern	
  

Si-­‐O	
   O-­‐O	
   Si-­‐Si	
  

Si-­‐O	
  
O-­‐O	
  

Si-­‐Si	
  



Phase/orienta3on	
  mapping	
  



Kikuchi	
  lines	
  



Kikuchi	
  lines	
  
Inelas3c	
  sca`ering:	
  electron	
  in	
  all	
  direc3ons	
  inside	
  
crystal.	
  Some	
  sca`ered	
  electrons	
  in	
  correct	
  orienta3on	
  
for	
  Bragg	
  sca`ering:	
  cone	
  of	
  sca`ering	
  



Two-­‐beam	
  DPs	
  from	
  pure	
  Al,	
  obtained	
  under	
  different	
  3l3ng	
  condi3ons.	
  As	
  shown	
  schema3cally	
  below	
  
each	
  figure,	
  in	
  (A)	
  the	
  hkl	
  spot	
  is	
  at	
  the	
  exact	
  Bragg	
  condi3on	
  (the	
  excess	
  Kikuchi	
  line	
  goes	
  through	
  hkl).	
  
In	
  (B)	
  the	
  2h2k2l	
  and	
  in	
  (C)	
  the	
  3h3k3l	
  spots,	
  respec3vely,	
  are	
  strongly	
  excited.	
  	
  
	
  
The	
  posi3on	
  of	
  the	
  Kikuchi	
  line	
  pairs	
  is	
  very	
  sensi3ve	
  to	
  specimen	
  orienta3on.	
  This	
  is	
  used	
  to	
  iden3fy	
  the	
  
excita3on	
  vector,	
  in	
  par3cular	
  s	
  =	
  0	
  when	
  the	
  diffracted	
  beam	
  coincides	
  exactly	
  with	
  the	
  excess	
  Kikuchi	
  
line	
  (and	
  direct	
  beam	
  with	
  the	
  deficient	
  line).	
  
	
  

Kikuchi	
  lines	
  
	
  

	
  Excess	
  

	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  Deficient	
  
	
  

Lower-­‐index	
  lahce	
  planes:	
  
narrower	
  pairs	
  of	
  lines	
  

Difficult	
  to	
  see	
  if	
  
excess	
  or	
  deficient	
  
lines	
  due	
  to	
  
intense	
  dynamical	
  
sca`ering	
  



Kikuchi	
  lines:	
  “road	
  maps”	
  to	
  reciprocal	
  lahce	
  



Kikuchi	
  lines:	
  “road	
  maps”	
  to	
  reciprocal	
  lahce	
  

(A)	
  Experimental	
  Kikuchi	
  map	
  for	
  fcc	
  crystals	
  and	
  (B)	
  indexed	
  Kikuchi	
  lines	
  in	
  the	
  schema3c	
  map.	
  	
  
	
  



Recording	
  and	
  analyzing	
  selected-­‐area	
  
diffrac3on	
  pa`erns	
  



Recording	
  SADPs	
  

1.	
  Orient	
  your	
  specimen	
  by	
  3l3ng	
  to	
  a	
  low	
  index	
  zone	
  axis:	
  

•  focus	
  the	
  beam	
  on	
  specimen	
  in	
  image	
  mode,	
  select	
  diffrac3on	
  mode	
  and	
  use	
  
“Kikuchi”	
  lines	
  to	
  navigate	
  in	
  reciprocal	
  space	
  

•  use	
  contrast	
  in	
  image	
  mode	
  as	
  mul3-­‐beam	
  zone	
  axis	
  corresponds	
  to	
  strong	
  
diffrac3on	
  contrast	
  in	
  the	
  image	
  

2.	
  In	
  image	
  mode,	
  insert	
  chosen	
  selected-­‐area	
  aperture	
  

3.	
  Focus	
  the	
  sample	
  and	
  the	
  aperture	
  border	
  

3.	
  Spread	
  illumina3on	
  fully	
  (or	
  near	
  fully)	
  overfocus	
  to	
  obtain	
  parallel	
  beam	
  (not	
  always	
  
necessary,	
  depends	
  on	
  the	
  number	
  of	
  lenses)	
  

4.	
  Select	
  diffrac3on	
  mode	
  and	
  focus	
  diffrac3on	
  spots	
  using	
  diffrac3on	
  focus	
  

5.	
  Record	
  :	
  

•  using	
  CCD	
  camera:	
  insert	
  beam	
  stopper	
  to	
  cut	
  out	
  central,	
  bright	
  beam	
  to	
  avoid	
  
detector	
  satura3on	
  (unless	
  you	
  have	
  very	
  strong	
  sca`ering	
  to	
  diffracted	
  beams)	
  

•  using	
  plate	
  nega3ves:	
  consider	
  using	
  2	
  exposures:	
  one	
  short	
  to	
  record	
  structure	
  
near	
  central,	
  bright	
  beam;	
  one	
  long	
  (e.g.	
  60	
  s)	
  to	
  capture	
  weak	
  diffracted	
  beams	
  

High	
  symmetry	
  



62 

1.  Focus	
  both	
  on	
  the	
  screen	
  
(specimen	
  image	
  and	
  SAD	
  
aperture)	
  

2.  Make	
  the	
  beam	
  parallel	
  

3.  Change	
  to	
  diffrac3on	
  
	
  

3.	
  Focus	
  the	
  diffrac3on	
  spots	
  at	
  the	
  
BFP	
  (back	
  focal	
  plane)	
  on	
  the	
  screen	
  
	
  
	
  

Recording	
  SADPs	
  



Recording	
  media	
  

Not	
  well	
  
oriented…	
  



•  Spot pattern – from single-crystals in the specimen 
–  Major use:  

•  The foil orientation can be determined; 
•  Identification of phases; 
•  The orientation relationship between structures can be 

determined. 

•  Ring pattern – from polycrystalline specimen 
–  Major use: 

•  Identification of the phases; 
•  Analysis of texture. 

64 

Analyzing	
  the	
  diffrac3on	
  pa`ern	
  



Diffraction in electron microscope: 

  The single crystal electron 
diffraction pattern is a series 
of spots equivalent to a 
magnified view of a planar 
s e c t i o n t h r o u g h t h e 
reciprocal lattice normal to 
the incident beam.  

 
   

specimen 

Ewald sphere 
 (1/λ>>g) 

1/λ 

Camera 
Length 
    (L) 

r 

r 
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g 



Diffraction in electron microscope: 

  The single crystal electron 
diffraction pattern is a series 
of spots equivalent to a 
magnified view of a planar 
s e c t i o n t h r o u g h t h e 
reciprocal lattice normal to 
the incident beam.  

 
   

specimen 

Ewald sphere 
 (1/λ>>g) 

1/λ 

Camera 
Length 
    (L) 

r 

L        r  = 
1\λ     g 
 

r 
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rdhkl=Lλ	
  
	
  
Lλ	
  -­‐	
  camera	
  constant	
  

g 



Spot pattern 
 All diffraction spots are obtained from planes belonging to  
one zone. 

O g1 

g2 

crystal 
beam 

Ewald 
sphere 

Reciprocal lattice plane 

h1k1l1 

h2k2l2 

beam 

Zone of reflecting planes 
B – is a zone axis 

B 

h1k1l1 

h2k2l2 

Real	
  diffrac3on	
  pa`ern:	
  

67 



Indexing single crystal pattern  
(spot pattern): 
1)  Choose the smallest independent R1, R2, 
2)  Measure distances R1, R2 and angle φ1.  
3)  Calculate d1,d2 (using the rule rd=Lλ). 
4)  Correlate the measured d-values with dhkl 

taken from the list of standard interplanar 
distances for the given structure and 
ascribe h1k1l1 and h2k2l2 indices for the 
chosen spots. 

5)  Compare the measured angle φ1 with the 
calculated angle. 

6)  Index the other spots by vector summation 
(sum the miller indexes). 

7)  Determine the zone axis of the pattern: 
  
  

h1k1l1 

h2k2l2 

φ1 

R1 

R2 

 [uvw] = (h1k1l1) X (h2k2l2) 



Indexing	
  diffrac3on	
  pa`erns	
  

R	
   R	
  

R	
  

R	
  

	
  
	
  



Indexing	
  diffrac3on	
  pa`erns	
  

R	
   R	
  

R	
  

R	
  

φ	





Indexing	
  diffrac3on	
  pa`erns	
  

R	
   R	
  

R	
  

R	
  



Indexing	
  diffrac3on	
  pa`erns	
  

R	
   R	
  

R	
  

R	
  

Cross	
  product	
  
between	
  any	
  
two	
  vectors	
  
according	
  to	
  the	
  
right-­‐hand	
  rule	
  



Analyzing	
  the	
  diffrac3on	
  pa`ern	
  



Ring pattern: 
 For polycrystalline material the reciprocal lattice becomes a series of 
concentric spheres  

beam 

O 

hkl sphere 
D 

Steps for indexing ring patterns: 
 
1)  Measure ring diameters D1, D2, D3 ……. 
2)  Calculate dhkl (using the expression: rdhkl=Lλ) 
3)  Use some structure database to index each ring. 
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Ring pattern: 

75 
Compare	
  with	
  simula3ons	
  	
  

(take	
  care	
  with	
  intensi33es	
  kinema3cal	
  (XRD)	
  vs	
  dynamic)	
  



Calibra3ng	
  diffrac3on	
  pa`erns	
  



Calibra3ng	
  rota3on	
  
Required if relation between image and diffraction pattern is necessary 

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  Defocused	
  direct	
  beam	
  in	
  a	
  DP	
  from	
  α-­‐MoO3	
  compared	
  with	
  a	
  BF	
  image,	
  showing	
  how	
  to	
  determine	
  if	
  a	
  

180°	
   inversion	
   exists	
   or	
   not.	
   If	
   the	
   image	
   of	
   the	
   specimen	
   inside	
   the	
   expanded	
   image	
   of	
   the	
   beam	
   is	
  
rotated	
   with	
   respect	
   to	
   the	
   image	
   on	
   the	
   screen,	
   then	
   a	
   180°	
   inversion	
   is	
   required	
   to	
   determine	
   the	
  
correct	
   angle	
   between	
   direc3ons	
   in	
   the	
   DP	
   and	
   direc3ons	
   in	
   the	
   image	
   	
   (leO).	
   If	
   no	
   rota3on	
   occurs	
  
between	
  the	
  DP	
  and	
  BF	
  image,	
  no	
  correc3on	
  is	
  necessary	
  (right).	
  
	
  



Disadvantages	
  of	
  conven3onal	
  SADP	
  	
  
✖  Part	
  of	
  the	
  symmetry	
  informa3on	
  is	
  lost	
  

•  projec3on	
  effect:	
  2-­‐D	
  informa3on	
  
•  intensi3es	
  not	
  kinema3cal:	
  difficult	
  to	
  infer	
  centering	
  

✖  Dynamical	
  intensity	
  hard	
  to	
  interpret	
  
✖  Poor	
  measurement	
  accuracy	
  of	
  lahce	
  parameters	
  (2-­‐3%)	
  

This	
  problems	
  can	
  be	
  overcome	
  with:	
  
	
  
-­‐  Higher	
  order	
  Laue	
  zones:	
  3-­‐D	
  informa3on	
  
-­‐  Electron	
  precession:	
  “kinema3cal”	
  zone	
  axis	
  pa`erns	
  
-­‐	
  Convergent	
  Beam	
  Electron	
  Diffrac3on	
  (CBED):	
  higher	
  order	
  symmetry,	
  accurate	
  
lahce	
  parameter	
  measurement,	
  interpretable	
  dynamical	
  intensity	
  
	
  
Which	
  allow:	
  
•  full	
  symmetry/point	
  group	
  and	
  space	
  group	
  determina3on;	
  	
  
•  strain	
  measurement;	
  	
  
•  characteriza3on	
  of	
  non-­‐centrosymmetric	
  crystals;	
  	
  
•  thickness	
  determina3on;	
  ...	
  



Non-­‐linear	
  dielectrics	
  
Of	
  the	
  32	
  crystal	
  point	
  groups,	
  21	
  are	
  non-­‐centrosymmetric	
  i.e.	
  crystals	
  not	
  having	
  a	
  center	
  
of	
  symmetry.	
  	
  

The	
  term	
  centrosymmetric	
  refers	
  to	
  a	
  space	
  group	
  which	
  contains	
  an	
  inversion	
  center	
  as	
  one	
  of	
  its	
  
symmetry	
  elements	
  i.e.	
  for	
  every	
  point	
  (x,	
  y,	
  z)	
  in	
  the	
  unit	
  cell,	
  there	
  is	
  an	
  indis3nguishable	
  point	
  (-­‐x,	
  -­‐y,	
  -­‐z).

	
   	
  	
  
	
  



Non-­‐linear	
  dielectrics	
  
Non-­‐centrosymmetric	
   point	
   groups	
   (except	
   for	
   group	
   432)	
   are	
   associated	
   with	
   the	
  
piezoelectricity	
   i.e.	
  upon	
  applica3on	
  of	
  an	
  electric	
  field,	
   the	
  crystals	
  exhibit	
  strain	
  or	
  upon	
  
applica3on	
  of	
  an	
  external	
  stress,	
  charges	
  develop	
  on	
  the	
  faces	
  of	
  the	
  crystal	
  resul3ng	
  in	
  an	
  
induced	
  electric	
  field.	
  	
  
	
  
Out	
  of	
  these	
  20	
  non-­‐centrosymmetric	
  point	
  groups,	
  10	
  belong	
  to	
  polar	
  crystals	
   i.e.	
  crystals	
  
which	
  possess	
  a	
  unique	
  polar	
  axis,	
  an	
  axis	
  showing	
  different	
  proper3es	
  at	
  the	
  two	
  ends:	
  a	
  
unique	
  anisotropic	
  axis.	
  	
  These	
  crystals	
  can	
  be	
  spontaneously	
  polarized	
  and	
  polariza3on	
  can	
  
be	
  compensated	
  through	
  external	
  or	
  internal	
  conduc3vity	
  or	
  twinning	
  or	
  domain	
  forma3on.	
  
	
  
Spontaneous	
   polariza3on	
   depends	
   upon	
   the	
   temperature.	
   Consequently,	
   if	
   a	
   change	
   in	
  
temperature	
   is	
   imposed,	
   an	
   electric	
   charge	
   is	
   developed	
   on	
   the	
   faces	
   of	
   the	
   crystal	
  
perpendicular	
   to	
   the	
   polar	
   axis.	
   This	
   is	
   called	
   pyroelectric	
   effect.	
   All	
   10	
   classes	
   of	
   polar	
  
crystals	
  are	
  pyroelectric.	
  
	
  
In	
  some	
  of	
  these	
  polar	
  non-­‐centrosymmetric	
  crystals,	
   the	
  polariza3on	
  along	
  the	
  polar	
  axis	
  
can	
   be	
   reversed	
   by	
   reversing	
   the	
   polarity	
   of	
   electric	
   field.	
   Such	
   crystals	
   are	
   called	
  
ferroelectric	
  i.e.	
  these	
  are	
  spontaneously	
  polarized	
  materials	
  with	
  reversible	
  polariza3on.	
  
	
  
Hence,	
   ferroelectric	
  materials	
   are	
   simultaneously	
   pyroelectric	
   and	
   piezoelectric.	
   Similarly,	
  
all	
  pyroelectric	
  materials	
  are	
  by	
  default	
  piezoelectric	
  but	
  not	
  all	
  of	
  them	
  are	
  ferroelectric.	
  



Higher	
  order	
  Laue	
  Zones	
  (c)	
  

Inclined	
  planes:	
  3-­‐D	
  informa3on	
  



Higher	
  order	
  Laue	
  Zones	
  (HOLZ)	
  



83 

Precession	
  diffrac3on	
  
All	
   the	
   diffrac3on	
   data	
   correspond	
   to	
   a	
   two-­‐beam	
  
condi3on	
  and	
  show	
  reduced	
  dynamical	
  diffrac3on	
  effects	
  
because	
  not	
  many	
  reflec3ons	
  are	
  simultaneously	
  excited	
  
off	
  low-­‐index	
  zone-­‐axis	
  condi3ons.	
  	
  
	
  

Double-­‐deflec3on	
  of	
  the	
  incident	
  beam	
  (either	
  parallel	
  (SAD)	
  or	
  convergent	
  (CBED)):	
  
•  using	
  the	
  usual	
  DF	
  scan	
  coils	
  in	
  a	
  circular	
  hollow	
  cone	
  (radius	
  G	
  and	
  angle	
  C)	
  

about	
  a	
  centered	
  zone-­‐axis	
  direc3on	
  and	
  	
  
•  de-­‐scan	
  the	
  beam	
  onto	
  the	
  plane	
  of	
  the	
  DP.	
  

SAD 	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Precession	
  SAD	
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Precession	
  diffrac3on	
  



1º 

3º 2º 

0º 
0.5º 

As	
  the	
  precession	
  angle	
  
increases	
  from	
  0º	
  to	
  3º,	
  
the	
  diffrac3on	
  pa`ern	
  
goes	
  to	
  higher	
  resolu3on	
  
(i.e.	
  more	
  diffrac3on	
  spots	
  
are	
  seen)	
  and	
  the	
  intensity	
  
reflects	
  higher	
  order	
  
symmetry.	
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Precession	
  diffrac3on	
  



Convergent	
  beam	
  electron	
  diffrac3on	
  



Convergent	
  beam	
  electron	
  diffrac3on	
  



Introduction to lenses 
Ray	
  diagrams	
  (geometrical	
  op2cs):	
  
	
  	
  	
  	
  	
   	
  1.	
  The	
  op3cal	
  axis	
  contains	
  the	
  object	
  focal	
  point	
  and	
  the	
  image	
  focal	
  point.	
  

	
  2.	
  Rays	
  going	
  through	
  the	
  lens	
  op3cal	
  center	
  (principal	
  rays)	
  are	
  not	
  deflected.	
  	
  	
  
	
  	
  	
  	
  	
   	
  3.	
  Parallel	
  rays	
  diverge	
  from	
  and	
  converge	
  to	
  the	
  focal	
  points.	
  

	
  4.	
  For	
  iden3cal	
  op3cal	
  media	
  on	
  both	
  sides:	
  	
  fobject	
  =	
  fimage	
  

	
  	
  5.	
  Reversibility	
  principle:	
  swapping	
  the	
  object	
  with	
  the	
  image	
  results	
  in	
  a	
  symmetrical	
  ray	
  diagram.	
  	
  
	
  	
  

	
  

1/a + 1/b = 1/f 

 

M = b/a  

(magnification) 

http://micro.magnet.fsu.edu/primer 
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Convergent	
  beam	
  electron	
  diffrac3on	
  
CBED 	
   	
   	
   	
   	
   	
   	
  	
  

Ray	
   diagram	
   showing	
   CBED	
   pa`ern	
   forma3on.	
   If	
  
the	
   c/o	
   lens	
   system	
   focuses	
   the	
   beam	
   at	
   the	
  
specimen,	
   the	
   illuminated	
   area	
   is	
   very	
   small	
  
compared	
   with	
   parallel-­‐beam	
   SADP	
   forma3on.	
   A	
  
convergent	
   beam	
   at	
   the	
   specimen	
   results	
   in	
   the	
  
forma3on	
  of	
  disks	
  in	
  the	
  BFP	
  of	
  the	
  objec3ve	
  lens.	
  
	
  

(Compare	
  with	
  SAD	
  obtained	
  
with	
  a	
  parallel	
  beam) 	
  	
  

Parallel	
  beam	
  

Focused	
  beam	
  



Convergent	
  beam	
  electron	
  diffrac3on	
  

(A-­‐C)	
  Ray	
  diagrams	
  showing	
  how	
  increasing	
  the	
  C2	
  aperture	
  size	
  causes	
  the	
  CBED	
  pa`ern	
  to	
  change	
  
from	
  one	
  in	
  which	
  individual	
  disks	
  are	
  resolved	
  (K-­‐M	
  pa`ern)	
  to	
  one	
  in	
  which	
  all	
  the	
  disks	
  overlap	
  
(Kossel	
  pa`ern).	
  (D–F)	
  You	
  can	
  see	
  what	
  happens	
  to	
  experimental	
  CBED	
  pa`erns	
  on	
  the	
  TEM	
  screen	
  
as	
  you	
  select	
  larger	
  C2	
  apertures.	
  



Convergent	
  beam	
  electron	
  diffrac3on	
  

(A)	
  SADP	
  from	
  [111]	
  Si	
  showing	
  the	
  first	
  few	
  orders	
  of	
  diffrac3on	
  spots	
  and	
  no	
  visible	
  Kikuchi	
  lines.	
  (B)	
  
CBED	
  pa`ern	
  from	
  [111]	
  Si	
  showing	
  dynamical	
  contrast	
  within	
  the	
  disks	
  as	
  well	
  as	
  diffuse	
  Kikuchi	
  
bands	
  and	
  sharp,	
  deficient	
  HOLZ	
  lines.	
  	
  
	
  

CBED	
  can	
  be	
  thought	
  as	
  means	
  of	
  magnifying	
  the	
  informa3on	
  within	
  the	
  spots	
  in	
  SAD	
  



Convergent	
  beam	
  electron	
  diffrac3on	
  
Kikuchi	
  lines	
  

The	
   Ewald	
   sphere	
   can	
   intercept	
   reciprocal-­‐lahce	
   points	
   from	
   planes	
   not	
   parallel	
   to	
   the	
  
electron	
   beam	
  whose	
   g	
   vectors	
   are	
   not	
   normal	
   to	
   the	
   beam.	
   The	
   sphere	
   has	
   an	
   effec3ve	
  
thickness	
   of	
   2α	
   because	
   of	
   beam	
   convergence	
   and	
   so	
   intercepts	
   a	
   range	
   of	
   these	
   HOLZ	
  
reciprocal-­‐lahce	
  points.	
  

The	
  incident	
  beam	
  is	
  not	
  parallel	
  
to	
  one	
  direc3on,	
  instead	
  it	
  forms	
  
a	
  cone:	
  So	
  the	
  Ewald	
  sphere	
  
which	
  is	
  defined	
  by	
  the	
  incident	
  
beam	
  rotates	
  around	
  the	
  
reciprocal	
  origin	
  



Convergent	
  beam	
  electron	
  diffrac3on	
  
Kikuchi	
  lines 	
   	
   	
  Bragg	
  lines	
  (some3mes	
  called	
  Kikuchi)	
   	
  	
  

(origin:	
  Inelas3c	
  sca`ering)	
   (only	
  elas3c	
  sca`ering)	
  



HOLZ	
  lines	
  in	
  CBED	
  
The	
  HOLZ	
  lines	
  arise	
  when	
  electrons	
  within	
  the	
  cone	
  of	
  the	
  
incident	
  probe	
  are	
  at	
  the	
  correct	
  Bragg	
  angle	
  for	
  diffrac3on	
  
by	
  a	
  HOLZ	
  plane.	
  Therefore,	
  these	
  electrons	
  are	
  diffracted	
  
out	
   to	
   very	
   high	
   angles	
   compared	
   with	
   ZOLZ	
   diffrac3on.	
  
The	
   result	
   of	
   this	
   sca`ering	
   is	
   a	
   bright	
   line	
   through	
   the	
  
HOLZ	
  disk	
  and	
  a	
  dark	
  line	
  across	
  the	
  000	
  disk.	
  	
  
	
  
The	
   rela3onship	
   between	
   Kikuchi	
   lines	
   and	
   HOLZ	
   lines	
   is	
  
shown	
   in	
   this	
   schema3c	
  of	
   a	
   <111>	
  CBED	
  pa`ern	
   from	
  a	
  
cubic	
  crystal.	
  The	
  three	
  principal	
  pairs	
  of	
  220	
  ZOLZ	
  Kikuchi	
  
bands	
  show	
  sixfold	
  symmetry	
  (characteris3c	
  of	
  the	
  2D	
  111	
  
planes)	
   and	
   bisect	
   the	
   g	
   vectors	
   from	
   000	
   to	
   the	
   six	
   220	
  
ZOLZ	
  maxima.	
  The	
  inelas3c	
  deficient	
  Kikuchi	
  lines	
  from	
  the	
  
HOLZ	
  planes	
   are	
   shown	
   in	
   the	
   regions	
  between	
   the	
   ZOLZ	
  
diffrac3on	
   disks	
   and	
   the	
   elas3c	
   deficient	
   lines	
   from	
   the	
  
HOLZ	
  planes	
  are	
  present	
  within	
  the	
  000	
  disk.	
  In	
  both	
  cases,	
  
the	
  HOLZ	
   lines	
   show	
  threefold	
  symmetry	
  characteris3c	
  of	
  
looking	
  down	
  the	
  <111>	
  direc3on	
  in	
  a	
  3D	
  crystal.	
  	
  
	
  

•  The	
  HOLZ	
  lines	
  contain	
  3D	
  informa3on	
  that	
  shows	
  the	
  true	
  3-­‐D,	
  threefold	
  {111}	
  symmetry	
  of	
  fcc	
  
structures,	
  while	
  the	
  ZOLZ	
  Kikuchi	
  lines	
  and	
  spots	
  show	
  sixfold,	
  2D,	
  {111}	
  symmetry.	
  	
  

•  The	
  posi3ons	
  of	
  Kikuchi	
  HOLZ	
  lines	
  in	
  the	
  direct	
  CBED	
  beam	
  are	
  very	
  sensi3ve	
  to	
  lahce	
  
parameters:	
  used	
  for	
  lahce	
  parameter	
  determina3on	
  with	
  0.1%	
  accuracy	
  and	
  strain	
  
measurements.	
  

(excess	
  and	
  deficient	
  
and	
  more	
  diffuse)	
  

(the	
  excess	
  HOLZ	
  lines	
  lie	
  in	
  
the	
  middle	
  of	
  the	
  HOLZ	
  discs	
  
which	
  are	
  further	
  away)	
  



Convergent	
  beam	
  electron	
  diffrac3on	
  

(A)	
  SADP	
  from	
  [111]	
  Si	
  showing	
  the	
  first	
  few	
  orders	
  of	
  diffrac3on	
  spots	
  and	
  no	
  visible	
  Kikuchi	
  lines.	
  (B)	
  
CBED	
  pa`ern	
  from	
  [111]	
  Si	
  showing	
  dynamical	
  contrast	
  within	
  the	
  disks	
  as	
  well	
  as	
  diffuse	
  Kikuchi	
  
bands	
  and	
  sharp,	
  deficient	
  HOLZ	
  lines.	
  	
  
	
  

CBED	
  as	
  magnifying	
  the	
  informa3on	
  within	
  the	
  spots	
  in	
  the	
  SAD	
  



HOLZ	
  lines	
  in	
  CBED	
  

Filtering	
  electrons	
  that	
  have	
  lost	
  
energy	
  due	
  to	
  inelas3c	
  sca`ering!	
  



Relevant	
  soOware	
  

JEMS	
  
h`p://cimewww.epfl.ch/people/stadelmann/jemsWebSite/jems.html	
  
	
  
Web-­‐based	
  Electron	
  Microscopy	
  APplica3on	
  SoOware	
  (WebEMAPS)	
  	
  
h`p://emaps.mrl.uiuc.edu/	
  	
  
	
  
	
  


